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CHAPTER 1

Engineering is included in the curriculum of primary schools in many countries. 
This relates to the increasing role of technology in contemporary society 
(Lachapelle & Cunningham, 2014). From birth, people use technical devices and 
constructions to conserve and prepare food, learn and play, transport, use energy, 
shelter, work, communicate and amuse themselves. Therefore, people must learn 
how to handle, operate, assemble, and maintain these devices. Moreover, engineers 
will be necessary to design and develop future devices and constructions that 
will help meet the technical challenges in the future. So, primary schools should 
familiarise children with technical devices and raise their interest in engineering 
(Barlex et al., 2017). 

Engineering aims to solve technical problems. Solving technical problems is 
an iterative process that involves determining the conditions for a proper design, 
constructing design models, developing the materials and techniques, testing 
and maintaining them. It is a systematic way of working focused on optimising 
materials and techniques (Carr et al., 2012). This implies that engineering 
includes various activities (see Cunningham & Kelly, 2017 for an overview). 
Problem-solving, considering problems in context, envisioning multiple solutions, 
designing, system-thinking, discussing implications of technologies and working in 
teams are examples of such activities that can be done even at the primary school 
level. The common ground for these activities is that they relate to systems that 
are used to satisfy human wants and needs (International Technology Education 
Association, 2007).

Although the relevance of engineering in primary education is widely 
acknowledged, its implementation in daily classroom practice is still limited. This 
relates to the focus on basic skills such as language and mathematics in primary 
education. When that focus dominates school policy, there is no incentive for 
teachers to develop the specific knowledge and skills required to teach engineering 
and other system-related subjects (Forbes et al.,, 2015; Guzey et al., 2014; Hartell 
et al., 2015; Hourigan et al., 2021; Hammack & Ivey, 2019). However, there are 
schools where principals and teachers consider engineering a valuable topic that 
offers many developmental opportunities. At these ‘engineering-minded’ schools, 
teachers try to optimise their lessons on the basis of the available didactical 
knowledge. As one of the obstacles in that process, teachers indicate that they 
find it difficult to establish their pupils’ technical skills, for which they depend 
on accidental observations within lessons. Insight into these skills and their 
development would offer them opportunities to adapt their teaching to differences 
in prior knowledge (e.g., skill level), evaluate the effectiveness of their lessons, 
inform pupils and parents about their skills and progress in this domain and 
communicate with colleagues about successful approaches. 
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Diagnosing skills relevant to engineering
The difficulties with identifying technical skills mentioned by the teachers of our 
‘engineering-minded’ schools are also known from research (Culver, 2012; Moreland 
& Jones, 2000; Potgieter, 2012). These difficulties relate to the complex nature of 
skills that engineering requires: systems thinking and tacit knowledge (Niiranen, 
2021). What should be learned about engineering has been analysed and described 
in the Standards for Technological Literacy (International Technology Education 
Association, 2007). Guidelines for assessment based on these standards (Garmine 
& Pearson, 2006) resulted in the Technology and Engineering Literacy (TEL) 
assessment, first administered in 2014 (National Assessment of Educational 
Progress, 2018). This TEL assessment is computer-based and includes interactive 
scenario-based tasks (see Figure 1 for an example). 

Figure 1
Screenshot of TEL Bike Lanes Scenario Based Task (National Assessment of Educational 
Progress, 2018)

Another assessment related to engineering and specifically directed to 
problem-solving is the PISA 2012 assessment on Creative Problem Solving (OECD, 
2014; Csapó & Funke, 2017). This assessment included multiple interactive tasks 
(see Figure 2 for an example). Students could show their ability to explore, analyse 
and solve real-life technical problems with simulations of systems like the MP3 
player, climate control and the ticket machine. 
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Figure 2
Screenshot of interactive PISA 2012 Creative Problem-Solving climate control task

Both TEL and PISA assessments were designed to identify a general technological 
literacy of 13-14-year-olds and a general problem-solving ability of 15-year-olds, 
respectively. These abilities were related to the background of the participants, their 
schools and their countries. Due to their design and purpose, these assessments are 
not suitable nor available for teachers, but the idea to create tasks that allow pupils to 
act on systems has been adopted in this dissertation. 

This dissertation is not the first initiative to strengthen the diagnostic capacity 
of teachers. Such initiatives were undertaken at several places. For instance, in New 
Zealand, researchers used a training-on-the-job approach in which teachers learned 
to recognize pupils’ technical knowledge and skills (Moreland & Jones, 2000). This 
enabled teachers to select tasks based on their value for the further development of 
knowledge and skills. Another approach was followed by van Niekerk et al. (2010). 
They supported teachers to develop rubrics related to several stages of the design 
activity that they engaged in with their students. The main advantage of these 
rubrics was that both teachers and learners could use them to set goals and evaluate 
progress. The disadvantage was that context-specific rubrics were needed for every 
design activity. Moreover, the teachers also needed considerable pedagogical content 
knowledge about engineering and design to make these rubrics. Unfortunately, most 
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teachers in primary schools lack such expertise (Compton & Harwood, 2005; Hartell et 
al., 2015; Nadelson et al., 2013; Rohaan et al., 2012; Svensson, 2018).

Although both initiatives were successful in improving the participants’ diagnostic 
abilities, they lacked any follow-up. Costs and time investment of teachers are probably 
the main reasons (Altrichter, 2006) and should be taken into consideration in attempts 
to extend teachers’ diagnostic abilities as these are barriers to application. 

Skill development
Research related to the PISA 2012 assessment showed that generic problem-solving 
skills especially develop between the age of 12 and 15 (Molnár et al., 2013). This 
implies that in primary education, pupils’ understanding of construction can differ 
considerably from their understanding of a pneumatic system. Skill development can 
only be compared within and between persons and specific contexts when using a 
common ruler. For skills related to systems, the Fischer scale (Fischer, 1980) has been 
advocated (Sweeney & Sterman, 2007). This scale has been used in research on social 
behaviour (Fischer & Bidell, 2007), language (Bassano & Van Geert, 2007) and science 
(Meindertsma et al., 2014). It also has been applied to identify skill development 
in the context of material-based systems (Parziale, 2002; Van der Steen, 2014). 
Therefore, this dissertation will use the Fischer scale as a common ruler to describe 
skill development. 

Figure 3
Dynamic Skill Development, based on Fischer and Bidell (2007)
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The Fischer scale (see Figure 3) starts with sensorimotor actions directly based 
on contextual information. For instance, a clamp makes it possible to connect; a 
bar makes it possible to stack. Representations are memories about events that are 
used to select actions. Representations are constructed from previously performed 
sets of sensorimotor actions. For instance, connecting a lamp with a battery in a 
circuit or ranking bars according to their length requires former experience. Such 
coordination of actions cannot be based on the properties of the materials only. 
Abstractions are based on a successive integration of representations, which leads 
to the use of rules that apply to a broad range of different objects and contexts. 
Using two objects to create an off/on switch in an electric circuit might indicate 
abstract thinking as it requires understanding the behaviour of electric current, 
which builds upon successive representations.

Fischer’s model subdivides each of these main categories into three levels of 
increasing complexity: single use (of an action, representation or abstraction), 
mappings (a combination of two actions, representations or abstractions) and 
systems (combining all actions, representations or abstractions that are part of 
a system). From the studies based on Fischer’s model, it is known that pupils 
seldom perform beyond the level of single abstractions before they enter secondary 
education.

Understanding and promoting skill development
Diagnostic data are important for teachers as it offers information about what 
pupils know and doesn’t know (Oudman et al., 2018). Such information affects 
teachers’ expectations about pupils’ capabilities (Südkamp et al., 2012) which 
in turn may affect pupils’ learning (Baudson et al., 2016; Lee et al., 2015). 
Improving teachers’ diagnostic capability will reduce bias in those expectations 
and may improve pupils’ learning, especially when teachers provide feedback that 
brings pupils’ thinking forward (Behrmann & Souvignier, 2013; Helmke & Schrader, 
1987). Training can improve teachers’ diagnostic ability and their ability to provide 
adequate feedback (Thiede et al., 2018) and adaptive tasks (Ostermann et al., 
2018). It has been demonstrated that offering adaptive tasks may result in better 
learning gains (Corbalan et al., 2008; Orvis et al., 2008).

Main research question and associated studies
For engineering, primary school teachers find it difficult to establish their pupils’ 
technical skills. Insight into these skills and their development prior to their 
lessons would offer them opportunities to adapt their teaching to differences 
in prior knowledge (e.g., skill level), evaluate the effectiveness of their lessons 
and communicate about these skills and their development. We assume that a 
diagnostic tool feasible for classroom use might support teaching in this domain. 

CHAPTER 1
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The main research question of this dissertation is, therefore: ‘Which support can 
a diagnostic tool designed for classroom use offer teachers to infer and promote 
pupils’ engineering skills?’ This dissertation intends to answer this question for 
teachers of pupils aged 9 to 12 and for skills related to material-based technical 
systems. 

The first step in answering our main research question was the design of a 
diagnostic tool. Chapter 2 focuses on the development and validation of such 
a tool guided by the question: “How to assess primary education pupils’ prior 
knowledge about technological systems in a valid manner?” We used the Evidence 
Centred Design method (Mislevy & Riconscente, 2005) to substantiate all design 
decisions for the assessment systematically. An important starting point for those 
decisions was that costs and time investment should be limited, as it has become 
clear that these are an obstacle to use. Due to that limitation, some of the design 
decisions had to be verified as they might affect the validity and reliability of the 
diagnostic tool. 

Teachers find it difficult to establish pupils’ engineering skills, which makes 
them insecure about their estimates. We assume that the diagnostic tool supports 
teachers in establishing engineering skills. We also know that a diagnostic tool 
will only be implemented when the value that teachers assign to the information 
provided by the tool outweighs the time and effort needed for test-taking (Chien 
et al., 2014). Chapter 3 describes the results of a study carried out in eight 
classrooms to answer the question: “How do teachers value the application of the 
tool in their class?” Besides its practical relevance, this study is the first one to 
explore teacher judgement accuracy in a context where teachers had no knowledge 
of test results. Research on judgement accuracy has focussed on subjects like 
mathematics, language arts and science, subjects for which assessment results are 
known to the teacher who judges pupils’ capabilities (Urhahne & Wijnia, 2021). 
In our study, teachers made and substantiated their estimates of their pupils’ 
technical skills prior to test-taking. Afterwards, they reflected on the process of 
test-taking and what meaning they awarded to the results in view of their previous 
estimates. 

Insight into engineering skills and their development is an important 
prerequisite for teaching the subject and communicating about these skills. With 
such insight, teachers are better able to provide tasks, instruction and feedback 
that offers pupils the opportunity to improve their skills (Van de Pol et al., 
2010). One of the obstacles that teachers face when interpreting and reacting 
to pupils’ actions may be their own knowledge. Providing adequate feedback, for 
instance, may be hindered by insufficient knowledge about the domain (Kramer 
et al., 2021) but also by teachers that assume that pupils think about systems as 
they do (Nickerson, 1999). That might result in providing information that is not 

GENERAL INTRODUCTION
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understood as it does not tap into pupils’ prior knowledge. In order to provide 
effective instruction and feedback, a teacher should be able to take the pupils’ 
points of view (Ostermann et al., 2018). Chapter 4 describes a study designed to 
establish the effects of a short-term course, based on Nickersons’ anchoring and 
adjustment model, on the diagnostic ability of pre-service teachers. In this course, 
the participants got an insight into their own understanding of material-based 
systems. Skill development was explained by the Fischer scale and associated 
theory (e.g. Edelman & Tononi, 2000; Thelen & Smith, 1994; Van der Steen, 2014). 
Results of the diagnostic tool were used to make the teachers aware of pupils’ 
comprehension of material-based systems in various stages of skill development. 
The study used a pre-post test design to identify changes in the teachers’ 
diagnostic ability and self-efficacy beliefs in relation to the course.

Insight into technical skills and their development prior to lessons creates 
the opportunity to adapt teaching to differences in prior knowledge (e.g., skill 
level). Reviews have shown the value of such an adaptive approach for pupils’ 
learning in subjects like mathematics, reading comprehension and science (e.g., 
Deunk et al., 2018; Smale-Jacobs et al., 2019). However, no information about 
adaptive teaching is available for engineering in primary education. The diagnostic 
tool offers the opportunity to evaluate the effectiveness of adaptive measures in 
this context. A pre-post design was used to establish the effects of adaptive task 
selection on pupils’ ability to reconstruct an electric circuit. Chapter 5 describes 
the results of this study which was set up to answer the question: “What does 
adaptive task selection contribute to the learning outcomes of a lesson about 
electric circuits?”.

To conclude, the initial question “how to identify pupils’ skills in engineering” 
has been elaborated in four studies which all provided information to answer 
our main research question: ‘Which support can a diagnostic tool, designed for 
classroom use, offer teachers to infer and promote pupils’ engineering skills?’ 
Chapter 6 will present and discuss our final conclusions, their limitations and their 
practical and scientific value.

CHAPTER 1
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PUPILS’ PRIOR  KNOWLEDGE 
ABOUT  TECHNOLOGICAL 
 SYSTEMS: DESIGN AND 
 VALIDATION OF A 
 DIAGNOSTIC TOOL FOR 
 PRIMARY SCHOOL TEACHERS
This chapter is based on:
Wammes, D., Slof, B., Schot, W., & Kester, L. (2022a). Pupils’ prior knowledge 
about technological systems: design and validation of a diagnostic tool for primary 
school teachers. International Journal of Technology and Design Education, 32(5), 
2577-2609. https://doi.org/10.1007/s10798-021-09697-z
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Abstract
This study aimed to develop and validate, based on the Evidence Centered Design 
approach, a generic tool to diagnose primary education pupils’ prior knowledge 
of technological systems in primary school classrooms. Two technological 
devices, namely the Buzz Wire device and the Stairs Marble Track, were selected 
to investigate whether theoretical underpinnings could be backed by empirical 
evidence. Study 1 indicated that the tool enabled pupils to demonstrate different 
aspects of their prior knowledge about a technological system by a wide variety 
of work products. Study 2 indicated that these work products could be reliably 
ranked from low to high functionality by technology education experts. Their rank 
order matched the Fischer-scale-based scoring rules, designed in cooperation 
with experts in skill development. The solution patterns fit the extended non-
parametric Rasch model, confirming that the task can reveal differences in pupils’ 
prior knowledge on a one-dimensional scale. Test–retest reliability was satisfactory. 
Study 3 indicated that the diagnostic tool was able to capture the range of 
prior knowledge levels that could be expected of 10 to 12 years old pupils. It 
also indicated that pupils’ scores on standardised reading comprehension and 
mathematics tests had a low predictive value for the outcomes of the diagnostic 
tool. Overall, the findings substantiate the claim that pupils’ prior knowledge of 
technological systems can be diagnosed properly with the developed tool, which 
may support teachers in decisions for their technology lessons about content, 
instruction and support.

Introduction
Technology affects many aspects of our social life, work and health care (Malik, 
2014). Due to its importance, technology has been implemented in the curricula 
of primary schools in many countries (Compton & Harwood, 2005; Department 
for Education, 2013; Kelley, 2009; Rasinen et al., 2009; Seiter, 2009; Turja et al., 
2009), initially as an independent subject, but recently as one of the cornerstones 
of an integrated STEM (science, technology, engineering, and mathematics) 
approach (Honey et al., 2014). The aim of technology education in primary schools 
is often twofold, namely a) evoking pupils’ interest in technology (including 
its importance for society) and b) fostering pupils’ understanding (concept and 
principles) of basic - e.g.,  electrical and mechanical - technological systems (De 
Grip & Willems, 2003; De Vries, 2005; Pearson & Young, 2002; Williams, 2013). 
Although the importance of technology education is acknowledged by teachers and 
school boards and, consequently, incorporated in many primary education curricula, 
a structural embedding in educational practices is often lacking (Chandler et al., 
2011; Harlen, 2008; Hartell et al., 2015; Platform Bèta Techniek, 2013). 
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A possible explanation for this could be the limited pedagogical content 
knowledge and the low self-efficacy that many teachers experience when providing 
technology education (Hartell et al., 2015; Rohaan et al., 2012). Also, teachers 
who are confident in providing technology education often still experience 
difficulties when assessing (formative and summative) pupils’ technology-related 
learning outcomes (Compton & Harwood, 2005; Garmine & Pearson, 2006; 
Moreland & Jones, 2000; Scharten & Kat-de Jong, 2012). A lack of knowledge 
about assessing and fostering pupils’ understanding of technological systems 
properly, compromises the quality of technology education in primary schools 
(McFadden & Williams, 2020). It may also hinder a structural embedding of 
technology education curricula since policies on how to invest teaching-time are 
increasingly based on achieved learning outcomes in general (Slavin, 2002), for 
technology education as a specific subject (Garmine & Pearson, 2006) or within 
the context of STEM (Borrego & Henderson, 2014). Knowledge about learning 
outcomes does affect not only the composition of curricula at the national level 
(Harlen, 2012; Kimbell, 1997; Priestley & Philippou, 2018) but also the decisions 
taken at the school level (Arcia et al, 2011; Resh & Benavot, 2009) and the 
curricular practice at the classroom level, shaped by the day-to-day decisions on 
time-allocation taken by teachers (Siuty et al., 2018). This study tries to enhance 
the position and quality of primary technology education at the classroom level 
by supporting teachers in gaining more insight into their pupils’ understanding of 
technological systems (Dochy et al., 1996). The study addresses this by developing 
and examining the validity of a diagnostic tool aimed at assessing pupils’ prior 
knowledge of technological systems in primary schools. To this end, Mislevy’s 
Evidence-Centered Design (ECD) approach (e.g., Mislevy et al., 2003; Oliveri et al., 
2019) was utilised. 

The Evidence-Centered Design approach
Evidence-Centred Design (ECD) was developed to facilitate a systematic design of 
large-scale assessments (Mislevy et al., 2003; Roelofs et al., 2021). However, its 
aim to substantiate validity by a systematic approach makes ECD valuable for the 
development of various kinds of assessments (see, for instance, Oliveri et al. 2019 
and Clark-Midura et al., 2021). 

The ECD approach is aimed at developing valid assessments (e.g., diagnostic 
tools) by utilising a stepwise four-layered design framework (see Figure 4). The 
design decisions made in preceding layers serve as input for the decisions made in 
subsequent layers. 
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Figure 4
Evidence-Centered Design (based on Riconscente, Mislevy, & Hamel, 2005)

The domain analysis layer focuses on describing the core characteristics of 
the (sub)domain for which the diagnostic assessment tool will be developed. This 
results in a general description of the type(s) of knowledge, skills and attributes 
(i.e., KSA’s) that need to be assessed. The domain modelling layer addresses the 
operationalisation of the domain-related KSA’s in terms of an interpretative validity 
argument, namely;
• What does the diagnostic tool specifically claim to assess? 
• What are the underlying assumptions (i.e., warrants) for the claim? 
• Which evidence (i.e., backings) can be provided to substantiate the  assumptions?
• Which alternative explanation (i.e., rebuttals) might also be plausible?

Since the interpretative validity argument is the cornerstone for the decisions in 
the subsequent layers, it is vital that the decisions made in the domain modelling 
layer are properly substantiated by arguments (Kane, 2004; Kind, 2013; Zieky, 2014). 

The conceptual assessment framework (CAF) layer focuses on operationalising 
the arguments into concrete design guidelines (i.e., an assessment blueprint). To 
this end, the student model (i.e., specifying the KSA’s into observable performance 
behaviour), task model (i.e., selecting assessment task(s) that elicit the intended 
performance behaviour), and evidence model (i.e., formulating rules for scoring the 
performance behaviour) should be specified. As the tool is developed for classroom 
use, these models should also match the product requirements - addressing the 
contextual (e.g., classroom) opportunities and limitations. 

The assessment implementation layer addresses the actual development and 
implementation of the diagnostic tool. For example, documents describing the 
intended performance behaviour, the assessment task(s), scoring rules, and 
instructions for applying these materials to educational practices will be made 
available for the assessments. 
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DIAGNOSING PRIMARY EDUCATION PUPILS’ PRIOR 
KNOWLEDGE ABOUT MATERIAL-BASED SYSTEMS 

Based on the ECD approach, a diagnostic tool aimed at gaining insight into pupils’ 
prior knowledge of material-based systems will be developed for primary education 
teachers. This section first describes the product requirements and design decisions 
(i.e., including its theoretical substantiations) that were made in the domain analysis, 
domain modelling, and conceptual assessment layers. Thereafter, the tasks required for 
utilising the diagnostic tool (i.e., assessment implementation layer) will be described. 

Product requirements
In the context of primary technology education (e.g., 25 pupils in a classroom), it is 
often not feasible for teachers to observe in real-time how all their pupils understand 
the technological system(s) at hand. Therefore, a diagnostic assessment tool designed 
for this context should preferably be based on outcome measures such as work 
products. This offers teachers the opportunity to diagnose and prepare appropriate 
remedial strategies, also after class hours (Van de Pol et al., 2014). Another 
requirement is that the tool can be used in a time-efficient manner. Since the time 
available for technology education is often limited, the time teachers require to carry 
out the diagnoses and prepare their lessons with adequate instruction and feedback 
should be carefully balanced.  

Domain analysis
Technology is often characterised by the activities humans carry out to modify 
nature to meet their needs (Pearson & Young, 2002). Three frequently mentioned 
technology-related activities are crafting, troubleshooting, and designing (Jonassen, 
2010). Crafting (e.g., bricklaying, cooking by a recipe, and mounting Ikea furniture) 
will be left outside the scope of this study since it is characterised by a clear, often 
stepwise pre-described process towards generating a well-defined work product. This 
structure makes it relatively easy to establish where pupils encounter difficulties and 
need support. Difficulties in diagnosing arise when it comes to troubleshooting and 
design activities since they require the use of knowledge in the context of dealing 
with material-based systems. Technological systems are defined as “a group of 
interacting, interrelated, or interdependent elements or parts that function together 
as a whole to accomplish a goal” (ITEEA, 2007). Understanding technological 
systems implies that pupils recognize the interrelationship between input, processes 
and output (De Vries, 2005) and are able to create (i.e., design) or restore (i.e., 
troubleshooting) these kinds of interrelationships. Gaining a proper insight into 
pupils’ prior knowledge about technological systems is challenging since at least 
three aspects should be considered. 
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First, novice designers or trouble-shooters, like primary education pupils, 
often exhibit trial-and-error behaviour (Jonassen, 2010). This ‘learning-by-doing’ 
leads to ‘knowing-that’, which points to the often visual and procedural aspects of 
technological knowledge that cannot be learned by instruction or textbooks (De 
Vries, 2005). At the same time, trial-and-error behaviour complicates assessment: It 
is difficult to distinguish lucky guesses from prior knowledge-based actions without 
observation and questioning (Alfieri et al., 2011; Baumert et al., 1998). Secondly, 
understanding the interrelationship between input, processes, and output for a 
particular system does not automatically mean that pupils are also able to explain 
their knowledge adequately. Much technological knowledge is ‘knowing-how’ (De 
Vries, 2005). It includes procedural and visual knowledge, which is mostly tacit - 
and, therefore, difficult to verbalise (Hedlund et al., 2002; Mitcham, 1994). Thirdly, 
pupils’ knowledge of technological systems is often limited to the ones they are 
already familiar with (Baumert et al., 1998; CITO, 2016; Jonassen & Hung, 2006). For 
most pupils, the development of a more general ability to understand the structure 
of technological systems by inductive reasoning takes place in the first years of 
secondary education (Molnár et al., 2013). 

Domain modelling
The general characterisation of the technology domain has implications for 
formulating the interpretative validity argument (see Figure 5). The domain modelling 
layer focuses on explicating the design rationale behind the diagnostic tool in terms 
of the assessment argument; the more robust the underlying argument, the more 
valid the diagnostic tool’s design. The interpretative validity argument starts with a 
ground, which usually is a score on a specific (performance) assessment. Based on 
the ground, a claim is made regarding the meaning and implications of the obtained 
score. In this study, the ground is a diagnostic score which represents a level of prior 
knowledge. To ensure that the diagnostic tool is valid, it is important to explicit the 
underlying warrant(s). Here, the warrants address the question of why it is reasonable 
to assume that the diagnostic tool assesses construct-relevant (i.e., understanding 
of technological systems) pupil characteristics. The underlying assumptions should 
be explicated in the design decisions, which, in turn, should be substantiated by 
theoretical and, preferably also, empirical arguments. In the interpretative argument 
validity approach, this is coined as providing backings (i.e., evidence) for the warrants 
(i.e., design decisions). In the validation process, four design decisions were made. 
Below the underlying assumptions and associated theoretical arguments are provided. 
Based on this, the actual development and implementation of our assessment delivery 
model will be described.
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Decision 1: Enable pupils to make use of their tacit knowledge. The domain 
analysis revealed that pupils’ understanding of technological systems is often 
tacit. Since it is difficult for pupils to verbalise this kind of knowledge, they should 
be enabled to express their understanding in a manner that doesn’t solely rely on 
verbalisation (Zuzovsky, 1999). To this end, it is essential that the diagnostic tool 
enables pupils to demonstrate their knowledge through their actions (Levy, 2012). 
By doing so, the design of the diagnostic tool aims to assess construct-relevant 
pupil characteristics.

Figure 5
Overview of interpretative validity argumentation (based on Oliveri et al., 2019)
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Decision 2: Enable pupils to demonstrate partial understanding with a single task 
work product. Administering performance-based diagnostic tools usually requires 
a considerable time investment (Davey et al., 2015). In technology education at 
primary schools, such time is limited, and therefore, a diagnosis should preferably 
be based on the work product of a single task. However, single tasks often limit 
demonstrating partial understanding after a mistake has been made (Greiff et 
al., 2015). The tasks’ design should resolve such a limitation by allowing pupils 
to follow different pathways even after a mistake. That should result in a wide 
variety of work products, indicating differences in their prior knowledge. Since it 
is difficult to predict up-front whether pupils will generate such a wide variety of 
work products, empirical backings are needed to validate this design decision.

Decision 3: Restrict evaluation by trial and error strategies. Trial and error is for 
novices a dominant and valuable strategy to discover the behaviour and, through 
that, the structure of technical systems (Garmine & Pearson, 2006; Johnson, 1995; 
OECD, 2013). The domain analysis has indicated that it is hard to distinguish 
features of a work product generated by lucky guesses from aspects generated by 
prior knowledge. Because the diagnostic tool aims to assess prior knowledge, it 
should be plausible that a work product relates to knowledge gained from previous 
experiences and does not result from epistemic actions. Therefore the tool should 
limit ‘learning from the task’ by restricting the information about the systems’ 
behaviour that trial-and-error might evoke (Klahr & Robinson, 1981; Philpot et 
al., 2017). The decision to restrict feedback could limit pupils’ trial-and-error 
behaviour. That might affect the scope of options advocated by decision 2, that 
pupils consider while resolving a task. The empirical backing of decision 2 should 
indicate that this effect is limited. 

Decision 4: Apply generic scoring-rules for inferring pupils’ prior knowledge. In 
primary education, pupils’ prior knowledge often differs per technological device 
(Baumert et al., 1998; CITO, 2015; Molnár et al., 2013). Comparing pupils’ prior 
knowledge across different technological devices, thus, requires the utilisation of 
generic score-rules (Nitko, 1996). To this end, a framework for inferring pupils’ 
understanding of different kinds of technological devices should be developed and 
substantiated with theoretical and empirical backing. From a theoretical viewpoint, 
Fisher’s (1980) framework for describing the development of dynamic skills might 
offer relevant guidelines for developing generic scoring rules (see Figure 6). 
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2

Dynamic skill development (e.g., developing an ability to understand, restore 
or create technological systems) evolves in three different phases (i.e., tiers). 
Each tier represents a specific kind of understanding which manifests itself in 
pupils’ exhibited behaviour. In the first - sensorimotor - tier, pupils’ behaviour 
(e.g., manipulations) is solely based on the sensorimotor information from 
the technological device. This implies that pupils do not have or use previous 
experiences to predict the consequences of their actions. In the second - 
representational - tier, pupils do apply knowledge, tacit or declarative, obtained 
from prior experiences to select their manipulations. 

The main characteristic in which skills within the representational tier differ 
from those at the sensorimotor level is the need to apply knowledge about the 
behaviour of the system’s components which cannot be observed on the spot. This 
difference is an important additional reason to restrict the systems’ feedback on 
trial-and-error behaviour. Trials may occasionally evoke aspects of the system’s 
behaviour that remain hidden for those who did not try a similar action. That 
would make it impossible to conclude, without continuous observation, that a 
pupil has used a representation or a visual clue.

