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1 | INTRODUCTION use, intuition, and transfer. Many studies have shown clear advantages

of more “active” or “engaged” learning! over direct instruction for
Conceptual knowledge is at the heart of understanding a domain and is acquiring deep conceptual knowledge (e.g., Freeman et al.,, 2014; Hake,
most often the central goal that teachers aim to reach with their 1998, see also later); others, however, have reported that direct instruc-

students. Conceptual knowledge may be defined as knowledge that tion leads to better learning outcomes (e.g., Stockard, Wood, Coughlin,

captures structural relations between concepts, principles, and/or pro- & Khoury, 2018). In consequence, there is still a debate as to which of

cedures in the domain and enables (causal) inferences (see, e.g., Bennet the two forms of learning or instruction should prevail.

& Bennet, 2008; de Jong & Ferguson-Hessler, 1996; Pines & West,
1 . . . . .
1986; Viennot, 2008). Acquiring conceptual knowledge at this deep Although both terms are used interchangeably in the literature, to simplify
things, in this paper, engaged learning is used exclusively, even if the original

level requires time and effort and is related to expertise, flexibility of . .
author used active learning as a term.
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Compare the mass to the left and right of
the balance point. Explain.

FIGURE 1 Physics problem (from Ortiz et al., 2005, p. 546)

With that debate in mind, it is of great potential interest to
consider that technology is now entering the classroom. Most often,
however, this involves technologies that do not change the traditional
pedagogy, for example, whiteboards that replace blackboards,
(adaptive) online tests that replace paper and pencil tests, learning
management systems that replace written schedules, and, specifically
in higher education, massive open online courses that replace in-
person lectures. Clearly, these technologies have obvious advantages
in terms of efficiency, reach, personalization, and quick updating, but
they leave the instructive pedagogy in the classroom basically
untouched (see also, e.g., Cuban, 2009). To some degree, this may
even explain why these technologies are so popular. There is also a
set of technologies that elicit cognitive engagement, for example, in
the form of inquiry learning or collaborative learning. The pedagogical
approaches or methods these technologies represent are also not
new, as students have been doing inquiry in hands-on laboratories
and have collaborated in project work for a long time; however, the
new technologies enable the application of these approaches in a
larger, more efficient, more personalized, and effective way. In addi-
tion, technologies introduced in this article offer an opportunity to
combine different approaches to learning and instruction and intro-
duce new, interactive, and adaptive options for guidance. This makes
engaged forms of learning more manageable and combinable with
other instructional approaches within classroom situations.

These developments may turn the ongoing debate into a discus-
sion of how to make the most advantageous combinations of instruc-
tional approaches, and move research away from the traditional
“which is the best?” question to more subtle and nuanced questions
concerning what is best for whom for what domain and at what
moment in time. The current paper explores this issue as a “narrative
review” with an emphasis on inquiry learning for STEM (science,
technology, engineering, and math) domains, at the secondary

school level.

2 | THE NEED FOR A CHANGE IN STEM
EDUCATION AND ENGAGED LEARNING

In a classic study, Ortiz, Heron, and Shaffer (2005) presented
undergraduate students (first-year engineering, physics, math, and

computer science students with high school physics experience)
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with simple and straightforward physics problems such as the
one depicted in Figure 1.2

Students were informed that the baseball bat was in balance and
they had to indicate whether mass A was larger than, smaller than, or
equal to mass B. Because the centre of mass A is clearly further away
from the balance point than the centre of mass B, the correct answer
is that mass B must be larger than mass A. Despite this being basic
physics knowledge on which the students in the study by Ortiz et al.
(2005) had received instruction, only 20% gave the correct answer;
most students answered that both masses should be the same. In his
EARLI 2015 presidential address, Constantinou (2015) presented fig-
ures that showed that university students and teachers from different
levels had trouble giving the correct answer to this problem, often
reaching percentages lower than the 20% reported by Ortiz et al.
(2005). Other studies have shown that such a lack of basic conceptual
understanding is apparent for many different science fields, including
other physics topics, chemistry, and astronomy (see, e.g., Bodner,
1991; Burgoon, Heddle, & Duran, 2010; Cros, Chastrette, & Fayol,
1988; Gunstone & White, 1981; Kruger, Summers, & Palacio, 1990;
H. Lin, Cheng, & Lawrenz, 2000; McDermott, 1984; Nakhleh, 1992;
Smith & Metz, 1996; Trouille et al., 2013; Trowbridge & McDermott,
1980; Viennot, 1979). These consistent findings could indicate that
(deep) conceptual knowledge of science topics may often be lacking.

