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Abstract
Balancing disciplinary knowledge and practical reasoning in problem solving is needed 
for meaningful learning. In STEM problem solving, science subject matter with associated 
practices often appears distant to learners due to its abstract nature. Consequently, learn-
ers experience difficulties making meaningful connections between science and their daily 
experiences. Applying Dewey’s idea of practical and science inquiry and Bereiter’s idea 
of referent-centred and problem-centred knowledge, we examine how integrated STEM 
problem solving offers opportunities for learners to shuttle between practical and science 
inquiry and the kinds of knowledge that result from each form of inquiry. We hypothesize 
that connecting science inquiry with practical inquiry narrows the gap between science and 
everyday experiences to overcome isolation and fragmentation of science learning. In this 
study, we examine classroom talk as students engage in problem solving to increase crop 
yield. Qualitative content analysis of the utterances of six classes of 113 eighth graders 
and their teachers were conducted for 3  hours of video recordings. Analysis showed an 
almost equal amount of science and practical inquiry talk. Teachers and students applied 
their everyday experiences to generate solutions. Science talk was at the basic level of facts 
and was used to explain reasons for specific design considerations. There was little evi-
dence of higher-level scientific conceptual knowledge being applied. Our observations sug-
gest opportunities for more intentional connections of science to practical problem solv-
ing, if we intend to apply higher-order scientific knowledge in problem solving. Deliberate 
application and reference to scientific knowledge could improve the quality of solutions 
generated.
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1 Introduction

As we enter to second quarter of the twenty-first century, it is timely to take stock of both 
the changes and demands that continue to weigh on our education system. A recent report 
by World Economic Forum highlighted the need to continuously re-position and re-invent 
education to meet the challenges presented by the disruptions brought upon by the fourth 
industrial revolution (World Economic Forum, 2020). There is increasing pressure for edu-
cation to equip children with the necessary, relevant, and meaningful knowledge, skills, 
and attitudes to create a “more inclusive, cohesive and productive world” (World Economic 
Forum, 2020, p. 4). Further, the shift in emphasis towards twenty-first century competen-
cies over mere acquisition of disciplinary content knowledge is more urgent since we are 
preparing students for “jobs that do not yet exist, technology that has not yet been invented, 
and problems that has yet exist” (OECD, 2018, p. 2). Tan (2020) concurred with the urgent 
need to extend the focus of education, particularly in science education, such that learn-
ers can learn to think differently about possibilities in this world. Amidst this rhetoric for 
change, the questions that remained to be answered include how can science education 
transform itself to be more relevant; what is the role that science education play in inte-
grated STEM learning; how can scientific knowledge, skills and epistemic practices of sci-
ence be infused in integrated STEM learning; what kinds of STEM problems should we 
expose students to for them to learn disciplinary knowledge and skills; and what is the 
relationship between learning disciplinary content knowledge and problem solving skills?

In seeking to understand the extent of science learning that took place within integrated 
STEM learning, we dissected the STEM problems that were presented to students and 
examined in detail the sense making processes that students utilized when they worked on 
the problems. We adopted Dewey’s (1938) theoretical idea of scientific and practical/com-
mon-sense inquiry and Bereiter’s ideas of referent-centred and problem-centred knowledge 
building process to interpret teacher-students’ interactions during problem solving. There 
are two primary reasons for choosing these two theoretical frameworks. Firstly, Dewey’s 
ideas about the relationship between science inquiry and every day practical problem-solv-
ing is important in helping us understand the role of science subject matter knowledge and 
science inquiry in solving practical real-world problems that are commonly used in STEM 
learning. Secondly, Bereiter’s ideas of referent-centred and problem-centred knowledge 
augment our understanding of the types of knowledge that students can learn when they 
engage in solving practical real-world problems.

Taken together, Dewey’s and Bereiter’s ideas enable us to better understand the types 
of problems used in STEM learning and their corresponding knowledge that is privileged 
during the problem-solving process. As such, the two theoretical lenses offered an alterna-
tive and convincing way to understand the actual types of knowledge that are used within 
the context of integrated STEM and help to move our understanding of STEM learning 
beyond current focus on examining how engineering can be used as an integrative mecha-
nism (Bryan et  al., 2016) or applying the argument of the strengths of trans-, multi-, or 
inter-disciplinary activities (Bybee, 2013; Park et al., 2020) or mapping problems by the 
content and context as pure STEM problems, STEM-related problems or non-STEM prob-
lems (Pleasants, 2020). Further, existing research (for example, Gale et al., 2000) around 
STEM education focussed largely on description of students’ learning experiences with 
insufficient attention given to the connections between disciplinary conceptual knowledge 
and inquiry processes that students use to arrive at solutions to problems. Clarity in the role 
of disciplinary knowledge and the related inquiry will allow for more intentional design of 
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STEM problems for students to learn higher-order knowledge. Applying Dewey’s idea of 
practical and scientific inquiry and Bereiter’s ideas of referent-centred and problem-centred 
knowledge, we analysed six lessons where students engaged with integrated STEM prob-
lem solving to propose answers to the following research questions: What is the extent of 
practical and scientific inquiry in integrated STEM problem solving? and What concep-
tual knowledge and problem-solving skills are learnt through practical and science inquiry 
during integrated STEM problem solving?