In the third - abstraction - tier, pupils can apply general principles to guide 
their actions. Furthermore, Fischer’s framework includes three sublevels for each tier 
to gain a more fine-grained insight into pupils’ development. Each sublevel refers to 

Figure 6
Dynamic Skill Development, based on Fischer and Bidell (2007)
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the extent to which pupils can interrelate the different device components properly. 
For instance, at the single-action level, pupils use the possibility to manipulate 
a device component without considering its interrelationship with the other 
components. This implies that these pupils have a less developed understanding 
compared to those who consider a component’s relationship with another (i.e., 
mappings) or multiple other components (i.e., systems). 

Although the Fischer scale might be a good model to describe the development 
of system-thinking skills (Sweeney & Sterman, 2007), and has been applied to infer 
levels of understanding in a non-verbal construction task (Parziale, 2002; Schwartz 
& Fischer, 2004), it has not yet been used to design a diagnostic tool for teachers. 
Such use is only valid when several conditions are met. First of all, the scale should 
be one-dimensional, requiring that work products can be reliably rank-ordered. 
Secondly, descriptions of the Fischer scale are highly abstract and difficult to 
interpret for teachers unfamiliar with Fischer’s work. Therefore, the tool should have 
task-specific scoring rules corresponding with the original scale. Furthermore, scale 
validity should be demonstrated by comparing the levels generated by the task-
specific scoring rules with an independent judgement about the quality of the work 
products. Finally, the work products resulting from a single task should be a reliable 
indicator of differences in prior knowledge (Novick, 1966). 

Rebuttal: Considering construct irrelevant, alternative explanations. To ensure 
construct-relevance, it is also important to verify whether a similar diagnosis could 
be made by a teacher from sources of information that are already available, which 
would make the introduction of a new diagnostic tool unnecessary (i.e., rebuttals). 
For example, prior research revealed that primary education pupils’ mathematics and 
reading ability scores are strong predictors of their academic achievement (Safadi 
& Yerushalmi, 2014; Wagensveld et al., 2014). Since understanding technological 
systems involves the application of scientific principles, it could be argued that 
pupils’ math and reading abilities might predict the differences in pupils’ levels of 
understanding technological systems. To ensure that the generic diagnostic tool has 
an added value for teachers, given pupils’ math and reading ability scores, empirical 
backings are required (i.e., construct-relevance).

Conceptual assessment framework 
Based on the validity argument in the domain model and the product requirements, 
concrete assessment design guidelines (i.e., an assessment blueprint) will be 
formulated in the CAF layer. This requires specifying the student, task, and evidence 
model. 

Student model. The diagnostic assessment tool should be aimed at gaining 
insight into primary education pupils’ general understanding of technological 
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systems. Pupils’ levels of understanding manifest themselves by the behaviour 
that they exhibit at the sensorimotor, representational or abstract tier levels. 
Since pupils’ levels of understanding differ substantially, it is important that the 
diagnostic tool’s design includes a fine-grained scoring mechanism to capture this. 
For the intended target population - Dutch primary education - it is likely to assume 
that pupils (4 - 12 years old) are not yet able to reach the abstraction mapping 
level, which implies that they are generally not able to solve problems that require 
the combination of two different abstractions (Van der Steen, 2014). Consequently, 
a range of ability levels varying from the single sensorimotor actions level up to and 
including the single abstraction level should be adequate to diagnose pupils’ prior 
knowledge.

Task model. The diagnostic assessment task should thus enable pupils to exhibit 
behaviour at the sensorimotor, representational, and single abstraction levels. This 
should result in different work products reflecting pupils’ prior knowledge about 
the devices’ technological system. Hence, in this context, pupils’ understanding is 
inferred from the solution (i.e., the work product). Based on the design decisions in 
the domain model, this means that each task; (1) represents a technological system, 
(2) provides a rich diagnostic dataset (i.e., a variety of work products representing 
the different Fischer levels), (3) enables pupils to apply their tacit knowledge, and 
(4) restricts pupils experiencing the consequences of their trial-and-error behaviour 
(i.e., random manipulations). Preferably the diagnostic data can be gathered by 
administering a single diagnostic assessment task for a specific type of system, 
as this would limit teachers’ time investment. Such a task should enable pupils to 
show their (partial) understanding of a single aspect or multiple functional aspects 
of the device without being able to reconstruct the whole system. To this end, the 
assessment task should be aimed at incorporating multiple device components (i.e., 
variables) which can be manipulated on their own and in combination. Only then 
does the generated work product manifests differences in pupils’ understanding of 
its underlying technological principles. 

Evidence model. In addition to defining the different levels of understanding, 
rules for scoring them are required. The previously described Fischer levels are too 
abstract for directly inferring pupils’ prior knowledge levels from the generated work 
products. To this end, specific scoring rules that match the generic levels should be 
utilised to determine which level best reflects the quality of the provided solution 
(i.e., the work product). Furthermore, the evidence resulting from the tasks and 
scoring rules should be considered from the psychometric viewpoint. 

Assessment implementation. 
This layer focuses on the actual development and implementation of the diagnostic 
assessment tool in educational practices. For the student-model, this means that 
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all seven targeted levels of understanding should be described in a generic way. 
The task model states that the tasks should a) represent a technological system 
and b) enable pupils to manipulate (i.e., interrelate) its component in various 
ways. With some exceptions, like LEGO Mindstorms, most ICT-based devices used 
at primary schools are very restrictive in the possibilities to change the systems’ 
properties and, therewith, do not fit the requirements of the task-model. Therefore 
two tasks were selected that are based on material-based systems that pupils can 
construct from scratch. The Buzz-Wire (BW) device (see Figure 7) is an electrical 
circuit that has been used in a Dutch national study on the quality of science and 
technology education in primary education (CITO, 2016). In the BW assessment 
task, pupils are asked to construct a Buzz-Wire circuit. Pupils can use different 
device components, such as a spiral with a fixed loop, an empty battery, a lamp, 
a buzzer and five wires with crocodile clamps. The Stairs Marble Track (SMT) is a 
mechanical device based on a camshaft (see Figure 8), which was used to examine 
pupils’ scientific reasoning skills (Meindertsma et al., 2014). In the SMT diagnostic 
assessment task, pupils are asked to reconstruct the device by placing six bars 
in their correct position. Both tasks were slightly adapted so pupils would not 
experience the consequences of their manipulations. For the BW device, an empty 
battery was used, and for the SMT device, the handle was blocked, and the marbles 

Figure 7
Buzz-Wire device

Buzz-Wire. A) Battery, B) Wire with 
crocodile clips, C) Buzzer, D) Loop, E) 
Copper spiral, F) Lamp with insulation on 
the tips of the connectors.

Figure 8
Stairs Marble Track device

Stairs Marble Track. A) Marble (not 
available in task), B) Camshaft with six 
eccentric wheels, C) Bar with slanted top, 
D) Handle (blocked).
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were left out. Pupils were informed about these restrictions, to avoid confusion 
when they did not notice an effect (does the device or a specific component 
operate properly?) of their actions. All device components were colour-coded 
in a way that resulted in unique combinations for different component states 
to allow for unambiguous coding of the pupils’ work products. Based on the 
evidence model, a first draft of device-specific scoring rules was developed to infer 
pupils’ general level of understanding from the work products (see supplementary 
material). 

Study design and research questions
This study examines the validity of the generic diagnostic assessment tool’s 
design by gaining more insight into the quality of the empirical arguments (i.e., 
backings). It aims to verify whether the theoretical arguments for the design 
decisions are backed by empirical evidence. That is, the tool’s design should 
facilitate pupils to use their tacit knowledge (decision 1), enable them to 
demonstrate partial knowledge with a single task work product (decision 2), and 
restrict them from experiencing the consequences of trial-and-error behaviour 
(decision 3). It remains, however, to be seen to which extent pupils will use the 
possibilities that the assessment tasks (i.e., devices) provide them to generate 
a wide variety of work products, representing the differences in their prior 
knowledge. It could, for example, be that pupils of this age do not consider the 
various options due to the lack of opportunities to evaluate their actions (decision 
3). They also might have similar notions about how to use some of the device’s 
components (Defeyter & German, 2003; Matan & Carey, 2001). The first study 
addresses this by examining the variety of work products that pupils made when 
they were instructed to restore the SMT and BW device without being able to 
evaluate their actions. 

The second study addresses the fourth design decision by examining the 
suitability of the scoring rules for inferring pupils’ level of understanding of the 
material-based systems from their generated work products. Four requirements will 
be examined. a) Can work products be reliably arranged on a single dimension? 
b) Is it possible to construct task-specific scoring rules in compliance with the 
original Fischer scale? c) Do the levels generated by the scoring rules match an 
independent judgement about the quality of the work products? d) How reliable is 
it to use work products resulting from a single task as an indicator of differences 
in prior knowledge? 

The third study explores whether the tool matches the student model, 
which states that pupils will demonstrate skill levels from a single sensorimotor 
action to a single abstraction. Moreover, this study aims to verify whether the 
formulated alternative explanations (i.e., rebuttal) can be rejected. Primary 
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education teachers’ potential use of the developed diagnostic assessment tool also 
depends on their (perceived) added value of the tool. If a difference in pupils’ 
understanding can be accounted for by other, already assessed constructs, it is 
probably not worth the effort to use the diagnostic assessment tool. As indicated 
in the domain model layer, pupils’ math and reading ability scores might also 
predict their achievement in technology education. It is unclear yet how strong 
this effect is on pupils’ understanding of electrical and mechanical systems. In 
case math and reading scores are strong predictors for pupils’ understanding 
of these systems, teachers might not see the added value of using additional 
assessment instruments. The third study addresses this by examining the extent to 
which pupils’ scores on standardised math and reading ability tests predict their 
diagnosed level of understanding of the material-based systems 

In the following sections, the design and applied methodology for answering 
the research questions and the obtained findings will be described per study. This 
will be followed by an overarching discussion of the generic diagnostic assessment 
tools’ validity, limitations, and implications for educational practices and research. 
Ethical approval for this study was provided by the faculty’s ethical committee.

STUDY 1:  
VALIDATING THE VARIETY OF GENERATED WORK PRODUCTS

Participants and design
In total, 272 pupils (120 girls and 152 boys) from 17 different classrooms at seven 
Dutch primary education schools participated in this study. The pupils’ average 
age was 11.0 years (sd=0.8, Min=8.9, Max= 13.6). Their schools were part of the 
first authors’ professional network. The required parental consent was passive or 
active, depending on school regulations. When parents objected, which happened 
three times, no data for their child was collected. The assessment tasks were 
administered in an individual setting outside the regular classroom in the presence 
of the first author. Each pupil first watched a one-minute introductory video 
(made and provided by the first author) which briefly showed how the BW and SMT 
devices operated without revealing their configuration. Thereafter, the separate 
device components were shown, and each pupil was asked to re-configure the 
device so it would operate properly again. A maximum of five minutes was set to 
complete each assessment task. Pupils were informed that they would not be able 
to verify whether their actions were (in)correct due to the restriction of trial-and-
error behaviour. The design was counter-balanced (half of the pupils started with 
the BW device and the other half with the SMT device) to minimise the risk of a 
sequencing effect (Davey et al., 2015).
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Measurement and procedure
Registration of the work products. After pupils indicated that they had completed 
an assessment task, the configuration of the components in their work product 
was registered by the first author. For the BW task, the configuration of wires and 
components was drawn, with comments on whether a connection was on metal or 
on the isolating cable mantle that covers the copper wire. For the SMT task, each 
side of each bar had a colour code that remained unique even when the bars were 
in an upside-down position. The camshaft of the device had six cams, which were 
all wheels with an eccentric axis (see Figure 8). The colour code of the bar placed 
on each cam was registered. Configurations with bars that were not placed on a 
single cam were depicted. To allow verification afterwards, pupils’ manipulations 
(i.e., hand movements) were videotaped.

Table 1
Overview of Buzz-Wire Variables
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Analysis of the work products. Each registration was converted into a record 
with numeric variable fields. Table 1 provides an overview of the variables of the 
Buzz-Wire work product. Not all the possible component-variable combinations 
were used. It was, for instance, not possible to connect clamps to the battery in 
any other way than on metal; therefore, the number of variables per component 
varies (as indicated in Table 1). The resulting BW record consisted of 15 variables. 
For the SMT work product, the bar on each of the six cams was described by three 
variables each, resulting in 18 variables. Three additional variables described work 
products of which the bars were not placed on a single cam (see Table 2. Together, 
the SMT record consisted of 21 variables. Ten BW and ten SMT work products were 
registered independently by the first author and an independent rater. For both 
assessment tasks, the interrater reliability (i.e., Cohen’s Kappa) was computed. 
The Kappa scores were high (BW: K = 0.988, p <0.001; SMT: K = 1.000, p <0.001), 
indicating that the coding procedures were reliable (Landis & Koch, 1977). 

The SPSS aggregate function was used to compute the frequency of the 
different work products by using the variables of Table 1 (BW) and Table 2 (SMT) 
as break variables. A wide variety of work products would already indicate that 
pupils combine the device components in various ways. However, decision 2 
implicates that such variation should reside in pupils’ use of the opportunities 
that a task offers to combine its components in multiple ways. To back decision 2, 
the correlations between the BW (see Table 1) and the SMT (see Table 2) variables 
should be medium to low. A perfect correlation would indicate that only a single 
combination is considered. An SPSS bivariate correlation analysis was conducted 
on all BW and SMT variables. From the lower part of the correlation matrices (see 
supplementary material), the number of correlations per .1 interval was counted 
and displayed in a diagram to show.

Table 2
Overview of Stairs Marble Track Variables
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Results
The 272 participants generated 145 different BW work products and 112 different 
SMT work products. For the BW device, there were seven pupils (2.60%) who did not 
make any connection between the components. For the SMT device, there was one 
pupil who did not combine any bar with another bar or the frame. Correct solutions 
were provided by 14 pupils (5.10%) on the BW device and 34 pupils (12.50%) on 
the SMT device. Figure 9 shows that 99% of the 86 BW variable correlations were 
below r=.8 and 65% below r=.5, indicating that pupils do combine the components 
in various ways. From the 209 correlations between the SMT variables, 92% was 
below r=.8 and 82% below r=.5. BW correlations above r=.50 were found between the 
circuit variables. This makes sense since the generation of circuits requires specific 
component combinations. However, even within the circuit variables, different 
combinations were made, as can be deducted from the fact that none of the BW 
correlation coefficients was higher than 0.80. Some SMT variables had correlation 
coefficients near one. These were the variables that indicated the vertical orientation 
of a bar for each cam. Although possible, not a single pupil put a bar upside down 
beside one right side up. This implies that for the SMT, pupils’ choices on the six 
vertical-position variables are, in fact, represented by one variable accounting for the 
vertical position of all bars in the frame, which reduces the combinatory potential of 
the SMT to 16 variables. Except for this variable, pupils did combine all components 
of the SMT in several ways.

Figure 9 
Left side: Distribution of correlations between the 15 BW variables described in Table 1. 
Right side: Distribution of correlations between the 21 SMT variables described in Table 2.
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Conclusion
The results show that both assessment tasks (BW and SMT device) facilitated pupils to 
combine the device components in various ways and, consequently, generated a wide 
variety of work products. The variety for both assessment tasks represented different 
solutions, which differed from no change to the initial configuration (i.e., loose 
components) to the correct configuration. All in all, this offers an indication that 
tasks enable pupils to demonstrate their understanding of the tasks’ system in various 
ways. 

STUDY 2: 
VALIDATING THE SUITABILITY OF GENERIC SCORING RULES 

Participants and design
The requirement that work products can be reliably ordered on a single dimension 
was explored by asking technology-education experts to compare work products 
on their perceived quality, i.e., which product displays the most aspects of a 
functioning device. The experts were invited by e-mail and phone by the first 
author. Nine out of fifteen were able to participate. 

The second requirement for decision four was that task-specific scoring rules 
should comply with the Fischer scale. Researchers, known from their publications 
based on the Fischer scale, were invited by e-mail, ResearchGate and LinkedIn to 
react to the application of the Fischer scale in this study. Six researchers could 
participate during the timeframe of the data collection.

The third requirement was that the results from the scoring rules should 
match an independent judgement about the quality of the work products. This 
requirement was checked by comparing the levels resulting from the scoring rules 
with the ranking value of the same work products based on the independent 
judgements of the technology education experts.

The fourth requirement was that the levels generated by the scoring rules 
should reliably reflect pupils’ level of prior knowledge. This condition was checked 
by examining the psychometric properties of the tool.

For this study, all technology education and Fischer experts were informed 
about a) the nature of the intervention, b) the data collection, data handling and 
data storage procedure, and c) the report in advance. All participating experts 
agreed by signing the informed consent form.

Measurement and procedure
To explore the first requirement, the nine participating technology education 
experts compared 25 pairs of work products in terms of device functionality 
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utilising the Digital Platform for Assessment of Competences tool (D-PAC; Verhavert 
et al., 2019). The pairs were randomly chosen by the D-PAC tool from 19 BW and 
17 SMT work products that were selected by the first author based on the criteria 
that they a) frequently occurred and b) ranged in terms of how many device 
components were (correctly) connected. The BW work products were represented 
by a schematic drawing, and the SMT work products with a photo. Per pair, the 
experts had to select the work product which, in their opinion, represented the 
best functionality of the device (see Figure 10). 

The D-PAC tool uses the Bradley-Terry-Luce model to compute an overarching 
rank value and the 95% CI of its standard error per work product. This ranking 
value is used to establish a general rank order of the work products for both 
assessment tasks. D-PAC automatically computes the Scale Separation Reliability, 
which represents the interrater reliability between the experts (Verhavert, 2018). 
A high SSR-value indicates that the work products were rank-ordered in a reliable 
manner. 

The second requirement that task-specific scoring rules should comply with 
the original Fischer scale was checked by consulting the researchers. First, they 
were asked to provide a written response to identify the similarities and the 
differences in their opinion about the levels of work products and, thereafter, a 
semi-structured interview (about 60 minutes) at their office to discuss the work 
products that were categorised differently, in order to sharpen the arguments for 
the final scoring rules. Due to availability during the time frame of this study, only 
four of the six experts could be interviewed. For the written response, a sample of 
work products (nine BW and 10 SMT tasks) was selected by the first author based 

Figure 10
Screenshot D-PAC tool (Verhavert, 2018)
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on the criteria that the work products a) were also used in the previous rank order 
study and b) represented all Fischer scale levels, as initially coded by the first 
author. The experts were asked to label the work products (BW and SMT) based 
on the Fischer level they believed best-represented pupils’ level of understanding 
of the associated system. In addition, they were asked to substantiate their 
label by their knowledge of the Fischer scale. The Fischer experts received a brief 
instruction about the study design and a word file containing the 19 work products 
and textboxes to fill in the Fischer-level coding labels and their substantiations. 

Unfortunately, only three Fisher experts provided a written response for the 
SMT device, and no written responses were received for the BW device. To (partly) 
remedy this, the semi-structured interviews started with the replication of the 
selected BW and SMT work products with the original materials. For each work 
product, the experts were asked to think aloud about the Fischer scale level label 
they believed was appropriate. During the interviews, arguments obtained from 
the written responses (i.e., SMT device) were put forward by the first author in 
case this provided another perspective on the matter. The think-aloud data was 
collected by audio-taping the semi-structured interviews. Finally, the arguments 
provided by the Fischer experts were used to revise the BW and SMT work-product 
scoring rules. 

The third requirement was explored by correlating the work products’ rating 
value, resulting from the ranking by the technology education experts, with their 
Fischer scale level, resulting from the scoring rules. The Intraclass Correlation 
Coefficient (ICC) was calculated to indicate the level of agreement between both 
approaches. 

The psychometric properties of the tasks were explored in two ways. The 
test-retest reliability was explored by retesting eleven randomly selected pupils 
after six weeks. The ICC was calculated to quantify the relationship between 
the test and retest scores. The approach proposed by Hessen (2011) was used 
to establish the parameters of the extended Rasch model for the BW and SMT 
data and check the goodness of fit of this model using a Likelihood-Ratio (LR) 
test. For this, the scoring rules were considered as dichotomous items (e.g., was 
anything changed from the start, were all connections on metal). Whether these 
items were ‘answered’ correctly or not (i.e., whether a particular combination was 
present or not) was calculated from the BW or SMT variables (see Tables 1 and 
2). For both sets of items, the SPSS aggregate function was used to create an 
extended Rasch model table of which the subsequent higher-order interactions 
were the coefficients of the covariates given by yr=t(t-1)…(t-r+1)/r!, for r=2...a, 
where a is the order of the highest constant interaction. Y2 being the first 
higher-order interaction, y3 the second etc. and t the sum score of each pattern 
of results. In SPSS GLM, the parameters of the extended non-parametric model 
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were analysed with a log-linear model and for an increasing number of constant 
higher-order parameters, of which the likelihood ratio was tested. 

Results
Rank order of work products by technology education experts. The D-PAC tool 
provided an overview of the rank order per assessment task (see Figure 11). The 
order by which the work products are ranked on the X-axis is determined by their 
ranking value as depicted on the Y-axis. The whiskers show the 95% standard error 
of this ranking value. More than their rank, the ranking value of the work products 
and their 95% CI provides an indication of perceived difference. An overlap in the 
95%CI implies that the experts do not consequently indicate one of these work 
products as the more functional one (e.g., the BW work products that are ranked 
at positions 5 to 8). No overlap between the 95% CI indicates that most or all 
experts consequently judge one work product as the better one (e.g., the SMT 
work products ranked at positions 8 and 9). This lack of overlap points to a clear 
difference in the perceived functionality of these work products. The SSR value 
was 0.91 for both tasks, indicating a high level of agreement between the experts 
(Verhavert et al., 2019).

Work-product levels by the Fischer experts. The comparison between the initial 
Fischer scale levels, as labelled by the first author using the initial scoring rules 
(see Supplementary materials, chapter 2, initial scoring rules), and the levels 
reported by the experts in their written responses (SMT device) is presented in 
Table 3. Although there are differences, this overview indicates agreement about 
which work products should be categorised at a higher level. Noteworthy here is 
that two of the experts used the highest level of understanding (i.e., Fischer level 
7), while this was not included in the initial coding by the first author. So, there 
seems to be some disagreement about which level of understanding should be 
attributed to the highest quality work product (i.e., correct configuration). 

Figure 11
D-PAC ranking of BW and SMT work products
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Interviews. The replication of the BW work products stimulated the Fischer 
experts to think and argue about the necessity of abstract reasoning for generating 
a fully functional device. For example, expert 5 stated: “Initially, I thought it 
(the correct SMT) should be level 7 because it requires the combined use of 
many representations, which is a complex skill; however, it does not require the 
application of a general physical law like for the correct BW solution.” Other 
than for verbal accounts, in which level 3 can be distinguished from level 2 by 
the expression of a visible causal relationship, it was not possible to construct 
a comparable argument to distinguish level 2 and level 3 work products, as 
combining more than two components by their physical properties may be 
considered as a repetition of manipulations at level 2. 

Based on the discussions with the Fischer experts and the suggestions they 
provided (e.g., expert 1: apply more formal scoring rules), the initial generic 
score rules (see supplementary material) were refined by the first author. The 
final heuristic (see Table 4) is based on downward reasoning, taking the correct 
solution as the starting point. If the work product does not meet those demands, 
the rules of the preceding, lower level should be considered. This approach has the 
advantage that the description can be limited to the essential difference with the 
preceding level and, consequently, the description of a level cannot be applied in 
isolation.

Table 3
Overview of initial and expert scoring for SMT device-related work products
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Table 4
Scoring rules for inferring pupils’ understanding of two material-based systems. Text in grey 
represents the general rule (adapted from Van der Steen, 2014)
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Alignment rank order technology education and Fischer level experts. With the 
aim to provide additional support for design decision 4, it was examined whether 
the task-specific rank values of the work products (i.e., device operationality) 
resulting from D-PAC aligned with the general levels of understanding as 
determined by the application of the refined scoring rules. There was a high and 
significant correlation between the Fischer scale level and the rating value of 19 
BW work products (ICC=.875, p<.001, 95%CI[.704,.950]) and 17 SMT work products 
(ICC=.843, p<.001, 95%CI[.618,.940]).

Psychometric properties: test-retest reliability. Retesting a random sample 
of 11 pupils after six weeks showed a test-retest ICC (two-way mixed, absolute 
agreement) of .813, p=.002 for the BW task and .920, p<.001 for the SMT task. 

Psychometric properties: One-dimensional Rasch model fit. Based on the scoring 
rules, 13 SMT and 12 BW items were constructed, each item indicating whether a 
particular kind of combination between the systems’ components was present or 
absent in the work product. A good fit with the extended non-parametric Rasch 
model was found for the BW task when four constant higher-order interaction 
variables were added as covariates (LR-test: X 2=7.117, df=10, p=.71). For the SMT 
task, a good model fit was found when three constant higher-order interactions 
were added to the model (X 2=6.127, df=3, p=.11). (see supplementary material).

Conclusion
The results show that technology education experts were able to rank order the 
pupil-generated work products for the BW and SMT device in a quite similar and, 
thus, reliable manner. This provides an indication for the claim that the variety 
of work products can be rank-ordered in terms of the quality of their construction 
(i.e., device functionality). 

The Fischer experts - after intensive labelling and discussions - provided 
concrete suggestions for refining the initially developed generic scoring rules. The 
levels resulting from these scoring rules showed a significant positive and high 
correlation with the rank orders provided by the technology-education experts. It, 
therefore, may be concluded that it is possible to indicate differences in pupils’ 
ability to reconstruct a specific system with scoring rules that are based on a 
generic developmental model. 

The test-retest reliability score suggests that the level resulting from the task 
relates to a person’s level of prior knowledge. The goodness of fit of the extended 
Rasch model indicates that the items deduced from the work products and scoring 
rules relate to differences in a single latent variable, presumably pupils’ prior 
knowledge about the tasks’ system. Together, these results support decision four, 
using scoring rules based on a  generic model to identify differences in pupils’ 
prior knowledge about a specific system by a single-task work product.
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STUDY 3: 
VALIDATING ABSENCE  CONSTRUCT-IRRELEVANCE

Participants and design
The third step in the development and validation of the generic diagnostic 
assessment was to examine whether the levels inferred from pupils’ work products 
matched the range expected from the student model. Furthermore, it was 
examined whether these results had an added value on top of already utilised 
tools. To this end, additional data (i.e., math and reading ability scores) were 
collected from the 272 pupils that generated the work products (see Study 1). 
Following privacy and data protection regulations, untraceable pupil identifiers 
were used at the school level to relate standardised math and reading ability test 
scores to the BW and SMT measures. 

Measurement and procedure
Four different measures were used, namely the Fischer level scores for the BW 
and SMT device and the standardised test scores for reading and math ability. 
Pupils’ level of understanding for both tasks was measured by scoring their work 
products based on the refined generic scoring rules (see Table 4). An automated 
SQL query was used for this. Pupils’ math and reading ability are tested twice a 
year at their primary school. The scores are used to monitor a pupil’s progress 
relative to previous test scores and relative to the average progression of other 
pupils (Feenstra et al., 2010; Janssen et al, 2010; Tomesen & Weekers, 2012). A 
yearly updated indication of the mean score is that each test is published on the 
test providers’ website (CITO.nl). The math and reading comprehension tests were 
administered three months before or after the BW, and SMT tasks were administered. 
Due to absence during the test administration, scores for all four measures were 
available for 256 out of 272 pupils. 

To examine the predictive value of mathematics and reading comprehension 
abilities on task performance and the predictive value of task performance 
on another system, two regression analyses were conducted with respectively 
the Fischer scale level score for the BW and SMT device as outcome variables. 
Predictors were pupils’ reading comprehension and math ability scores, their SMT 
level for the BW outcome and their BW level for the SMT outcome. The regression 
analyses were conducted in a stepwise manner in order to establish the additive 
effect of each predictor. The assumption check (i.e., linearity, multivariate 
normality, multicollinearity, and homoscedasticity) showed a slightly skewed 
distribution of pupils’ reading ability scores and their SMT Fischer level scores. To 
minimise this potential bias, the bootstrapping option with 1,000 iterations was 
used (Wu, 1986).
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Results 
Pupils’ Fischer scale level scores for both devices are represented in Table 5 and 
show that pupils differed considerably in their understanding of the device’s 
system. The cumulative percentage shows that the majority of the pupils did not 
reach Fischer level 5 (Representations, mapping) for both devices (SMT, 59.2; 
BW, 61.4).  Pupils’ average scores for math and reading ability are represented in 
Table 6 and show that their average scores are slightly higher than the national 
reference values. 