Many scholars and instructional designers seek to solve the prob-
lem of a lack of deep conceptual knowledge by introducing methods
of engaged learning. In traditional, direct, instruction, students may
also interact deeply with the domain, such as when they practice
solving problems after the direct instruction has been delivered, but
in engaged forms of instruction, the involvement in the content is at
the core of the approach. Engaged learning can be seen as a form of
learning in which students perform meaningful activities with the con-
tent offered, which means that they modify or elaborate the content
(by interpreting, exemplifying, classifying, inferring, differentiating, or
organizing) or reflect upon it by themselves or in discussion with
others (Prince, 2004). Central to this definition is that students go
beyond the information that is offered to them. Engaged learning
may take place at different levels of intensity (see, e.g., Chi & Wylie,
2014, to be detailed later) and may entail many forms of learning, such
as problem-based learning, project-based learning, peer tutoring,
collaborative learning, and, the focus of this article, inquiry learning.

There are clear indications that engaged learning indeed leads to a
higher level of conceptual knowledge than traditional, direct, instruc-
tion. Hake (1998) compared the outcomes of 62 introductory physics
courses (involving more than 6,500 students), 14 of which were char-
acterized as traditional and 48 as following interactive-engagement
(IE) methods. The latter were defined as courses that were “designed
at least in part to promote conceptual understanding through interac-
tive engagement of students in heads-on (always) and hands-on
(usually) activities which yield immediate feedback through discussion
with peers and/or instructors” (Hake, 1998, p. 65). All courses involved

standardized tests that were intended to measure conceptual

2Reproduced from Ortiz et al. (2005). Student understanding of static equilib-
rium: Predicting and accounting for balancing. American Journal of Physics, 73,
545-553, with the permission of the American Association of Physics Teachers.
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knowledge of Newtonian mechanics. The results of the study by Hake
showed that students whose course was based on interactive engage-
ment achieved an average gain in conceptual knowledge that was
close to two standard deviations above that of the students who took
a traditional course. In his work, Hake (1998) also found that some IE
courses scored at the low end, making this approach not a panacea,
but the overall results led him to conclude that: “The conceptual and
problem-solving test results strongly suggest that the use of IE strategies
can increase mechanics course effectiveness well beyond that obtained
with traditional methods.” (Hake, 1998, p. 71, author's emphasis).

In a later meta-analysis, Freeman et al. (2014) confirmed that
engaged learning has clear advantages over more direct, expository,
forms of learning. In their analysis of 225 studies, they found a difference
of 0.47 SD in favour of engaged forms of learning, and students in tradi-
tional classes failing 1.5 times as often as students participating in engaged
forms of learning. The definition used for engaged learning by Freeman
et al. was rather broad, and included: “occasional group problem-solving,
worksheets or tutorials completed during class, use of personal response
systems with or without peer instruction, and studio or workshop
course designs” (Freeman et al., 2014, p. 8410). Although this definition
isindeed very broad, the study by Freeman et al. indicates that mobilizing
students one way or another makes sense, which is also supported
by more personal and qualitative testimonials (e.g., Falconer, 2016).

The studies by Hake (1998) and Freeman et al. (2014) presented
results over all different kinds of engaged learning, but if we also zoom
in on specific forms of engaged instruction, large-scale studies or meta-
analyses have shown large and consistent advantages of forms of
engaged learning over traditional forms of instruction, as is the case for
peer tutoring, for example (see, e.g., Crouch & Mazur, 2001). To explicate
this phenomenon and to be able to give specific details, in the current

article, | focus on one specific form of engaged learning: inquiry learning.