2  Inquiry in Problem Solving

Inquiry, according to Dewey (1938), involves the direct control of unknown situations to 
change them into a coherent and unified one. Inquiry usually encompasses two interrelated 
activities—(1) thinking about ideas related to conceptual subject-matter and (2) engaging 
in activities involving our senses or using specific observational techniques. The National 
Science Education Standards released by the National Research Council in the US in 1996 
defined inquiry as “…a multifaceted activity that involves making observations; posing 
questions; examining books and other sources of information to see what is already known; 
planning investigations; reviewing what is already known in light of experimental evi-
dence; using tools to gather, analyze, and interpret data; proposing answers, explanations, 
and predictions; and communicating the results. Inquiry requires identification of assump-
tions, use of critical and logical thinking, and consideration of alternative explanations” (p. 
23). Planning investigation; collecting empirical evidence; using tools to gather, analyse 
and interpret data; and reasoning are common processes shared in the field of science and 
engineering and hence are highly relevant to apply to integrated STEM education.

In STEM education, establishing the connection between general inquiry and its appli-
cation helps to link disciplinary understanding to epistemic knowledge. For instance, meth-
ods of science inquiry are popular in STEM education due to the familiarity that teachers 
have with scientific methods. Science inquiry, a specific form of inquiry, has appeared in 
many science curriculum (e.g. NRC, 2000) since Dewey proposed in 1910 that learning 
of science should be perceived as both subject-matter and a method of learning science 
(Dewey, 1910a, 1910b). Science inquiry which involved ways of doing science should 
also encompass the ways in which students learn the scientific knowledge and investiga-
tive methods that enable scientific knowledge to be constructed. Asking scientifically ori-
entated questions, collecting empirical evidence, crafting explanations, proposing models 
and reasoning based on available evidence are affordances of scientific inquiry. As such, 
science should be pursued as a way of knowing rather than merely acquisition of scientific 
knowledge.

Building on these affordances of science inquiry, Duschl and Bybee (2014) advocated 
the 5D model that focused on the practice of planning and carrying out investigations in 
science and engineering, representing two of the four disciplines in STEM. The 5D model 
includes science inquiry aspects such as (1) deciding on what and how to measure, observe 
and sample; (2) developing and selecting appropriate tools to measure and collect data; (3) 
recording the results and observations in a systematic manner; (4) creating ways to repre-
sent the data and patterns that are observed; and (5) determining the validity and the repre-
sentativeness of the data collected. The focus on planning and carrying out investigations 
in the 5D model is used to help teachers bridge the gap between the practices of build-
ing and refining models and explanation in science and engineering. Indeed, a common 
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approach to incorporating science inquiry in integrated STEM curriculum involves student 
planning and carrying out scientific investigations and making sense of the data collected 
to inform engineering design solution (Cunningham & Lachapelle, 2016; Roehrig et  al., 
2021). Duschl and Bybee (2014) argued that it is needful to design experiences for learners 
to appreciate that struggles are part of problem solving in science and engineering. They 
argued that “when the struggles of doing science is eliminated or simplified, learners get 
the wrong perceptions of what is involved when obtaining scientific knowledge and evi-
dence” (Duschl & Bybee, 2014, p. 2). While we concur with Duschl and Bybee about the 
need for struggles, in STEM learning, these struggles must be purposeful and grade appro-
priate so that students will also be able to experience success amidst failure.

The peculiar nature of science inquiry was scrutinized by Dewey (1938) when he cross-
examined the relationship between science inquiry and other forms of inquiry, particularly 
common-sense inquiry. He positioned science inquiry along a continuum with general 
or common-sense inquiry that he termed as “logic”. Dewey argued that common-sense 
inquiry serves a practical purpose and exhibits features of science inquiry such as asking 
questions and a reliance on evidence although the focus of common-sense inquiry tends to 
be different. Common-sense inquiry deals with issues or problems that are in the immedi-
ate environment where people live, whereas the objects of science inquiry are more likely 
to be distant (e.g. spintronics) from familiar experiences in people’s daily lives. While we 
acknowledge the fundamental differences (such as novel discovery compared with re-dis-
covering science, ‘messy’ science compared with ‘sanitised’ science) between school sci-
ence and science that is practiced by scientists, the subject of interest in science (under-
standing the world around us) remains the same.

The unfamiliarity between the functionality and purpose of science inquiry to improve 
the daily lives of learners does little to motivate learners to learn science (Aikenhead, 
2006; Lee & Luykx, 2006) since learners may not appreciate the connections of science 
inquiry in their day-to-day needs and wants. Bereiter (1992) has also distinguished knowl-
edge into two forms—referent-centred and problem-centred. Referent-centred knowledge 
refers to subject-matter that is organised around topics such as that in textbooks. Prob-
lem-centred knowledge is knowledge that is organised around problems, whether they are 
transient problems, practical problems or problems of explanations. Bereiter argued that 
referent-centred knowledge that is commonly taught in schools is limited in their appli-
cations and meaningfulness to the lives of students. This lack of familiarity and affinity 
to referent-centred knowledge is likened to the science subject-matter knowledge that was 
mentioned by Dewey. Rather, it is problem-centred knowledge that would be useful when 
students encounter problems. Learning problem-centred knowledge will allow learners to 
readily harness the relevant knowledge base that is useful to understand and solve specific 
problems. This suggests a need to help learners make the meaningful connections between 
science and their daily lives.