The regression analyses (see Table 7) for the BW device showed that pupils’ 
Fischer level on the SMT task was the strongest predictor, accounting for 6.70% 
of the variance in BW Fischer level. Adding reading comprehension caused a 
significant but small (1.80%) improvement of the model. Adding math ability 
scores did not significantly improve the model. The regression analyses for the 
SMT device showed that pupils’ Fischer level on the BW task was the strongest 
predictor, accounting for 6.70% of the variance in the SMT Fischer level. Adding 
mathematic ability scores caused a significant improvement of the model with 
4.00%. Adding the reading ability score did not significantly improve the model.

Table 5

Table 6

Distribution of Fischer-scale levels on the BW and SMT task (n=272)

Reading comprehension and mathematics test scores
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Conclusion
The results show a low predictive value of both pupils’ reading and mathematics 
ability scores on their obtained Fischer-level scores, meaning that math and 
reading ability tests should not be regarded as suitable alternatives for the 
generic diagnostic tool. Although pupils’ Fischer level for the SMT device was 
predictive of their level on the BW device (and vice versa), it accounts for a very 
small part of the differences. 

DISCUSSION

Findings
This study aimed at developing and validating a generic diagnostic tool for 
assessing primary education pupils’ prior knowledge of technological systems. To 
this end, the Evidence Centered Design approach (Mislevy et al., 2003; Oliveri et 
al., 2019) was utilised. To properly validate the development of the diagnostic 
assessment tool, the design decisions (i.e., warrants) should be substantiated 
with theoretical as well as empirical evidence (i.e., backings). 

Study 1 addressed the decisions related to the design of the assessment 
tasks based on an electrical (i.e., BW device) and a mechanical (i.e., SMT 
device) system. More specifically, it examined whether pupils could combine 
the system’s components in various ways, allowing them to demonstrate partial 
knowledge and, by that generating a wide variety of work products. To this end, 
primary education pupils carried out both assessment tasks, which generated 272 
individual work products per device. Results for both devices indicate that pupils 
interrelated the device’s components in various ways, resulting in 145 different 
BW and 112 different SMT work products. This demonstrates that both tasks 

Table 7
Multiple regression analysis, predictors of BW and SMT level
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allowed pupils to apply various aspects of knowledge about the interrelationship 
of the devices’ components. All in all, these empirical findings corroborate the 
theoretical backings. More specifically, the assessment tasks enabled pupils to 
generate the necessary variety of work products (Davey et al., 2015) despite the 
restrictions in experiencing the consequences of trial-and-error behaviour (Klahr 
& Robinson, 1981; Philpot et al., 2017) and allowed them to make their tacit 
knowledge explicit (Levy, 2012; Zuzovsky, 1999). 

Study 2 addressed the design decision that generic scoring rules can be 
utilised to infer pupils’ prior knowledge about material-based systems from their 
generated work products. Since pupils’ prior knowledge may differ considerably 
per device (Molnár et al., 2013; CITO, 2015), the theoretical backings favoured 
the development and utilisation of generic - device transcending - scoring 
rules (Nitko, 1996). Based on Fischer and Bidell’s dynamic skill development 
framework (2007), seven generic levels were operationalised in level-specific 
scoring rules (see Supplementary materials, chapter 2, scoring rules). To examine 
the suitability of the generic scoring rules, two different types of expert groups 
were asked to qualify a representative sample of work products. Experts in 
the field of technology education (N = 9) rank-ordered, based on pair-wise 
comparisons, a representative selection of work products in terms of the quality 
of the construction (i.e., device functionality). Researchers in the field of 
dynamic skill development (N = 6) interpreted and substantiated the level of 
work products based on their experience with Fischer’s framework on dynamic 
skill development. The semi-structured interviews yielded valuable insights and 
concrete suggestions, which were used to calibrate the task-specific scoring 
rules according to the principles of the generic scale for refining the generic 
scoring rules (see Table 4). After utilising the refined scoring rules, results for 
both devices show a significant positive and high correlation with the ranking 
value that resulted from the independent judgements of technology education 
experts. The correlation between test and retest scores was high. Pupils’ results 
on items indicating specific combinations of components did fit an extended 
non-parametric Rasch model. All in all, these empirical findings align with the 
theoretical backings. Meaning that the diagnostic tool assesses construct relevant 
(i.e., prior knowledge about material-based systems) pupils’ characteristics (Kane, 
2004; Oliveri et al., 2019). 

Study 3 addressed whether the tasks did indeed generate the differences 
in skill levels that were expected regarding the age of the pupils. For that, the 
generated work products from study 1 were scored according to the refined 
generic scoring rules. The outcomes were in accordance with the distribution of 
levels that was expected from previous studies with the Fischer-scale (Schwartz, 
2009). The findings confirm those of studies indicating that pupils in primary 
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education find it difficult to understand technological systems (Assaraf & Orion, 
2010; Ginns et al., 2005; Koski & de Vries, 2013; Svensson et al., 2012). A 
plausible explanation for this could be that pupils’ ability to apply inductive 
reasoning strategies (i.e., Fischer level 7) is not sufficiently developed yet in 
primary education (Molnár et al., 2013).

By comparing pupils’ levels on the tasks with their scores on reading 
comprehension and mathematics, it was also explored whether such scores might 
also be used as an indication of pupils’ prior knowledge about the material-
based systems. Prior research, for example, indicated that primary education 
pupils’ math and reading ability scores are strong predictors of their academic 
achievement (Safadi & Yerushalmi, 2014; Wagensveld et al., 2014). To examine 
this, the levels of the work products from study 1 were related to pupils’ math and 
reading ability scores obtained from National standardised tests. In contrast to 
the study of Safidi & Yerushalmi (2014), a neglectable effect of math and reading 
ability scores on task- achievement was obtained. A possible explanation might 
lie in the nature of the assessment task. Whereas Safi and Yerushalmi assessed 
pupils’ understanding with multiple-choice questions, this study made use of 
performance assessments. By doing so, pupils were enabled to make use of their 
tacit knowledge (i.e., design decision 1), which differs from solely enabling pupils 
to use verbalisations (Cianciolo et al., 2006; Wagner & Sternberg, 1985). All in 
all, these empirical findings indicate that construct-irrelevance (i.e., assessing 
unintended/confounding pupil characteristics, see Kane, 2004; Roelofs, 2019) can 
be excluded. 

The finding that the tasks reveal aspects of pupils’ prior knowledge, which 
are not reflected by their scores on mathematics and reading comprehension, 
strengthens the importance of using such tasks in primary education. On the one 
hand, it can reveal that, preferably within integrated STEM, engineering activities 
are necessary to promote pupils’ understanding of technological systems. On the 
other hand, it can also reveal the capacities of certain pupils that remain hidden 
by the current assessment practice. 

Limitations 
Although the obtained findings may sound promising, it is important to take the 
study’s limitations into account when generalising their implications to other 
educational practices and research. A major limitation follows from the tools’ 
purpose: enabling teachers to get information about their pupils’ prior knowledge 
that can help them to prepare their lessons. The design decisions following 
that purpose limit the tools’ application for formative use. By restricting the 
evaluation of trials, the tool does not enable pupils to show their problem-solving 
ability, i.e., the ability to infer a system’s structure through interaction. See, for 
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instance, the Pisa 2012 assessment on creative problem-solving for such tasks 
(OECD, 2014). The use of a generic scale may suggest that the tool measures a 
generic ability. However, the generic scale only makes it possible to compare 
a pupil’s prior knowledge of different systems. The level resulting from a work 
product only indicates prior knowledge about the system that the task represents. 

Other limitations reside in the methodology used in this study. First, whereas 
utilising the ECD validation approach has proven its value, this was - to the best 
of our knowledge - mainly the case for so-called high-stakes assessments such 
as standardised tests. Its utilisation for diagnostic assessment purposes is a yet 
unexplored area, and perhaps other validation approaches might be more suited 
for this end. To gain a broader perspective on the matter, the reader might, 
for example, also be interested in utilising design and validation approaches 
that have a stronger emphasis on formative educational practices (e.g., Black 
& William, 2018; Pellegrino et al., 2016). Second, as indicated by Study 1, it 
remains to be seen whether the current study was able to gain insight into the 
full range of work products pupils might generate. In case the range increases, 
this might have implications for the generic scoring rules. It, thus, remains to 
be seen if the current scoring rules are also suitable for a larger variation in 
generated work products. Third, as indicated by Study 2, the limited number of 
experts in the field of dynamic skills development indicated they found it difficult 
to utilise the scoring rules for the BW device. Although, after constructive 
discussions, an initial agreement about the generic score rules was obtained, 
further empirical backings (e.g., replication study with other technological 
devices) are required to substantiate this design decision further. Although the 
timeframe and availability of the experts did not allow it, it is also preferable to 
organise (multiple) calibration sessions in which the experts discuss the scoring 
rules with each other (O’Connell et al., 2016). 

In addition, although work products are valuable assessment tasks, it can 
be questioned whether a full understanding of pupils’ mental models (i.e., 
understanding of concepts and principles) can be inferred from them (Garmine 
& Pearson, 2006). As indicated by others, one should be aware that every 
assessment tool (e.g., purpose, task, scoring, outcomes) has its own merits and 
pitfalls and might want to consider the utilisation of a) multiple assessments 
with the same tool and b) different types of assessment tools (Gerritsen-van 
Leeuwenkamp et al., 2017; Van der Schaaf et al., 2019). Lastly, even though 
pupils from different schools and grade classes participated (Study 1 and Study 
3), it remains to be seen if this specific sample properly reflects the entire 
population. This might have implications for the pupils’ characteristics (i.e., 
math and reading ability) that were included in this study and their effect on 
pupils’ understanding of material-based systems. It might, for example, also be 
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feasible to assume that a pupil’s motivation affects his/her task engagement and 
academic achievement (Hornstra et al., 2020; Schunk et al., 2012).

Implications for educational practices and research
To conclude, this study’s theoretical underpinning and its empirical findings 
support the validity of the generic diagnostic assessment tool. It is a first 
step in supporting teachers in assessing primary technology education-related 
learning outcomes (Garmine & Pearson, 2006) and - hopefully - warranting a 
more structural embedding of technology education in primary education curricula 
(Dochy et al., 1996; McFadden & Williams, 2020). As indicated by the study 
limitations, the diagnostic assessment tool requires more research to validate its 
utilisation. One potential direction for this could lie in replicating the current 
study with devices based on the current design decisions but which differ 
regarding the underlying physical principles. By doing so, future studies could 
examine whether the current design is robust enough to warrant its utilisation in 
other contexts. Another potential direction could be that triangulation techniques 
are utilised to examine whether tools aimed at assessing the same construct 
(i.e., understanding material-based systems) yield comparable results (Catrysse 
et al., 2016). More specifically, it would be valuable if pupils’ verbalisation of 
their actions was measured a) during (i.e., think aloud) or after (i.e., stimulated 
recall) their task performance and related to the scoring of their generated work 
products. For educational practices, it is important to gain more insight into the 
tool’s ecological validity (Kane, 2004). That is, can primary education teachers 
actually utilise the diagnostic tool to diagnose and enhance their pupils’ prior 
knowledge about technological systems? Prior research indicates that teachers 
find it difficult to apply such formative teaching approaches (Heitink et al., 
2016). Reasons for this could be that they often lack a) a clear understanding of 
these approaches (Robinson et al., 2014) and b) concrete - how to - examples 
indicating how such approaches can be utilised (Box et al., 2015). A potential 
first direction for addressing is to organise training (Forbes et al., 2015; Lynch et 
al., 2019) or calibration sessions (O’Connell et al., 2016; Verhavert et al., 2019) 
in which teachers learn how to utilise the diagnostic tool. When familiar with 
administering the diagnostic assessment tool and analysing the obtained results, 
(more) support could be provided regarding the adaptive enhancement of pupils’ 
understanding of technological systems (Black & Wiliam, 2018; Van de Pol et al. 
2010).
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Abstract
Accurate teacher judgements can enhance pupils’ learning about science and 
technology. This study explored primary school teachers’ judgements about their 
pupils’ ability to reconstruct an electrical and a mechanical system. The judgement 
accuracy of most teachers was poor, gender-biased, and underestimation was more 
common than overestimation. The teachers’ gender or self-efficacy beliefs do not 
seem to affect their judgement accuracy, whereas greater technical knowledge and 
teaching experience might be beneficial. The teachers’ judgements were primarily 
based on their estimation of pupils’ cognitive abilities and learning behaviour, 
which both had less bearing on pupils’ performance than the teachers had 
expected. Diagnostic tasks for technical abilities, like the ones used in this study, 
can be used by primary school teachers working with children aged nine and above 
to calibrate their judgement accuracy and adapt their teaching to their pupils’ 
varying levels of prior knowledge. Pupils’ performance on these non-verbal tasks 
can reveal unexpected abilities.

Introduction
The increasing importance of technology in society led several countries to 
introduce technology into primary education in the second half of the 20th century 
(Rasinen, 2003). The most important aim of technology education is to familiarise 
children with technology, as technology affects many aspects of everyday life 
(ITEEA, 2007). To this end, it is important to develop knowledge of, interest, and 
self-confidence in technology among young children. Although there are many 
opportunities to familiarise young children with technology and arouse their 
interest in it outside of education, the development of technical knowledge seems 
to depend strongly on the attention paid to it at school (Baumert et al., 1998; 
OECD, 2014a).

For the development of technical knowledge, it is important, as with other 
school subjects, that teachers link their instruction and feedback to their pupils’ 
prior knowledge (Ausubel et al. 1968). This requires a correct assessment of 
this prior knowledge (Fahrman et al. 2020; Slangen et al., 2011; Van de Pol et 
al., 2010). In the case of subjects such as language and mathematics, teachers 
can calibrate their estimates based on test results, which leads to reasonable 
judgement accuracy (Südkamp et al., 2012). However, in primary education, 
technical abilities are not systematically tested (Hartell et al., 2015). As a result, 
primary school teachers, including those with a wealth of experience in teaching 
technology, are uncertain about the extent to which their instruction and feedback 
match the prior knowledge of their pupils (Scharten & Kat-de Jong, 2012).

This study explores the merits of using diagnostic tasks in relation to teachers’ 
judgement accuracy regarding their pupils’ technical abilities. First, the challenges 
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around teachers’ judgement accuracy of their pupils’ technical abilities will be 
discussed. Second, it is explained how teacher and pupil characteristics might 
influence teachers’ judgements, pupils’ performance and the associated judgement 
accuracy. Finally, teachers’ views on the use of diagnostic tasks will be discussed.

Teacher judgement accuracy
The correctness of a teacher’s judgement of pupils’ abilities is usually defined as 
the extent to which this judgement correlates with pupils’ test results (Südkamp 
et al., 2012). Therefore, teacher judgment accuracy has mainly been conducted 
for frequently tested subjects like language and mathematics. The deviations in 
teachers’ judgements appear to result from random variation and systematic over-
or underestimation (Timmermans et al., 2015).

In primary education, judgement accuracy for pupils’ technical skills is difficult 
to establish due to a lack of testing. There are indications that teachers in primary 
education find it difficult to estimate pupils’ technical abilities. Jones (1998) 
observed that in technology lessons, teachers reverted to feedback on areas they 
were more comfortable with, like cooperation. This might relate to the limited 
role of technology in the curriculum and the nature of technical knowledge. Many 
technical skills are largely based on tacit knowledge that is difficult to express in 
words (Mitcham, 1994). This implies that teachers cannot rely on their questioning 
to establish pupils’ abilities. It also complicates the design of valid tests (CITO, 
2016; National Assessment Governing Board, 2013; OECD, 2014b). 

Scientific research has proposed tasks that enable pupils to apply their 
knowledge, including its tacit aspects, in the domain of science and technology to 
diagnose technical ability (Hast, 2020; Swaak & de Jong, 1996). This study used 
two tasks about technical systems that allow pupils to interact with the materials 
in various ways (see Chapter 2). Although these tasks can only capture a limited 
part of the technical skills spectrum, they provide objective data that gives us 
the first glimpse of teacher judgement accuracy in this domain. This is the first 
research question of the present study: How accurate are teacher judgements 
about pupils’ prior knowledge of technical systems compared with the results of 
diagnostic tasks?

Teacher and learner characteristics 
The availability of diagnostic tasks to obtain objective data about pupils’ technical 
skills does not imply that teachers will accurately assess those skills. Even with 
objective data, teachers differ in their accuracy (Van den Bergh et al., 2010). It 
is still unclear what underlies these differences. Südkamp et al. (2012) point to 
factors such as teaching experience, years of exposure to the students rated, age 
and gender but note that they cannot determine their significance for teacher 



54

CHAPTER 3

judgement accuracy because, in the studies they examined, such data are reported 
incompletely or differently.

For engineering, it has been reported that teachers’ ability to gain insight into 
their students’ technical skills is related to their technical knowledge (Compton 
& Harwood, 2005; van Niekerk et al., 2010) and self-efficacy beliefs regarding 
teaching in this domain (Jones & Moreland, 2004). Teaching experience is likely of 
secondary importance (Nadelson et al., 2013).

Teachers also include student characteristics in their judgements. This 
can lead to bias if these characteristics exert a different effect on student 
performance than that expected by the teacher. Pupil characteristics that 
teachers include in their judgements include motivation (Kaiser et al., 2013), 
cognitive ability (Dompnier et al., 2006; Hoge & Coladarci, 1989) and the extent 
to which pupils are encouraged by their parents (De Boer et al., 2010). The 
ethnicity and socio-economic status of pupils may also play a role in teacher 
judgement accuracy (Timmermans et al., 2015). Moreover, it is known that 
primary school teachers systematically have higher expectations of girls than 
boys (De Boer et al., 2010). This is probably different for technology. In this 
domain, boys are often assessed more positively than girls (Plumm, 2008). This 
might be linked to teachers’ knowledge of pupils’ spatial insight, which they 
obtain from the mathematic tests. Boys generally show more spatial awareness 
than girls (Reilly et al., 2017; Wang 2017). Spatial awareness is important in 
construction and mechanics. It might be that teachers generalise this difference 
in performance to technology in general. Due to the lack of clarity regarding 
the significance of teacher and learner characteristics for teacher judgement 
accuracy, these are examined in this study using the question: How do teacher 
and learner characteristics relate to judgement accuracy of technical abilities?

Use of diagnostic tasks
The tasks used in this study were developed for formative use in primary schools 
(Wammes et al., 2022a). Whether primary school teachers will use these tasks 
depends partly on the effort and time required to use them in the classroom and 
partly on the value that teachers attribute to the data they produce (Kirton et 
al., 2007). That value will depend on the insight gained into pupils’ technical 
skills, the possibilities a teacher sees for using that insight to adapt technology 
education, and the teacher’s expectations about the impact of a more tailored 
approach on developing pupils’ technical skills (Praetorius et al., 2017). The 
possibilities that teachers see for applying the acquired insight depend not only 
on personal didactic qualities but also on the freedom teachers have to design 
their lessons within the curriculum (Sach, 2015). The final research question 
of this study addresses the value of the diagnostic tasks from the teacher’s 



55

TEACHER JUDGEMENT  ACCURACY OF  TECHNICAL ABILITIES IN PRIMARY  EDUCATION

3

perspective: How do teachers value the diagnostic tasks for their judgement and 
teaching practice?

In summary, this study explores the value of diagnostic tasks for teachers’ 
estimates of their pupils’ prior knowledge of technical systems resulting in three 
research questions:
1. How accurate are teacher judgements about pupils’ prior knowledge of technical 

systems compared with the results of diagnostic tasks?
2.  How do teacher and learner characteristics relate to judgement accuracy of 

technical abilities?
3.  How do teachers value the diagnostic tasks for their judgement and teaching 

practice? 

METHOD

Participants
Two male and six female teachers and their classes at six primary schools in 
the Netherlands participated. Four teachers were in their first or second year of 
teaching, one had worked for five years in primary education, and three teachers 
had 20 or more years of teaching experience. Six teachers had a single, and 
two teachers had a mixed-age class. The participating teachers had no specific 
interest in teaching technology. They were asked to participate by students who 
did an internship at their school and were supervised by the first author. The 
eight classes had 87 male and 90 female pupils. Their age ranged from 7 years 
and six months to 13 years and four months, with an average of 10 and six 
months. Informed consent was obtained from all participating teachers and the 
parents of the pupils. 

MEASUREMENTS

Pupil performance
The question, ‘How accurate are teachers’ judgements about pupils’ prior 
knowledge of technical systems as compared with the results of diagnostic 
tasks?’ was explored by comparing teacher judgements with their pupils’ 
performance on two diagnostic tasks: the Buzz-Wire and the Stairs Marble 
Track. These tasks are non-verbal, allow pupils to change system variables 
independently, take only a few minutes to accomplish and allow pupils’ 
knowledge to be assessed on a generic scale (i.e., Fischer, 1980). 
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Figure 12
Buzz-Wire device

Buzz-Wire. A) Battery, B) Wire with crocodile 
clips, C) Buzzer, D) Loop, E) Copper spiral, 
F) Lamp with insulation on the tips of the 
connectors.

Figure 13
Stairs Marble Track device

Stairs Marble Track. A) Marble (not available 
in task), B) Camshaft with six eccentric 
wheels, C) Bar with slanted top, D) Handle 
(blocked).

The Buzz-Wire (BW) is an electric circuit (see Figure 12). It has a switch made 
of a copper spiral and a ring with a handle. Touching the spiral with the ring 
closes the circuit and activates a lamp and buzzer. The Stairs Marble Track (SMT) 
is a mechanical device that transports marbles upwards to a descending track that 
brings the marbles back to the start (see Figure 13). The mechanism is a camshaft 
with six eccentric wheels and six bars of increasing length with a slanted top. 

Both tasks are introduced with a one-minute video that shows how the devices 
should function without revealing their mechanism or construction. When pupils 
start the Buzz-Wire task, all parts are spread out on the table. The SMT task begins 
with the six bars scattered randomly on the table. In both cases, the pupils’ task is 
to restore the devices. 

The scale used to evaluate the pupils’ ability levels was developed by Fischer 
(1980). The task-specific elaborations (see Supplementary Materials, Chapter 2, 
Scoring rules) were validated by Wammes et al. (2022a). The Fischer scale 
describes how skills build up to more complex skills. A pupil’s work product has 
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performance level 1 when it results from a single action based on sensorimotor 
information. A work product that results from a combination (mapping) of two 
sensorimotor-based actions indicates a level 2 skill. When the work product results 
from the combined use of multiple sensorimotor actions, it points to a level 3 
(system) skill.

The repeated use of sensorimotor actions results in the ability to remember 
causal or other relationships between task components. In terms of Fischer: it 
results in a (causal) relationship representation. The tasks restrict the possibility 
of finding causal or other relationships between task components otherwise, 
for instance, by trial and error. When a work product reflects the use of a single 
representation, the pupil demonstrates a level 4 skill. Level 5 skills are evident 
in work products that require the combination of two representations. At level 
6, pupils’ work products show that their actions are based on the combined use 
of multiple representations. At the next level (7), the work products indicate 
that pupils can apply a generic feature of a phenomenon to solve an unfamiliar 
problem. The correct completion of the SMT task requires a level 6 skill, while the 
BW task allows pupils to demonstrate their understanding of electrical circuits up 
to level 7.

Teacher judgements
Two types of teacher judgement about their pupils’ technical abilities were used: 
a relative and an absolute judgement. For the relative judgement, each teacher 
ranked the pupils by their presumed technical ability. This was done without 
further specification of technical ability, which makes this relative judgement, 
according to Südkamp et al. (2012), an uninformed type of judgement. This 
ranking procedure was also used to get information about the teachers’ parameters 
for their uninformed judgements; they were all asked to think aloud, and their 
utterances were recorded while ranking (Loibl et al., 2020). The thinking-aloud 
recordings were obtained for six of the eight teachers. One teacher provided a 
general description of her considerations while ranking, and the recording of one 
teacher failed.

For the absolute judgements, the teachers predicted the level of their pupils’ 
BW and SMT work products. These absolute judgements were an ‘informed’ 
judgment: the teachers made their judgments after seeing the tasks and being 
informed about the Fischer levels for classifying the pupils’ work products 
(Südkamp et al., 2012).

Teacher and learner characteristics 
Our second research question was: How do teacher and learner characteristics 
relate to judgement accuracy of technical abilities? First, the measurement and 
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scoring of the teacher characteristics and then the measurement of the pupil 
characteristics will be described.

For all teachers, their gender, teaching experience and the time they had 
worked with the pupils were recorded. The teachers’ technical knowledge was 
assessed using a multiple-choice test. This Technical Knowledge Test (TKT) 
comprised 43 items about technology from the 2015, 2016 and 2017 editions of 
a Dutch national assessment on Science and Technology. This is an admission test 
for students who want to become primary school teachers. Cronbach’s alpha of the 
TKT was .78. 

Teachers’ self-efficacy beliefs were administered using an adapted version of 
the Science Teaching Efficacy Belief Instrument (STEBI-b; Riggs & Enochs, 1990; 
Bleicher, 2004). The references to science in the statements were changed to 
references to technology. For example, “I will continually find better ways to teach 
science” was changed to “I will continually find better ways to teach technology”. 
The instrument combines the Personal Teaching Efficacy scale (PTE, 13 items) 
and the Teaching Outcome Expectancy scale (TOE, ten items). The PTE is about 
personal efficacy beliefs, which relate to teacher judgment accuracy (Nadelson et 
al., 2013). The TOE refers to ideas about the effectiveness of science, technology, 
and education in general. The STEBI-b was fully administered in this study, but 
only the PTE score was used as that scale indicates the teachers’ self-efficacy. 
Cronbach’s alpha of the PTE was .72.

The learner characteristics measured were pupils’ age, gender, and scores 
for reading comprehension and mathematics as an indication of their cognitive 
abilities. The participating schools administered the same reading comprehension 
and mathematics tests (CITO Assessment Institute, 2021). 

Teachers’ evaluation of the diagnostic tasks
To answer the third research question, ‘How do teachers value the data from 
the diagnostic tasks for their judgment and teaching practice?’, each teacher 
was interviewed about their experience with the diagnostic tasks. Results 
were reported beforehand. The interview consisted of three open and three 
multiple-answer questions. The open questions were: What did you notice when 
you compared the results of the children on the tests with the ranking you 
have made? Are there any other outcomes that stand out when you compare 
your predictions for the specific tasks with the students’ results? How do the 
outcomes of the tasks contribute to the image you have of your students? The 
three multiple-answer questions were about the balance between the time and 
effort required to use the diagnostic tasks and their benefit, the intended use of 
such tasks when available, and how the teacher would use the information from 
such tasks.
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Procedure
The teachers started with the TKT and the adapted STEBI-b questionnaire. 
Then, they ranked their pupils’ technical abilities while their explanations 
were recorded. This resulted in a motivated, relative judgement for each pupil. 
After being informed about the diagnostic tasks and the associated Fischer 
levels, they predicted pupils’ performance level for each task, which resulted 
in the teachers’ absolute judgement for the Buzz-Wire task (judgementBW) 
and their absolute judgement for the Stairs Marble Track task (judgementSMT). 
Next, the teachers introduced the diagnostic tasks to their pupils in a 
classroom setting using PowerPoint. The pupils performed the diagnostic tasks 
individually without being disturbed. They were urged not to discuss the tasks 
with their classmates during the test-taking period. After finishing a task, 
a picture was made of the pupils’ work product. In lower grades, this was 
done by a teaching assistant and in higher grades, by the pupils themselves. 
The teachers emailed these photos to the first author. Within a month, each 
teacher received a report about the performance of their pupils related to 
the relative and absolute judgements and pupils’ reading comprehension and 
mathematical abilities. Finally, each teacher was interviewed, which took 
about 30 minutes. 

SCORING AND ANALYSES 

Teacher judgement accuracy
The performanceBW and performanceSMT of pupils’ work products were 
determined using the scoring rules (see Supplementary Materials, Chapter 2, 
Scoring rules 1). A second rater independently assessed the work products of 
the pupils of one school. Inter-rater agreement was calculated in SPSS using 
the two-way mixed model of the Intraclass Correlation Coefficient (ICC) with 
the absolute agreement option. For 33 BW work products, the ICC was .85, and 
for 38 SMT work products, the ICC was .96, which is good. 