3 | INQUIRY LEARNING AS A FORM OF
ENGAGED LEARNING

The definition of engaged learning given above, students who are pro-
cessing material in a meaningful way and reflecting on what they are
doing, still sees engaged learning as a rather open concept that
embraces many different forms of learning, including, for example, solv-
ing exercise problems in a traditional curriculum. Going one step fur-
ther, engaged learning can involve drawing inferences from and
adding commentaries to material offered, found, or shared, as often
occurs in problem-based or collaborative learning. A next level of activ-
ity can be introduced by not offering all of the information to students
and presenting them with situations they need to manipulate to create
the information themselves; basically, this is what happens in inquiry
learning. There are many different views on inquiry learning, but here,
we see inquiry learning as characterized with situations in which stu-
dents are presented with or have to design a scientific question. They
must find an answer to that question by performing investigations
and/or collecting data, for example, in real or online laboratories. In
most cases, inquiry activities for students concern questions for which
the answer is already known in the literature, but they can also address

questions without known answers. In any case, in inquiry learning,
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students themselves have to make inferences in the domain. Compared
with traditional instruction, in inquiry learning, the emphasis is on stu-
dents taking the initiative. In traditional instruction, the usual (simpli-
fied) sequence is that the teacher explains and students read the
theory in the book, and then students do exercises. In inquiry learning,
still based on the necessary preconditional surface knowledge, students
first carry out explorations and then create concepts and laws together
with their teachers. Schuster, Cobern, Adams, Undreiu, and Pleasants
(2018) called this ready-made science versus science in the making. In tra-
ditional learning settings, experiments that students perform are meant
to confirm what they have been learning in their lessons, whereas in
inquiry learning, the lab exercises are meant not only to confirm knowl-
edge but also to construct meaning (Trout, Lee, Moog, & Rickey, 2008).

The interactive, constructive, active, and passive (ICAP) framework
designed by Chi (2009) and Chi and Wylie (2014) is relevant to further
position inquiry learning as a form of engaged learning. The ICAP taxon-
omy categorizes (overt) activities that students can perform such as
listening and observing (passive), making notes or highlighting (active),
creating artefacts such as concept maps (constructive), or collaborating
with others (interactive). These overt activities are related (not neces-
sarily on a one-to-one basis) to cognitive activities by students that
show increasing levels of engagement: storing (passive), integrating
(active), inferring (constructive), and coinferring (interactive; Chi &
Wylie, 2014, p. 225). Based on other studies and on their own work,
Chi and Wylie (2014) concluded that students perform best with
instruction that stimulates interactive learning, which is better than
both approaches focusing on constructive learning and passive methods,
which are least effective. In inquiry learning, all of the different ICAP
levels are present. Students are active in manipulating a lab or simulation
(de Jong, Linn, & Zacharia, 2013), they are constructive in such work
as creating hypotheses and making inferences (Eysink & de Jong,
2012), and this is often performed together with peers, which stimulates
interactivity (Osborne, 2010). When students receive instruction along-

side of the inquiry (see later), the passive mode of learning is also present.

4 | TECHNOLOGY FOR INQUIRY LEARNING

Instructional implementations of inquiry do not necessarily involve
specific technologies, but technology can be an essential component
of active or engaged learning (see, e.g., National Academies of
Sciences Engineering Medicine, 2018) and of inquiry learning in partic-
ular. In a recent paper, de Jong, Lazonder, Pedaste, and Zacharia
(2018) summarized technologies for inquiry learning, such as simula-
tions and online laboratories, (certain types of) games, and modelling
environments. There are many variations within these categories, but
essentially, these technologies allow learners to interact with a
computational model that represents a domain. In this interaction,
students in essence manipulate values of independent variables and
observe values of output variables. In doing so, they try to put their
existing ideas, which could be misconceptions, to the test. They can
also explore relations they become aware of and infer new knowledge,
and then test these newly acquired ideas by doing new experiments.
Students may also try to find out the conditions under which their