Further, Dewey opined that while the contexts in which scientific knowledge arise could 
be different from our daily common-sense world, careful consideration of scientific activi-
ties and applying the resultant knowledge to daily situations for use and enjoyment is pos-
sible. Similarly, in arguing for problem-centred knowledge, Bereiter (1992) questioned the 
value of inert knowledge that plays no role in helping us understand or deal with the world 
around us. Referent-centred knowledge has a higher tendency to be inert due to the way 
that the knowledge is organised and the way that the knowledge is encountered by learners. 
For instance, learning about the equation and conditions for photosynthesis is not going to 
help learners appreciate how plants are adapted for photosynthesis and how these adapta-
tions can allow plants to survive changes in climate and for farmers to grow plants better 
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by creating the best growing conditions. Rather, students could be exposed to problems of 
explanations where they are asked to unravel the possible reasons for low crop yield and 
suggest possible ways to overcome the problem. Hence, we argue here that the value of the 
referent knowledge is that they form the basis and foundation for the students to be able to 
discuss or suggest ways to overcome real life problems. Referent-centred knowledge serves 
as part of the relevant knowledge base that can be harnessed to solve specific problems 
or as foundational knowledge students need to progress to learn higher-order conceptual 
knowledge that typically forms the foundations or pillars within a discipline. This notion of 
referent-centred knowledge serving as foundational knowledge that can be and should be 
activated for application in problem-solving situation is shown by Delahunty et al. (2020). 
They found that students show high reliance on memory when they are conceptualising 
convergent problem-solving tasks.

While Bereiter argues for problem-centred knowledge, he cautioned that engagement 
should be with problems of explanation rather than transient or practical problems. He 
opined that if learners only engage in transient or practical problem alone, they will only 
learn basic-category types of knowledge and fail to understand higher-order conceptual 
knowledge. For example, for photosynthesis, basic-level types of knowledge included facts 
about the conditions required for photosynthesis, listing the products formed from the pro-
cess of photosynthesis and knowing that green leaves reflect green light. These basic-level 
knowledges should intentionally help learners learn higher-level conceptual knowledge 
that include learners being able to draw on the conditions for photosynthesis when they 
encounter that a plant is not growing well or is exhibiting discoloration of leaves.

Transient problems disappear once a solution becomes available and there is a high like-
lihood that we will not remember the problem after that. Practical problems, according to 
Bereiter are “stuck-door” problems that could be solved with or without basic-level knowl-
edge and often have solutions that lacks precise definition. There are usually a handful of 
practical strategies, such as pulling or pushing the door harder, kicking the door, etc. that 
will work for the problems. All these solutions lack a well-defined approach related to gen-
eral scientific principles that are reproducible. Problems of explanations are the most desir-
able types of problems for learners since these are problems that persist and recur such that 
they can become organising points for knowledge. Problems of explanations consist of the 
conceptual representations of (1) a text base that serves to represent the text content and 
(2) a situation model that shows the portion of the world in which the text is relevant. The 
idea of text base to represent text content in solving problems of explanations is like the 
idea of domain knowledge and structural knowledge (refers to knowledge of how concepts 
within a domain are connected) proposed by Jonassen (2000). He argued that both types 
of knowledges are required to solve a range of problems from well-structured problems to 
ill-structured problems with a simulated context, to simple ill-structured problems and to 
complex ill-structured problems.

Jonassen indicated that complex ill-structured problems are typically design problems 
and are likely to be the most useful forms of problems for learners to be engaged in inquiry. 
Complex ill-structured design problems are the “wicked” problems that Buchanan (1992) 
discussed. Buchanan’s idea is that design aims to incorporate knowledge from different 
fields of specialised inquiry to become whole. Complex or wicked problems are akin to 
the work of scientists who navigate multiple factors and evidence to offer models that are 
typically oversimplified, but they apply them to propose possible first approximation expla-
nations or solutions and iteratively relax constraints or assumptions to refine the model. 
The connections between the subject matter of science and the design process to engineer 
a solution are delicate. While it is important to ensure that practical concerns and questions 
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are taken into consideration in designing solutions (particularly a material artefact) to a 
practical problem, the challenge here lies in ensuring that creativity in design is encour-
aged even if students initially lack or neglect the scientific conceptual understanding to 
explain/justify their design. In his articulation of wicked problems and the role of design 
thinking, Buchanan (1992) highlighted the need to pay attention to category and place-
ment. Categories “have fixed meanings that are accepted within the framework of a theory 
or a philosophy and serve as the basis for analyzing what already exist” (Buchanan, 1992, 
p. 12). Placements, on the other hand, “have boundaries to shape and constrain meaning, 
but are not rigidly fixed and determinate” (p. 12).