SPSS two-way mixed ICC with the absolute agreement option was used 
to ascertain teacher accuracy, as this coefficient, unlike Pearson r, indicates 
differences in systematic deviations. For relative judgment accuracy, the 
ICC indicates the correlation between the pupils’ rank resulting from their 
teachers’ relative judgment and their rank resulting from their average 
performance level. All ranks are normalised to account for differences in 
class size. For the absolute judgement accuracies, the absolute judgementBW 
of the teacher was correlated with pupils’ performanceBW, and the absolute 
judgementSMT was correlated with the performanceSMT.
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The extent to which the teachers’ judgment accuracy was biased by a 
systematic under or overestimation of their pupils’ technical ability was 
explored by counting and tabularising all differences between the absolute 
judgements and pupils’ performance on both tasks. The Paired-Samples 
T-test, with a Bonferroni correction accounting for two judgements for the 
same pupil, was used to identify significant systematic deviations between 
judgement and performance.

Teacher and learner characteristics
For the teacher characteristics, the gender, teaching experience, and the teachers’ 
judgment accuracy were tabularized together with the percentage of correct 
answers on the TKT and their score on the PTE scale. The PTE score was calculated 
as in Bleicher (2004). Normalised TKT and PTE scores were used for the analyses. 
Teachers were coded as experienced when their teaching experience was more than 
three years, which is considered the time needed to develop basic teaching skills 
after graduation (van Eijk et al., 2015). The teachers’ gender was not included in 
the analyses as there were only two male teachers who were also inexperienced.

For the learner characteristics, we coded age, gender and pupils’ latent scores 
from the reading comprehension and mathematics tests. The latent scores indicate 
pupils’ abilities regardless of age and associated test version. As the scale used for 
mathematics differed from the scale used for reading comprehension, normalised 
Z-scores were used.

There was a strong correlation between teachers’ absolute judgements of 
their pupils’ performance on the SMT and the BW (r=.811). Therefore, we decided 
to use the average teachers’ judgements over the two tasks as the dependent 
variable for analysis in SPSS with a set of two-level hierarchical models that nested 
learners (level 1) within teachers (level 2). Model 0 was unconditional and used to 
establish the amount of variance in judgements between teachers and within the 
teachers’ classes. Model 1 added pupils’ performance on both tasks as predictors. 
Model 2 included the other learner characteristics, and Model 3 introduced the 
teacher characteristics. SPSS hierarchical regression analysis was used for the 
relative judgements.

To explore whether the various explanations given by the teachers for pupils’ 
rank (relative judgement) were indicative of pupils’ performance, a distinction was 
made between high-ranked, average-ranked, and low-ranked pupils for judgement 
and performance. High-ranked equals the top 25th percentile, and low-ranked 
below the 75th percentile range. The remaining pupils were coded as average-
ranked. Subsequently, it was calculated which percentage of high-, average- or 
low-ranked pupils had a prediction of a certain category for judgement and 
performance. 
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Teachers’ evaluation of the diagnostic tasks
How teachers valued the data from the diagnostic tasks for their judgements 
and teaching practice was established by summing up their answers to the 
multiple-answer questions. Answers to the open questions were categorised by 
open coding. One or two answers per category were selected as an illustrative 
example.

RESULTS

Teacher judgement accuracy
The ICC values in Table 8 show considerable differences in judgement accuracy. 
The relative judgements were generally the most accurate, followed by the 
absolute judgementsSMT. The absolute judgementsBW were the least accurate. 

Table 8
Primary school teachers’ judgement accuracy for technical ability
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Teacher and learner characteristics
The second research question explored which teacher and learner characteristics 
might relate to the differences in judgement accuracy. Table 10 provides an 
overview of the characteristics of the teachers and their judgement accuracy. 

Table 9
Differences between absolute judgements and task performance

The frequencies of the deviations between judgement and performance in  
Table 9 reveal that underestimation of pupils’ technical abilities occurred more 
frequently than overestimation. For three teachers, their underestimation was 
significant. 
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The unconditional model of the multilevel analyses in Table 11 shows, with 

an ICC of .25, that 25% of the variance in judgements can be attributed to 
differences between the teachers and 75% to within-class judgement variance. 
Pupils’ performance introduced in model 1 explained 20.7% of the variance, but 
only the SMT task explained a significant proportion, implicating that the teachers’ 
judgements are especially biased for the BW task. The introduction of the learner 
characteristics in model 2 reduced the unexplained between-learner variance, 
increasing the proportion of unexplained between-teacher variance to 34%. Being 
controlled for performance, model 2 reveals that pupils’ gender biases the teachers’ 
judgements. Teacher judgements for boys were higher than for girls. Boys did indeed 
outperform girls, but only on the SMT task where the mean difference in performance 
was less than expected (.61 level for performance, .84 for judgements). 

Contrary to the teachers’ expectations, there was no difference in performance on 
the BW task. Teacher judgements were also biased by pupils’ test scores for reading 
comprehension and mathematics. Pupils’ performance on the tasks was less related 
to these test scores, as expected by the teachers. The introduction of the teacher 
characteristics in model 3 reduced the unexplained between-teacher variance to 
6% of the remaining 59.4% of unexplained variance. Teaching experience had a 
significant effect on teacher judgement. It thus might be that the less experienced 
teachers are, the more likely they are to underestimate the achievements of their 
students. 

Table 10
Teacher characteristics ordered by relative judgement accuracya
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The hierarchical regression analyses on the relative judgements showed that 
introducing pupils’ performance rank in model 1 explained 15.9% of the variance. The 
introduction of the learner characteristics explained a further 16.5%. The  
R-square change resulting from the introduction of teacher characteristics was 0.8% 
and non-significant. The final model showed that there was a similar gender bias 
(b=-.17, p<.001) and reading comprehension (b=.09, p=.002) as for the absolute 
judgements. In contrast with the absolute judgements, there was no significant  
bias for mathematics scores (b=.04, p=.194) but a significant bias for age 
(b=-, 06, p=.007), indicating that older pupils were less present in the higher ranks 
as judged by their teacher, whereas performance showed a small age-related increase.

For one class, the recording failed. Open coding of the thinking aloud recordings 
of the ranking of the remaining 145 pupils resulted in four categories: Learning 
behaviour (e.g., concentration, perseverance, posing questions), Cognitive ability 
(e.g., math scores; remarks like a ‘clever’ or ‘average’ pupil), Science and Technology 
(specific references to interest in science and technology), and Support at home 
(e.g., ‘ It’s likely that there is no interest for technology at home’). Another 
feature of the explanations was their value; they were positive, e.g., ‘a real go-
getter’, neutral, e.g., ‘average cognitive ability’ or negative, e.g., ‘not interested in 
technology’. For 75% of the pupils, explanations were given that addressed more 
than one category, e.g., ‘Not a smart boy per se, but he is really good at analysing 

Table 11
Multilevel regression models of teacher judgement
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structures (categorised as Cognitive ability - neutral), but from him, I expect 
high performance in technical subjects’ (categorised as Science and Technology - 
positive)’. Inter-rater agreement for the explanation categories was k=.726, and for 
the value ratings (positive, neutral or negative), it was .857. 

Table 12 shows that, in line with the bias found in reading comprehension and 
math scores, teachers tend to overestimate the importance of cognitive ability as 
an indicator of technical ability. In 60% of the explanations about high-ranked 
pupils by judgment, the teacher mentioned their high cognitive ability. Among those 
high-ranked by their performance, there were fewer (39%) pupils for whom a high 
cognitive ability had been mentioned. For the low-ranked judgements, the teachers 
mentioned a low cognitive ability for 39% and a high cognitive ability for 8% of the 
pupils. Contrary to these expectations, a low performance lacked any relationship to 
cognitive ability, as mentioned by the teachers (see Table 12: Low-rank; av-perf). 

Teachers also frequently (37%) referred to positive learning behaviour when 
explaining high-rank judgements, while negative learning behaviour was seldom 
(6%) mentioned. However, based on performance, the number of high-ranked 
pupils with positive or negative learning behaviour explanations was comparable. 
Furthermore, positive explanations of interest in science and technology were less 
related to pupils’ task performance than the teachers expected. 

Table 12
Teachers’ explanations by pupils’ [predicted] and performance rank 
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Teachers’ evaluation of the diagnostic tasks
In the interviews, the teachers were especially surprised by pupils with non-
expected high task performance. Illustrative is the reaction of teacher 5: “For 
K30, I thought it would be nothing. This was pure because of the image I have 
of her. She scored significantly higher than I expected”. Another example comes 
from Teacher 7, “I immediately noticed K24. I had given her the lowest score for 
the BW task, and then she scored six”. Teachers 3 and 8 found it striking that 
only a few students had lower scores than expected, which corresponds with 
their significant systematic underestimation shown in Table 9. Some teachers 
expressed that they were glad that the results confirmed their suspicions. “I 
knew that K36 was very interested in technology, but I found it difficult to 
estimate whether he could do it. From the results, I see that he is technically 
skilled.” (teacher 7).  
“I am delighted to receive confirmation that my view of the students is broadly 
correct.” (teacher 4).  Teachers also related pupils’ task performance levels with 
their reading comprehension and mathematics abilities. Teacher 6 commented:  
“If you look at K17. Her test scores do not indicate that she is a brilliant 
student, but she is knowledgeable. She scored highly on both tasks. That 
certainly says something about her.” Teacher 7 wondered why three pupils did 
the task so well while they had such low mathematics scores. 

The teachers with pupils from nine years old were positive about the limited 
time needed for test-taking. Their pupils did the tests individually in a spare 
moment. They made the pictures with a tablet and got everything ready for 
the next one. Teachers with younger pupils were less positive about the effort 
needed. Their pupils needed the support of a teaching assistant to start the task 
and make the picture. All teachers reported that their pupils enjoyed test-taking. 
Seven teachers would use the results to differentiate tasks, instruction and 
feedback. One teacher found that she had insufficient knowledge and experience 
to use the results of the diagnostic tasks. Four teachers would communicate the 
results to pupils and their parents. 

DISCUSSION

Teacher judgement accuracy
The participating teachers differed in their judgement accuracy. With one 
exception, these were below the mean of r= .64 reported by Südkamp et al. 
(2012) for language and mathematics. For three of the eight teachers, there was 
a significant systematic underestimation of the task performance level of their 
students. 



67

TEACHER JUDGEMENT  ACCURACY OF  TECHNICAL ABILITIES IN PRIMARY  EDUCATION

3

The fact that teachers are less able to assess technical skills than language and 
mathematical skills may be related, on the one hand, to the nature of technical 
knowledge, which includes procedural and visual components that are difficult to 
identify, and, on the other hand, to the lack of objective data that teachers can 
use to calibrate their judgements.

The teachers were generally better in their relative than their absolute 
judgements. This is consistent with Schrader and Helmke’s (2001) view that a 
ranking better reflects the individual teacher’s perspective on student performance.

It is striking that pupils’ task performance level was mainly underestimated. 
Studies on teacher judgement accuracy show that teachers usually overestimate 
the performance of their pupils (Loibl et al., 2020; Praetorius et al., 2013; 
Urhahne & Wijnia, 2021). Perhaps the limited attention paid to engineering in the 
curriculum leads to these low expectations.

Teacher and learner characteristics
Of the teacher characteristics, only the relationship between teaching experience 
and judgement accuracy proved significant. The average estimates of the 
experienced teachers correlated better with the average performance of their 
students than the estimates of their less-experienced colleagues. Such difference 
was not found in teacher judgment accuracy studies in mathematics (Stang, 
2016) and foreign language teaching (Zhu & Urhahne, 2015). However, these are 
domains where teachers know their students’ previous test results. The positive 
effect of teaching experience may be due to increased knowledge about the value 
of students’ cues in relation to their performance in technical activities (Graney, 
2008; Thiede et al., 2015). How long the teachers knew their students had no 
effect; however, this was at least three months for all teachers. The lack of a 
positive correlation between judgement accuracy and reported PTE scores (i.e., 
self-efficacy beliefs) seems to contradict the findings of Nadelson (2013) but 
was also reported by Klug (2016). The positive correlation of judgement accuracy 
with the TKT scores was not significant but in line with what is known about the 
importance of teachers’ domain-specific knowledge (Compton & Harwood, 2005; 
Jones & Moreland, 2004; Nitko, 1996; Kramer et al., 2021).

The higher expectations of boys’ performance compared to girls were partly 
confirmed by the better performance of boys on the SMT task. However, they did 
not correspond to the equal performance of boys and girls on the BW task. The 
higher estimation of boys’ technical ability has been described before (Buccheri 
et al., 2011; Seiter, 2009). This might be domain-specific since primary school 
teachers usually estimate girls’ skill levels to be higher (Timmermans et al., 
2015). The better performance of boys on the SMT task may be related to the 
spatiotemporal skill that this task requires. Tasks that require Spatio-temporal 
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skills are known to be performed better by boys than by girls (Reilly et al., 2017, 
Wang, 2017).

The correlation of teacher judgements with pupils’ proficiency scores in reading 
comprehension and mathematics, and the absence of such a correlation of these 
proficiency scores with pupils’ task performance, resulted in a bias in judgement 
accuracy. The lack of such a correlation is in line with the estimates made by 
Wammes et al. (2022a), who reported that scores on reading comprehension and 
mathematics explained no more than 10% of the variance in pupils’ scores on the 
BW and SMT task. 

Remarkably, only reading comprehension explained a significant part of the 
variance in relative judgements and teachers’ judgement accuracy. In contrast, 
mathematics proficiency scores were a better predictor of the variance of absolute 
judgements. That teacher judgements correlate with reading comprehension 
and mathematics skills is not surprising, as these are seen as good predictors of 
students’ academic ability (Timmermans et al., 2015).

The reasons given by teachers for ranking pupils highly were mainly their 
strong cognitive performance or their positive learning behaviour, such as showing 
interest and perseverance. Low rankings were explained by weak cognitive 
performance and negative learning behaviours, such as poor concentration or 
giving up quickly. Only a quarter of the arguments mentioned pupils’ relationship 
with technology, and 7% of the arguments related to the pupils’ home situation.

The emphasis on cognitive ability and learning behaviour is not surprising 
since teachers rely heavily on these factors when assessing the academic abilities 
of their pupils. In the absence of specific knowledge about students’ technical 
abilities, these considerations come to the fore for teachers (Dompnier et al., 
2006).

High expectations of pupils were frequently supported by remarks about the 
positive learning behaviour of the pupils and rarely by remarks about negative 
learning behaviour. In contrast, strong performance did not show such a 
relationship. Further, pupils’ cognitive ability seems to be less decisive for high 
performance than expected by teachers. Our results do not seem consistent with 
Bates and Nettelbeck (2001) and Feinberg and Shapiro (2003), who found that 
teachers’ estimates of high-achieving students are the most accurate. This might 
relate to the important role of tacit knowledge in technical skills. This knowledge 
is not easily recognisable for teachers and does not play a role in their judgement, 
whereas it is reflected in pupils’ performance on the tasks. The fact that the gender 
of the pupil was mentioned only once may indicate an explanation bias (Oort 
et al., 2009). Teachers may not be aware of the role that gender plays in their 
estimation of the technical ability of their pupils.
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Teachers’ evaluation of the diagnostic tasks
All teachers found the results of the diagnostic tasks to be an important addition 
to their perception of their pupils’ technical abilities. In particular, it influenced 
their perception of pupils for whom they had low expectations but who performed 
well. In addition, some results confirmed their suspicions about pupils’ abilities, 
but which were not reflected in the pupils’ performance in other tests at school. 
The teachers with high judgement accuracy gained confidence in their judgements 
because they saw this confirmed by the results. This implies that diagnostic 
tasks like those used in this study can change teachers’ expectations of their 
pupils. This might positively affect the self-esteem of these pupils and even their 
learning (Timmermans et al., 2018; Zhu et al., 2018).

The teachers of pupils from nine years were positive about the limited time 
and effort needed for test-taking. The teachers who had younger pupils were 
less positive, as supervision during test-taking was necessary. When asked about 
the value of their teaching, seven out of eight teachers mentioned the better 
possibilities for differentiation. The eighth teacher mentioned a lack of own 
knowledge and experience as a limitation for using the results.

Whether diagnostic tasks will be used will depend on the effort and time taken 
to complete them and how teachers value the results (Praetorius et al., 2017; 
Sach, 2015; Zeinz & Dresel, 2017). Especially in the upper grades, task collection 
seems easy to organise. From the factors that determined the attributed value, 
gaining a better understanding of students’ technical ability stood out. The 
responses confirm that teachers calibrate their estimates based on the outcomes 
of the tasks. Most teachers saw opportunities to use the insight gained from the 
diagnostic tasks in their technology lessons. For those who did not, this was 
attributed to a lack of knowledge and experience, which confirms the findings 
of Jones and Compton (1998) and Nadelson et al. (2013). Which effects on 
pupils’ learning may be expected from differentiation based on the results of the 
diagnostic tasks is still unknown. 

Implications
This study is the first to confirm the suspicions that teachers are not accurate in 
their judgements about the technical proficiency of their pupils. The results also 
reveal the often-assumed gender bias. For technical education in primary schools, 
this implies that many teachers will be poorly tuned to different levels of prior 
knowledge when choosing assignments, instruction and feedback. The teachers 
who used the tasks in this study valued them as an opportunity to discover 
qualities in pupils that would otherwise not be evident. The tasks allow teachers to 
calibrate their judgements and differentiate their engineering lessons. 
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Limitations and future research
A major limitation of this study is the small number of teachers who participated. 
Therefore, the results can only be regarded as a first indication of how accurate 
teachers assess pupils’ proficiency in this domain and the factors that may or may 
not influence said accuracy.

A second, equally important limitation is that only two tasks were used 
as references for pupils’ technical abilities. Therefore, the results cannot be 
generalised to the full spectrum of technical skills. Studies with a broader range of 
diagnostic approaches might contribute to a more comprehensive understanding of 
the teachers’ PCK and the amplifiers and filters that determine classroom practice 
(Doyle et al., 2019; Kärkkäinen & Vincent-Lancrin, 2013)

Another limitation is that the analysis of pupil results using the Fischer scale 
has yet to be carried out by teachers themselves. This makes it uncertain whether 
teachers will diagnose correctly with clear instruction or targeted training.  
A follow-up study will be needed to ascertain this. The significance of using such 
a diagnostic instrument for educational practice is also not yet clear. Therefore, it 
is recommended that research be carried out into the effect of differentiation in 
technology lessons based on the insight into pupils’ prior knowledge that the new 
instrument offers.

Finally, it would be interesting to explore the value of tasks like those used in 
this study for a more unified assessment of student knowledge about technological 
systems (Hartell et al., 2015).

Conclusion
The current study confirms suspicions (Moreland & Jones, 2000; Scharten &  
Kat-de Jong, 2012; Südkamp et al., 2012) that teachers underestimate the 
technical skills of their pupils, particularly among girls. Teacher experience did 
relate to judgement accuracy, as did the teachers’ technical knowledge, albeit to a 
lesser extent. The teachers’ self-efficacy beliefs does not seem to affect judgement 
accuracy. The teachers were able to use the diagnostic tasks. They appreciated the 
results that emerged. The teachers were especially surprised by the unexpected 
high performances of some pupils. Contrary to the teachers’ expectations, pupils’ 
results on standardised reading comprehension and mathematics tests had a low 
predictive value for their performance on the  
Buzz-Wire and Stairs Marble Track task.
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Summary
Pupils benefit from adaptive instruction and feedback from their teachers. A 
prerequisite for providing adaptive instruction is that teachers’ diagnostic ability 
enables them to correctly perceive their pupils’ skill level. A short course has been 
developed to improve primary school teachers’ diagnostic ability for engineering. 
Based on Nickerson’s anchoring and adjustment model, the participants became 
aware of the differences between their own and pupils’ use of information when 
constructing technical systems. The Fischer scale was used as a model to understand 
and identify pupils’ development in using such information. The participants were 
given examples of pupils’ reconstructions of technical systems. They were asked 
to evaluate these work products in four ways: relative and absolute, combined 
with intuitive and explicit. The results reveal that relative and absolute diagnoses 
can differ considerably for the same teacher and between teachers, depending on 
whether they are implicit or explicit. Post-test results show that the course improved 
the ability to explain the differences between pupils’ use of information to construct 
a technical system. The course also had a strong, significant, positive impact on 
teachers’ self-efficacy beliefs about technology education.

Keywords: primary education; diagnostic ability, technical systems, training

Introduction
Technology education is part of the primary education curriculum in many 
countries, whether or not integrated into STEM. Learning outcomes in this domain 
can be improved when teachers align their instruction and feedback with pupils’ 
prior knowledge (Behrmann & Souvignier, 2013; Hattie, 2013). Such alignment 
requires a correct diagnosis of pupils’ ability level (Black & Wiliam, 1998; 
Shavelson, 1978; Van de Pol et al., 2010). Most primary school teachers, and even 
those with considerable experience in teaching technology, lack sufficient insight 
into the technical abilities of their pupils. As a result, they doubt the quality of 
their support for the optimal development of these abilities (Moreland & Jones, 
2000; Scharten & Kat-de Jong, 2012). This study examines what a short course 
for prospective teachers can contribute to their diagnostic ability and whether 
this would impact their technology education self-efficacy. This is important since 
correct diagnoses of pupils’ proficiency levels are the key to effectively adapting 
instruction, tasks and feedback to differences between pupils.

Diagnostic ability
In this study, we consider the diagnostic ability of teachers as a combination of 
their judgement accuracy and ability to explain and communicate their diagnoses. 
Teacher judgements can be relative or absolute (Südkamp et al., 2012). Ranking 
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pupils by their results is a relative type of judgement. The accuracy of a relative 
judgement is usually expressed as the correlation between the teachers’ estimate 
and pupils’ rank based on objective criteria. An absolute judgement is normative, 
for example, a teacher’s estimate of the position of a pupil on a developmental 
scale or their test performance (Schrader & Helmke, 2001). The accuracy of 
absolute judgements can be expressed in different ways. Still, like relative 
judgement accuracy, it is usually expressed as a correlation here between the 
teachers’ estimate and the pupils’ results. Südkamp et al. concluded that teachers 
tend to be more accurate in their relative than in their absolute diagnoses. Only a 
weak relationship has been found between these types of judgement (Dunlosky & 
Thiede, 2013).

In addition to relative or absolute, a diagnosis can be implicit, based on 
intuition, or explicit, based on consciously and communicably weighing up the 
information (Wood, 2014). Wood argues that an implicit, intuitive judgement, 
which often arises from a first impression, could be based on the brain’s fast, 
automatic System 1 processes (Kahneman, 2011), whereas an explicit evaluation 
will be primarily based on System 2 processes. Differences in accuracy could, 
according to Wood, relate to the interaction between the two processes. For 
example, there is evidence that a first impression (System 1) influences the choice 
of questions (System 2) asked during an assessment (Govaerts et al., 2013).

Pupils benefit most from teachers whose diagnoses are accurate and 
explicit (Edelenbos & Kubanek-German, 2004). Such diagnoses enable effective 
differentiated instruction and feedback (Van de Pol et al., 2010). The ability to 
diagnose correctly and explicitly requires knowledge about how a particular skill 
develops and how that can be recognised in pupils’ activities (Gingerich, Kogan, 
Yeates, Govaerts, & Holmboe, 2014; Jones & Moreland, 2004).

Assessing pupils’ technical skills is a complex endeavour for primary school 
teachers. Even within the subdomain of engineering, which is explored in this 
study, a wide variety of activities and associated skills exist (Pearson & Young, 
2002). One of the overarching characteristics of engineering is that most of 
these activities relate to systems, e.g., constructions, pneumatic, mechanical 
and electrical systems, and ICT. In primary technology education, many activities 
are about such systems, ranging from building walls and roads to robotics with 
Lego Mindstorm (Brophy et al., 2008; Mullis & Martin, 2017; National Assessment 
Governing Board, 2013; Svensson et al., 2012).

Pupils’ understanding of these systems develops hierarchically, from identifying 
the components of a system to the ability to imagine the systems’ behaviour over 
time (Assaraf & Orion, 2010). This hierarchy is based on an increasing ability to 
combine knowledge about the system’s components, interactions and functions. 
A similar hierarchy typifies Fisher’s developmental model (1980). Therefore, 
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Sweeney and Sterman (2007) propose to use Fischers’ model to interpret pupils’ 
development in their understanding of technical systems. 

Teacher characteristics and diagnostic ability
Teachers in primary education find it difficult to infer pupils’ level of understanding 
of technical systems (Wammes et al., 2023). In their technology lessons, they tend 
to focus their feedback on other topics, like pupils’ ability to cooperate or their 
mathematical skills (Moreland & Jones, 2000). Assumed causes include limited 
knowledge of technology (Jones & Moreland, 2004; Rohaan et al., 2012; Sanjosé 
& Otero, 2021) and insufficient knowledge about developing complex thinking 
skills (Retnawati et al., 2018), both of which are needed to understand technical 
systems. Other teacher characteristics related to diagnostic ability are self-efficacy 
beliefs (DePaulo et al., 1997), work experience (Ready & Wright, 2011; Wammes 
et al., 2023) and intelligence (Kaiser et al., 2012). These other characteristics 
only seem to explain teachers’ diagnostic ability to a limited extent (see review 
Urhahne & Wijnia, 2020). It can be assumed that self-efficacy beliefs do not 
improve diagnostic ability; rather, they are affected by it.

Thus, opportunities to enhance teachers’ diagnostic abilities in the context 
of technical systems lie primarily in broadening teachers’ technical knowledge 
and their knowledge about how pupils develop their understanding of systems. 
Additionally, it can be expected that a course will be more effective when the 
content is linked to the participants’ interests (Nauta et al., 2002). Generally, 
primary school teachers are particularly interested in developing their pupils’ skills 
(Butler, 2012) and less in technical knowledge (Hsu et al., 2011; Knezek et al., 
2011). Therefore, a course that aims to improve primary school teachers’ diagnostic 
ability in the field of technology should make pupils’ learning the focal point and 
introduce technical knowledge within that context.

Course design
Time for courses for teachers in primary education is scarce, but as Ostermann et 
al. (2018) have demonstrated, even short courses can positively affect diagnostic 
ability. Ostermann et al. designed their course about diagnosing pupils’ ability to 
interpret graphs using Nickerson’s (1999) anchoring and adjustment model. This 
model describes how we construct our ideas about what others know. It predicts 
that we tend to think that others think like us. Ostermann et al. used Nickerson’s 
model to improve teachers’ diagnostic abilities in three steps. First, they made the 
participating teachers aware of their strategies for interpreting graphs. Then, they 
showed them that their knowledge was incomparable to their pupils’ knowledge. 
Finally, they created awareness of the task responses commonly shown by the 
pupils in their classes.
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The course in this study followed the same steps as Ostermann et al. in 
three meetings of one and a half hours, including about 50 minutes for pre-test 
and post-test. First, the teachers were made aware of their understanding of 
how technical systems function by asking them to construct an electrical and a 
mechanical system while thinking aloud. How their thinking was incomparable to 
that of pupils in primary classrooms was demonstrated by showing them the results 
of their pupils on the same tasks. Finally, common responses from pupils in primary 
school were shown, categorised and explained by the different phases of Fischers’ 
skill development scale (Fischer, 1980; Van der Steen, 2014; Wammes et al., 2023). 

The Fischer scale consists of three main phases. The first phase (sensorimotor) 
is characterised by actions solely based on sensorimotor information. The second 
phase (representation) evolves out of repeated experiences and their neurological 
effects, which create the ability to remember what happened in previous situations 
and to include that knowledge in a choice of action (Edelman, 1992; Thelen 
& Smith, 1994). The third phase (abstraction) stems from the successive and 
repeated combination of multiple representations. In this phase, pupils are able, 
for a specific phenomenon, to identify its main characteristics and use these 
to choose an appropriate action in situations that have not been previously 
encountered. The first signs of actions or utterances based on reasoning at such an 
abstract level are usually seen between 12 and 14 (Fischer, 1980; Fischer & Bidell, 
2006; Molnár et al., 2017). 

Within each phase, Fischer distinguishes three recursive levels. The first level 
is a single piece of sensorimotor information, a single representation or a single 
abstraction that directs a pupil’s action. The second level is known as ‘mapping’, 
which indicates the combined use of sensorimotor information in the first phase 
and the combined use of representations in the second phase. As the combined 
use of abstractions is very uncommon among pupils in primary education, the 
explanation of the Fischer scale was restricted to the level of a single abstraction. 
The third recursive level is called ‘system’ and indicates multiple combined sets of 
sensorimotor information or representations.

