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ABSTRACT KEYWORDS
Background: A major challenge for effective practical work in Practical work; teacher
school science is to encourage students to connect hands-on behaviour; secondary
aspects to minds-on principles, in other words to Think Back-and- ~education; scientific thinking
Forth (TBF). Teacher behaviour is pivotal in achieving this goal, but

teachers lack guidelines how to accomplish this.

Purpose: In this study, we identified good practices that were

conducive to minds-on learning experiences during practical work.

Sample: The sample consisted of 15 practical physics and chemistry

lessons in Dutch lower secondary education grades 8 and 9.

Design and methods: For each lesson, we obtained video-

observations of the teacher and learner reports of the students in

which they self-reported their learning. The videos were analysed in

detail on teacher attention for TBF, congruent pedagogy, mitiga-

tion of the cognitive load of the hands-on aspects, and student

autonomy. Answers on the learner reports were analysed for minds-

on remarks and these were related to the observed lesson charac-

teristics through a multilevel binary logistic model.

Results: Three lesson characteristics were identified as statistically

significant predictors of minds-on learning experiences (p < .05), i.e.

substantial attention to TBF, congruent pedagogy, and mitigation

of the hands-on cognitive load. A qualitative analysis offered insight

into the importance of carefully incorporating these characteristics.

Conclusions: To reach minds-on learning experiences the teacher

should give substantial attention to TBF throughout various phases

of the lesson. Congruent pedagogy demands that the practical

work is balanced given the prior knowledge of the students.

Finally, mitigating the cognitive load of the hands-on aspects

encompasses some way to prevent students from being distracted

by too demanding hands-on elements. Consequently, we recom-

mend that practical work should be designed in accordance with

these three lesson characteristics.
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Introduction

Practical work is considered an important part of science teaching as science itself is
an empirical undertaking (Abrahams 2005; Hofstein and Mamlok-Naaman 2007; lan
and Reiss 2012; Millar 2010). From a pedagogical point of view, practical work in
secondary education should enable students to connect the manipulation of materials
and the observations they make to the scientific ideas intended in the curriculum, but
it is precisely this step from hands-on to minds-on that is hard to accomplish
(Abrahams and Millar 2008; Hodson 2014; Osborne 2015, 2019; Tobin 1990; White
1996). Student-activities involved in making the connection between the domain of
observables and the domain of ideas (Abrahams and Millar 2008) have been indicated
as Thinking-Back-and-Forth, in short TBF (Spaan et al. 2022). Examples are a student
who predicts an outcome based on a hypothesis or a student who selects the most
appropriate conclusion from a given list of possibilities based on the data gathered. In
order to achieve minds-on-learning experiences, well-planned lessons are thought to
be necessary as the practical part of science education, by definition, involves hands-
on-experiences and students will not make the connection to minds-on-learning goals
by themselves (Driver 1983; Furtak and Penuel 2019; Manz, Lehrer, and Schauble
2020).

Unfortunately, practical work often appears to be ineffective in achieving these mind-
on-learning goals, typically due to a lack of assignments that stimulate students into TBF
(Abrahams and Millar 2008; Berg Van den 2013; Hodson 1994; Hofstein and Kind 2012;
Lunetta, Hofstein, and Clough 2007). This constitutes a problem as the attainment of
minds-on learning requires students to engage in TBF. Although this aspect of practical
work has been researched, actual practice has not yet benefitted greatly from it
(Abrahams, Reiss, and Sharpe 2011; Hofstein and Kind 2012). Apparently, teachers strug-
gle to translate insights from educational research into practical applications that realise
student TBF in their science education. This calls for research into existing good practices
around TBF to identify effective teacher behaviour and lesson characteristics (Blanchard
et al. 2010; Dobber et al. 2017).

Few studies describe the students’ perspective of practical work in detail in secondary
education. Harrison (2016) showed that a lesson in which secondary students are encour-
aged to engage in meaningful discussions during practical work leads to more scientific
concepts being remembered by students. A study by Pun and Ka Ching Cheung (2021)
showed that difficulties in translating abstract representations to the experimental pro-
cedure, impede students to make the connection from hands-on to minds-on. As a result,
students remained focused on their hands-on task. Hands-on aspects also emerged as
a primary goal of practical work as perceived by students from a study by Sharpe and
Abrahams (2019). At university level more extensive work on the perspective of students
on handling laboratory equipment themselves has been carried out. Although the prac-
tical work may be more extended, complicated or differ in other ways from secondary
education, these studies also indicate that well-designed practical work providing scaf-
folds to engage students in TBF can lead to the attainment of minds-on learning goals
(Chiu, Lin, and Tsai 2016; Coppens, Van Den Bossche, and De Cock 2016; Hanif et al. 2008).