The difference in the ideas presented by Dewey and Bereiter lies in the problem design. 
For Dewey, scientific knowledge could be learnt from inquiring into practical problems 
that learners are familiar with. After all, Dewey viewed “modern science as continuous 
with, and to some degree an outgrowth and refinement of, practical or ‘common-sense’ 
inquiry” (Brown, 2012). For Bereiter, he acknowledged the importance of familiar experi-
ences, but instead of using them as starting points for learning science, he argued that prac-
tical problems are limiting in helping learners acquire higher-order knowledge. Instead, he 
advocated for learners to organize their knowledge around problems that are complex, per-
sistent and extended and requiring explanations to better understand the problems. Learn-
ers are to have a sense of the kinds of problems to which the specific concept is relevant 
before they can be said to have grasp the concept in a functionally useful way.

To connect between problem solving, scientific knowledge and everyday experiences, 
we need to examine ways to re-negotiate the disciplinary boundaries (such as epistemic 
understanding, object of inquiry, degree of precision) of science and make relevant con-
nections to common-sense inquiry and to the problem at hand. Integrated STEM appears to 
be one way in which the disciplinary boundaries of science can be re-negotiated to include 
practices from the fields of technology, engineering and mathematics. In integrated STEM 
learning, inquiry is seen more holistically as a fluid process in which the outcomes are 
not absolute but are tentative. The fluidity of the inquiry process is reflected in the non-
deterministic inquiry approach. This means that students can use science inquiry, engineer-
ing design, design process or any other inquiry approaches that fit to arrive at the solution. 
This hybridity of inquiry between science, common-sense and problems allows for some 
familiar aspects of the science inquiry process to be applied to understand and generate 
solutions to familiar everyday problems. In attempting to infuse elements of common-
sense inquiry with science inquiry in problem-solving, logic plays an important role to 
help learners make connections. Hypothetically, we argue that with increasing exposure 
to less familiar ways of thinking such as those associated with science inquiry, students’ 
familiarity with scientific reasoning increases, and hence such ways of thinking gradually 
become part of their common-sense, which students could employ to solve future relevant 
problems. The theoretical ideas related to complexities of problems, the different forms of 
inquiry afforded by different problems and the arguments for engaging in problem solving 
motivated us to examine empirically how learners engage with ill-structured problems to 
generate problem-centred knowledge. Of particular interest to us is how learners and teach-
ers weave between practical and scientific reasoning as they inquire to integrate the compo-
nents in the original problem into a unified whole.
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3  Methods

3.1  Context

The integrated STEM activity in our study was planned using the S-T-E-M quartet instruc-
tional framework (Tan et  al., 2019). The S-T-E-M quartet instructional framework posi-
tions complex, persistent and extended problems at its core and focusses on the vertical 
disciplinary knowledge and understanding of the horizontal connections between the dis-
ciplines that could be gained by learners through solving the problem (Tan et al., 2019). 
Figure 1 depicts the disciplinary aspects of the problem that was presented to the students. 
The activity has science and engineering as the two lead disciplines. It spanned three 1-h 
lessons and required students to both learn and apply relevant scientific conceptual knowl-
edge to solve a complex, real-world problem through processes that resemble the engineer-
ing design process (Wheeler et al., 2019).

In the first session (1 h), students were introduced to the problem and its context. The 
problem pertains to the issue of limited farmland in a land scarce country that imports 
90% of food (Singapore Food Agency [SFA], 2020). The students were required to devise 
a solution by applying knowledge of the conditions required for photosynthesis and plant 
growth to design and build a vertical farming system to help farmers increase crop yield 

Legend: 

1. Rectangles with dark solid outline show strong vertical disciplinary learning. 

2. Rectangles with thin solid line show moderate vertical disciplinary learning.

3. Rectangles with dotted outline show weak vertical disciplinary learning. 

4. Dark solid lines connecting two disciplines show strong horizontal connections of epistemic practices

between the disciplines. 

5. Thin solid lines connecting two disciplines show moderate horizontal connections of epistemic practices

between the disciplines. 

6. Dotted lines connecting two disciplines shows weak horizontal connections of epistemic practices between

the disciplines. (for more details of the instructional framework, please refer to Tan et al., 2019)

Fig. 1  Connections across disciplines in integrate STEM activity
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with limited farmland. This context was motivated by the government’s effort to gener-
ate interests and knowledge in farming to achieve the 30 by 30 goal—supplying 30% of 
country’s nutritional needs by 2030. The scenario was a fictitious one where they were 
asked to produce 120 tonnes of Kailan (a type of leafy vegetable) with two hectares of land 
instead of the usual six hectares over a specific period. In addition to the abovementioned 
constraints, the teacher also discussed relevant success criteria for evaluating the solu-
tion with the students. Students then researched about existing urban farming approaches. 
They were given reading materials pertaining to urban farming to help them understand 
the affordances and constraints of existing solutions. In the second session (6 h), students 
engaged in ideation to generate potential solutions. They then designed, built and tested 
their solution and had opportunities to iteratively refine their solution. Students were given 
a list of materials (e.g. mounting board, straws, ice-cream stick, glue, etc.) that they could 
use to design their solutions. In the final session (1 h), students presented their solution and 
reflected on how well their solution met the success criteria. The prior scientific conceptual 
knowledge that students require to make sense of the problem include knowledge related to 
plant nutrition, namely, conditions for photosynthesis, nutritional requirements of Kailin 
and growth cycle of Kailin. The problem resembles a real-world problem that requires stu-
dents to engage in some level of explanation of their design solution.