The Fischer scale was introduced in the course using examples of verbal 
utterances of learners described in several studies featuring the Fischer scale 
(Bassano & Van Geert, 2007; Meindertsma et al., 2014; Van der Steen, 2014) 
and then applied to pupils’ attempts to restore an electrical and a mechanical 
system. The examples used provided an overview of the development of the use of 
information to reconstruct both systems.

Particular attention was paid to affordances (Gibson, 1977; Chemero, 2003). 
Affordances are found in the relationship between the properties of an object or 
situation and the possibility of an organism perceiving them. Affordances impose 
a strong, often unconscious, influence on a choice of action. An example of this 
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is the graphical objects on a computer screen. A button shape usually results 
in pressing, while a bar will elicit scrolling. Programming a button to react to 
scrolling would cause a lot of confusion.

Affordances play an important role in the way pupils interact with technical 
systems. They may result in effective actions but can trigger ineffective actions. 
Affordances play a major role in the first phase of the Fischer scale because, 
in this phase, actions are based on the available information. In the second 
phase, affordances are increasingly weighted by their possible function in the 
entire system (Svensson et al., 2012; Sweeney & Sterman, 2007). For instance, 
in constructing an electric circuit, most pupils tend to put clips on the outer 
points of connectors, even when these are insulated and even when these pupils 
correctly answer a multiple-choice question about the effect of conducting and 
insulating materials in an electric circuit. Through learning and experiences, 
pupils will gradually ignore their inclination to connect to outer points and only 
consider metal connections appropriate. During the course, participants learned to 
recognise the role of affordances within this developmental process.

When diagnosed on a certain level of the Fischer scale, what is needed to bring 
pupils’ thinking forward was discussed in the course’s third session. Making pupils 
aware of the unconscious role of affordances in decisions on actions is especially 
useful for pupils who are inclined to react without reflecting on the systems’ 
function. Providing more experience and emphasising past experiences is especially 
needed for those with work products at the sensorimotor level. Encouragement 
and help to explain what guided the construction of work products are important 
for pupils who can construct work products at a high level. Such work products 
are often intuitively constructed, and discussing them helps pupils develop the 
language that can bring their understanding of technical systems forward. 

Research question
This article presents the results of a small-scale study based on the question: What 
effect does a short-term course, based on Nickerson’s anchoring and adjustment 
model and Fischer’s model of dynamic skill development, have on the diagnostic 
ability of prospective teachers about pupils’ comprehension of technical systems? 
The effects monitored were the teachers’ relative-implicit (RI), absolute-implicit 
(AI), relative-explicit (RE) and absolute-explicit (AE) diagnoses and their self-
efficacy beliefs about technology education at primary schools.
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METHODOLOGY

Participants 
The participants were 17 male and 34 female students of a university of Applied 
Sciences who followed a study to become a teacher in primary education. Their 
age ranged from 20 to 49, with a mean age of 25.4  years (sd=6.1). Eighteen 
participants followed the part-time program, which is meant for people who want 
to make a career switch to education. None of those participants had a technical 
background. All participants were in the final year of their study. In this phase 
of their study, they teach, under supervision, a few days a week in a primary 
school. For the participants, it was mandatory to follow several courses from a 
programme that included the current course. Therefore, it can be expected that the 
participants had some affinity with the subject. No post-test scores were available 
for two participants who did not finish the course.

Measurements, scoring and analyses
A pre-post design was used to evaluate the effects of the course on the diagnostic 
ability of the participants. The participants’ technical knowledge was measured 
before the course as a covariate that might affect the participants’ diagnostic 
ability and the course’s impact on that ability (Pleasants & Olson, 2019; Sanjosé 
& Otero, 2021). An adapted version of the STEBI-b questionnaire was used to 
measure the self-efficacy beliefs of the participants before and after the course 
because we know that self-efficacy beliefs greatly influence teachers’ teaching 
behaviour in general (Schipper et al., 2018; Hammack & Ivey, 2017). A diagnostic 
ability test was developed to determine the quality of the relative implicit (RI) 
and explicit (RE), and the absolute implicit (AI) and explicit (AE) diagnoses of the 
participants. The absolute-explicit diagnosis was not included in the pre-test as it 
required knowledge of the Fischer scale, which was first introduced in the course. 

Technical knowledge
The test to determine teachers’ technical knowledge was based on several editions 
(2015, 2016 and 2017) of a national admission test for students who want to 
become primary school teachers and lack sufficient qualifications (Admissiontests 
PABO, n.d). From these editions of the admission test, 35 items were selected with 
engineering-related content. All the items were multiple-choice questions with 
three or four answer options. For example, amperage is measured with an ammeter 
in a circuit with a resistor. Then another identical resistor is added to the circuit. 
What is the effect of the additional resistor on the current measured? The current 
(A) remains the same; (B) is doubled; (C) is halved; (D) is zero. Anderson’s LR-test 
showed a good model fit (LR=23.697(31), p=.823) for the test. Latent scores were 
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calculated with eRM. The distribution of the knowledge test results deviated from 
a normal distribution. Therefore, the effect of technical knowledge on diagnostic 
skills was determined using Rfit (Kloke & McKean, 2012), a nonparametric, rank-
based regression method.

Self-efficacy beliefs
The participants’ self-efficacy beliefs were determined at pre-test and post-test 
using an adapted version of the Science Teaching Efficacy Belief Instrument - pre-
service (STEBI-b: (Riggs & Enochs, 1990; Bleicher, 2004). The adaptation consisted 
of replacing the references to science with references to engineering. For example, 
“When a student does better than usual in science, it is often because the teacher 
exerted a little extra effort” was replaced with “When a student does better than 
usual in engineering, it is often because the teacher exerted a little extra effort.” 
The modified version of the STEBI-b had a Cronbach’s alpha of .85. The mean 
scale score was calculated to indicate the participants’ self-efficacy beliefs, as 
in Bleicher (2004), using a 1-to-5-point value assigned to the Likert scale and a 
reversed value for negatively formulated items.

Whether the course had a significant influence on the self-efficacy beliefs of 
the participants was analysed by comparing the pre-test and post-test scores for 
the adapted STEBI-b with the Wilcoxon matched-pair signed-rank test. The pre-
post correlation was considered in calculating effect size (Morris, 2008).

Diagnostic ability test
The diagnostic ability of the participants was tested by asking how they would 
interpret pupils’ skills in constructing a technical system. Pupils’ work products of 
two technical systems were used: the Buzz-Wire and the Stairs Marble Track. The 
Buzz-Wire (BW) is an electric circuit with a copper spiral and a ring with a handle. 
When the ring touches the spiral, it will activate a lamp and buzzer. The Stairs 
Marble Track (SMT) has a camshaft with eccentric wheels which support a set of bars 
of increasing height, each with a top that transports a marble in the direction of 
the roll-off point. Turning the camshaft allows the marble to roll onto the next bar 
and finally onto the slide, which brings the marble back to the roll-on point. Pupils 
from the upper primary classes were asked to construct these devices from their parts 
(see Chapter 2). Some of these work products, representing different developmental 
phases of the Fischer scale, were selected for the diagnostic-ability test. A schematic 
drawing represented BW work products (see Figure 14). SMT work products were 
represented by a photo with additional information on the bars’ position (see Figure 
15). The test consisted of three pairs of BW work products and three pairs of SMT 
work products. For each pair, 1) a relative-implicit, 2) an absolute-implicit, 3) a 
relative-explicit and 4) an absolute-explicit diagnosis was required. 
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Figure 14
Buzz-Wire device

Case 047 schematic drawing of a Buzz Wire 
work product. The pupil connects all parts. 
Clamps are only connected to the ends of the 
components’ connectors (affordance), even 
though some of those ends are insulated (no 
application of knowledge about plastic being 
an isolator). A representation of an electric 
circuit is not used.

Figure 15
Stairs Marble Track device

Case 202 Stairs Marble Track work product, 
white numbers indicate correct bar positions, 
black numbers the bars as positioned by the 
pupil. The pupil applies the logic of the bar 
order in relation to the difference in height 
and the movement of the (blocked) camshaft. 
The slanted tops of bars 6 to 2 follow the 
virtual line (affordance) that connects the 
high roll-off point with the low roll-on point.

For the relative-implicit diagnosis (RI), the participants were asked which 
work product would reflect a higher level of understanding. The choice was correct 
when the work product represented the higher Fischer-scale level. The percentage 
of correct answers per participant was calculated for both pre and post-test. The 
significance of the difference was calculated in R with the related sample Wilcoxon 
Signed Rank test. 

For the absolute-implicit diagnosis (AI), the participants were asked to 
indicate the difference between the levels of understanding reflected by the 
two work products of each pair on a seven-point Likert scale. Seven points was 
the maximum difference between no sign of any understanding represented by 
a lack of reconstruction and complete understanding represented by correct 
reconstruction. Per participant, the Intraclass Correlation Coëfficient (ICC; McGraw 
& Wong, 1996) was calculated (two-way random, single measure, consistency) for 
their estimates of the differences between the work products and the Fischer scale 
differences. 
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For the relative-explicit diagnosis (RE), the participants were asked to describe 
each pair of work products based on the knowledge they thought the pupils had 
applied. Two raters coded all the descriptions for three categories: system properties, 
technical terms and affordances. Per phrase, it was determined whether it referred 
to a system component or property. For example, the pupil does (not) know how 
to connect the battery too …; Both pupils know how to connect the lamp; The 
appropriate order of the bars is (not) recognised; Pupil A puts the bars upside down 
on the eccentric wheels, fitting the slanted top of the bar shape onto the rim of the 
eccentric wheels. The number of unique references to a particular system feature was 
tallied per comparison and participant. The agreement between the raters on which 
phrases referred to components or system properties was high (ICC3k=.88). The 
number of coded system properties (RE-sys) was used to indicate the participants’ 
ability to explain their diagnosis using the observed differences. 

The use of technical terms (RE-tech) was scored because domain-specific 
knowledge may play a role in teachers’ diagnostic ability. First, the two raters 
independently determined which of the terms used could be deemed to be technical. 
The level of agreement was high (ICC3k=.88). After consultation, a list of ‘technical 
terms’ was drawn up, which included terms like electric circuit, poles (battery), 
metal, insulator, conductor, camshaft and axis. The number of different technical 
terms used per work product description was correlated with the results of the other 
diagnostic measurements.

References to affordances (RE-af) were scored because affordances play a major 
role in pupils’ understanding of systems. The role of affordances in pupils’ thinking 
and actions was introduced in the course. The level of agreement was .57. The same 
procedure as for the technical terms was used to create a coding list of phrases that 
were considered as referring to affordances, like ‘Pupil A makes a slide’, ‘Pupil A fits 
parts like the pieces of a puzzle’, ‘Pupil B uses a virtual slope (from the highest to 
the lowest point) to determine bar positions- and ‘Both pupils consider isolation on 
outer points (of lamp connectors) as suitable for attaching clips’.

The significance of the difference in the sums of the participant’s RE-sys, RE-tech 
and RE-af references between pre-test and post-test was calculated in R with the 
paired t-test. Cohen’s d was calculated as an indication of the effect size.

For the absolute-explicit judgement (AE), participants were asked to determine 
the level of skill development for each work product using the Fischer scale-based 
scoring rules (see Supplementary Materials, Chapter 4, Scoring rules Dutch). 
This absolute-explicit diagnosis was only solicited at the post-test because the 
participants did not know about the Fischer scale before entering the course. The 
Intraclass Correlation Coefficient (two-way mixed, absolute agreement) was used 
to indicate how the participants’ rating matched the level calculated using an SQL 
version of the scoring rules described in chapter 2.
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Procedure
Students took the knowledge test and the STEBI-b before the first meeting. The 
first meeting started with the first step of the course: becoming aware of one’s 
perception of technical systems by constructing an electrical and a mechanical 
system. Then, they took the diagnostic ability pre-test that included the RI, AI 
and RE diagnoses. The diagnostic ability test was repeated at the end of the third 
meeting, with the addition of the AE diagnosis. Finally, the STEBI-b was filled-in 
again.

The course and the diagnostic test were piloted with six participants. The 
pilot resulted in some changes in the course and the diagnostic test. Some parts 
of the content of the course were removed, allowing more discussion about the 
remaining parts. Improvements were made in the wording of some of the questions 
and the pictures of the diagnostic test. Due to these changes, the data of these 
six participants were not included in the analyses. After these improvements, the 
course became part of the regular program. Data were collected in the first four 
sessions. Informed consent was requested from and given by all participants. 

Results
The participants that opted for the course were interested in the domain. However, 
as Figure 16 shows, with 60% correct answers on the technical knowledge test, 
their subject-matter knowledge for the domain was limited, which is in line with 
other research (Culver, 2012; Ramaligela, 2021; Sanjosé & Otero, 2021). The pre-
test scores on the adapted STEBI-b ranged from 2.26 to 4.48 with an average of 
3.21 (sd=.43), which is below the average scores reported for the science domain, 
e.g., 3.62 (Riggs & Enochs, 1990), 3.58 (Bleicher, 2004). Figure 16 shows a weak, 
positive, non-significant correlation between the percentage of correct answers on 
the knowledge test and the participants’ score on the adapted STEBI-b, r=.259,  
p= .072). 
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Figure 16
Average pre-test STEBI-b score related to the knowledge test score (n=34)

DIAGNOSTIC ABILITY

Relative-implicit diagnoses (RI)
For the relative-implicit diagnoses, a pair-wise judgement was used. The 
participants were asked to select the best from two work product pictures. No 
additional information was provided. In the pre-test, six participants were always 
correct in their choice. At the post-test, thirteen participants were always correct 
(see Table 13). The number of correct choices improved from 81% on the pre-test 
(76% BW, 86% SMT) to 90% on post-test (83% BW, 96% SMT). The related-samples 
Wilcoxon Signed Rank Test showed a significant difference (V=323, p=0,001) with 
a moderate effect size (r=.46). There was no significant improvement in correct 
choices for BW work products (V=187, p=.127), but a significant improvement for 
SMT work products (V=93, p=.010). It can be concluded that already at the pretest, 
for most comparisons, the participants could identify which work product did 
reflect a higher level of understanding. The course did improve this ability, but this 
improvement was only significant for the SMT work products. 
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Absolute-implicit diagnoses
For the absolute-implicit diagnosis, the participants were asked to express the 
magnitude of the difference in understanding seen in the work products of each 
pair. At the pre-test, the correlation of their estimate with the Fischer-scale 
difference ranged from ICC(C,1) -.358 to .948 with a mean of .547. At the post-
test, these correlations ranged from -.517 to .950, with a mean of .603. The 
boxplot of Figure 17 shows an overall improvement of the correlation between 
the estimates and the Fischer scale differences, but with considerable individual 
differences. At the post-test, there were 32 participants whose estimates were 
in line with the Fischer scale differences, of whom nine had low correlations at 
the pre-test. Six participants regressed to a substantially lower correlation at the 
post-test, and eight showed low correlations at both pre and post-test. There were 
missing values for three of the participants. The AIpre-AIpost correlation was rs=.480, 
p=.001.

Table 13
Participants’  relative-implicit judgements about the best out of two work products a
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Figure 17
Correlation between the participants’ estimates of work product differences and the differences 
indicated by the Fischer scale (n=46)

The effect size of the course on the participants’ ability to estimate differences 
between work products on a Likert scale could not be calculated due to the large 
standard errors of the correlations, which relate to the limited number of six 
comparisons per participant. From Figure 17, it can be concluded that the impact 
of the course on the absolute-implicit estimates was positive but limited. 

Relative-explicit diagnosis
In their relative-explicit diagnoses, the participants used the differences between 
each pair of work products to infer and describe which knowledge had been 
used by both pupils. The system features, technical terms, and references to 
affordances were coded and counted for these descriptions. At post-test, there was 
a significant increase in the number of described system features, t(45)=6.413, 
p<.001, d=1.04, technical terms t(45)=3.099, p=.003, d=.58 and references to 
affordances, t(45)=4.882, p<.001, d=0.67. Table 14 summarises the differences 
between the pre-test and post-test for BW and SMT comparisons.
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 The results show that the participants recognise the role of affordances, 
especially in the SMT, which is obvious because the SMT system is based on 
differences in shape. The increase in affordances mentioned in the post-test can 
be attributed to the course, which made the participants aware of the role of 
affordances in pupils’ actions. The more substantial increase in system properties 
for the SMT may relate to the fact that they were probably more experienced 
with simple electric circuits like the BW task than with a mechanical system 
as presented by the SMT task. The relatively large standard deviations indicate 
substantial differences between the participants, not only in their ability to 
recognise the differences but also in how they answered the question. Some 
participants answered in keywords and emphasised the most obvious differences, 
while others provided their answers in full sentences and mentioned both 
differences and similarities. The effect sizes indicate that the course improved 
the ability of the participants to notice and express the differences in terms of 
system features, technical terms, and references to affordances between the work 
products. 

Absolute-explicit diagnosis
The absolute-explicit diagnosis required the application of the Fischer scale, 
which was introduced in the course. Therefore, it was only asked in the post-test, 
where the participants rated the six SMT and six BW work products using Fischer 
scale-based scoring rules. Figure 18 provides an overview of the distribution 
of the participants’ ICC scores, which indicates the agreement rate between 
the participants’ estimates of pupils’ level on the Fischer scale and the scale 
level that the participants determined with the BW and SMT scoring rules (see 
Supplementary Materials, Chapter 4, Scoring rules). Out of 47 participants, 32 had 
an ICC above .7.

Table 14
References to system properties, affordances and technical terms in descriptions per device. 
Average per participant (n=48)
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Figure 18
Distribution of ICC scores based on six BW and six SMT Fischer scale ratings (n=47)

Figure 19  
Participants’ Fischer scale ratings compared to an algorithm-based rating (n=47)

The participants’ ratings rarely deviated by more than one level from the 
algorithm-based reference (see Figure 19). It may be concluded that after the 
course, most participants were able to use the Fischer scale to interpret the 
developmental level reflected by pupils’ work products.
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Participants’ diagnostic ability
The results presented above indicate a positive effect of the course. However, not 
every participant benefited, and not all participants showed progress on all types 
of diagnoses. Table 15 shows the participants’ post-test performances compared to 
the pre-test. 

There were significant post-test correlations between the correct application 
of the scoring rules (AE) and the relative (RI) and absolute implicit diagnoses 
(AI) of the participants (see Table 16). Except for (RE_tech) and (AI), there was a 
lack of correlation between the diagnostic parameters (AE, RI and AI) and which 
differences in pupils’ knowledge the participants identified.

Table 15

Table 16

Performance of participants by test compared to their pre-test result (n=47)

Spearman correlation post-test measurements
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Rfit showed that the results of the knowledge test had a positive but non-
significant effect on RE-syspost (b=7.78, t=1.20, p=.24), RE-techpost (b=9.09, t=1.57, 
p=.12), RE-af (b=7.50, t=1.64, p=.11) and AE, the correct application of scoring 
rules (b=0.13, t=0.72, p=.47). No effect was found on AIpost (b=-.12,  
t=-.476, p=.64). This implies that the ability to identify differences has only a 
weak relationship with technical knowledge. 

Self-efficacy beliefs
At post-test, participants’ self-efficacy beliefs significantly increased from 3.24 to 
3.60 on the five-point scale, t(42)=8.02, p<.001. The effect size d was 1.22,  
95%CI [.82;1.61]. The STEBI-b showed a weak positive non-significant correlation 
with the knowledge test results on pre-test (r=.259, p=.072) and on post-test 
(r=.256, p=.086).

Discussion
Diagnostic skills enable teachers to adjust their instruction, tasks and feedback 
to their pupils’ prior knowledge. It has been demonstrated that most teachers 
in primary education have limited diagnostic skills for technology education. 
To improve these skills, we developed a course for prospective teachers that 
consisted of three 90 minutes sessions, including about 50 minutes of testing. 
Like Ostermann et al., we used Nickerson’s (1999) anchoring and adjustment model 
for the course design. This model aims to create awareness about the differences 
between the participants’ ways of thinking about technical systems and pupils’ 
ways of thinking and reactions in subsequent developmental phases. We estimated 
the effects of the course on the teachers’ diagnostic ability by their relative-
implicit (RI), absolute-implicit (AI), relative-explicit (RE) and absolute-explicit 
(AE) judgements and their self-efficacy beliefs about technology education at 
primary schools.

Most relative implicit (RI) judgements were already correct at the pre-test. At 
the post-test, all judgements about SMT pairs were correct, and overall there was a  
significant improvement with a moderate effect size. 

The absolute implicit (AI) judgements were less accurate and showed large 
differences between teachers. At the pretest, about half of the teachers estimated 
the difference in knowledge application in line with the difference indicated by 
the Fischer scale. At post-test, about two-thirds of the teachers could infer the 
differences in understanding reflected by pupils’ work products. Still, one-third of 
the teachers lacked accuracy for such estimates. The significant correlation with 
the AE post-test results suggests that those who could apply the Fischer scale 
could also make good estimates of the differences before determining the work 
products’ position on the Fischer scale. However, the strong correlation between 



91

FOSTERING PRE-SERVICE  PRIMARY SCHOOL  TEACHERS’ ABILITY TO  RECOGNISE  DIFFERENCES IN  PUPILS’  UNDERSTANDING OF  TECHNICAL SYSTEMS

4

AIpre and AIpost opposes the suggestion that introducing the Fischer scale in the 
course explains the high AIpost scores of two-thirds of the participants.

The course had a significant positive effect on the teachers’ ability to express 
the differences and similarities between the work products (RE) in terms of system 
properties (RE-sys), the use of technical terms (RE-tech) and their description 
of the possible influence of affordances (RE-af). At post-test, the teachers’ 
diagnoses of the Fischer-scale level of the work products (AE) were in line with 
the levels calculated by the research team. There was a remarkably strong effect 
on the teachers’ self-efficacy scores. Overall it may be concluded that the course 
supported most participants in developing their ability to diagnose pupils’ 
understanding of technical systems. This supports the finding of Ostermann et 
al. (2018) that Nickerson’s model (1999) might be an appropriate structure for a 
course to improve the diagnostic ability of pre-service teachers. More emphasis on 
the course as a way to become aware of how the unconscious application of one’s 
thinking in instruction and feedback might sometimes be ineffective in bringing 
pupils’ thinking forward might even attract more female prospective teachers to 
follow a course with scientific and technical content. 

The results align with previous findings that teachers are generally better 
in their relative than their absolute estimates of performance (Lesterhuis et 
al., 2017; Südkamp et al., 2012). According to Schrader and Helmke (2001), 
an explanation of this difference is that a ranking better reflects the individual 
teacher’s perspective on student performance. The significant correlations between 
the correct application of the scoring rules (AE) and the RI and AI judgements at 
post-test might indicate that those who understood the Fischer scale did apply 
that knowledge in their intuitive estimates. This might indicate that learning 
about and practising with the Fischer scale has improved the participants’ ability 
to notice differences in pupils’ technical ability. 

The limited and sometimes negative correlations between RI, AI and AE, on 
the one hand, and the RE scores, on the other hand, imply that teachers who can 
indicate which work product is the better one, who can provide a good estimate 
of the magnitude of the differences and who can correctly apply scoring rules 
are not necessarily the teachers who can express the differences. That implies 
that a course to improve a teacher’s diagnostic ability should not only focus on 
diagnostic accuracy but also on the ability to explain why something does not 
meet all the demands of a properly working system. Such an ability is crucial to 
provide tailored feedback that can help pupils’ understanding forward (Van de Pol 
et al., 2010)

The average technological knowledge of the participants was about 60%, 
which differs from the average of 80% found by Rohaan (2012). Rohaan et al. 
noticed that their test was probably too easy for pre-service teachers, as their 
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questions were originally constructed for sixth-graders (ages 11-12). The current 
test seems better suited to revealing differences in technological knowledge 
between pre-service teachers. Sufficient subject matter knowledge has been 
identified as important for the quality of instruction (Hartell et al., 2015; Jones 
& Compton, 1998; Pleasants et al., 2020; Rohaan et al., 2009; Utey et al., 2019). 
For diagnostic ability, this study showed positive but non-significant correlations 
between the participant’s scores on the knowledge test and their diagnostic ability. 
Therefore, it can be concluded that the participants’ technical knowledge might 
influence their diagnostic capabilities but did not determine their scores on the 
diagnostic ability tests used in this study.

The strong positive effect of the course on the self-efficacy beliefs of the 
participants was an important side effect, as greater self-confidence is positively 
related to dedicating time to engineering education (Van Cleynenbreugel et al., 
2011; Van der Molen, 2008). There are indications that experience improves the 
diagnostic ability of teachers (see Chapter 3). Strong self-efficacy beliefs might 
support novice teachers to get experienced in teaching science and technology. 

Limitations
An important limitation of the present study is the limited number of participants 
combined with the elective nature of the course. Therefore, it cannot be assumed 
that the course would generate similar results with a random group of prospective 
or in-service teachers. The focus on two technical systems is another limitation. 
Engineering is a multi-faceted domain with specific skills (Mitcham, 1994; Pearson 
& Young, 2002). It is not likely that the trained teachers would be able to apply 
the knowledge about skill development to other types of systems or technical skills 
(Perkins & Salomon, 1992). Therefore, the conclusions about the effects are limited 
to the two technical systems used in the course.

According to Nickerson’s (1999) model, insight into the thinking of others 
primarily arises from an awareness of how one’s knowledge differs from that of 
others. This study did not explicitly examine the participants’ or pupils’ thinking 
about technical systems. Thus, the conclusion about the effectiveness of this 
model should be considered as hypotheses based on observations of the pupils’ 
results and participants’ considerations. Additionally, it should be emphasised that 
much technical knowledge is tacit and therefore offers limited opportunities for 
direct assessment.

Finally, strengthening diagnostic capacity does not necessarily equate to 
enabling teachers to adapt their instruction and feedback optimally to observed 
skill-level differences. To what extent that demands additional training in other 
aspects of teachers’ pedagogical content knowledge requires further research.
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Implications and Conclusion
Learning outcomes improve when teachers can adapt their instruction and 
feedback to differences in the proficiency levels of their pupils. This requires the 
ability to identify such levels through pupils’ behaviour. It became clear that most 
teachers differed in their ability to compare pupils’ results intuitively, analyse 
pupils’ thinking, and interpret pupils’ results using abstract scoring rules. This 
implies that the effect of a course on teachers’ diagnostic ability should not be 
pinned down to a single variable. It can be concluded that a course based on 
Nickerson’s model can positively affect the participants’ diagnostic abilities and 
their self-efficacy beliefs about technology education.
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Abstract
The challenge point framework presumes that the optimal challenge for skill 
development resides in the relationship between the difficulty of a task and 
pupils’ prior knowledge. This relationship was explored in a lesson where pupils 
individually worked on practical tasks about electrical circuits with support 
that was limited to clarifying work-sheet texts and solving problems with the 
materials. It was hypothesised that pupils would appreciate the challenge of 
task sequences adapted to their level of prior knowledge and that this would be 
the optimal challenge for skill development. This hypothesis was confirmed for 
pupils’ appreciation of the tasks but not for skill development. A challenge that 
transcended the level of prior knowledge was beneficial for low performers but 
hampered the skill development of high performers. 

Introduction
Adaptive education provides better learning outcomes than education which 
ignores differences between pupils (Brühwiler & Blatchford, 2011; Hardy et al., 
2019). One of those differences is students’ prior knowledge about what is being 
taught. Learners can benefit from teaching that adapts instruction, task difficulty 
and feedback to their prior knowledge (Alsadoon, 2020; Atkinson, 1972, Bransford 
et al., 2000; Flores et al., 2012; Roschelle, 1997). The concept of prior knowledge 
must be interpreted broadly; it also concerns the mastery of metacognitive, 
procedural and motor skills (Davey et al., 2015; Glaser, 1984; Jonassen & Hung, 
2006). 

One of the domains in which primary school teachers find it difficult to 
estimate their students’ prior knowledge is engineering (see Chapter 3). This limits 
the ability of the teachers to act adaptively. These difficulties have their origin in 
1) a lack of technical knowledge of the teachers (Moreland & Jones, 2000), 2) the 
tacit character of the visual and procedural aspects of technical knowledge, which 
makes it harder to assess it (Mitcham, 1994), and 3) a lack of relevant assessment 
instruments to diagnose pupils’ technical knowledge. Related to this last point, 
if a subject is frequently assessed, like reading comprehension and mathematics, 
teachers are quite accurate in estimating their pupils’ prior knowledge, especially 
when they are asked to estimate a pupil’s skill relative to other pupils (Südkamp et 
al., 2012). 