In a former study, several different practices regarding TBF have been identified and
analysed in detail (Spaan et al. 2022). The current research will methodically link students
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learning experiences to the analysis of these practices aimed at identifying which educa-
tional characteristics of practical work are relevant in evoking minds-on learning experi-
ences in students. The main research questions are as follows: 1. To what extent does
attention to TBF that the teacher provides, promote minds-on student learning experi-
ences and 2. Which educational characteristics of practical work are conducive to evoking
minds-on student learning experiences?

Theoretical background

Previously, we defined Thinking-Back-and-Forth as any reasoning activity in which
a student uses at least one aspect from the domain of observables and one aspect from
the domain of ideas (Abrahams and Millar 2008), thereby connecting hands-on to minds-
on or vice versa (Spaan et al. 2022). By linking hands-on to minds-on, TBF activities are
directly related to scientific reasoning, since some of the activities involved in scientific
reasoning also explicitly link hands-on to minds-on or vice versa, such as planning and
conducting experiments well, drawing conclusions when warranted and properly asses-
sing the quality of an argument (Bailin 2002; Dunbar and Klahr 2012; Zimmerman and
Croker 2014). Activities that constitute TBF have been grouped into four main categories
(Spaan et al. 2022): explain, conclude, predict, design an experiment.

The category Explain includes activities aimed at giving a scientific reason for an
observed phenomenon by generating or discussing a possible explanation for the data
or describing it with appropriate scientific terminology. In both cases, the starting point of
thinking-back-and-forth are observations or measurements. The category Conclude con-
tains activities aimed at finding a general rule of nature by generating a conclusion.
Obtaining a value for a quantity that cannot be measured directly, is also part of the
category Conclude. On some occasions, the conclusion can take the form of
a mathematical description for the data. In all cases, the observations or data form the
starting point of the TBF. Again, discussing the validity of a conclusion is also an activity
within this category. The category Predict involves different types of predictions gener-
ated by the students as well as discussions about these predictions in order to substanti-
ate them (Chinn and Malhotra 2002; Millar 2009). In this case, the domain of ideas is the
starting point of the TBF (Abrahams and Millar 2008). The category Design an experiment
contains activities aimed at designing the research method in the broadest sense. This can
range from having the students almost completely design an experiment to having the
students only choose a small part of the method or a single parameter (Millar 2009).
Again, the starting point is the domain of ideas (Abrahams and Millar 2008).

Any well-structured practical lesson in secondary education may address activities
within one or a few related categories (e.g. predict and conclude). Limiting the number
of categories prevents diluting student attention too much. Teachers can provide atten-
tion to TBF at different lesson phases. During the introduction phase of a practical lesson,
it is important to focus attention of students on the TBF activities they are intended to
perform (Agustian and Seery 2017; Hart et al. 2000) by giving a straightforward assign-
ment. Clearly stating the TBF goal of a lesson and the way in which the practical work
contributes to achieving that goal, results in more motivated and effective working
students (Dekkers 1997; Hodson 2014). During the execution of the practical work, the
teacher is the designated person to provide consistent guidance concerning the TBF
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activities to avoid that students become completely absorbed in hands-on-aspects
(Blanchard et al. 2010; Lazonder and Harmsen 2016; Schmidt-Borcherding et al. 2013).
A teacher can do so by actively asking questions and engaging in meaningful conversa-
tions aimed at the desired TBF with students. The final phase of a practical lesson provides
opportunities to discuss and reflect upon the TBF activities with all students. This discus-
sion is important to provide order and scientific meaning to all the experiences the
students have encountered during the execution (Abrahams and Millar 2008).

Within a series of lessons practical work can be aimed at either applying or discovering
a general rule or principle (Buck, Lowery Bretz, and Towns 2008; Bunterm et al. 2014). In
case practical work expects students to apply a particular general rule or principle,
a congruent pedagogy means that the practical lesson is planned after teaching that
rule or principle in previous lessons. However, insufficient prior knowledge of the general
rule or principle may impede TBF. Likewise, in case of practical work that aims for self-
discovery of a general rule or principle, congruent pedagogy entails that this specific rule
or principle has not been covered in lessons before (Alfieri et al. 2010). If students are
already familiar with the general rule or principle, we suppose there is neither need nor
motivation to engage in TBF during self-discovery learning. Sometimes, teachers may not
recognise the need to clearly make a distinction between practical work aimed at apply-
ing versus discovering a rule or principle, but may select practical work primarily based on
the availability of, for example, lab materials or existing worksheets (Spaan and Van Ed
den Berg 2017). Without properly considering the substantive connection of practical
work in a lesson series, such selection criteria risk a non-congruent pedagogy.