A total of 113 eighth graders (62 boys and 51 girls), 14-year-olds, from six classes and 
their teachers participated in the study. The students and their teachers were recruited as 
part of a larger study that examined the learning experiences of students when they work 
on integrated STEM activities that either begin with a problem, a solution or are focused 
on the content. Invitations were sent to schools across the country and interested schools 
opted in for the study. For the study reported here, all students and teachers were from six 
classes within a school. The teachers had all undergone 3 h of professional development 
with one of the authors on ways of implementing the integrated STEM activity used in this 
study. During the professional development session, the teachers learnt about the ration-
ale of the activity, familiarize themselves with the materials and clarified the intentions 
and goals of the activity. The students were mostly grouped in groups of three, although 
a handful of students chose to work independently. The group size of students was not 
critical for the analysis of talk in this study as the analytic focus was on the kinds of knowl-
edge applied rather than collaborative or group think. We assumed that the types of inquiry 
adopted by teachers and students were largely dependent on the nature of problem. Eighth 
graders were chosen for this study since lower secondary science offered at this grade level 
is thematic and integrated across biology, chemistry and physics. Furthermore, the topic 
of photosynthesis is taught under the theme of Interactions at eighth grade (CPDD, 2021). 
This thematic and integrated nature of science at eighth grade offered an ideal context and 
platform for integrated STEM activities to be trialled.

The final lessons in a series of three lessons in each of the six classes was analysed and 
reported in this study. Lessons where students worked on their solutions were not analysed 
because the recordings had poor audibility due to masking and physical distancing require-
ments as per COVID-19 regulations. At the start of the first lesson, the instructions given 
by the teacher were:

You are going to present your models. Remember the scenario that you were given at 
the beginning that you were tasked to solve using your model. …. In your presenta-
tion, you have to present your prototype and its features, what is so good about your 
prototype, how it addresses the problem and how it saves costs and space. So, this is 
what you can talk about during your presentation. ….. pay attention to the presenta-
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tion and write down questions you like to ask the groups after the presentation… you 
can also critique their model, you can evaluate, critique and ask questions…. Some 
examples of questions you can ask the groups are? Do you think your prototype can 
achieve optimal plant growth? You can also ask questions specific to their models.

3.2  Data collection

Parental consent was sought a month before the start of data collection. The informed 
consent adhered to confidentiality and ethics guidelines as described by the Institutional 
Review Board. The data collection took place over a period of one month with weekly 
video recording. Two video cameras, one at the front and one at the back of the science 
laboratory were set up. The front camera captured the students seated at the front while the 
back video camera recorded the teacher as well as the groups of students at the back of the 
laboratory. The video recordings were synchronized so that the events captured from each 
camera can be interpreted from different angles. After transcription of the raw video files, 
the identities of students were substituted with pseudonyms.

3.3  Data analysis

The video recordings were analysed using the qualitative content analysis approach. Quali-
tative content analysis allows for patterns or themes and meanings to emerge from the pro-
cess of systematic classification (Hsieh & Shannon, 2005). Qualitative content analysis is 
an appropriate analytic method for this study as it allows us to systematically identify epi-
sodes of practical inquiry and science inquiry to map them to the purposes and outcomes 
of these episodes as each lesson unfolds.

In total, six h of video recordings where students presented their ideas while the 
teachers served as facilitator and mentor were analysed. The video recordings were tran-
scribed, and the transcripts were analysed using the NVivo software. Our unit of analy-
sis is a single turn of talk (one utterance). We have chosen to use utterances as proxy 
indicators of reasoning practices based on the assumption that an utterance relates to 
both grammar and context. An utterance is a speech act that reveals both meaning and 
intentions of the speaker within specific contexts (Li, 2008).

Our research analytical lens is also interpretative in nature and the validity of our inter-
pretation is through inter-rater discussion and agreement. Each utterance at the speaker 
level in transcripts was examined and coded either as relevant to practical reasoning or sci-
entific reasoning based on the content. The utterances could be a comment by the teacher, a 
question by a student or a response by another student. Deductive coding is deployed with 
the two codes, practical reasoning and scientific reasoning derived from the theoretical 
ideas of Dewey and Bereiter as described earlier. Practical reasoning refers to utterances 
that reflect commonsensical knowledge or application of everyday understanding. Scien-
tific reasoning refers to utterances that consist of scientifically oriented questions, scientific 
terms, or the use of empirical evidence to explain. Examples of each type of reasoning are 
highlighted in the following section. Each coded utterance is then reviewed for detailed 
description of the events that took place that led to that specific utterance. The description 
of the context leading to the utterance is considered an episode. The episodes and codes 
were discussed and agreed upon by two of the authors. Two coders simultaneously watched 
the videos to identify and code the episodes. The coders interpreted the content of each 
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utterance, examine the context where the utterance was made and deduced the purpose 
of the utterance. Once each coder has established the sense-making aspect of the utter-
ance in relation to the context, a code of either practical reasoning or scientific reasoning is 
assigned. Once that was completed, the two coders compared their coding for similarities 
and differences. They discussed the differences until an agreement was reached. Through 
this process, an agreement of 85% was reached between the coders. Where disagreement 
persisted, codes of the more experienced coder were adopted.