The dissatisfaction of primary school teachers with their lack of insight into 
their pupils’ technical knowledge did instigate the development of a diagnostic 
tool to determine the prior knowledge of pupils aged 9 to 12 years about technical 
systems (see Chapter 2). Research with this diagnostic tool has demonstrated that 
pupils’ skills to construct technical systems differ considerably from their reading 
comprehension and mathematics abilities. As teachers tend to rely on those 
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abilities in their estimates of technical skills, this will result in incorrect estimates 
of the technical abilities of their students. This is especially affecting girls because 
their abilities are systematically underestimated (see Chapter 3). 

The diagnostic tool has been developed for formative classroom use. Whereas 
adapting the difficulty of tasks to pupils’ level of prior knowledge can be done 
outside class hours, adapting the task support is more difficult to accomplish, 
especially in hands-on lessons in which unforeseen practical problems are common 
and require direct attention (Doyle et al., 2019). The diagnostic tool is tailored 
to the hands-on lessons. Its results should enable teachers to adapt the challenge 
posed by the activities in lessons about a specific technical system to pupils’ 
prior knowledge. The challenge can be adapted by offering tasks with a different 
difficulty level or by adapting the amount of support given for task completion 
(Ayres, 2006; Honomichl & Chen, 2012).

The difficulty of tasks can be determined by task characteristics (Jonassen, 
2010; Savelsbergh et al., 2011; Schraagen, 2006; Sweller, 1994). The number of 
interacting elements determines the nominal difficulty of a task (Guadagnoli & Lee, 
2004). In contrast, the functional task difficulty is the task difficulty relative to 
the learners’ prior knowledge and expresses the challenge of a task for a particular 
learner. In their Challenge Point Framework (CPF), Guadagnoli and Lee predict that 
there is a challenge (i.e., a functional task difficulty) that optimally promotes 
learning. A low functional difficulty provides insufficient information for learning 
to occur, while a high functional difficulty provides too much information that 
exceeds the processing capacity of the learner, which also hampers learning. 

The view that the optimal challenge for learning depends on the learners’ 
prior knowledge is consistent with the Cognitive Load Theory (Sweller, 1994; Van 
Merriënboer & Sweller, 2005). The CLT states that the mental effort needed to solve 
a problem is affected by the amount of prior knowledge; that is, the more prior 
knowledge, the less mental effort is required to solve a particular task. However, 
both CPF and CLT do not indicate which amount of challenge or mental effort 
relative to prior knowledge is optimal for learning. 

The general view in education is that learning should start at a level 
appropriate for each learner (Merrill, 2002). Approaches like mastery learning 
(Hattie, 2013) and the Increasing Difficulty (ID) strategy (Wickens, Hutchins, 
Carolan, & Cumming, 2013) all take pupils’ prior knowledge as the starting point 
for learning and avoid a high cognitive load by presenting follow-up tasks that 
are slightly more difficult (Ahissar & Hochstein, 1997; Vanbecelaere et al., 2020). 
These approaches in which the complexity of follow-up tasks is based on the result 
of previous tasks are considered to be effective (Orvis et al., 2008; Salden et al., 
2004), especially when there is shared control, in which the follow-up tasks are 
chosen in a dialogue between the pupil and the teacher (Corbalan et al., 2008). 
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Furthermore, learning also depends on pupils’ willingness to invest cognitive 
effort (Feldon et al., 2019; Kuldas et al., 2015; Van Merriënboer & Sweller, 2005). 
Therefore, an optimal challenge will depend not only on the functional difficulty 
of the task and the mental effort needed to accomplish it, but also on how it is 
valued by the learner. A challenge that is valued as adequate is likely to support 
learning (Baird & Penna, 1996; Custodero, 2003). A non-adequate challenge 
may result in motivational problems and comprehension problems. Moreover, 
superfluous support from the teacher offers information that a more knowledgeable 
pupil already possesses, and processing this superfluous information reduces the 
cognitive capacity left for acquiring new skills or information and may induce 
frustration due to a lack of autonomy (Van de Pol et al., 2022).

Research question
The present study focuses on pupils’ ability to construct electric circuits. This is a 
subject in the curriculum of primary schools in many countries (Mullis & Martin, 
2017). In a lesson on this topic, task difficulty was manipulated while keeping 
support by the teacher equal. The main question addressed in this study is: What 
instructional strategy (an adaptive strategy, a non-adaptive strategy or a high-
challenge strategy) leads to an optimal challenge for pupils’ skill development 
about electric circuits? The challenge presented by an adaptive strategy is 
expected to contribute more to skill development than the challenge presented by 
a non-adaptive strategy. 

Two experiments will be carried out to explore the effects of the adaptive 
strategy on pupils’ perceived adequate challenge and skill development. The first 
experiment compares an adaptive strategy with task sequences that are tailored to 
pupils’ level of prior knowledge with a non-adaptive strategy that randomly assigns 
the same task sequences to pupils. The second experiment compares the same 
adaptive strategy with a non-adaptive strategy in which only the most difficult 
tasks will be offered. Ethical approval for this study was provided by the faculty’s 
ethical committee.

EXPERIMENT 1

Hypotheses Experiment 1
The first experiment uses a yoked design (Church, 1989; Kalyuga & Sweller, 2005) 
to compare an adaptive condition to a non-adaptive condition. Task sequences 
realised by pupils in the adaptive condition were randomly distributed among 
pupils in the yoked condition. We expect the highest level of skill development in 
the adaptive condition because it offers the most adequate challenge for learning. 
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For the yoked condition, we presume that the challenge for learning will be 
suboptimal (i.e., less adequate) as the task sequences they get are not adapted to 
their level of prior knowledge. We expect that challenge adequacy will be positively 
affected by pupils’ ability to understand the procedural aspects of the tasks and 
by perceived teacher support. We also expect a positive relationship between 
mental effort and skill development (Paas et al., 2003), but we are uncertain about 
the effect of mental effort on challenge adequacy. Tasks that require low levels 
of mental effort might be experienced as adequate because they are easy to do, 
whereas at the same time, making tasks that require high levels of mental effort 
may also be perceived as a rewarding and adequate challenge (Inzlicht et al., 
2018; Inzlicht & Campbell, 2022).

METHOD

Participants
The participants in this study were 104 female and 110 male pupils (mean age = 
11.0, sd = .89). These were the pupils of eight classes of three primary schools in 
the Netherlands. Most pupils at these schools are from intermediate to high social-
economic status families. Two schools had a specialised teacher and a special 
classroom for engineering activities. The experiment was embedded in their regular 
program. Parental consent was asked and granted for storing information about 
gender and age in a data repository. 

Learning tasks
For this study, 45 different tasks were designed for the subsequent levels of skill 
development as described by the Fischer scale (Fischer & Bidell, 2007). No tasks 
were developed for the first level of this scale. A level one task would only ask 
pupils to pick up a part and move it to another position. Level seven was chosen 
as the maximum level for which tasks were designed. Wammes et al. (2022a) 
showed that only 5% of pupils of similar age understood an electric circuit at this 
level. The tasks and task copies allowed 15 pupils to work simultaneously and 
individually. Table 17 provides an overview of these tasks.

All tasks consisted of a worksheet with instructions and probe questions (Klahr 
et al., 2011) and a box with all necessary materials. Pictures were used that 
showed pupils how to start and change a configuration. Figure 20 shows for task 
4.1 how the battery, wires, lamp, and material (A) should be connected to start. 
Low-level tasks were designed to be completed relatively quickly, allowing pupils 
to progress to higher levels within the available time. 
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Measurements
Challenge adequacy. The perceived challenge adequacy was measured with the 
Questionnaire on Teacher Support Adaptivity (QTSA; Van de Pol et al., 2022). 
This questionnaire has been developed for secondary school students and has 27 
items about the perceived adaptivity of a teacher. The items can be answered on 
a five-point Likert scale ranging from totally disagree to totally agree. Van de Pol 
et al. have demonstrated that these items can be used to identify two aspects of 
a teacher’s adaptive behaviour: challenge and support. Challenge can be raised by 
providing difficult tasks or by limiting teacher support. Providing difficult tasks 
can be considered adequate for pupils with sufficient prior knowledge, which is 

Figure 20
Example of a worksheet picture used in task no 1 at level 4

Table 17
Overview of tasks designed for the various levels of the Fischer scale
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asked for by five items, e.g., ‘When I know how to do it, I get a more difficult 
exercise.’ Providing difficult tasks can also be perceived as non-adequate when 
pupils lack sufficient prior knowledge, which is asked for by four items, e.g., ‘When 
I do not yet understand the task, the teacher makes it more difficult for me.’ 

Regarding limiting support to raise challenge, the questionnaire has three 
items referring to a situation in which such behaviour is considered adequate, 
e.g., ‘When I understand a task well, the teacher lets me do it on my own’, and 
three items referring to situations in which refraining from additional support is 
perceived as non-adequate, e.g., ‘The teacher tells me to do it on my own, even 
though I am unable to continue.’ 

Teacher support (raising challenge items excluded) can be perceived as 
adequate when it helps pupils to accomplish their tasks. The questionnaire has six 
items about such a situation, e.g., ‘When I get completely stuck with an exercise, 
this teacher shows me how to do it.’ Teacher support can also be perceived as 
non-adequate when pupils perceive it as superfluous. Six items refer to such a 
situation, e.g., ‘This teacher helps me with things I already understand’.

Understanding and mental effort. At the end of each task, the pupils answered 
two five-point Likert scale items. The first item asked pupils how well they 
understood the instruction, varying from ‘I did not understand’ (non-adequate) 
to ‘I fully understood’ (adequate) what I had to do’. The second item asked about 
the effort needed for task completion, which ranged from little to extensive (Paas, 
1992). 

Skill development. Pupils’ skill in constructing electric circuits was measured 
with the Buzz-Wire (BW) task. Scores are based on the Fischer scale (see 
Supplementary Materials Chapter 2, Scoring rules) and were calculated with an 
algorithm based on 15 variables, each representing the status of a connection 
(e.g. battery connection can be absent on one pole or on two poles). Wammes et 
al. (2022a) reported an interrater reliability of the algorithm with independent 
judgements of ICC(3,1)=.875, p<.001, a test-retest reliability of ICC(3,1)=.813, p=.002 
and a good fit for the one dimensional Rasch model (LR-test: X 2=7.117, df=3, 
p=.71). Pupils cannot check whether their pre-test result is correct and do not 
receive information about their task performance. This allows the task to be used 
for post-testing. 

Design and Procedure  
The first experiment used a yoked pre-post design in which the adaptive condition 
was compared with a yoked condition. At pre-test, a PowerPoint was used to 
introduce the BW task and the QTSA. All pupils started with the BW task. When they 
had finished the task, they answered the QTSA questions while waiting for a picture 
to be taken of the results (i.e., work product) of the BW task. The QTSA questions 
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were answered about the preceding lesson. The questionnaire was used at the pre-
test to familiarise pupils with answering questions on a 5-point Likert scale. The 
introduction, the BW task and answering the QTSA questions were done in half an 
hour in a whole classroom setting. Results were reported to the teacher of the class 
and not used in this study. The pictures taken of the pupils’ work products were 
used to establish their level of prior knowledge. Pupils were not informed about 
their pre-test results or the condition that they were randomly assigned. Pupils who 
were absent at the pre-test were assigned to the yoked condition. Their pre-test 
level was established at the start of the lesson. 

To limit differences between classes and teacher support, all lessons were 
given by the same teacher (i.e., the first author). In the lesson, pupils worked 
individually on the tasks, using the instructions provided on the worksheets. Per 
class, first the pupils assigned to the adaptive condition attended the lesson. 
They all started with two tasks that matched their pre-test level. The level of the 
follow-up tasks was determined by shared control and could be one level higher, at 
the same level or one level lower compared to their pre-test level. Pupils assigned 
to the yoked condition followed their lesson within a week after the lesson of 
the adaptive group. They were randomly matched with one of the pupils in the 
adaptive condition and got the task sequence made by that pupil. Post-testing was 
done at the end of the lesson. Pupils repeated the BW task and filled in the QTSA 
questionnaire about the lesson. The delayed post-test was administered at two 
schools (n=152) after six months without any engineering lessons due to COVID-19 
restrictions. The data collection at the third school had to be postponed because 
of these restrictions. A delayed post-test could not be performed at this school as 
most pupils went to secondary education a few months after the lesson. 

Scoring and Analyses
Challenge adequacy. The QTSA items on adequate challenge and the reversed scores 
of the items on non-adequate challenge due to task difficulty were used to calculate 
an average challenge adequacy score. The Cronbach’s α for challenge adequacy items 
was .75. The results of the items on challenge resulting from limiting support were 
not used because challenge was only manipulated by differences in task difficulty. 
The teacher support adequacy was calculated by combining the scores on the 
items referring to adequate teacher support with the reversed scores of the items 
referring to non-adequate teacher support. The Cronbach’s α for these items was 
.78. Individual scores were considered missing and excluded from the analyses when 
multiple items were unanswered. For understanding and effort, the average score 
was calculated from the responses on the accomplished tasks.

Skill development. Pictures of the completed BW tasks were used to identify 
the status of each of the 15 variables. The codes representing the status of the 
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variables were entered into a database from which the algorithm calculated the 
Fischer scale score. Test scores of zero were excluded from the pre-post analyses, as 
a lack of action does not provide any clue about pupils’ understanding of electric 
circuits and is more likely to originate from motivational problems or fear of failure 
at test-taking. 

Task difficulty. The nominal functionality of a task is its designed level (see 
Table 17). The functional difficulty of a task for a pupil was calculated as the 
difference between the tasks’ nominal difficulty and the pupils’ pre-test level. For 
example, a task at level 3 has a functional difficulty of minus one for a pupil with 
pre-test level 4. 

Analyses. The SPSS mixed models MLmed macro (Rockwood, 2017) was used for 
multilevel mediation analysis. The condition was used as the predictor, challenge 
adequacy as the mediator and BW post-test scores as the outcome variable. Teacher 
support, understanding and mental effort were added as covariates. Data were 
clustered per class. 

RESULTS 

Descriptive statistics
The yoked design resulted in a similar number of completed tasks and a similar 
average nominal difficulty of the tasks per condition but in a larger variability in 
functional task difficulty resulting from the fact that the levels of the tasks that 
pupils started with were not adapted to their level of prior knowledge (see Table 18). 

Table 18
Descriptive statistics per condition
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Hypothesis testing
In line with our hypothesis, condition, teacher support, and task understanding 
had a significant positive effect on the mediator challenge adequacy (see 
Table 19), but there was no effect of challenge adequacy on skill development. 
Therefore, contrary to our expectations, challenge adequacy did not mediate skill 
development (BW scores). The differences between classes were limited. The 
ICC indicates that for challenge adequacy, only 5.4% of the variance relates to 
differences between classes. For the BW scores, this was 2.5%. 

The absence of an effect of condition on skill development was contrary to 
our hypothesis. We expected a negative effect on skill development in the yoked 
condition based on two assumptions of the CPF. The first assumption is that tasks 
that are less difficult than pupils’ pre-test level will lack sufficient new information 
to enable skill development. This applies to pupils in the yoked condition whose 
average task level was below their pre-test level. The second assumption is 
that tasks more difficult than the pre-test level will offer an amount of new 
information that exceeds pupils’ processing capability, which also will hamper skill 
development. The absence of a difference between the conditions implies that 
the results are not in accordance with both assumptions. To explore how our data 
deviated from these assumptions, we visualized the relationship between task 
difficulty and skill development. 

Table 19
Parameter estimates for multilevel mediation model, experiment 1
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Figure 21 
Relation between average functional task level and BW score change compared to pre-test in 
the yoked condition.

When both assumptions are met, the plot should show the inverted U-shaped 
relationship as predicted by the CPF. The pattern in Figure 21 confirms the 
assumption that a lack of new information, which is expected for functional task 
levels below zero, does not further skill development. Contrary to our expectations, 
no negative effect of a high functional difficulty was found. Instead, skill 
development increased continuously with functional task difficulty. The data of the 
delayed post-test show that this pattern was still noticeable after six months.

Conclusion experiment 1
In the first experiment, a yoked design was used to explore our hypothesis that 
challenge adequacy mediates pupils’ level of skill development with regard to 
electric circuits. Although, as expected, pupils’ in the adaptive condition reported 
a higher challenge adequacy compared to those in the yoked condition, our 
hypothesis that challenge adequacy mediates skill development was not confirmed 
by the results. The major reason for the absence of more skill development in 
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our adaptive condition seems to be an unexpectedly strong positive and long-
term effect in the yoked condition for pupils who had to start with difficult tasks 
compared to their prior knowledge.

EXPERIMENT 2

Hypotheses Experiment 2
The hypotheses of experiment 2 are similar to those of experiment 1. We expect 
that skill development will be mediated by challenge adequacy. Challenge adequacy, 
in turn, will be positively affected by perceived teacher support and self-reported 
understanding of the tasks. Based on the results of the first experiment, we expect 
no relationship between mental effort on skill development or perceived challenge 
adequacy.

METHOD

Participants
A total of 230 pupils participated in this experiment (104 male and 126 female; 
mean age = 10.4, sd = .99). The participants were pupils from a school with a 
population similar to that in the first experiment. Eight classes participated. Each 
class had pupils from the three highest grades. 

Measurements
The measurement for challenge adequacy was changed as compared to experiment 1 
for two reasons. The QTSA questionnaire was developed for secondary education. In 
the first experiment, pupils with a limited reading ability needed much time to read 
and answer all items. The second problem was that several items about challenge 
referred to questions posed by the teacher. This confused pupils because questioning 
was not allowed to keep teacher support similar in both conditions. 

We revised the questionnaire to address these problems. To limit the time needed 
to complete the questionnaire, we left out the items about raising challenge by 
refraining from additional support. These items were also ignored in the analyses in 
experiment 1 because the differences in challenge between conditions only relate to 
task difficulty. Moreover, the number of items about teacher support was limited to 
six as this was considered sufficient to check upon unintended differences between 
the conditions. To take away the confusion raised by the items about questions 
posed by the teacher, the wording of these items was changed. For example, the 
phrase ‘When I am doing well, this teacher lets me do a difficult exercise’ was 
replaced with ‘When I am doing well, I will get a more difficult task’. The shortened 
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version consisted of 16 items. For this version, Cronbach’s α was .69 for the items 
about challenge. For the items referring to teacher support, the alpha was .71. 
The two questions at the end of each task about understanding and mental effort 
were identical to those of experiment 1. 

Design and procedure
The second experiment was set up like the first one, with the same tasks and 
restrictions on teacher support. The differences were that the yoked condition was 
replaced with a high-challenge condition, and a shortened version of the QTSA was 
used. No delayed post-test was carried out.

Scoring and Analyses
The scoring and analyses were similar to those of the first experiment. 

RESULTS

Descriptive statistics
For an overview of the descriptive statistics, see Table 20. The average age of the 
participants was somewhat younger than that in the first experiment, which relates 
to the fact that experiment 2 was done in the first months of the school year, while 
experiment 1 was done halfway (six classes) and at the end (two classes) of the 
school year. Pupils in the challenge condition completed fewer tasks than those in 
the adaptive condition. This stems from the design of the tasks. With increasing 
difficulty, more time was needed to complete a task. The different conditions are 
reflected in the average nominal and functional difficulty of the tasks. 

Table 20
Descriptive statistics per condition experiment 2
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Hypothesis testing
In line with our hypothesis, teacher support had a significant positive effect on 
challenge adequacy (see Table 21), but as in experiment 1, challenge adequacy 
did not, as hypothesized, mediate BW scores. Contrary to our expectations and 
findings in experiment 1, condition and understanding did not relate to challenge 
adequacy. Unlike in the first experiment, there was a significant positive effect of 
mental effort on challenge adequacy, which indicates that higher reported average 
levels of mental effort did coincide with higher levels of perceived challenge 
adequacy. No effects were found between BW post-test scores and the other 
predictors. As in the first experiment, between-class differences were limited. The 
ICC indicates that for challenge adequacy, 1.5% did relate to differences between 
classes. For the BW scores, this was 2.7%.

Conclusion experiment 2
The first experiment indicated that challenge had a positive impact on skill 
development. Contrary to our expectations, we found no negative effects of a high 
functional task difficulty. However, the number of pupils assigned to start with 
difficult tasks compared to their prior knowledge was small in the first experiment. 

Table 21
Parameter estimates for multilevel mediation model, experiment 2
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In the second experiment, we retested the optimal challenge point hypothesis but 
only on the predicted negative effects of a high functional challenge. 

The results confirmed the findings of the first experiment. There was no effect 
of condition on skill development and perceived challenge adequacy did not 
mediate skill development. Unlike in the first experiment, there was no effect 
of condition on challenge adequacy. This might relate to less variance in the 
functional difficulty of tasks in the second experiment as no tasks below pupils’ 
level of prior knowledge were provided. The positive effect of mental effort 
on challenge adequacy, not found in the first experiment, might have become 
manifest with the larger amount of data related to a high challenge. This positive 
effect might support the assumption that high levels of mental effort may be 
perceived as a rewarding and adequate challenge when tasks are considered 
meaningful (Inzlicht & Campbell, 2022). 

Post-hoc analyses
In the first experiment, the adaptive condition had a positive effect on 
perceived challenge adequacy, but that did not result in a positive effect on skill 
development. The similar skill development in the yoked condition compared to 
the adaptive condition resulted from two opposing effects in the yoked condition. 
On the one hand, there was a negative effect on skill development for pupils who 
got tasks less difficult than their level of prior knowledge, but on the other hand, 
there was an above-average skill development for pupils who got the most difficult 
tasks. The latter effect was contrary to our expectation that the highest challenge 
levels would have a restrictive effect on skill development. The second experiment 
also revealed no restrictive effects of the most challenging tasks compared to 
the adaptive condition. To get more insight into the patterns that underlie these 
results, we visualised the relationship of task difficulty with reported challenge 
adequacy and skill development for each pre-test level separately. 

Method
The data of all participants in both experiments were used (214 male, 230 female; 
mean age 10.7, sd = 1,0). Only 18 pupils (4%) had a level one or two result on 
the pre-test. That also affected the number of level-two tasks that were made. 
Therefore, we aggregated pre-test levels two and three as one category. This new 
category indicated as level three in the subsequent graphics includes all levels 
of the sensorimotor tier of the Fischer scale (Fischer & Bidell, 2007). GGplot was 
used to visualise the relationship between task and post-test levels for each pre-
test level separately. We did not design our experiments to realise a proportional 
distribution of all data over the different combinations (see Table 22). The 
patterns shown in Figure 22 and Figure 23 thus should be considered indicative.
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Results
The effect of task difficulty on pupils’ perceived challenge adequacy is displayed 
in Figure 22. The highest scores on challenge adequacy for most pre-test levels 
were found at the points where task difficulty matches pupils’ pre-test level (i.e., 
at a zero functional task difficulty). This situation was created in the adaptive 
condition and accounts for the significant relationship between condition and 
challenge adequacy found in the first experiment. Remarkable is that pupils with 
the lowest pre-test level perceived the challenge offered by the lowest-level tasks 
as well as the challenge offered by the most difficult tasks as most adequate. As 
the latter situation was created in the challenge condition, that may explain why 
the significant relationship between condition and challenge adequacy no longer 
occurred in the second experiment. 

Table 22 summarises the mean post-test scores of participants with different 
pre-test scores and initial task levels. These data are displayed in Figure 23. 

Figure 22
Relationship between initial task-level and reported challenge adequacy per pre-test category
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Overall, the pattern shown in Figure 23 shows that starting with tasks of a 
level that matched the pre-test (i.e., our adaptive condition) did not result in the 
highest post-test levels. 

Pre-test level seven. As the BW task cannot indicate skill development above 
level seven, the mean post-test level can be only affected by lower post-test 
results. The post-test result of 6.4 of pupils with a level seven pre-test result thus 

Table 22

Figure 23

Average post-test scores per pre-test level and start-task level

Relationship between initial task-level and average post-test result per pre-test category
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might be affected by this ceiling effect. 
Pre-test level six. The post-test results of pupils with pre-test level six were not 

affected by a ceiling effect as there was an opportunity to progress to level seven. 
However, this group lacked any progression, and their post-test results were even 
negatively affected when they had to start with level seven tasks compared to 
starting with level six tasks. This negative effect was significant, t(30.5)= -2.400, 
p=.023, d=-.705. These pupils also showed lower challenge adequacy scores when 
starting with level seven tasks than starting at their pre-test level six (see Figure 
22), but this difference was not significant, t(41.3)=0.641, p=.525. 

Pre-test level five. The post-test results of pupils with pre-test level five show 
the inverted U shape relationship with tasks-difficulty that the CPF predicts. 
Furthermore, for this group, we expected the optimal challenge when starting with 
tasks at level five, but the post-test results of pupils who started with level six 
tasks were significantly better, t(8.6)=5.801, p<.001, d=1.41. However, it must 
be emphasised that only six pupils with a level five pre-test started with level six 
tasks. 

Pre-test level four. Pupils with pre-test level four show the same pattern as 
those with pre-test level five, with a less outspoken inverted U-shaped relationship 
between task difficulty and skill development and the best post-test results of 
pupils (n=6) that started with tasks one level beyond their pre-test level. 

Pre-test levels two and three. Pupils with the lowest pre-test levels (two and 
three) showed the most intriguing relationship between task difficulty and skill 
development. This group progressed towards an average level five post-test result 
regardless of the difficulty of the tasks they had to start with. They even showed 
the best post-test results when they had to start with the most difficult tasks. 
Interestingly, this coincides with high scores for challenge adequacy (see Figure 
22). 

The overall effect of the lesson on post-test results per pre-test level is shown 
in Figure 24. It shows that the hands-on lesson had a strong convergent effect 
with a progression of pupils with low pre-test level to a level five post-test result 
and no progression of pupils with the highest pre-test level.
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GENERAL DISCUSSION

Conclusions
The research question of this study was “What instructional strategy (an adaptive 
strategy, a non-adaptive strategy or a high-challenge strategy) leads to an optimal 
challenge for pupils’ skill development about electric circuits?”. Four conclusions 
can be drawn from our experiments. The first conclusion is that the highest scores 
on challenge adequacy were not found when pupils had to start with tasks below 
their level of prior knowledge. The second conclusion is that a hands-on lesson 
without content-related teacher support is only beneficial for pupils with low 
levels of prior knowledge. The third conclusion is that adaptive task selection 
can facilitate skill development but that offering the optimal challenge by task 
selection is complicated by a changing relationship between prior knowledge and 
the optimal challenge point. The fourth conclusion is that adaptive task selection 
based on the ID strategy positively affects pupils’ appreciation of the challenge 
offered by the tasks. 

Figure 22
Relationship between initial task-level and reported challenge adequacy per pre-test category
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Minimum level
The first conclusion that the minimum level of the tasks should be adapted to 
pupils’ level of prior knowledge might be obvious as teaching what is already known 
is generally considered ineffective. However, teachers in primary education have a 
tendency to underestimate the technical abilities of their pupils, leading to a lower 
estimation of their prior knowledge (see Chapter 3), which may negatively affect skill 
development when the tasks a teacher selects for the pupils are too easy for them (De 
Boer et al., 2010). The contribution of the diagnostic tool in the adaptation process is 
that it offers a more objective evaluation of a pupil’s skill development, and its use is 
especially important for girls as the underestimation of their technical capabilities is 
common (Hoffmann, 2002). 

Teacher support and skill development
The second conclusion was that our hands-on adaptive lesson without content-related 
teacher support was only beneficial for pupils with low levels of prior knowledge. This 
is remarkable as it is often claimed that pupils with low levels of prior knowledge 
need more instructional guidance and support than pupils with higher levels of prior 
knowledge (Dalgarno et al., 2014; Kuldas et al., 2014; Matlen & Klahr, 2013; Renkl 
et al., 2011; Wulfeck, 2009). In contrast, in our experiments, this group progressed 
without such guidance and support, whereas pupils with pre-test level six did not 
show any skill development in any condition. We presume that teacher support may 
be especially beneficial for these pupils. Where tacit knowledge may be sufficient to 
construct a basic electric circuit at level five (i.e., the highest level reached by most 
low prior-knowledge pupils), we presume that declarative knowledge is necessary to 
construct the BW task at level seven (Danish et al., 2017; Hattie, 2013; Sutherland, 
2002). Instruction and feedback may help pupils to transform their tacit knowledge 
into the declarative knowledge they need to complete the tasks at the seventh level.