Since practical work by its very nature demands attention to hands-on aspects, there is
a risk that students will be distracted from focussing on TBF (Agustian and Seery 2017;
Kirschner, Sweller, and Clark 2006). Cognitive load theory (Sweller 1988) states that
working memory capacity is limited and that it is necessary to avoid overloading in
order to maximise learning. In case of practical work, the cognitive load of the hands-on
aspects, therefore, should not impede TBF activities. Consequently, attention for the
cognitive load of the hands-on aspects during practical work seems paramount.
Mitigation of hands-on cognitive load can be achieved by exactly showing the students
what to do, by presenting and providing (part of) the experimental setup or by planning
an activity specifically aimed at those hands-on aspects beforehand, either in the same
lesson or an earlier one (Agustian and Seery 2017). In doing so, working memory capacity
for TBF activities becomes available.

Following the self-determination theory (Ryan and Deci 2000), a learning environment
in which students experience autonomy, learning motivation increases. In such
a motivating learning environment, students are allowed to make choices in carrying
out tasks. Therefore, providing autonomy to students during the planning or execution of
practical work may foster motivation and thus lead to more desired TBF activities
(Hofstein and Lunetta 2004; Hofstein and Kind 2012; Lesperance and Kuhn 2022). This is
especially true if making the choice requires TBF, for instance when students must design
a (small) part of the experiment themselves. Providing student autonomy can easily be
done in more open practical work, e.g. by providing a chance to investigate a research
question of their own interest, but is also feasible in closed forms, for instance by having
students choose which object to investigate using a given procedure or by having them
determine some parameter of the experiment.
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Based on the above, this study focusses on four educational characteristics of practical
work that are considered relevant in evoking minds-on learning experiences in students.
The first characteristic is the degree of attention the teacher gives to TBF activities in
practical work. We hypothesise that giving substantial attention to TBF by the teacher
facilitates minds-on learning experiences in students (RQ1). Secondly, we examine
whether accomplishing a congruent pedagogy, mitigating cognitive load of the hands-
on aspects, and facilitating student autonomy, are important characteristics to promote
minds-on learning experiences. This results in our hypothesis that practical work in which
these conditions exist will indeed facilitate minds-on learning experiences (RQ2).

Method

To answer the research questions both teacher observations and student reactions
through a questionnaire in the form of a learner report which allowed them to self-
report their learning (Van Kesteren 1993), have been gathered for 15 practical lessons in
physics and chemistry. Additionally, the teachers were interviewed. For the present paper,
the focus is on the learning experiences of students. Ethical approval was granted by the
Ethics Review Board of the Anonymous Faculty, Anonymous Institution, (file number). All
participating teachers gave active informed consent to participate and students were
informed about the fact that the learner report they were requested to fill out were part of
a research project. They could deny our request to participate by handing in a blank
questionnaire (which less than five students did). The questionnaires were anonymous.

Participants

Eleven Physics teachers and four chemistry teachers participated in this observational
study, leading to a total of 15 classes observed with a total of 303 students participating.
Teachers were asked to volunteer at different types of meetings (e.g. conferences) and via
Facebook and LinkedIn. An agreement was made to attend one lesson with conceptual
understanding or gaining research abilities as its purpose. These teachers were from 13
different schools, well distributed throughout the levels in Dutch secondary education,
which is organized in three different tracks, preparing for distinct tertiary education: pre-
vocational track lasts from grades 7 to 10 and prepares for vocational education, general
track lasts from grades 7 to 11 and prepares for college, and academic (or pre-university)
track lasts from grades 7 to 12 and prepares for university. In grades 7, 8 and 9 sometimes
combinations occur. In Table 1, the main characteristics of the participating teachers and
the lessons observed (gender, number of years of experience, grade, number of students,
lesson content, and TBF category observed) are listed. There is a considerable spread of
teacher experience and gender, subject, lesson content and school level.

Procedure

Teachers were recruited at different types of meetings (e.g. conferences) and via
Facebook and LinkedIn. An agreement was made to attend one practical lesson with
conceptual understanding or gaining research abilities as its purpose. The teachers
decided on the content of their lesson and were asked not to change anything just
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Table 1. Details of participating teachers and lessons observed.