4  Results and Discussion

The specific STEM lessons analysed were taken from the lessons whereby students pre-
sented the model of their solutions to the class for peer evaluation. Every group of students 
stood in front of the class and placed their model on the bench as they presented. There 
was also a board where they could sketch or write their explanations should they want to. 
The instructions given by the teacher to the students were to explain their models and state 
reasons for their design.

4.1  Prevalence of Reasoning

The 6h of videos consists of 1422 turns of talk. Three hundred four turns of talk (21%) 
were identified as talk related to reasoning, either practical reasoning or scientific reason-
ing. Practical reasoning made up 62% of the reasoning turns while 38% were scientific 
reasoning (Fig. 2).

The two types of reasoning differ in the justifications that are used to substantiate the 
claims or decisions made. Table 1 describes the differences between the two categories of 
reasoning.
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Fig. 2  Frequency of different types of reasoning

390 A.-L. Tan et al.



1 3

4.2  Applications of Scientific Reasoning

Instances of engagement with scientific reasoning (for instance, using scientific concepts 
to justify, raising scientifically oriented questions, or providing scientific explanations) 
revolved around the conditions for photosynthesis and the concept of energy conversion 
when students were presenting their ideas or when they were questioned by their peers. 
For example, in explaining the reason for including fish in their plant system, one group 
of students made connection to cyclical energy transfer: “…so as the roots of the plants 
submerged in the water, faeces from the fish will be used as fertilizers so that the plant 
can grow”. The students considered how organic matter that is still trapped within waste 
materials can be released and taken up by plants to enhance the growth. The application of 
scientific reasoning made their design one that is innovative and sustainable as evaluated 
by the teacher. Some students attempted more ecofriendly designs by considering energy 
efficiencies through incorporating water turbines in their farming systems. They applied 
the concept of different forms of energy and energy conversion when their peers inquired 
about their design. The same scientific concepts were explained at different levels of details 
by different students. At one level, the students explained in a purely descriptive manner of 
what happens to the different entities in their prototypes, with implied changes to the forms 
of energy─ “…spins then generates electricity. So right, when the water falls down, then 
it will spin. The water will fall on the fan blade thing, then it will spin and then it gener-
ates electricity. So, it saves electricity, and also saves water”. At another level, students 
defended their design through an explanation of energy conversion─ “…because when 
the water flows right, it will convert gravitational potential energy so, when it reaches the 
bottom, there is not really much gravitational potential energy”. While these instances of 
applying scientific reasoning indicated that students have knowledge about the scientific 
phenomena and can apply them to assist in the problem-solving process, we are not able 
to establish if students understood the science behind how the dynamo works to generate 

Table 1  Types of reasoning used in the integrated STEM activity

Types of reasoning Description Percentage 
occurrence 
(%)

Examples

Practical Justification stems from 
everyday experiences, logic, 
or common-sense under-
standing

62 •We collect rainwater, and the rain 
will go through here, so we won’t 
waste water

•How do you harvest the vegeta-
bles from the top tray? So how 
do you get it down? You cut it 
right, using the blades? How do 
you bring it down?

Scientific Justification makes use of 
scientific concepts, evidence, 
or application of scientific 
terms

38 •You can see that black stuff rep-
resents xxx soil because it’s good 
for the environment—like waste 
can be used as fertilizer like 
banana peels—it’s biodegradable

•So the windmills are by kinetic 
energy—it converts kinetic 
energy into electrical energy, so 
that it will have a reusable source 
of energy
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electricity. Students in eighth grade only need to know how a generator works at a descrip-
tive level and the specialized understanding how a dynamo works is beyond the intended 
learning outcomes at this grade level.

The application of scientific concepts for justification may not always be accurate. For 
instance, the naïve conception that students have about plants only respiring at night and 
not in the day surfaced when one group of students tried to justify the growth rates of Kai-
lan─ “…I mean, they cannot be making food 24/7 and growing 24/7. They have nighttime 
for a reason. They need to respire”. These students do not appreciate that plants respire in 
the day as well, and hence respiration occurs 24/7. This naïve conception that plants only 
respire at night is one that is common among learners of biology (e.g. Svandova, 2014) 
since students learn that plant gives off oxygen in the day and takes in oxygen at night. The 
hasty conclusion to that observation is that plants carry out photosynthesis in the day and 
respire at night. The relative rates of photosynthesis and respiration were not considered by 
many students.

Besides naïve conceptions, engagement with scientific ideas to solve a practical problem 
offers opportunities for unusual and alternative ideas about science to surface. For instance, 
another group of students explained that they lined up their plants so that “they can take 
turns to absorb sunlight for photosynthesis”. These students appear to be explaining that 
the sun will move and depending on the position of the sun, some plants may be under 
shade, and hence rates of photosynthesis are dependent on the position of the sun. How-
ever, this idea could also be interpreted as (1) the students failed to appreciate that sunlight 
is everywhere, and (2) plants, unlike animals, particularly humans, do not have the concept 
of turn-taking. These diverse ideas held by students surfaced when students were given 
opportunities to apply their knowledge of photosynthesis to solve a problem.