ideas hold (see, e.g., de Jong & van Joolingen, 1998).
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Web-based applications have created a situation in which these
technologies have become readily available for usage in classrooms
or at home. Examples of repositories of online labs or simulations that
are very widely used in science education are the PhET (Moore &
Perkins, 2018; Wieman, Adams, & Perkins, 2008), Amrita/OLabs
(Achuthan et al., 2011; Nedungadi, Malini, & Raman, 2015; Nedungadi,
Ramesh, Pradeep, & Raman, 2018), Molecular Workbench (Xie et al.,
2011), Physics Aviary (Maclsaac, 2015), Physlet Physics (Christian &
Belloni, 2003), and ChemCollective (Yaron, Karabinos, Lange, Greeno,
& Leinhardt, 2010) collections. The Go-Lab sharing platform (www.
golabz.eu, see, e.g., de Jong, Sotiriou, & Gillet, 2014) is an example
of a platform in which labs from different repositories are brought
under one umbrella. Virtual laboratories that include virtual reality
techniques mimicking the hands-on laboratory as closely as possible
can also be found, for example, in (commercial) repositories such as
Labster (Bonde et al., 2014). Many websites offering a larger set of
smaller games (often for children) can be found, and more advanced
games can be found in general repositories such as merlot.org. A larger
set of modelling tools (based on different principles) is also available,
with some of the best known examples being NetLogo (Wagh,
Cook-Whitt, & Wilensky, 2017) and Scratch (Resnick et al., 2009), as
well as newer developments such as SageModeller (Damelin, Krajcik,
Mclntyre, & Bielik, 2017) and SimSketch (Heijnes, van Joolingen, &
Leenaars, 2018).

The technologies mentioned in this section provide students with
a platform for engaging with a domain and extending their knowledge
in a self-directed way. Compared with doing inquiry with real mate-
rials, the use of technologies offers practical advantages, such as no
waste of chemical substances or 24/7 lab availability (Alessi & Trollip,
2001), and it may enable access to data that are not available in tradi-
tional instruction (Lee & Wilkerson, 2018). The pedagogical advan-
tages are also important. Because inquiry learning is a complex
process, especially when first starting out, students need to be sup-
ported by different forms of guidance. Technology allows the possibil-
ity of offering this guidance in a way that is integrated with the inquiry
approach and, as is seen more and more, in a way that is adaptive.

5 | COMBINING INQUIRY WITH
(TECHNOLOGY-BASED) PEDAGOGICAL
GUIDANCE

Inquiry learning requires students to actively plan their actions and to
monitor their plan and their development of knowledge. Leaving this
process entirely up to the student (certainly for the novice student)
will not lead to productive learning (Mayer, 2004). Therefore, inquiry
learning needs to be well guided, which can be done in several ways.
In the next sections, various ways of providing students with guidance
are discussed, after which some examples are presented of how tech-

nology may enact the different types of guidance.

5.1 | Giving students the right level of control

Activities such as generating questions or hypotheses, designing and

running experiments, and interpreting data are pivotal in the inquiry
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process. In a full inquiry setting, the initiative for all of these activities
lies with the student (who, e.g., creates a hypothesis), but the initiative
can also lie more with the teacher or system (by providing the student
with a ready-made hypothesis), or any situation in between (e.g., par-
tially stated hypotheses to be completed by the student).

In the literature, many authors have elaborated on this idea of dif-
ferent levels of inquiry, with level referring to the degree of freedom
or initiative on the part of the students versus the teacher (or system).
Bonnstetter (1998), for example, distinguished increasing levels of
autonomy for the student: traditional hands-on, structured, guided,
student-directed, and student-research inquiry. In the most open form
of inquiry, students are in control of all inquiry aspects including the
design of the research question, whereas in the most closed form,
control is on the side of the teacher, who provides the students with
the research questions, a step-by-step data collection procedure, and
so forth. The latter form comes very close to what happens in tradi-
tional, more recipe-like, hands-on laboratory exercises, in which the
role of the experiment is simply to confirm the theory presented by
the teacher. Protopsaltis et al. (2013) cited earlier work that used sim-
ilar distinctions (Herron, 1971; Schwab & Brandwein, 1962; Tafoya,
Sunal, & Knecht, 1980). More recently than these, Banchi and Bell
(2008) also worked through this concept, showing that the idea of
introducing different levels of control for inquiry has a permanent
place in the science education literature. De Jong and Lazonder
(2014) presented ways of guidance that differ in the control they give
to students. For example, dashboards only provide students with
information on their activities or learning products, process constraints
limit the options for students, and prompts or heuristics point students
to certain activities to follow.