School Teacher Number of
Lesson  Grade level experience students Content of lesson  TBF-category observed"
1 8 voc >5 23 Kinematics Exp, Con
2 8 gen 3-5 21 Mechanics -
3 8 gen 1-2 14 Electricity Con
4 8 com >5 21 Electricity Exp
5 9 voc >5 24 Material properties Con, Des
6 9 gen 3-5 10 Mechanics Des
7 9 gen >5 22 Radiation Con
8 9 aca >5 24 Digital electronics Con
9 9 aca >5 24 Optics Exp, Con
10 9 aca >5 23 Reactions -
1" 9 aca >5 29 Optics Con
12 9 aca 3-5 16 Reactions Exp, Con
13 9 aca >5 16 Mechanics Con
14 9 aca >5 21 Solutions -
15 9 com >5 15 Mechanics Exp, Pre

Note: TThis column is based on previous research in Spaan et al. (2022).

because of the researcher’s visit, assuring genuine practice could be researched. The initial
information about the research project the teachers received was limited to ‘a project
about student thinking during practical work’. No mention about TBF was made at this
stage. All lessons were video-taped and observed in person. Lessons took place in the
school laboratory and the duration depended on the school schedule. This eventually led
to observing 12 lessons of 50 minutes, 1 lesson of 60 minutes and 2 lessons of 100
minutes. The teachers were interviewed after the lesson to gain some additional informa-
tion on the pedagogy and prior lessons. If during the observations of the practical lesson,
something was unclear about what had been done in previous lessons, teachers were
asked to explain what prior knowledge students had already acquired.

Measures

Based on the observations and teacher interviews, we scored all lessons on the presence
of four educational characteristics: substantial attention for TBF, congruent pedagogy,
mitigation of the hands-on aspects, and student autonomy. All of these were scored
dichotomously as either present or non-present.

Substantial attention for TBF
To investigate the teacher attention for TBF, we analysed the video tapes in two steps. Firstly,
the excerpts containing teacher-action aimed at stimulating TBF were identified. An excerpt
was identified for further analysis as soon as a teacher took any action to link the domain of
observables to the domain of ideas. For this identification, two researchers analysed seven
videos independently, iteratively reaching an interrater agreement of .81. Given this sufficient
reliability, the remaining videos were scored by the primary researcher only. The second step
involved an in-depth analysis of the type of TBF category the teacher gave attention to in each
excerpt. Two independent researchers reached Cohen's kappa of .87.

Additionally, for each TBF instance three characteristics of the interaction between student
and teacher were scored: the initiator (teacher or student), target group (whole class or small
group) and nature of interaction was determined, which allowed to estimate how many
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students were involved in a TBF activity and to what extent the students had to perform TBF
themselves. The nature of the interaction had two scoring possibilities: 1) a student had to
perform some kind of TBF activity and the teacher offers guidance, 2) the teacher offers an
explanation, models TBF or announces a TBF activity whereby the student remains passive.

Based on the recordings, it was possible to establish at what point in a lesson a certain TBF
activity was performed and in what order the activities were presented within a lesson. This
provided the opportunity, in combination with the detailed scorings per TBF activity in terms
of initiator, target group and nature of interaction, to determine to a certain extent how
substantial the role of a particular TBF category had been in the lesson. A TBF category was
analysed as ‘substantial’ if TBF activities within this category were present in two or more
lesson phases and were initiated by the teacher while the majority of the students had to
perform an activity and the teacher provides support and guidance. If at least one category
received substantial attention, substantial attention to TBF was scored as present for this
lesson, see Table 1. Additionally, for those lessons that gave substantial attention to TBF it was
analysed during what lesson phase (introduction, execution and/or post-work discussion),
attention to TBF was given. This allowed us to answer RQ1 in a more nuanced way. More
details concerning the observations and the scoring can be found in Spaan et al. (2022).

Congruence of pedagogy of an observed practical lesson was scored as present in case
the students: 1) had to carry out an assignment aimed at self-discovery of a general
scientific principle that had not been covered in a lesson before, or 2) had to carry out an
assignment aimed at applying a general scientific principle that had already been taught
before. A lesson was scored incongruent in case students: 1) had to carry out an assign-
ment aimed at self-discovery of a general scientific principle that already had been
covered in a lesson before, or 2) had to carry out an assignment aimed at applying
a general scientific principle that had not been taught before. If it could not be deduced
from the lesson observation whether the general scientific principle had been covered,
this information was obtained from the interview with the teacher.

Mitigation of the cognitive load of the hands-on aspects was scored as present if one or
more of the following was observed: 1) the teacher exactly shows the students what to do
during the introduction, 2) the teacher presents and provides (part of) the experimental
setup, or 3) the teacher performed an activity specifically aimed at the relevant hands-on
aspects beforehand, either in the same lesson or an earlier one. If no mitigation had been
observed during the lesson, information whether mitigation had occurred in an earlier
lesson, was obtained from the teacher during the interview.

Student autonomy was scored as present in case students were provided with an
opportunity to make their own choices within a continuum between conducting an
experiment according to their own interests (for example, by formulating their own
research question), and by offering a possibility in choosing specific aspects or parameters
of the experiment (for example, choosing what type of shock-absorbent to investigate in
a collision experiment).