4.3  Applications of Practical Reasoning

Teachers and students used more practical reasoning during an integrated STEM activity 
requiring both science and engineering practices as seen from 62% occurrence of practi-
cal reasoning compared with 38% for scientific reasoning. The intention of the activity to 
integrate students’ scientific knowledge related to plant nutrition to engineering practice of 
building a model of vertical farming system could be the reason for the prevalence of prac-
tical reasoning. The practical reasoning used related to structural design considerations of 
the farming system such as how water, light and harvesting can be carried out in the most 
efficient manner. Students defended the strengths of designs using logic based on their eve-
ryday experiences. In the excerpt below (transcribed verbatim), we see students applied 
their everyday experiences when something is “thinner” (likely to mean narrower), logi-
cally it would save space. Further, to reach a higher level, you use a machine to climb up.

Excerpt 1. “Thinner, more space”
Because it is more thinner, so like in terms of space, it’s very convenient. So right, 
because there is – because it rotates right, so there is this button where you can stop 
it. Then I also installed steps, so that – because there are certain places you can’t 
reach even if you stop the – if you stop the machine, so when you stop it and you 
climb up, and then you see the condition of the plants, even though it costs a lot of 
labour, there is a need to have an experienced person who can grow plants. Then 
also, when like – when water reach the plants, cos the plants I want to use is soil-
based, so as the water reach the soil, the soil will xxx, so like the water will be used, 
and then we got like – and then there’s like this filter that will filter like the dirt.

392 A.-L. Tan et al.



1 3

In the examples of practical reasoning, we were not able to identify instances where stu-
dents and teachers engaged with discussion around trade-off and optimisation. Understand-
ing constraints, trade-offs and optimisations are important ideas in informed design matrix 
for engineering as suggested by Crismond and Adams (2012). For instance, utterances such 
as “everything will be reused”, “we will be saving space”, “it looks very flimsy” or “so that 
it can contains [sic] the plants” were used. These utterances were made both by students 
while justifying their own prototypes and also by peers who challenged the design of oth-
ers. Longer responses involving practical reasoning were made based on common-sense, 
everyday logic─ “…the product does not require much manpower, so other than one or two 
supervisors like I said just now, to harvest the Kailan, hence, not too many people need to 
be used, need to be hired to help supervise the equipment and to supervise the growth”. We 
infer that the higher instances of utterances related to practical reasoning could be due to 
the presence of more concrete artefacts that is shown, and the students and teachers were 
more focused on questioning the structure at hand. This inference was made as instructions 
given by the teacher at the start of students’ presentation focus largely on the model rather 
than the scientific concepts or reasoning behind the model.

4.4  Intersection Between Scientific and Practical Reasoning

Comparing science subject matter knowledge and problem-solving to the idea of categories 
and placement (Buchanan, 1992), subject matter is analogous to categories where mean-
ings are fixed with well-established epistemic practices and norms. The problem-solving 
process and design of solutions are likened to placements where boundaries are less rigid, 
hence opening opportunities for students’ personal experiences and ideas to be presented. 
Placements allow students to apply their knowledge from daily experiences and common-
sense logic to justify decisions. Common-sense knowledge and logic are more accessible, 
and hence we observe higher frequency of usage. Comparatively, while science subject 
matter (categories) is also used, it is observed less frequently. This could possibly be due 
either to less familiarity with the subject matter or lack of appropriate opportunity to apply 
in practical problem solving. The challenge for teachers during implementation of a STEM 
problem-solving activity, therefore, lies in the balance of the application of scientific and 
practical reasoning to deepen understanding of disciplinary knowledge in the context of 
solving a problem in a meaningful manner.

Our observations suggest that engaging students with practical inquiry tasks with some 
engineering demands such as the design of modern farm systems offers opportunities for 
them to convert their personal lived experiences into feasible concrete ideas that they can 
share in a public space for critique. The peer critique following the sharing of their practi-
cal ideas allows for both practical and scientific questions to be asked and for students to 
defend their ideas. For instance, after one group of students presented their prototype that 
has silvered surfaces, a student asked a question: “what is the function of the silver pan-
els?”, to which his peers replied: “Makes the light bounce. Bounce the sunlight away and 
then to other parts of the tray.” This question indicated that students applied their knowl-
edge that shiny silvered surfaces reflect light, and they used this knowledge to disperse 
the light to other trays where the crops were growing. An example of a practical question 
asked was “what is the purpose of the ladder?”, to which the students replied: “To take the 
plants – to refill the plants, the workers must climb up”. While the process of presentation 
and peer critique mimic peer review in the science inquiry process, the conceptual knowl-
edge of science may not always be evident as students paid more attention to the design 
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constraints such as lighting, watering, and space that was set in the activity. Given the 
context of growing plants, engagement with the science behind nutritional requirements 
of plants, the process of photosynthesis, and the adaptations of plants could be more delib-
erately explored.