Although in inquiry, the control should be ideally in the hands of
the student, research has suggested that greater system/teacher con-
trol is advantageous for learning outcomes. For example, in a meta-
analysis, Furtak, Seidel, Iverson, and Briggs (2012) found higher effect
sizes for different forms of teacher-led inquiry compared with tradi-
tional instruction than for student-led discovery against traditional
instruction. Analyses of different rounds of PISA (Programme for
International Student Assessment, see www.oecd.org/pisa) data have
shown that although the more open forms of inquiry are better for
gaining a positive attitude towards science, the more closed, teacher-
led forms of inquiry are associated with higher knowledge scores
(Cairns & Areepattamannil, in press; Jiang & McComas, 2015). The
optimal division of control, however, may depend on student charac-
teristics and other factors. One starting point for deciding on this divi-
sion could be the “zone of proximal development” for students. This
holds for both their knowledge of the domain and their command of
inquiry activities. In this context, Perez et al. (2017) found that stu-
dents who learned more from a simulation on electrical circuits created
much less complex circuits than students who did not gain knowledge
after working with the simulation. Obviously, the more successful stu-
dents were able to recognize their limitations and stayed within their
zone of proximal development. More adaptive forms of guidance (see
later) should be able to make the level of control more flexible, also
making it possible to start with more system control for novice stu-
dents when need to get used to the inquiry process, and leaving more

control to the student in later stages. Finding the balance between
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student and system (teacher) control is also clearly related to results
from work on self-regulated learning, in which providing students with
control enhances motivation but may also lose its effect on learning
results, when students (come to) lack the skills to regulate their own
learning (see, e.g., Gorissen, Kester, Brand-Gruwel, & Martens, 2015).

5.2 | Providing students with scaffolds

Supporting students in the inquiry process can be done by giving them
scaffolds. Offering scaffolds can help students to perform processes
that they are not as yet able to perform well enough by themselves,
because scaffolds can be integrated into the dynamics of a process
and offer students structures and elements of the task they must per-
form (de Jong & Lazonder, 2014). Students can be scaffolded at the
overall level of inquiry (the inquiry cycle) or at level of the more detailed
inquiry processes within the different phases of an inquiry cycle.

Inquiry is a process with a number of steps that can be placed in a
certain (not necessarily sequential) order. Pedaste et al. (2015)
reviewed the literature on “inquiry cycles” and summarized them in a
framework including phases such as orientation, question or hypothesis
stating, investigation, conclusion, and communication and reflection,
with a number of relevant subprocesses. Providing students with such
a predefined cycle helps them with keeping an overview of actions to
be completed and with planning and monitoring their learning process.
Manlove, Lazonder, and de Jong (2007) compared two groups of
students learning with a physics simulation on Torricelli's law, with
one group following a computerized inquiry cycle and the control group
working without this structure. They found that the group with the
inquiry cycle produced better reports at the end of the inquiry process.

Scaffolding the entire inquiry process can be done by providing
students with an inquiry cycle, but specific difficulties may also appear
at each step of the process, such as in setting up hypotheses or draw-
ing conclusions, as well as in processes such as planning and monitor-
ing of the inquiry process (de Jong & van Joolingen, 1998). In a recent
study, Woolley et al. (2018) asked more than 300 undergraduate stu-
dents 80 open questions on scientific reasoning strategies, based on
classifications of inquiry processes such as the one developed by the
National Science Foundation (2000). Based on their analyses of the
students' answers, Woolley et al. (2018) could identify a large set of
common mistakes students made, including not identifying the inde-
pendent variable, not associating the right data with the right hypoth-
esis, and swapping ratios and units. At a more specific level, Chinn and
Brewer (1993) listed six less desirable typical student reactions to
anomalous data when having to draw conclusions, including ignoring
or reinterpreting anomalous data.

In a meta-analysis of over 144 studies, Belland, Walker, Kim, and
Lefler (2017) found a consistent positive effect of computer-based
scaffolding on cognitive outcomes. This conclusion held over a series
of more open, problem-centred learning approaches, including inquiry
learning. In a meta-analysis of over 77 studies specifically focusing on
inquiry learning, Lazonder and Harmsen (2016) also found a positive
effect on learning outcomes from adding scaffolds. Similar results
were reported by d'Angelo et al. (2014), who reported an added effect

on learning performance from guidance for inquiry learning from
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computer simulations. In contrast and a bit puzzling, when looking at
within-subject differences, the effects of using scaffolds for inquiry

learning do not seem to be evident (Belland, Walker, & Kim, 2017).