Learner reports

During the last three to five minutes of each lesson all students were asked to complete
a short learner report, which contained two questions. For the first (Q1), students had to
complete the sentence ‘During this lesson | have learned ... and ... ', and the second
requested (Q2) the students to complete the sentence ‘During this practical work | have
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thought hardest about...and about...’, providing an opportunity to mark ‘l did not have
to think during this practical work’. The students were asked to answer the questions
individually.

All remarks on the learner reports were separately scored in five categories: hands-
on (HO), minds-on (MO), other, nothing, undeterminable. A hands-on remark can refer
to an observation or to the use of an instrument, e.g. | have learned to ‘find the light
sensor of my phone’. A minds-on remark must use some concept, idea, proper
terminology, or relate such a concept to an observable, e.g. ‘I have learned how to
calculate the half-value thickness’., and ‘I thought hardest about why the two light
bulbs had a different brightness’. The category ‘other’ refers to remarks that were
neither hands-on nor minds-on, but did represent some genuine learning experience,
e.g. | have learned ‘that Anonymous and | cannot cooperate’. The category ‘nothing’
was scored if the student explicitly had written down, they did not learn anything. The
category undeterminable was used when the distinction between hands-on and
minds-on or between hands-on and other or between minds-on and other could not
be made, e.g | have thought hardest about ‘the graph’. This remark can refer to
(among other possibilities) plotting a graph by copying the measurements to
a diagram or to the meaning of a graph. The former would be hands-on, the latter
minds-on. Comparing scorings of two independent researchers eventually led to
Cohen’s kappa of .79, showing sufficient reliability.

As a further analysis of the learner reports, the number of students who gave a minds-
on remark on both Q1 and Q2 was counted for each lesson. This combined outcome
variable incorporates both the result of the lesson (by Q1) and the process involved in
obtaining that result (by Q2), convincingly indicating a minds-on learning experience. All
further analyses were done on this combined outcome variable, designated as MO+MO.

Data analysis

In order to answer RQ1 and RQ2, we used a multilevel binary logistic model with the four
lesson characteristics as possible predictors, all at the classroom level. Following Sommet
and Morselli (2017) we determined that the data had sufficient nesting to justify the two-
level approach. Firstly, we analysed whether grade or school level was a significant
predictor, by separately testing these as predictors. To identify which lesson character-
istics are indeed predictors of TBF learning experiences, we used a backwards stepwise
selection (Grant, Hickey, and Head 2019; Ranganathan, Pramesh, and Aggarwal 2017)
starting with a model that includes all four predictors, i.e. substantial attention to TBF,
congruent pedagogy, mitigation of the hands-on cognitive load, and student choice. The
least significant predictor was removed from the model until all remaining predictors had
a significance level p < .05 (Steyerberg, Eijkemans, and Habbema 1999).

As a last quantitative step, we attempted to obtain more insights on RQ1 by analysing
the influence of the lesson phase in which the teacher gave attention to TBF. To achieve
this, we again used a backwards stepwise selection in a multi-level model initially contain-
ing the three lesson phases (introduction, execution, and post-work discussion) as possi-
ble predictors. Only those 12 lessons in which substantial attention for TBF was present,
were included for this last analysis. All quantitative analyses were carried out in SPSS v29.
Finally, we explored the lesson characteristics identified as significant predictors
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qualitatively by scrutinising a few exemplary lessons and describing these characteristics
in detail as observed.

Results

Firstly, we present the descriptives of the dependent variable based on the analysis of the
learner reports in which both questions contain a minds-on remark (MO+MO) versus
learner reports in which both questions do not contain a mind-on remark or only one
question contains a minds-on remark. Table 2 summarises these results. Overall, 31% of
the students made at least one minds-on remark on both Q1 and Q2, while 69% did not.
At individual lesson level percentages MO+MO ranged from 0% to 63%. Comparing grade
8 and 9, students in grade 9 made slightly more minds-on remarks, but the multi-level
analysis showed that this difference is not significant. Focussing on school level, voca-
tional education shows the highest percentage of students giving minds-on remarks.
However, there were only two vocational classes in the sample and consequently fluctua-
tions are expected to be rather high. In the analysis, school level proved not to be
a significant predictor.

Table 3 summarises the number of times lesson characteristics (possible predictors)
were observed. In our sample, all lesson characteristics have been observed although the
frequency of occurrence varied considerably. There is no apparently clear distinction
between grade or school level regarding these independent variables.

Testing hypotheses

Table 4 shows the results from the multilevel logistic regression model using all four
independent, possible predictors. Removing the only predictor with p > .05, student
autonomy leads to the model presented in Table 5. The remaining three predictors, i.e.
substantial TBF, congruent pedagogy, and mitigation of hands-on cognitive load are
statistically significant. The major effect is identified to be whether the teacher gives

Table 2. Number of students (percentages between brackets) who made an MO remark on both Q1
and Q2.