Task selection and skill development
The third conclusion was that offering the optimal challenge by task selection to 
improve skill development is complicated. Such a conclusion was also drawn in other 
studies which explored the CPF (Balali et al., 2019; Bootsma et al., 2018; Hodges & 
Lohse, 2020; Onla-Or & Winstein, 2008; Pesce et al., 2013). One of the complicating 
aspects was the effect of high challenge. In contrast to our expectations, highly 
challenging tasks positively affected the skill development of pupils with limited prior 
knowledge. At first sight, this seems to contradict the CLT, which states that a large 
amount of new information is likely to exceed mental processing capabilities, which 
limits learning. The lack of such an effect may relate to two features that characterise 
the design of the high-level tasks. The first feature is that these tasks started with a 
stepwise instruction to construct a basic circuit guided by pictures, after which pupils 
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had to discover the effect of certain manipulations. We assume that the initial stepwise 
instruction with pictures served as a worked-out example which enabled pupils with 
low prior knowledge to apply the basic visual characteristics of an electric circuit 
at the post-test. This seems to be in line with the finding of Ahissar and Hochstein 
(1997) that practising simple visual tasks can lead to a substantial improvement in 
performance and with the well-documented effects of worked-out examples for novice 
learners (Atkinson et al., 2000; Chen et al., 2019; Cooper & Sweller, 1987; Sweller & 
Cooper, 1985; Van Peppen et al., 2021). As worked-out examples effectively reduce 
cognitive load (Van Merriënboer et al., 2003), this might also explain why pupils with 
low prior knowledge did not report higher levels of mental effort on the most complex 
tasks compared to tasks designed for their own level of prior knowledge. They even 
reported similar high challenge adequacy scores on tasks adapted to their level as 
on the most challenging tasks. This lack of a negative effect on mental effort and 
challenge adequacy points to a second feature of the task design that might have 
contributed to the unexpected positive effect of highly challenging tasks on the skill 
development of pupils with the lowest pre-test scores. Pupils could not infer whether 
their responses to the questions about the effect of resistance were correct or incorrect. 
This ‘goal-free’ character of the tasks is also known to reduce cognitive load (Van 
Merriënboer, 2013). We assume that the goal-free character of our tasks allowed pupils 
to reduce their cognitive load by selecting only the information they could process, 
resulting in a high satisfaction with the guided (i.e., by pictures) opportunity to 
construct functioning electrical circuits. 

Another example of the complex relationship between task selection in relation 
to prior knowledge is the reverse effect of high challenge on the post-test results of 
pupils with the second highest level of prior knowledge. We suppose that most pupils 
constructing a level six electric circuit at the pre-test envision an electric circuit as a 
single circle, starting and ending with a battery. This construction has been described 
as the Closed Circuit Model (Shipstone et al., 1988). Often-used analogies like a bicycle 
chain or a water-flow model may have strengthened this conception (Chiu & Lin, 
2005; Safadi & Yerushalmi, 2014). Most of the level seven tasks used parallel circuits. 
The experiences with these more complex circuits may have modified the view of an 
electric circuit as a single circle. This may have resulted in not using the initial tacit 
knowledge-based strategy in the post-test while, at the same time, these pupils could 
not apply a new, more adequate problem-solving strategy. In such a situation, it is 
common for pupils to apply a less adequate strategy. This scalloping effect (i.e., lower 
performance resulting from learning) is often observed in the transition towards higher 
levels of understanding (Fischer & Bidell, 2007; Granott et al., 2002; Levy, 2012; Van 
der Steen, 2014). 
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Task selection and challenge adequacy
Our fourth conclusion that adaptive task selection based on the ID strategy positively 
affects pupils’ appreciation of the challenge offered by the tasks is interesting in 
combination with our finding that there was no relation between this appreciation 
and skill development. This implies that when the main objective of a lesson about 
electric circuits is providing positive experiences with the topic, then pupils should 
start with tasks at their pre-test level as these are valued most. When the lesson’s 
main objective is to promote skill development about electric circuits, pupils with 
the lowest pre-test levels should start with tasks of one scale above their pre-test 
level, and pupils with high pre-test levels should get tasks of their pre-test level and 
presumably, additional teacher support to help them progress from tacit knowledge to 
declarative knowledge. 

Limitations
The current study’s main limitation is that the effect of challenge was only explored 
in the context of skill development about electrical circuits. Moreover, as we used 
a performance-based diagnostic task that allows pupils to apply their visual and 
procedural knowledge, our results are difficult to compare with other studies about 
pupils’ understanding of electrical circuits, which assessed pupils’ declarative 
knowledge. (Bumbacher et al., 2018; Greiff et al., 2014; Safadi & Yerushalmi, 2014; 
Solomonidou & Kakana, 2000; Zacharia, 2007). 

In addition, the same scale categorised the difficulty of the tasks we used 
in our lesson and pupils’ prior knowledge. This scale was validated to measure 
prior knowledge but not for the classification of the tasks used in the lesson. This 
classification was based on the theoretical structure of the Fischer scale and has 
not been validated by empirical data. The satisfaction of pupils with the challenge 
posed by the tasks categorised at their level of prior knowledge was only an indirect 
indication that the categorisation might be valid. 

Furthermore, the study focused on the challenge offered by task difficulty in 
relation to prior knowledge. The effects could be attributed to task difficulty by 
excluding other adaptive support, like instruction, feedback, and cooperation. The 
only help offered was clarifying written instructions and solving problems like not 
properly mounted lamps or defective components. It is known that adaptive measures 
other than task difficulty have a substantial effect on pupils’ learning (Hattie, 
2013; Kirschner et al., 2006; Sweller et al., 2007). Therefore, this study can only be 
considered a first step to unravelling the effects of adapted challenge on pupils’ skill 
development related to material-based systems. 

The post hoc analysis revealed a relationship pattern between prior knowledge, 
task level and skill development. However, this pattern should be interpreted with 
caution because the data distribution over the combinations of pre-test and task 
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level was not homogeneous, as the experiments were not designed to create such a 
distribution. An explorative study to collect data points for all combinations of prior 
knowledge and task levels would be advisable to verify whether the patterns shown in 
this study are robust. 

Suggestions for further research
The present study was the first to explore the relationship between prior knowledge, 
adaptive teaching and skill development in material-based systems. Our approach can 
be used for follow-up studies that combine the effect of the task-selection strategy 
with other adaptive measures, like small-group work, direct instruction, and feedback. 
It would be interesting to explore how these adaptive measures interact with the 
task selection strategy at different levels of prior knowledge. Our approach also offers 
an opportunity to explore whether hands-on experiences are necessary to develop 
an adequate understanding of material-based systems. It is a basic assumption of 
the dynamic systems theory that sensorimotor experiences are the primary building 
blocks for subsequent learning (Fischer, 1980; Thelen & Smith, 1994), a stance also 
advocated by Dewey (1986). From that point of view, learning about material-based 
systems should start with providing opportunities to explore a system like in our 
lesson. However, Matlen and Klahr (2013) have demonstrated that two lessons with 
only a teacher-guided exploratory approach were more effective in enabling pupils to 
master the Control of Variables Strategy than a hands-on lesson followed by a lesson 
that explained the strategy. Using their experimental design in the context of electric 
circuits would be interesting.

Key findings
The present study has shown that adaptive task selection based on the ID strategy 
is beneficial for pupils’ appreciation of hands-on tasks, which is important as raising 
interest in engineering is an important objective of teaching the subject in primary 
education. We also showed that pupils’ appreciation of the challenge offered by 
the tasks does not indicate how much they learn. Our results indicate that the 
relationship between functional task difficulty and skill development varies per level 
of prior knowledge. This complicates task selection with the objective of offering 
optimal learning conditions. However, we demonstrated that selecting tasks below 
the level of prior knowledge indicated by the diagnostic tool did not enhance skill 
development. This finding is important as teachers in primary education tend to 
underestimate their pupils’ technical abilities, which may result in offering too easy 
tasks and therefore stresses the importance of assessing that ability. 
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Introduction
Engineering in primary education intends to familiarise pupils with the 
technologies that surround them and to raise their interest in engineering as an 
opportunity for further study and career (ITEEA, 2007; Pearson & Young, 2002). 
The latter is important as many challenges related to sustainable development 
require technological solutions, which in turn depend on people that are able to 
create, realise and maintain them (Lewis, 2019; Wiesner, 2014). The role of primary 
education cannot be underestimated. It is known that without positive experiences 
with the subject at a young age, it is more likely that pupils exclude engineering 
as an opportunity for further study and career (Van Tuijl & Walma van der Molen,  
2016). Offering those positive experiences at primary school is important as 
pupils seldom encounter and participate in engineering-related activities in daily 
life. This dissertation focuses on the difficulties teachers experience concerning 
teaching engineering in primary education.

Teachers in primary education find it difficult to estimate their pupils’ technical 
skills. Insight into these skills and their development prior to their lessons 
would offer them opportunities to adapt their teaching to differences in prior 
knowledge (e.g., skill level), evaluate the effectiveness of their lessons, inform 
pupils and parents about their skills and progress in this domain and communicate 
with colleagues about successful approaches (Gumaelius et al. 2019; Moreland 
& Jones, 2000; Scharten & Kat-de Jong, 2012). This difficulty and the potential 
benefits of increasing teachers’ ability to diagnose technical skills resulted in 
our main research question: “Which support can a diagnostic tool designed for 
classroom use offer teachers to infer and promote pupils’ engineering skills?” 
This question was addressed in four studies. First, we designed and validated the 
diagnostic tool; second, we explored the feasibility and value of its use in primary 
classrooms; third, we trained pre-service teachers in using the tool to improve 
their understanding of engineering skill development and fourth, we explored the 
effect of the tool’s formative use. 

Main findings
Pupils’ prior knowledge about technological systems: design and validation of 
a diagnostic tool for primary school teachers

The first step to answering our main research question was to design and 
validate the diagnostic tool. Chapter two describes how we used the four layers 
of the evidence-centred design (ECD) framework (Mislevy & Riconscente, 2005) 
to develop a valid tool, feasible for classroom use. From the ECD layers ‘domain 
analysis’ and ‘product requirements’, it became clear that there were three major 
design challenges that should be solved when developing a valid and feasible tool. 

The first challenge was to include the tacit aspects of prior knowledge. This 
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was addressed by a design focus on pupils’ actions as opposed to verbalizations 
(Davey et al., 2015). Opportunities to find a correct solution by trial-and-
error behaviour were limited by restricting the possibilities to evaluate the 
appropriateness of actions (Klahr & Robinson, 1981) to ensure that the work 
product is constructed by actions based on prior knowledge only.

The second challenge was to reconcile feasibility and validity. Feasibility was 
created by designing a tool with single tasks and a focus on work products as the 
unit of analysis. The validity of single-task use was strengthened by optimising the 
opportunities to make correct combinations after incorrect actions. The extended 
Rasch model, as described by Hessen (2011), showed a good fit, which indicates 
that the combined score of the variables that indicate the position and connection 
of the work products’ parts is a sufficient statistic to reflect a pupil’s skill to 
restore the system. Moreover, the test-retest reliability was high. 

The third challenge was to develop a tool that could compare differences 
in skill development for various systems. Following the suggestion of Seeney 
and Sterman (2007) and the work of Van der Steen (2014), we used the Fischer 
scale (Fischer, 1980) as the cornerstone for our diagnostic approach. Researchers 
familiar with Fischer’s work were consulted to construct task-specific scoring 
rules for this scale. Independent comparative judgements of experts in primary 
technology education confirmed the validity of this approach. 

Addressing these three major challenges with ECD resulted in a blueprint 
that describes ten requirements for single tasks that can be used to determine 
pupils’ understanding of material-based systems. With two tasks designed by this 
blueprint, we demonstrated that the tool identifies skills that are not reflected by 
reading comprehension and mathematics skills. Moreover, our findings were in line 
with those of Molnár et al. (2013), who demonstrated that there are considerable 
differences in a pupil’s understanding of the various material-based systems used 
in primary school engineering lessons. 

Teacher judgement accuracy of technical abilities in primary education
The product requirements that guided the design of the diagnostic tool were based 
on assumptions about what should be suitable for classroom use. The two tasks that 
were developed in accordance with the blueprint made it possible to check these 
assumptions. In the second study described in Chapter 3, we asked teachers to 
use the tool in their classrooms and to reflect on the feasibility of its use and the 
resulting findings. The teachers with pupils of nine years or older were positive about 
the limited time needed for the introduction of the tasks and test-taking and the 
possibility to organise this flexibly at a convenient time (Heitink et al., 2016; Sach, 
2015). Teachers were also positive about the benefits of the tool. In almost every 
class, they noticed that there were some pupils who performed much better than 
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they had expected. Sometimes the results confirmed the teachers’ intuition about 
a pupil’s capabilities, which standard tests did not reveal. Moreover, the teachers 
recognised the potential of the tool to improve learning and instruction. Using the 
tool also identified that especially novice teachers tend to understimate their pupils’ 
technical skills and all teachers tend to underestimate the technical skills of girls. 

Fostering pre-service primary school teachers’ ability to recognise 
differences in pupils’ understanding of technical systems

In the study in Chapter 3, the teachers did not analyse their pupils’ work 
products, as they were not familiar with the Fischer scale and its background. For 
independent use, teachers should be able to reliably analyse these work products 
and understand the underlying developmental scale and associated theory to 
diagnose their pupils’ comprehension of technical systems. In Chapter four, we 
have described the results of a short training based on Nickerson’s anchoring and 
adjustment model and Fischer’s model of dynamic skill development. With this 
course, we tried to strengthen the ability of the participating prospective teachers to 
diagnose pupils’ comprehension of technical systems.

The course used the diagnostic tasks to create awareness about the 
development of pupils’ thinking. This developmental perspective was taken to 
make the course attractive for primary school teachers, who are often not very 
interested in engineering (De Vries et al., 2011), but very motivated to extend 
their capability to maximise their pupils’ developmental opportunities. 

The main result of the course was that the participants were better able to 
articulate pupils’ thinking about technological systems. Most of them could also 
correctly apply the scoring rules of the diagnostic tool. These results align with 
other studies about training programs that aim to improve teachers’ diagnostic 
abilities (Desimone et al., 2002; Wilson, 2013). 

A remarkable finding was that the diagnostic abilities of the teachers did not 
relate to their technical knowledge, as research has repeatedly emphasised the 
importance of sufficient subject-matter knowledge (Hartell, Gumaelius, & Svärdh, 
2015; Moreland & Jones, 2000; Pleasants & Olson, 2019; Rohaan et al., 2012; 
Utley et al., 2019). It may be that our comparative approach and the focus on 
pupils’ thinking made the diagnoses less sensitive to differences in technical 
knowledge. 

Another interesting finding was the course’s considerable impact on the 
teachers’ self-efficacy beliefs about technology education. Self-efficacy beliefs 
are an important predictor of a teacher’s attitude toward technology education 
(Rohaan et al., 2012; Utley et al., 2019).

With the results of the studies in Chapter 3 and Chapter 4, we expect that the 
diagnostic tool will support the diagnostic ability of teachers. To which extent that 
ability may contribute to skill development was explored in chapter five. 
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Adapting task difficulty to pupils’ prior knowledge about electric circuits: 
effects on perceived challenge adequacy and skill development

The study described in chapter 5 compared an adaptive condition in which 
pupils started with tasks which difficulty matched their prior knowledge as measured 
by the diagnostic tool with (1) a non-adaptive yoked condition in which the task 
sequences resulting from the adaptive condition were randomly assigned, and (2) a 
high-challenge condition in which pupils got only the most difficult tasks, regardless 
their level of prior knowledge. The results were mixed. Starting with tasks at pupils’ 
prior knowledge level was perceived by the pupils as an adequate challenge. Therefore, 
such an approach may be suitable to promote interest in engineering, which is an 
important objective of teaching engineering topics in primary education (Ozogul et al., 
2017; Rohaan et al., 2010; Tuijl, Walma-van der Molen,  & Grol, 2014). The effect of 
task selection on pupils’ learning about electric circuits was less straightforward than 
expected. 

Offering tasks of a lower level than pupils’ prior knowledge level did not 
contribute to skill development. That may be stating the obvious, but this finding 
must be considered in the light of the systematic underestimation of pupils’ technical 
abilities, especially for girls by especially novice teachers, as indicated by our study 
in Chapter 3. Such an underestimation could result in offering too easy tasks. For 
pupils with lower levels of prior knowledge, the results indicate that starting with 
tasks of the subsequent difficulty level seemed to provide the optimal challenge for 
learning, whereas this did not seem to be beneficial for pupils with a high level of prior 
knowledge. 

General discussion
In this section, we will reflect on the main research question and discuss the value of 
using the Fischer scale in engineering education.

Using the tool for engineering activities in primary schools. 
Our main research question was: “Which support can a diagnostic tool designed for 

classroom use offer teachers to infer and promote pupils’ engineering skills?”. The first 
study described the design process of the tool. The characteristics that made the tool 
valid, reliable and suitable for classroom use were: a) the tool is performance-based, b) 
a task is the reconstruction of a material-based system, c) each task allows for various 
combinations of appropriate and inappropriate actions, resulting in a wide range of 
work products, d) the possibilities to evaluate trial and error behaviour are restricted, 
e) the scoring rules indicate the various developmental phases of the Fischer scale and 
f) the tasks can be accomplished independently by pupils aged nine to twelve in a few 
minutes. 

We have demonstrated that the tool can contribute to teachers’ judgements 
of technical skills, for which underestimation seems to be more common than 
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overestimation, especially for girls. Its formative use demonstrated that the tool 
enables the selection of tasks that are most appreciated by pupils. However, it 
is known that despite the clear advantages (Förster et al., 2018; Hondrich et al., 
2016; Lee et al., 2020; Shute et al., 2007; Wiliam et al., 2004), the formative use of 
assessments in education is limited (Ahmedi, 2019; Hui et al., 2017; Sach, 2012). 

Zi Yan et al. (2021) provided an overview of the factors that influence the use of 
formative assessment in classrooms. Their model (see Figure 25) identifies contextual 
and personal factors that affect teachers’ intentions and implementation of formative 
assessment. We will use this model to analyse our tool’s potential for use in primary 
education. 

Figure 25
Factors influencing formative assessment

Note: The arrows in the model indicate that, according to the author, the contextual factors 
have an impact on the personal factors and that the Formative Assessment Intention has an 
impact on the Formative Assessment Implementation. For each box, the factors are ordered 
from top to bottom according to their estimated importance. From “A systematic review on 
factors influencing teachers’ intentions and implementations regarding formative assessment” 
by Zi Yan, Ziqi Li, Ernesto Panadero, Min Yang, Lan Yang & Hongling Lao, 2021, Assessment 
in Education: Principles, Policy & Practice, 28:3, p. 250. Reprinted with permission.
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Contextual factors. Our study did not explore contextual factors, but they were 
mentioned in the interviews with teachers that used the tool in their classroom 
when asked about their opinion on future use. It, thus, can be concluded that 
contextual factors will have an impact on the tool’s use. Zi Yan et al. (2021) 
identified school environment and internal school support as the two most 
important contextual factors. Therefore, it can be expected that our tool is most 
likely to be used at schools in which formative assessment is encouraged by school 
leaders and discussed by teachers (Moss et al., 2013). The likelihood that the tool 
will be used at such schools is enhanced when there is internal school support for 
the role of engineering in the curriculum (Hammack & Ivey, 2019). The schools 
that initiated this dissertation are examples of such schools. At schools that lack 
a supportive environment for formative assessment and engineering, the use of 
the tool will depend on a teacher’s personal interest in engineering and formative 
assessment. 

External educational policies exert a general influence on engineering in 
primary schools. On the one hand, there are initiatives, often supported by 
industry, to promote engineering activities to generate interest in engineering as 
a possibility for study and profession (Male & King, 2019; Masson et al., 2016; 
Valentine et al., 2022). On the other hand, external policies pressure schools 
to improve their mathematics and reading comprehension results, often with 
detrimental effects on time and effort spent on other subjects like engineering 
(Brill et al., 2018). 

Teachers’ intentions (indicated as ‘personal’ in Figure 25) to use formative 
assessment were found to be related to their instrumental attitude, self-efficacy 
and education and training. This dissertation exemplifies the prominent role that 
Yi Zan et al. attribute to instrumental attitude, which indicates the teachers’ 
perceptions about the effectiveness of formative assessment. This instrumental 
attitude characterized the teachers that motivated the present study. They 
expected that the availability of assessment opportunities would enable them to 
improve the effectiveness of their education about technical phenomena. This 
instrumental attitude is not only important in the context of formative assessment. 
The teachers that used the tool in their classroom considered it especially valuable 
from a pedagogical perspective. It helped them acknowledge and communicate 
pupils’ technical skills that were not identified with standard tests. 

Education and training, and especially self-efficacy, are the other two most 
important factors influencing teachers’ intentions to use formative assessment 
(Karaman & Şahin, 2017; Yan & Cheng, 2015). As demonstrated in the third study, 
the tool can also be used in the context of education and training to broaden 
teachers’ perspectives on cognitive development. The model proposed by Yan et al. 
(2021) presents education and training and self-efficacy beliefs as two separate 
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factors. Our results suggest that it may be very difficult to distinguish between the 
impact of those factors as our training had a large effect on the participants’ self-
efficacy beliefs. 

The factors most frequently reported as personal predictors for actual use 
are ‘education and training, ‘instrumental attitude’, ‘belief in teaching’ and ‘skill 
and ability’. Belief in teaching refers to a more general attitude toward formative 
assessment, which was not explored in our study. We have shown that education 
and training can indirectly promote the use of the tool by changing the teachers’ 
self-efficacy beliefs about teaching engineering and can enhance the skill and 
ability of most teachers to use formative assessment. Teachers’ diagnostic skills 
are considered to depend on their subject matter knowledge (Lyon et al., 2019; 
Shulman, 1987). It was interesting to notice that in our training, focusing on 
becoming aware of the pupils’ perspective, the ability to use our tool properly 
was not related to subject matter knowledge. For formative use, limited 
technical knowledge might hinder teachers from linking the tool’s outcomes with 
corresponding adaptive support (Fox-Turnbull, 2006; Ramaligela, 2021; Rohaan et 
al., 2012; Sanjosé & Otero, 2021). This, in turn, could affect the formative use of 
the tool. However, as indicated by the factor instrumental attitude, it might be 
that teachers will use the tool anyway as it provides additional insight into pupils’ 
technical skills. 

From an implementation perspective, it can be concluded that the 
characteristics of our tool further its application in primary education. It can be 
used in classrooms, and most teachers are capable of analysing the work products 
after a short course. The teachers value the objective data that the tool offers 
as it either confirms their presumptions or makes them aware of biases in their 
estimation of pupils’ technical skills.

Using the Fischer scale for work products
This study made a choice to use the Fisher scale to estimate pupils’ knowledge 
of technical systems. Although the Fischer scale has been used in the context of 
non-verbal actions (Parziale, 2002; Sun et al., 2016), its application has so far 
been limited to research on microgenetical variability based on verbal utterances. 
This study is probably the first that uses the scale in the context of formative 
assessment and primary education, where cognitive development is usually 
described using Bloom’s taxonomy (Krathwohl, 2002). We will use the results of 
our studies to reflect on this choice.

The main advantage of using the Fischer scale in the context of engineering is 
its emphasis on interaction. Interaction also defines the function of material-based 
systems. There is an interesting parallel with the concept of intrinsic cognitive 
load, which is determined by the number of elements that must be processed 
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simultaneously, which in turn depends on the extent of element interactivity of 
the materials or tasks that must be learned (Van Merriënboer & Sweller, 2005). The 
central notion of element interactivity, combined with the source of information 
(e.g. observed or remembered), makes the Fischer scale suitable to determine 
the nominal difficulty of tasks as well as pupils’ level of understanding. This 
combination makes it possible to estimate the functional difficulty of tasks, 
that is, the difficulty from the learner’s perspective. This makes the Fischer scale 
suitable for exploring the effect of challenge on learning. 

The Fischer scale has mainly been used to demonstrate the short-term 
variability in understanding, which is, according to the dynamic systems approach, 
a phenomenon that characterises the phase transitions in skill development 
(Meindertsma et al., 2014; Siegler, 1994; Thelen & Smith, 1994). Being aware of 
this short-term variability, it could be argued that a work product is no more than 
a random snapshot of a pupil’s ability. The position taken in this dissertation is 
different. We consider a work product as the representation of a series of choices. 
The construction of the tasks allows these choices to vary. An important difference 
is that most other studies use the Fischer scale to code verbal utterances. Here 
each answer, each ‘choice’, can be coded by its structure and meaning. A single 
constructive action cannot be coded likewise as it relates to previous or subsequent 
actions. Another difference is that a constructive action impacts the environment 
differently than an explanation. As a result of an action, the environment changes 
physically, and it is known from research on learning dynamics that such a change 
can change pupils’ notion of the situation, which will have an impact on the next 
choice (Lickliter, 2000; Thelen & Smith, 1994). Therefore, the level of a work product 
cannot be considered a coincidental snapshot but should be considered a reflection 
of a pupil’s ability resulting from a series of choices. Unpublished analyses of video 
recordings support this position. When in-between constructions were scaled on 
a timeline, the levels showed a, sometimes variable, increase towards the final 
product, which for almost all pupils represented the highest level of the sequence 
(see Supplementary materials, Chapter 6). Such a pattern was also shown by pupils 
building bridges (Parziale, 2002).

A drawback of using the Fischer scale in the context of education is that its 
use has been limited to developmental studies. Fischer’s work and the associated 
theories about dynamic skill development are unknown among teachers and most 
teacher-trainers. This might hinder the use of the diagnostic tool in schools as its 
application requires additional training. On the other hand, we have shown that 
learning about the Fischer scale and its underlying theory about the dynamics of 
learning helps pre-service teachers to understand their pupils’ behaviour from a 
developmental perspective and boosts their self-efficacy beliefs about teaching 
engineering.
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Limitations and future directions
The idea for this dissertation originated in teachers’ remarks about their 
dissatisfaction with the lack of possibilities to assess their pupils’ progress in 
science and technology. The solution provided by the diagnostic tool described 
in this dissertation only solves a small part of this problem. First, the tool only 
applies to the engineering subdomain and, within this subdomain, to material-
based systems. Also, the tool does not provide insight into pupils’ problem-solving 
skills due to the decision to restrict feedback which was necessary to use the work 
product as an indicator of pupils’ prior knowledge (Csapó & Funke, 2017; Jonassen, 
2014). 

Furthermore, the main purpose of the dissertation was to design a valid 
diagnostic tool that supports teachers in primary education in estimating pupils’ 
prior knowledge about technical systems to enhance adaptive learning. After 
designing the tool, the follow-up studies explored the different aspects of this 
main purpose in isolation. Therefore, no conclusions can be drawn about teachers’ 
independent use of the tool. That would require a study in which teachers use the 
tool, analyse the work products, use the results for adaptive teaching and evaluate 
the effect. 

The diagnostic approach was explored by two tasks, each task for a different 
type of system. For more certainty about the validity of the approach, more 
tasks should be developed based on the set of requirements in the conceptual 
assessment framework. Preferably more than one task per system should be 
constructed to compare the reliability of the results for a specific type of system. 
On the other hand, it is known from developmental research on dynamic skill 
development that variability is an inherent aspect of skill development, especially 
in transitional phases (Thelen & Smith, 1994). Development should therefore be 
considered as a change in bandwidth and not as a transfer from one to the next 
level. This implies that a level inferred from the tasks should not be interpreted as 
a fact. Such an interpretation would deny the dynamic aspect of skill development, 
and the diagnostic tasks’ results should be considered within that context. 

A major limitation of the study in Chapter 5 was that adaptivity measures 
were restricted to task selection. Therefore, the full scope of benefits that may 
arise from using the tool by teachers (e.g., providing adapted instruction and 
feedback) is still unclear. It would be interesting to explore the effects on pupils’ 
learning when task selection based on the diagnostic tool, which would reduce 
the bias indicated in Chapter 3, is combined with adaptive feedback. The results 
from the diagnostic tool can also be used for homogeneous ability grouping, as 
working with hands-on tasks is usually done in groups in educational practice and 
pupils seem to benefit most from homogenous grouping (Lou et al., 1996; So & 
Agbayewa, 2011) 
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The diagnostic tool offers new opportunities for research on the effect 
of hands-on versus instruction-based teaching. For instance, replication of 
Matlen and Klahr’s research on sequential effects of high and low instructional 
guidance could place their findings about the effectiveness of instruction versus 
experimentation in a broader perspective. The tool may also contribute to research 
about the effect of school policy with respect to a subject like engineering and the 
development of pupils’ understanding of material-based systems. Finally, the tool 
could be used to compare learning from computer simulations with learning from 
material-based systems. 