5.3 | Balancing instruction and inquiry

Despite the fact that well-designed (guidance included) inquiry learn-
ing has repeatedly been found to be a relatively effective instructional
method, meta-analyses and the work on which they are based often
do not sketch the full picture. One important factor that is often not
considered is the context in which this type of teaching takes place,
and, more particularly, its positioning within the curriculum (see also
Rutten, van Joolingen, & van der Veen, 2012). For example, the two
recent meta-analyses in this field that were mentioned above (Belland
et al.,, 2017; Lazonder & Harmsen, 2016) discussed quite a number of
mediating variables (e.g., domain, duration, type of guidance, learner
characteristics, assessment level, and scaffolding characteristic), but
not the point during the curriculum in which the learning took place.
This timing of inquiry, however, seems to be of importance. Hattie
and Donoghue (2016), who performed a meta-synthesis of a large
series of meta-analyses comprising a total of close to 19,000 individual
studies, explicitly mentioned that some more engaged forms of learn-
ing and instruction show less favourable effect sizes when they are
introduced in the curriculum at a point when the necessary surface
knowledge that is needed as a starting point for gaining (deep) con-
ceptual knowledge has not yet been acquired. Schneider and Preckel
(2017) also presenting a meta-synthesis, likewise found that prior
instruction (and the associated prior knowledge) is a moderator vari-
able for the effectiveness of engaged forms of learning such as
problem-based learning and inquiry learning. It seems, therefore, that
inquiry learning needs to be preceded (or accompanied) by direct
instruction. This triggers the need for a subtle timing of inquiry activ-
ities and for a balance of direct instruction of prerequisite knowledge
and inquiry activities.

The combination of instruction and inquiry can be implemented in
the context of an entire curriculum, but this combination can also be
realized in a single learning session. There are a number of studies that
have investigated this issue; some work has indicated that inquiry
before instruction is most beneficial (Brant, Hooper, & Sugrue, 1991)
or that exploring before instruction is the best (DeCaro & Rittle-
Johnson, 2012; Weaver, Chastain, DeCaro, & DeCaro, 2018). Most
work, however, has indicated that instruction of domain knowledge
prior to learning with a simulation or lab leads to better results for
domain knowledge than the reverse order, either on an immediate test
(Barzilai & Blau, 2014) or over a longer term (Wecker et al., 2013).
Lazonder, Wilhelm, and van Lieburg (2009) found indications that hav-
ing some knowledge of relations between variables is also necessary
to profit from a subsequent inquiry process. In a study with a simula-
tion on a fictitious domain, Lazonder, Hagemans, and de Jong (2010)
found that having surface information available during learning may
be a good alternative or addition to the presentation of information
before the simulation. Kant, Scheiter, and Oschatz (2017) found that
for scientific reasoning skills, presenting direct information (in this case

as a video) was also better done before than after an inquiry task.
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5.4 | How technology can enable guided inquiry

Guidance for inquiry can be given by the teacher, peers, or technology
(Kim & Hannafin, 2011). Focusing on technology, inquiry learning sys-
tems can change the level of control. Some examples include providing
students with automatic prompts or heuristics, presenting partially
completed scaffolds, or building in process constraints, such as by
embedding model progression (an online lab become successively
more complex). The use of combinations of sources to provide stu-
dents with guidance can also be found, for example, when dashboards
showing student activities help teachers to guide students in the
inquiry process (see, e.g., Roschelle, Martin, Ahn, & Schank, 2017).
Technology can also help in providing students with scaffolds. One
example of the integration of an inquiry cycle in a technology-based
platform is the Go-Lab ecosystem. Inquiry spaces created with this
ecosystem follow a set of phases that present an inquiry cycle. These
phases are shown by means of tabs in the environment;
designers/teachers can change these tabs and thus the cycle accord-
ing to their own wishes (de Jong, 2015). An example of a more specific
scaffold (for an overview, see Zacharia et al., 2015) is an experiment
design tool that breaks down the process of experiment design:
selecting variables; categorizing them as independent, dependent, or
control; assigning values to them; and deciding on the number of trials.
An experiment design tool can even suggest specific experimentation
strategies such as vary one variable at the time (van Riesen, Gijlers,
Anjewierden, & de Jong, 2018b). Finally, combining direct instruction
and inquiry can also be supported by technology. Direct instruction
can be offered prior to or following the inquiry process or in an adap-
tive or student-controlled way during the inquiry, for example, by hav-
ing pop-ups explain variables during experiment design. The latter
example also shows that different types of guidance can be combined
in a specific tool. In designing adequate guidance, an important aspect
is not to “overscript,” so that there remain challenges for students and
students can still feel the benefits of having to repair their own mis-
takes, in line with approaches such as productive failure (Kapur &
Bielaczyc, 2012) or desirable difficulties (Linn, Chang, Chiu, Zhang, &
McElhaney, 2010).