Grade School level
Total 8 9 Vocational General Academic Combi
MO+MO 95 (31) 14 (22) 81 (34) 21 (45) 15 (22) 52 (34) 7 (19)
Not (MO+MO) 208 (69) 51 (78) 157 (66) 26 (22) 52 (78) 101 (66) 29 (81)
Total 303 65 238 47 67 153 28

Table 3. Number of lessons with the possible predictor observed out of 15 lessons total.

Grade School level
Total 8 9 Vocational General Academic Combi
Substantial TBF 12 3 9 2 3 5 2
Congruent pedagogy 9 2 7 2 1 5 1
Mitigation cogn. load 8 2 6 2 2 3 1
Student autonomy 3 2 1 1 1 1 0
Total 15 4 1 2 4 7 2
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Table 4. Results from multilevel logistic regression model with all lesson characteristics.
.95 conf. interval

Coefficient Lower Upper Sig. 0Odds ratio
Substantial TBF 2.8 .66 4.9 01* 15.9
Congruent Pedagogy .82 .08 1.6 .03* 23
Mitigation cogn. load 1.0 32 17 .005* 27
Student Choice 23 —-.60 1.1 .59 13

Table 5. Final model containing significant predictors.
.95 conf. interval

Coefficient Lower Upper Sig. 0Odds ratio
Substantial TBF 2.7 .66 4.8 .01* 15.4
Congruent Pedagogy 78 .10 1.5 .02% 13
Mitigation cogn. load 1.1 43 17 <.001** 23

Table 6. Results from multilevel logistic regression models for TBF per lesson phase.
.95 conf. interval

Coefficient Lower Upper Sig. QOdds ratio
Introduction -4 -1.9 1.0 .57 .65
Execution 1 -13 1.6 .88 1.1
Post-work discussion .78 -1.1 1.2 .92 1.1

substantial attention to TBF with an odds ratio 15. Congruent pedagogy (odds ratio 2.3)
and mitigation of the hands-on cognitive load (odds ratio 2.7) have a smaller influence.

As a final quantitative analysis, we used a multi-level model to investigate whether the
lesson phase in which the teacher gives substantial attention to TBF predicts the number
of MO+MO, only using the 12 lessons that contained substantial attention to TBF. Table 6
shows the outcome for introduction, execution and post-work discussion phase. None of
these proved to be a significant predictor and removing the least significant one does not
markedly improve p-values for the other two. This means it was not possible to identify in
which lesson phase attention to TBF is best given during the lesson.

Qualitative descriptions

Some lessons merit a detailed description to qualitatively illustrate how the sig-
nificant lesson characteristics are reflected in actual classroom practice. Lesson 8
has the highest percentage of MO+MO remarks at 15 out of 24 students (63%),
indicating this lesson is interesting in fostering minds-on learning. As far as lesson
characteristics are concerned, there was substantial attention for TBF, predomi-
nantly in the form of guidance during execution, a mitigation of the hands-on
cognitive load was present, and the pedagogy of the practical work was congruent
(discovery-based). The content of this practical lesson concerned building multiple
circuits using digital electronics such as AND and OR gates. The teacher mitigated
the cognitive load of the hands-on aspects by focussing on how to use the
equipment during the brief introduction. The students worked from a hand-out
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that firstly introduced them to the workings of all the gates separately and subse-
quently they received assignments to build a circuit with certain specified workings,
consisting of TBF activities in the category Design an experiment. Substantial
attention for TBF was primarily given by the teacher during the execution phase
by providing feedback and guidance.

The second interesting practice, lesson 5, reached 13 out of 24 students (46%)
students giving MO+MO-remarks, which is above average. It contained attention
for TBF in all lesson phases. The lesson subject was material properties of metals
and the students had to perform simple experiments on electrical conductivity,
heat conductivity, deformation and gloss on both metals and non-metals. The
teacher introduced the practical work by stating the purpose and by discussing
how they could perform an experiment for each of the properties under investiga-
tion, stimulating student TBF in the Design-category. During the execution phase,
the teacher gave guidance on both the design of the experiments and the con-
clusions the students could draw from their results. Throughout the post-work
discussion, the teacher focussed on the TBF-category Conclude. Student conclu-
sions were briefly reviewed and the teacher raised the issue of generalizability
given that the students had only investigated two metals and two non-metals, in
such a way that the students were invited to consider this generalisability them-
selves. The strength of this particular lesson was the consistent focus on TBF
throughout the lesson.