Implications
The main implication of this dissertation is the availability of a tool that can be 
used in upper-grade primary classrooms to estimate pupils’ technical skills. We 
demonstrated that those skills might differ considerably from the skills pupils 
demonstrate on the usual verbal tests. In most classes of the second study, some 
pupils with low performance on reading comprehension and mathematics were 
among the best performers on the diagnostic tasks in our studies. Such insight 
might positively impact the teachers’ expectations and these pupils’ self-efficacy 
beliefs. 

It has been argued that career decisions may have their roots in early 
childhood and that a lack of knowledge about technical abilities may result in 
excluding technology from career options (van Tuijl & Walma van der Molen, 2016). 
Acknowledging their technical ability by the teacher may encourage pupils to 
maintain technology or engineering as an option for future study and careers. And 
as the second study has shown, information about pupils’ technical abilities will 
help teachers become aware of these abilities, especially regarding girls.

An intriguing finding of the fourth study was that offering an optimal 
challenge as experienced by pupils did not cohere with maximal skill development. 
That might implicate that other adaptive approaches have to be considered when 
the primary goal is to motivate pupils than when the primary goal is to develop 
their engineering skills. 

General Conclusion
The studies in this dissertation have created and explored new opportunities to 
assess pupils’ understanding of material-based systems in the upper grades of 
primary education. Our diagnostic tool can support primary school teachers in the 
upper grades of primary education in their ability to infer and promote pupils’ 
engineering skills. The tool also opens up new opportunities to study the effect of 
challenge on learning in the context of material-based systems. 
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Due to the importance of technology in contemporary society, engineering has 
been introduced into the curricula of primary schools in many countries. Besides 
familiarising pupils with technology, it aims to provide positive experiences 
with the subject. It is known that without such experiences, pupils, even in 
primary education, tend to exclude engineering as a direction for further study 
or professional careers. Although in primary education, a strong focus on basic 
language and numeracy skills often results in a marginal focus on engineering, 
there are schools that consider it a subject which offers pupils the opportunity 
to develop a broad spectrum of knowledge and skills. This dissertation is inspired 
by teachers of such schools who try to improve their teaching in this domain 
but face the problem that it is very difficult to establish pupils’ skills and skill 
development in engineering. 

Insight into technical skills and their development offers teachers 
opportunities to adapt teaching to differences in prior knowledge (e.g., skill 
level), evaluate the effectiveness of lessons, inform pupils and parents about 
skills and progress in this domain and communicate with colleagues about 
successful approaches. Primary school teachers, however, find it difficult to gain 
insight into those skills. Assuming that a diagnostic tool would contribute to 
such insight, the main research question of this dissertation was: ‘Which support 
can a diagnostic tool designed for classroom use offer teachers to infer and 
promote pupils’ engineering skills?’ Four studies were carried out to answer this 
question.

Engineering skills often relate to systems, which function depends on 
interactions between its components. The first study identified the characteristics 
of skill development related to the construction and understanding of such 
systems and designed a blueprint for diagnostic tasks suitable to monitor that 
development. The second study explores the tool’s suitability for classroom use 
with two tasks that comply with the blueprint defined in the first study. The 
third study evaluates the effect of a training based on the diagnostics developed 
in the first study on the development of teachers’ understanding of technical 
skills. The fourth and final study used the diagnostic tool to explore the effect of 
adapting task difficulty on skill development. 

The first study presented in Chapter 2 used the Evidence Centred Design 
framework to create a blueprint, describing ten guidelines for compiling 
diagnostic tasks that are feasible and valid to assess pupils’ prior knowledge 
about material-based systems often used in engineering activities at primary 
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schools (e.g., constructions, mechanical systems and electric circuits). The 
guidelines are: (1) the diagnosis should be based on performance, (2) diagnostic 
tasks should represent a particular material-based system, (3) skill development 
should be identified on a one-dimensional scale, (4) a single task should be 
sufficient to assess pupils’ skill related to a specific system, (5) pupils should be 
able to make a task independently within ten minutes, (6) pupils’ work-products 
(i.e., task results) should suffice to infer their skill level, (7) the opportunities 
to demonstrate partial knowledge should be maximised, (8) opportunities to 
evaluate actions should be restricted, (9) the Fischer scale should be used as a 
generic ruler, and (10) each task should have specific scoring rules derived from 
the Fischer scale. Two tasks were compiled based on these guidelines: the Buzz-
Wire (BW) task, based on an electric circuit, and the Stairs Marble Track (SMT) 
task, which is a mechanical device with a camshaft.

The second study described in Chapter 3 explores the tools’ suitability for 
classroom use and its value for the teachers’ insight into their pupils’ technical 
skills. Eight teachers were asked to predict and substantiate their pupils’ 
technical skills, after which they used the Buzz-Wire and Stairs Marble Track 
task in their classroom to get information about pupils’ performance. With that 
knowledge, the teachers were interviewed. 

Task performance did deviate from the teachers’ estimates. Teachers’ 
estimates of pupils’ technical abilities seem biased by their knowledge about 
pupils’ reading comprehension and math results. Biases were also found for 
pupils’ general learning behaviour and gender. Moreover, the less experienced 
teachers systematically underestimated their pupils’ technical abilities. This 
resulted in a low judgement accuracy on pupils’ technical abilities of most 
participating teachers, their relative judgements (i.e., ranking pupils by 
presumed skill level) being, on average, slightly better than their absolute 
judgements (i.e., prediction skill levels). 

The teachers with pupils aged nine or older were positive about the 
feasibility of the tool for classroom use. In the interviews, they expressed their 
surprise at pupils who performed much better than they expected. For some 
pupils, teachers indicated that the results confirmed their idea that they had 
more capabilities as demonstrated on the standardised tests. 

Chapter 4 describes the third study, which evaluated the effects of a training 
based on Nickerson’s anchoring and adjustment model. This model states 
that people are inclined to think that others think as they do and need to be 
made aware of the fact that others might think differently. This is especially 
relevant for teachers. The diagnostic tool and its underlying theory were used 
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to make teachers aware of the similarities and differences between their own 
understanding of technical systems and that of pupils at different stages of their 
comprehension of such systems. 

The pre-posttest design of the study revealed that the teachers were, at 
the pre-test, already quite accurate in the comparative classification of pupils’ 
results on the BW and SMT task. This accuracy improved slightly on post-
test. The training had a positive effect on the teachers’ ability to infer pupils’ 
thinking from task results, and most teachers were able to identify skill levels 
from results on the diagnostic tasks. Moreover, the teachers’ self-efficacy 
beliefs with regard to teaching technical subjects and its effect on pupils’ skill 
development were positively affected by the training. This is meaningful as 
teachers’ self-efficacy beliefs strongly predict their teaching of this domain in 
practice. (Rohaan et al., 2012; Utley et al., 2019).

Chapter 5 describes the results of the two experiments of the fourth study based 
on the Challenge Point Framework (CPF, Guadagnoli & Lee, 2004). The CPF states 
that there is an optimal challenge to promote skill development which relates 
to the learners’ prior knowledge (i.e., skills). Challenges below that optimal 
challenge point offer insufficient information to induce learning. Challenges that 
exceed the optimal challenge point are likely to restrict learning as they offer 
more information than the learners’ processing capacity can handle, a stance 
which is consistent with the Cognitive Load Theory (Sweller, 1988). 

Based on the CPF, we hypothesised that skill development would be mediated 
by challenge adequacy. However, the results of both experiments did not support 
this hypothesis. Although the first experiment showed a significant positive 
effect of the adaptive condition on perceived challenge adequacy compared to a 
yoked condition, this did not result in differences in skill development between 
conditions. In the second experiment, which contrasted the adaptive condition 
with a condition in which only the most difficult tasks were offered, there was 
no significant effect of condition on perceived challenge adequacy and skill 
development. The absence of the relation with perceived challenge adequacy, 
as found in the first experiment, may relate to the absence of low levels of 
challenge in the contrasting condition of the second experiment. 

Post hoc analyses revealed an unexpected positive effect of a high challenge 
for pupils with the lowest levels of prior knowledge. In contrast, a high 
challenge was not beneficial for pupils with the second highest pre-test level, 
for which it even had a significant negative effect. We assume that the positive 
effect of high challenge on low pre-test performers might be caused by the 
worked-out-example-like aspects of the most difficult tasks 
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(Atkinson et al., 2000; Chen et al., 2019; Van Peppen et al., 2021). The negative 
effect of high challenge for pupils with the second-highest pre-test level might 
relate to a scalloping effect (Granott et al., 2002; Van der Ven et al., 2012). 

Chapter 6 discusses the answer to our main research question “Which support 
can a diagnostic tool designed for classroom use offer teachers to infer and 
promote pupils’ engineering skills?” We answered this question through the 
model of Zi Yan et al. (2021), which describes the factors that influence the use 
of assessment in classrooms. The model states that intentions to use assessments 
are especially affected by instrumental attitude, training and self-efficacy beliefs. 
A positive instrumental attitude was expressed in the interviews. Teachers 
considered the tool valuable as it helped them to acknowledge and communicate 
skills that were not identified with existing tests. Training improved the teachers’ 
diagnostic ability and had a strong positive effect on their self-efficacy beliefs 
about teaching engineering. 

The application of the Fischer scale in the context of formative assessment 
has created new opportunities to study the relationship between prior 
knowledge, task difficulty and adaptive teaching. We could demonstrate that 
hands-on tasks were especially beneficial for pupils with low levels of prior 
knowledge and that a challenge, as perceived by pupils, did not always coincide 
with an optimal challenge for learning. Our tool offers opportunities for further 
exploration of, for instance, the effect of hands-on tasks compared to a teacher 
demonstration or computer-based simulations or the effect of adapted feedback.
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Techniek is alom aanwezig in de hedendaagse samenleving en wordt daarom in 
veel landen al op de basisschool onderwezen. Naast het vertrouwd maken van 
leerlingen met techniek, heeft dit tot doel leerlingen positieve ervaringen met het 
vak op te laten  doen. Het is bekend dat zonder dergelijke ervaringen leerlingen 
al aan het eind van de basisschool geneigd zijn om techniek uit te sluiten als een 
richting voor verdere studie of beroepsloopbaan. Hoewel in het basisonderwijs 
een sterke focus op basisvaardigheden taal en rekenen vaak resulteert in beperkte 
aandacht voor techniek, zijn er scholen die het vak gebruiken om leerlingen de 
kans te geven een breed spectrum aan kennis en vaardigheden te ontwikkelen. Dit 
proefschrift is geïnspireerd door leerkrachten van dergelijke scholen die proberen 
hun onderwijs op dit gebied te verbeteren, maar geconfronteerd worden met 
het probleem dat het erg moeilijk is om de vaardigheden en ontwikkeling van 
leerlingen bij techniek vast te stellen.

Zicht op technische vaardigheden en hun ontwikkeling biedt leraren 
mogelijkheden om het onderwijs aan te passen aan verschillen tussen leerlingen, 
de effectiviteit van lessen te evalueren, leerlingen en ouders te informeren over 
vaardigheden en vorderingen op dit gebied en te communiceren met collega’s 
over succesvolle benaderingen. Leerkrachten in het basisonderwijs hebben 
echter moeite om zicht te krijgen op die technische vaardigheden. Vanuit de 
veronderstelling dat een diagnostisch hulpmiddel hen zal helpen bij het verkrijgen 
van zicht op de technische vaardigheid van hun leerlingen, is de centrale vraag 
in dit proefschrift: ‘Welke ondersteuning kan een diagnostisch hulpmiddel dat 
ontworpen is voor gebruik in de klas leraren bieden om de technische vaardigheden 
van leerlingen af te leiden en te bevorderen?’ Om deze vraag te beantwoorden zijn 
vier onderzoeken uitgevoerd.

Technische vaardigheden hebben veelal betrekking op systemen die functioneren 
door interactie tussen de componenten. De eerste studie verkent de ontwikkeling van 
vaardigheden die leerlingen in staat stellen om technische systemen te begrijpen 
en te construeren. Op basis daarvan is een blauwdruk ontworpen voor diagnostische 
taken die geschikt zijn om die ontwikkeling te volgen. De tweede studie onderzoekt 
de geschiktheid van de in de eerste studie ontwikkelde diagnostiek voor gebruik 
in de klas. De derde studie evalueert het effect op de ontwikkeling van inzicht in 
technische vaardigheden van leerkrachten van een training die gebaseerd was op 
de in de eerste studie ontwikkelde diagnostiek. In de vierde en laatste studie is 
de diagnostiek gebruikt om opdrachten af te stemmen op de beginsituatie van de 
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leerlingen. Het effect daarvan op de vaardigheidheidsontwikkeling is vergeleken met 
het aanbieden van niet op voorkennis afgestemde taken. 

De eerste studie beschreven in hoofdstuk 2, ontwikkelde aan de hand van het 
Evidence Centered Design-raamwerk een blauwdruk voor diagnostische taken om de 
vaardigheid van leerlingen om technische systemen te construeren op een valide 
en in de basisschool toepasbare wijze vast te kunnen stellen. De blauwdruk bestaat 
uit tien richtlijnen voor de constructie van dergelijke diagnostische taken. Deze 
richtlijnen zijn: (1) de vaardigheid moet handelend worden aangetoond, (2) elke 
taak moet gebaseerd zijn op een specifiek technisch systeem, (3) de vaardigheid 
moet op een ééndimensionale schaal worden geïdentificeerd, (4) een enkele taak 
moet voldoende zijn om de vaardigheden van leerlingen met betrekking tot een 
specifiek systeem te beoordelen, (5) leerlingen moeten in staat zijn om zelfstandig 
een taak binnen tien minuten uitvoeren, (6) het vaardigheidsniveau moet 
vastgesteld kunnen worden aan de hand van het werkproduct (d.w.z. het resultaat), 
(7) de taak moet de leering voldoende kans bieden om deelvaardigheden aan te 
tonen, (8) de mogelijkheid om uit te proberen moet beperkt zijn, (9) de Fischer-
schaal moet worden gebruikt als referentiekader voor elke taak, en (10) elke taak 
moet specifieke scoreregels hebben die van de Fischer-schaal zijn afgeleid.  Op 
basis van deze richtlijnen zijn twee taken gecontrueerd: de zenuwspiraaltaak 
(Buzz-Wire; BW), gebaseerd op een electrisch circuit en de trapkogelbaantaak 
(Stairs Marble Track, SMT), gebaseerd op een mechanisch systeem met een 
nokkenas. 

De tweede studie beschreven in hoofdstuk 3 verkent of op de bovengenoemde 
richtlijnen gebaseerde taken toepasbaar zijn in de klas en of de uitkomsten 
bijdragen aan het zicht van leerkrachten op de technische vaardigheid van hun 
leerlingen. Acht leraren is gevraagd om de technische vaardigheden van hun 
leerlingen te voorspellen en de voorspellingen te onderbouwen. Daarna gebruikten 
ze de zenuwspiraal en trapkogelbaan taak in hun klas. Tenslotte werd elk leerkracht 
geïnterviewd.

De resultaten op de taken weken af van de inschattingen. Leerkrachten lijken 
bij die inschattingen de voorspellende waarde van prestaties op het gebied van 
begrijpend lezen en rekenen voor technische vaardigheden te overschatten. 
Daarnaast lijken de leerkrachten de technische vaardigheid van meisjes en van 
leerlingen met taak-werkhouding problemen lager in te schatten dan de prestaties 
op de taken lieten zien. Een systematische onderschatting van de technische 
vaardigheid van leerlingen was vooral merkbaar bij leerkrachten met minder dan 
vijf jaar ervaring. De op rangorde gebaseerde inschattingen waren beter dan 
inschattingen van vaardigheidsniveaus.



172

SUPPLEMENTS

De leerkrachten met leerlingen van negen jaar of ouder waren positief over 
de praktische toepasbaarheid van de taken in hun klas. In de interviews spraken 
ze hun verbazing uit over leerlingen die veel beter presteerden dan ze hadden 
verwacht. Voor sommige leerlingen bevestigden de resultaten de vermoedens van 
hun leerkracht dat zij over meer capaciteiten beschikten dan zichtbaar bij de 
reguliere toetsen.

Hoofdstuk 4 beschrijft de derde studie, die de effecten evalueerde van een 
training gebaseerd op het verankerings- en aanpassingsmodel van Nickerson. 
Dit model stelt dat mensen geneigd zijn te denken dat anderen denken zoals 
zij denken en bewust gemaakt moeten worden van het feit dat anderen anders 
kunnen denken. Dit is vooral relevant voor docenten. Het diagnostisch hulpmiddel 
en de onderliggende theorie werden gebruikt om leraren bewust te maken van de 
overeenkomsten en verschillen tussen hun eigen begrip van technische systemen 
en dat van leerlingen in verschillende stadia van de ontwikkeling van hun inzicht 
in de werking van dergelijke systemen. 

Leerkrachten bleken voorafgaand aan de training al vrij nauwkeurig in hun 
inschatting van verschil in vaardigheidsontwikkeling als ze twee resultaten konden 
vergelijken. Deze inschatting was nog wat beter na de training. De training had 
een positief effect op het vermogen van de leerkrachten om zich een voorstelling 
te maken van het soort kennis dat leerlingen hadden gebruikt om de taak uit 
te voeren. De meeste leraren konden na de training het vaardigheidsniveau vrij 
nauwkeurig afleiden uit de taakresultaten. De training had een sterk effect op 
de opvattingen van de deelnemers over hun vermogen om techniekonderwijs 
te geven en op de bijdrage van techniekonderwijs aan de ontwikkeling van 
technische vaardigheden van leerlingen. Dit is betekenisvol omdat overtuigingen 
over zelfeffectiviteit een sterke voorspeller zijn van de aandacht die leerkrachten 
besteden aan techniekonderwijs. (Rohaan et al., 2012; Utley et al., 2019).

Hoofdstuk 5 beschrijft de resultaten van de twee experimenten gebaseerd op 
het Challenge Point Framework (CPF, Guadagnoli & Lee, 2004). Het CPF stelt dat 
er een optimale uitdaging is om de ontwikkeling van vaardigheden te bevorderen. 
Wat dat optimum is hangt af van de mate waarin leerlingen de vereiste vaardigheid 
al beheersen. Een sub-optimale uitdaging biedt de leerlingen te weinig informatie 
om hun vaardigheid verder te ontwikkelen. Te grote uitdagingen kunnen de 
vaardigheidsontwikkeling beperken omdat de hoeveelheid informatie groter is dan 
de leerling kan verwerken, hetgeen ook bekend is vanuit de Cognitive Load Theory 
(Sweller, 1988).

Op basis van het CPF, veronderstelden we dat de ontwikkeling van 
vaardigheden zou worden gemedieerd door een als optimaal ervaren uitdaging. 
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De resultaten van beide experimenten kwamen niet overeen met deze hypothese. 
Bij het eerste experiment was er weliswaar een significant positief effect op 
de tevredenheid van de leerlingen over als de taken waren afgestemd op hun 
voorkennis, maar dit veroorzaakte geen verschil in vaardigheidsontwikkeling 
in vergelijking met leerlingen waarbij de taken niet op hun voorkennis 
waren afgestemd. In het tweede experiment waarbij leerlingen in de niet op 
voorkennis afgestemde conditie uitsluitend de moeilijkste taken kregen was 
er geen significant verschil in tevredenheid over de geboden uitdaging en in 
vaardigheidsontwikkeling. De afwezigheid van het eerder wél aanwezige positieve 
effect op de tevredenheid van op voorkennis afgestemde taken hangt mogelijk 
samen met het ontbreken van weinig uitdaging in het tweede experiment.

Post hoc analyses lieten een onverwacht positief effect zien van een 
hoge uitdaging voor de minst vaardige leerlingen. Daarentegen had een hoge 
uitdaging een significant negatief effect bij leerlingen met het op één na 
hoogste vaardigheidsniveau. We veronderstellen dat het positieve effect van een 
hoge uitdaging bij de minst vaardige leerlingen samenhangt met de structuur 
van de moeilijkste taken. Bij deze taken construeren en veranderen de leerlingen 
elektrische circuits aan de hand van foto’s, waarna leerlingen wordt gevraagd 
om met informatie over weerstand de waargenomen veranderingen te verklaren. 
De gefotografeerde voorbeelden bieden ook de minst vaardige leerlingen de 
mogelijkheid om werkende circuits te construeren hetgeen zij als een positieve 
en haalbare uitdaging ervaren (Atkinson et al., 2000; Chen et al., 2019; 
Van Peppen et al., 2021). Het negatieve effect van een hoge uitdaging voor 
leerlingen die voorafgaand aan de les het op één na hoogste vaardigheidsniveau 
lieten zien kan mogelijk een gevolg zijn van een scalloping-effect (Granott et 
al., 2002; Van der Ven et al., 2012).

Hoofdstuk 6 bespreekt het antwoord op onze hoofdonderzoeksvraag “Welke 
ondersteuning kan een diagnostisch hulpmiddel dat ontworpen is voor gebruik 
in de klas leraren bieden om de technische vaardigheden van leerlingen af te 
leiden en te bevorderen?” Bij het beantwoorden van deze vraag hebben we 
gebruik gemaakt van het model van Zi Yan et al. (2021), waarin de factoren 
worden beschreven die van invloed zijn op het gebruik van toetsen in de 
klas. Dit model stelt dat intenties om assessments te gebruiken vooral worden 
beïnvloed door instrumentele houding (i.e. de waarde die men aan diagnostiek 
hecht) , training en overtuigingen over de eigen bekwaamheid. Een positieve 
instrumentele houding kwam naar voren in de interviews. Leerkrachten 
vonden dat de diagnostische taken waardevol omdat ze vaardigheden 
identificeren die niet blijken uit de reguliere toetsing. Training verbeterde het 
diagnostisch vermogen van de leraren en had een sterk positief effect op hun 
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zelfeffectiviteitsovertuigingen ten aanzien van het onderwijzen van techniek.
Het toepassen van de Fischer-schaal in de context van formatieve 

beoordeling heeft nieuwe mogelijkheden gecreëerd om de relatie tussen 
voorkennis, taakmoeilijkheid en adaptief onderwijs te bestuderen. We konden 
hiermee al zichtbaar maken dat vooral leerlingen met lage vaardigheidsniveaus 
lijken te profiteren van praktische taken en dat een optimale uitdaging, zoals die 
door leerlingen wordt ervaren, geen sterke voorspellende waarde lijkt te hebben 
voor hun vaardigheidsontwikkeling. De door ons ontwikkelde diagnostiek biedt 
mogelijkheden voor verder onderzoek naar het effect op vaardigheidsontwikkeling 
van praktische taken in vergelijking met andere onderwijsvormen zoals 
demonstratie, computer simulaties of het effect van adaptieve feedback.
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CHAPTER 2:  
PUPILS’ PRIOR KNOWLEDGE ABOUT  
TECHNOLOGICAL SYSTEMS:  
DESIGN AND VALIDATION OF A DIAGNOSTIC  
TOOL FOR PRIMARY SCHOOL TEACHERS

dataverse: doi:10.34894/PUQDCX

1. General data 
 1.1. Ethical approval and information for parents
2. Data collection
 2.1. Coding Files: description of the coding of work products
 2.2. D-PAC: data of comparisons of BW and SMT work products by    
  technology-education experts from the D-PAC platform
 2.3. Fischer Experts: reactions of Fischer experts on initial BW and  
  SMT coding, interview transcripts (Dutch) 
 2.4. Interrater: coding of pupils‘ actions by two independent raters. 
 2.5. SchoolData: coding of actions and final result of pupils
 2.6. Task Explanation: explanation of tasks to pupils 
3. Data analyses: explanation of data collection and analyses
 3.1. SPSS: SPSS scripts, data- and output files
4. Article: final article and figures

SUPPLEMENTARY MATERIALS
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Initial scoring rules
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Scoring rules BW and SMT work products
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CHAPTER 3: 
TEACHER JUDGEMENT ACCURACY OF TECHNICAL 
ABILITIES IN PRIMARY EDUCATION

dataverse: doi:10.34894/YWIVC4

• General data: 
 o readme_dataset.pdf: explanation of structure of dataset
 o Dataset Teacher judgement accuracy: explanation of variables of all  
  datafiles
 o Scoring rules work products: BW and SMT scoring rules
1. Article: article published
2. Interviews: Interview transcripts and notes; teachers’ arguments for pupils’ rank
3. Knowledge test
4. SPSS: syntax, datafiles and output
5. Work poduct pictures

CHAPTER 4: 
FOSTERING PRE-SERVICE PRIMARY SCHOOL 
TEACHERS’ ABILITY TO RECOGNISE DIFFERENCES IN 
PUPILS’ UNDERSTANDING OF TECHNICAL SYSTEMS

Dataverse: doi:10.34894/NEII5T

1. Article: article published
2. Instruments: knowledge test, STEBI-adapted and Diagnostic test 
3. Stats: R and SPSS syntax, datafiles and spss output files
4. Training: PowerPoints of training sessions , BW and SMT scoring rules (Dutch)
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Scoring rules Dutch; BW task
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Scoring rules Dutch: SMT task
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CHAPTER 5: 
ADAPTING TASK DIFFICULTY TO PUPILS’ 
PRIOR KNOWLEDGE ABOUT ELECTRIC CIRCUITS: 
EFFECTS ON PERCEIVED CHALLENGE ADEQUACY 
AND SKILL DEVELOPMENT

Dataverse: doi:10.34894/NEII5T

1. Article: article published
2. Instruments: knowledge test, STEBI-adapted and Diagnostic test 
3. Stats: R and SPSS syntax, datafiles and spss output files
4. Training: PowerPoints of training sessions , BW and SMT scoring rules (Dutch)
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Figure 1
BW task, Fischer level relative to final level at subsequent actions (n=20)

CHAPTER 6: 
DIAGNOSING ENGINEERING SKILLS IN PRIMARY 
CLASSROOMS

Fischer scale level at subsequent actions
The level of the workproduct of the Buzz-Wire (BW) and Stairs Marble Track (SMT) 
task usually increases towards the level at the point where pupils indicate that 
they have finished the task. Figure 1 shows the relationship between subsequent 
actions and the Fischer scale level of 20 pupils on the BW task. As the Fischer 
scale level differs per pupil, the Y-axis represents the relative Fischer level. The 
relative Fischer level is calculated by dividing the Fischer level at the nth action by 
the Fischer level after the last action. This results in 1 as indication of the final 
level, represented by a dashed red horizontal line. As the number of actions also 
varies per pupil, the X scale value is the nth action of each pupil divided by the 
total number of actions of that pupil. The final level is therefore 1 and represented 
by a dashed red vertical line.
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For the BW task, there was one pupil with an intermediate higher level. This 
pupil disconnected a wire before ending the task, which made the result drop from 
3 at the second last action to 2 at the last action.

The results of 20 pupils on the SMT task are represented in Figure 2. The 
relative Fischer level on the Y-axis and the relative number of actions represented 
on the X-axis were calculated as in the BW task. 

Here one pupil (case 2) changed the position of the first bar, which has a 
somewhat different shape at the top to allow marbles to roll on that bar, at the 
13th of 20 actions. This caused a drop from level 4 to level 2 as a result of that 
action, level 3 being the final level as the upper side of the first bar did not align 
with the other five bars. 

Figure 2
SMT task, Fischer level relative to final level at subsequent actions (n=20)
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Environmental Education centre in Wageningen. There he organised many different 
educational projects for primary schools and initiated projects to improve the 
quality of educational materials at EE centres in the Netherlands. From 2006 
onwards, he also became a teacher at the HAN teacher training academy for 
primary education. Here he trained in-service and pre-service teachers on science 
and technology. With German training institutes, he realised the website ‘Learning 
by curiosity’. This website contains video recordings and comments on the lessons 
of German and Dutch teachers in primary and pre-primary education in which they 
use their pupils’ curiosity to enhance learning. During his work with in-service 
teachers, the question arose how to they could evaluate their teaching approaches 
in science and technology. This resulted in the application of an NWO grant, which 
was awarded and made it possible to start a PhD project for two days a week at 
Utrecht University. The project focussed on engineering skills and was done at 
schools related to the HAN teacher training academy and with students. Currently, 
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and technology.
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