Most individual offerings and some collections of technology-
based learning material offer single online labs that can be used by a
teacher as demonstration material or can be embedded in offline
supporting material. In many cases (e.g.,, PhET, ChemCollective,
Physlets, and OLabs), virtual labs are offered together with materials
such as activities, tutorials, and tests, often as offline material. The
WISE software began offering the possibility of embedding virtual labs
into online learning environments, offering authoring possibilities to
teachers with the possibility of including a number of interactive scaf-
folds (Slotta & Linn, 2009). The Go-Lab software (de Jong et al., 2014;
Gillet, Rodriguez-Triana, de Jong, Bollen, & Dikke, 2017, July) offers a
large collection of more than 550 online (virtual and remote) labs,
including labs from the repositories listed above, and offers extensive
authoring facilities, including a large set of interactive, teacher-
configurable scaffolds. The combination of labs, scaffolds, and multi-
media materials in what are called inquiry learning spaces (ILSs) that
follow a (configurable) inquiry cycle means that ILSs enable the combi-
nation of online labs with all types of guidance mentioned in this
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section. Still, other repositories (e.g., Ing-ITS; Gobert, Moussavi, Li,
Sao Pedro, & Dickler, 2018) offer a (much more limited) set of online

labs with an integrated set of highly adaptive tools.

6 | EFFECTIVENESS OF
(TECHNOLOGY-BASED) INQUIRY LEARNING

Many studies have shown an advantage for inquiry learning over other
forms of (direct) instruction for acquiring (conceptual) knowledge (see,
e.g., Furtak et al., 2012; Minner, Levy, & Century, 2010; Schroeder,
Scott, Tolson, Huang, & Lee, 2007; Shymansky, Hedges, &
Woodworth, 1990). Often, however, analysis has shown that positive
results of inquiry only hold or hold in a stronger form when the inquiry
process is guided, as explained in the previous section. Alfieri, Brooks,
Aldrich, and Tenenbaum (2011) found an effect size of -0.38 for
unguided and 0.30 for guided inquiry (Alfieri et al., 2011; Cohen's d).
A meta-analysis by Lazonder and Harmsen (2016) confirmed that
combining inquiry with guidance indeed led to improved learning out-
comes, but these authors could not find differential effects of different
forms of guidance. In the same context, Furtak et al. (2012) concluded
that when inquiry was more teacher led, positive results were more
pronounced. When looking into the results for technology-supported
inquiry learning (e.g., learning with virtual labs or simulations), the
results here also have consistently shown that inquiry learning does
better compared with more direct forms of instruction for acquiring
(conceptual) knowledge (see, e.g., Rutten et al., 2012), but again,
effects are more pronounced when guidance is present (e.g., d'Angelo
et al., 2014; Smetana & Bell, 2012). These results are reported for the
acquisition of (conceptual) knowledge as an outcome variable, but
positive results are often reported as well for interest in science
(Cairns & Areepattamannil, in press; Laine, Veermans, Lahti, &
Veermans, 2017; OECD, 2016).

Another approach to assessing the relative impact of inquiry
learning comes from studies of the actual use of learning strategies
in the classroom as related to student performance. The most recent
figures in this respect come from the PISA 2015 studies (OECD,
2016). These PISA 2015 data seem to show a different picture than
the meta-analyses listed above; based on this analysis, it was con-
cluded that, “After accounting for students' and schools' socio-
economic profile, in 56 countries and economies, greater exposure
to enquiry-based instruction is associated with lower scores in sci-
ence” (OECD, 2016, p. 36). This was further confirmed in a further
analysis of the PISA 2016 data by Cairns and Areepattamannil (in
press), who also concluded that more frequent use of inquiry activities
was related to lower scores on the PISA science test.

So we seem to be left with two contrary conclusions from two
different sources of information and different types of studies. There
are, however, a few distinguishing factors that may explain these
seemingly contradictory conclusions.