Lessons in which certain characteristics were absent, provide insight in the
importance of those characteristics. Lesson 3 only had 3 out of 14 students
(21%) scoring MO+MO, which is below average. This lesson was aimed at discover-
ing the rules for potential difference and current in a series circuit, aiming for TBF
activities in the category Conclude. These rules, however, had already been dis-
cussed in prior lessons and the students had even applied them in exercises.
Although lesson 3 contained TBF during all phases and the teacher constantly
mitigated the hands-on cognitive load by using a very teacher-centered approach,
most students did only report a hands-on learning experience. Apparently, the
non-congruent pedagogy was most influential in preventing minds-on learning
gains as the student was already familiar with the minds-on content of the
practical lesson.

Lesson 9 provides a case in point of the importance of mitigating the cognitive load of
the hands-on aspects. This lesson does contain the other important characteristics and gives
only moderate MO+MO remarks at 8 out of 24 students (33%). During the lesson (with
a duration of 100 minutes) refraction was introduced, the students made measurements of
angle of incidence and refraction, and they tried to plot the graph of the sines of these
angles using Microsoft excel. The practical work contained TBF activities in the categories
Explain and Conclude. Almost all students reported a hands-on aspect of working with
excel, e.g. 'l have learned how to calculate a sine in excel'. It obviously took students much
effort to implement the appropriate calculations. This effect may be enlarged because the
cognitive load of the students was directed at using excel at the end of the lesson, just
before they had to fill in the learner report. Another teaching strategy than having the
students discover the calculations in excel themselves (e.g. by explicitly showing them what
to type in excel), might have resulted in more minds-on learning experiences.
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Discussion

For this study, we used detailed observations of fifteen lessons containing practical work
in conjunction with learner reports filled in by the students to determine to what extent
substantial attention for TBF leads to minds-on learning experiences and which other
lesson characteristics are conducive to more minds-on learning experiences. The lesson
characteristics were limited to congruency of the pedagogy, mitigation of the cognitive
load of the hands-on aspects and student autonomy. The data used were rooted in actual
practice, without any interventions.

The first research question relates to the relationship between teacher attention for
TBF during the practical lesson and student minds-on learning experiences. Giving sub-
stantial attention to TBF appears to be the most influential predictor of minds-on learning
experiences in both grade 8 and 9 and at all school levels. This indicates that giving
substantial attention to TBF is a necessary condition in the sense that lessons without
such attention do not automatically lead to minds-on learning experiences. This finding is
in accordance with earlier work on the importance of connecting hands-on to minds-on
(Abrahams and Millar 2008; Driver 1983; Hodson 2014) and further underscores the
appeal that the form in which practical work is performed should still receive attention
in research, educational practice and teacher education (Oliveira and Bonito 2023). The
results of this study did not indicate that attention for TBF during a specific lesson phase is
particularly decisive. This suggests that explicit attention to TBF throughout practical
lessons is important to accomplish minds-on learning. Our qualitative descriptions of
some lessons also showed that continuous attention to TBF can persuade students to
leave the domain of observables and reach the domain of ideas during practical work
(Abrahams and Millar 2008), thereby possibly also enhancing student motivation to learn
scientific concepts (Sharpe and Abrahams 2019).

Whilst substantial attention for TBF is a necessary condition, it appears not to be
sufficient to realise minds-on learning during practical work. Regarding RQ2 concern-
ing other lesson characteristics that are conducive to minds-on learning, our results
show that congruent pedagogy and mitigation of the cognitive load of hands-on
aspects, are also important for fostering minds-on learning experiences. A congruent
pedagogy assures that students are able to perform the desired TBF in order to learn
something new. More than one-third of the teachers in our sample did not use
a congruent pedagogy, which is a relatively large portion. This is in accordance with
previous research showing that many teachers do not consciously use congruent
pedagogy as a design principle for their practical work (Logar, Peklaj, and Ferk Savec
2017; Spaan and Van Ed den Berg 2017). An explanation for the importance of
mitigation of the cognitive load of the hands-on aspects may be that the TBF required
to reach the domain of ideas, does not take place adequately or sufficiently if the
hands-on aspects are too demanding for students. If the teacher manages to control
the cognitive load of the hands-on aspects, the students may experience more minds-
on learning. This is, for example, in accordance with the findings of studies on virtual
laboratories in which the hands-on aspects play a less important role. These studies
report larger conceptual learning gains from virtual labs compared to physical labora-
tories (Campbell et al. 2002; Finkelstein et al. 2005; Koretsky et al. 2022; Koretsky, Kelly,
and Gummer 2011; Wiesner and Lan 2004). Another clear result indicating the
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importance of mitigating the cognitive load of the hands-on aspect is the positive
effect on student performance during practical work resulting from the addition of
integrated illustrations to laboratory instructions (Haslam and Joseph Hamilton 2009).
Fortunately, many teachers in our sample managed to mitigate this demand ade-
quately, which is consistent with descriptions of teacher’s concerns regarding student
laboratory skills and the subsequent need for explicit instructions (Wood 2022).