5  Conclusion

The goal of our work lies in applying the theoretical ideas of Dewey and Bereiter to better 
understand reasoning practices in integrate STEM problem solving. We argue that this is 
a worthy pursue to better understand the roles of scientific reasoning in practical problem 
solving. One of the goals of integrated STEM education in schools is to enculture stu-
dents into the practices of science, engineering and mathematics that include disciplinary 
conceptual knowledge, epistemic practices, and social norms (Kelly & Licona, 2018). In 
the integrated form, the boundaries and approaches to STEM learning are more diverse 
compared with monodisciplinary ways of problem solving. For instance, in integrated 
STEM problem solving, besides scientific investigations and explanations, students are also 
required to understand constraints, design optimal solutions within specific parameters and 
even to construct prototypes. For students to learn the ways of speaking, doing and being 
as they participate in integrated STEM problem solving in schools in a meaningful manner, 
students could benefit from these experiences.

With reference to the first research question of What is the extent of practical and sci-
entific reasoning in integrated STEM problem solving, our analysis suggests that there are 
fewer instances of scientific reasoning compared with practical reasoning. Considering the 
intention of integrated STEM learning and adopting Bereiter’s idea that students should 
learn higher-order conceptual knowledge through engagement with problem solving, we 
argue for a need for scientific reasoning to be featured more strongly in integrated STEM 
lessons so that students can gain higher order scientific conceptual knowledge. While the 
lessons observed were strong in design and building, what was missing in generating solu-
tions was the engagement in investigations, where learners collected or are presented with 
data and make decisions about the data to allow them to assess how viable the solutions 
are. Integrated STEM problems can be designed so that science inquiry can be infused, 
such as carrying out investigations to figure out relationships between variables. Duschl 
and Bybee (2014) have argued for the need to engage students in problematising science 
inquiry and making choices about what works and what does not.

With reference to the second research question, What is achieved through practical and 
scientific reasoning during integrated STEM problem solving?, our analyses suggest that 
utterance for practical reasoning are typically used to justify the physical design of the pro-
totype. These utterances rely largely on what is observable and are associated with basic-
level knowledge and experiences. The higher frequency of utterances related to practical 
reasoning and the nature of the utterances suggests that engagement with practical reason-
ing is more accessible since they relate more to students’ lived experiences and common-
sense. Bereiter (1992) has urged educators to engage learners in learning that is beyond 
basic-level knowledge since accumulation of basic-level knowledge does not lead to higher-
level conceptual learning. Students should be encouraged to use scientific knowledge also 
to justify their prototype design and to apply scientific evidence and logic to support their 
ideas. Engagement with scientific reasoning is preferred as conceptual knowledge, epis-
temic practices and social norms of science are more widely recognised compared with 
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practical reasoning that are likely to be more varied since they rely on personal experiences 
and common-sense. This leads us to assert that both context and content are important in 
integrated STEM learning. Understanding the context or the solution without understand-
ing the scientific principles that makes it work makes the learning less meaningful since we 
“…cannot strip learning of its context, nor study it in a ‘neutral’ context. It is always situ-
ated, always relayed to some ongoing enterprise”. (Bruner, 2004, p. 20).

To further this discussion on how integrated STEM learning experiences harness the 
ideas of practical and scientific reasoning to move learners from basic-level knowledge to 
higher-order conceptual knowledge, we propose the need for further studies that involve 
working with teachers to identify and create relevant problems-of-explanations that focuses 
on feasible, worthy inquiry ideas such as those related to specific aspects of transportation, 
alternative energy sources and clean water that have impact on the local community. The 
design of these problems can incorporate opportunities for systematic scientific investiga-
tions and scaffolded such that there are opportunities to engage in epistemic practices of 
the constitute disciplines of STEM. Researchers could then examine the impact of prob-
lems-of-explanations on students’ learning of higher order scientific concepts. During the 
problem-solving process, more attention can be given to elicit students’ initial and unfold-
ing ideas (practical) and use them as a basis to start the science inquiry process. Research-
ers can examine how to encourage discussions that focus on making meaning of scientific 
phenomena that are embedded within specific problems. This will help students to appreci-
ate how data can be used as evidence to support scientific explanations as well as justifica-
tions for the solutions to problems. With evidence, learners can be guided to work on rea-
soning the phenomena with explanatory models. These aspects should move engagement 
in integrated STEM problem solving from being purely practice to one that is explanatory. 

6  Limitations

There are four key limitations of our study. Firstly, the degree of generalisation of our 
observations is limited. This study sets out to illustrate what how Dewey and Bereiter’s 
ideas can be used as lens to examine knowledge used in problem-solving. As such, the 
findings that we report here is limited in its ability to generalise across different contexts 
and problems. Secondly, the lessons that were analysed came from teacher-frontal teaching 
and group presentation of solution and excluded students’ group discussions. We acknowl-
edge that there could potentially be talk that could involve practical and scientific reason-
ings within group work. There are two practical consideration for choosing to analyse the 
first and presentation segments of the suite of lesson. Firstly, these two lessons involved 
participation from everyone in class and we wanted to survey the use of practical and sci-
entific reasoning by the students as a class. Secondly, methodologically, clarity of utter-
ances is important for accurate analysis and as students were wearing face masks during 
the data collection, their utterances during group discussions lack the clarity for accurate 
transcription and analysis. Thirdly, insights from this study were gleaned from a small sam-
ple of six classes of students. Further work could involve more classes of students although 
that could require more resources devoted to analysis of the videos. Finally, the number of 
students varied across groups and this could potentially affect the reasoning practices dur-
ing discussions.
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