We could not establish any significant influence of student autonomy on number of minds-
on learning experiences. The absence of an effect of this lesson characteristic might be
explained by the fact that students in grades 8 and 9 are still sufficiently challenged in the
practical lessons and therefore experience sufficient situational interest (Schraw and Lehman
2001). Furthermore, student autonomy may also have more influence with older students as
the need for autonomy increases in higher grades (Oostdam, Koerhuis, and Fukkink 2019).

The qualitative descriptions of some lessons in which minds-on learning experiences
were and were not successfully realised provided a good illustration of how important it is
to pay attention to all important lesson characteristics. They showed that the absence of
only one characteristic can already inhibit minds-on learning. In the case of non-
congruent pedagogy, for example, the qualitative analyses illustrated that practical
work aimed at self-discovery impeded minds-on learning if the students were familiar
with the rules to be discovered beforehand. Similarly, a lack of mitigation of the cognitive
load resulted in primarily hands-on learning experiences.

Limitations and future research

The present study has been performed in actual classroom practice with fifteen different
teachers and consequently there were far more differences between the lessons than we
focussed on. General atmosphere, willingness to participate, and classroom management
are some potentially important classroom characteristics we could not consider as these
are hard to quantify based on one video observation. Especially, teacher aptness at
fostering discussions between students about scientific measurements or observations,
may be an important characteristic (Felton et al. 2022; Grimes, McDonald, and van
Kampen 2019). Future research could add more of these possible predictors when obser-
ving and analysing a larger number of lessons.

Concerning our measurements, the dichotomous scale of our lesson characteristics may be
too coarse to capture qualitative differences. In our study, for example, we scored whether
there was attention to TBF during a post-work discussion, but we did not analyse its quality
specifically. A deficient quality of certain lesson characteristics, such as the post-work discus-
sion, may have led to no learning effects being found in the learner reports. Carefully planned
and executed post-work-discussions may nevertheless foster minds-on-learning experiences
(e.g. Lesperance and Kuhn 2022). Future qualitative analyses may lead to more precise
recommendations for the educational practice. Since giving substantial attention to TBF is
the most important predictor, it is especially worthwhile to investigate in which way this
attention is best given.

Although activities from all categories were present in the sample, the small
number of lessons provided insufficient data to analyse the effect of the predictors
in relation to the different TBF categories and activities. Especially activities that
require more sophisticated TBF and have proven to be effective in previous research



RESEARCH IN SCIENCE & TECHNOLOGICAL EDUCATION e 307

are of interest, such as discussing an explanation, conclusion, prediction, or experi-
mental method (Van Herranen and Aksela 2019; Zee 2000). Future research may
investigate if a certain TBF category or certain TBF activities can favour minds-on
learning experiences more.

As a final limitation, we note that we did not give the students any test. Consequently,
we cannot be certain that the claims on their learning report accurately represent changes
in or additions to their mental models, although the learner report in general has proven
to be a valuable instrument for this type of research (Van Kesteren 1993). Future research
on actual learning outcomes of existing practical lessons in lower secondary education
that contain the significant lesson characteristics is needed.

Conclusion

Given the importance of substantial attention to TBF by the teacher, careful planning of
TBF activities throughout practical lessons should receive primary attention. This implies
that the opportunity to involve students in TBF during practical work should be an
important design criterion. Assignments should be planned and prepared in such a way
that a teacher can proactively engage in conversations with students to make connec-
tions between their hands-on activities and mind-on principles. The appeal Abrahams and
Millar (2008) made to give genuine attention to connecting the domain of observables to
the domain of ideas during practical work is still pertinent. Furthermore, a congruent
pedagogy is necessary to ensure that practical lessons lead to new insights for students by
connecting hands-on to minds-on. Finally, mitigating the cognitive load of the hands-on
aspects of practical work is a prerequisite for minds-on learning. Effective guidance aimed
at fostering the thinking process (Hmelo-Silver, Duncan, and Chinn 2007) is not sufficient
for minds-on learning experiences. In previous work, it was found that teachers consider
the limited hands-on-skills of their students often as an impediment to providing TBF
activities during practical work (Spaan et al. 2022). Results from the present study indicate
that hands-on aspects may not be too difficult, but simply too demanding. Since students
identify the lack of minds-on learning experiences during practical lessons as frustrating
their motivation (Sharpe and Abrahams 2019), designing practical work that adheres to
the lesson characteristics identified, could also increase student motivation.
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