What obviously influences the effectiveness of instruction, and
thus also the effectiveness of inquiry-based instruction, is the actual
quality of the instruction, which also concerns the quality of the
teacher (see also Rutten et al., 2012). In experimental studies, this

quality is often more under control than in the instruction included
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in the PISA studies. In experimental studies, the inquiry instruction is
often the experimental condition that in most cases has been meticu-
lously designed and documented by the researcher and delivered by a
teacher (or the experimenter), who most probably will be motivated to
deliver this type of instruction well. In the PISA studies, much less is
known about the instruction, instruction is categorized as inquiry-
based according to students' self-reports, and basically, no further
quality data are available. There are, however, indications that in the
actual classroom, inquiry learning is often not realized as intended by
the designer. For instance, Plass et al. (2012) analysed how a course
on chemistry inquiry that they designed was implemented in 35 class-
rooms after the experimenters left, and found that half of the teachers
involved made adaptations, ranging from spreading the units of the
course over a longer period of time to making pedagogical changes
that did not comply with the course intentions. Van Dijk, Eysink, and
de Jong (submitted) conducted a study in which 30 elementary
schools implemented the same inquiry method in their curriculum
and found large variations in actual usage of the method. Chinn and
Malhotra (2002), in an extensive analysis of practical inquiry learning
situations, concluded that most of the inquiry methods used in schools
tend to be the more restricted approaches with very little freedom for
the learner. These authors also noticed that the “simple inquiry tasks”
used at school use very basic and unidimensional experimental situa-
tions that are distant from authentic tasks.

Next, in studies using the PISA 2016 data, a relation between
frequency of inquiry activities and achievement was observed, while
experimental studies often evaluate a one-time intervention. This
means that these are basically two different types of results. In this
context, a very recent study by Teig, Scherer, and Nilsen (2018)
showed that, based on 2015 Norwegian TIMSS data, there is a curvi-
linear relation between frequency of inquiry activities and achieve-
ment, meaning that inquiry learning positively affected achievement
until a certain level of frequency of occurrence in the curriculum, such
that a high frequency of inquiry activities instead hampered achieve-
ment. If these conclusions hold, it may indicate that there is no contra-
diction in the results. Experimental studies, in which inquiry lessons
are often implemented only once, often find better learning outcomes
for inquiry. The Teig et al. (2018) results could imply that there is still
room to enlarge the effect beyond such a single implementation, but
only up until a certain threshold level of implementation of inquiry
has been reached.

This being true, there are some caveats to be noted regarding
positive results for inquiry learning. First, as is true for all results from
(educational) science, there is a tendency to publish only studies in
which a “favourable” outcome was found (the “file drawer problem,”
see Rosenthal, 1979); it can be assumed that scholars investigating
inquiry tend to favour this form of learning. Second, it seems hard,
especially in educational science where there are dozens of decisions
to be made between developing a theoretical idea and its actual
implantation in the classroom, to draw general conclusions about

» o«

“inquiry learning, “traditional instruction,” “scaffolds,” and so forth.
All of these general concepts, as already indicated above, have many
different implementations, which makes it almost impossible to lump
all these results together under one common denominator. What is

called inquiry on the surface can in effect represent many different
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approaches. Third, in education, there are many variables that may
determine the effectiveness of an intervention. The two most
frequent mediators for inquiry learning are the quality of the teacher
and the prior knowledge of the students.

In relation to teacher quality and involvement, Waldrop (2015,
p. 274), wrote:

One faculty member, who asked not to be named so that
she could speak freely about her institution, tells the story
of a chemistry instructor who told his students to “work
together,” and then spent the rest of the class time
reading. “Active learning done badly is worse than a

good lecture.”

This illustrates, as already indicated above, that the role of the
teacher in the (inquiry) learning process can be indispensable (see,
e.g., Andrews, Leonard, Colgrove, & Kalinowski, 2011; Auerbach,
Higgins, Brickman, Andrews, & Labov, 2018; Furberg, 2016), yet this
role is neglected in many experimental studies. In the best case, the
same teacher teaches the inquiry and the control conditions, but most
often, there is hardly any information on the quality of the teaching
process. In a qualitative study, Fang and Hsu (2017) made detailed
observations of two teachers teaching the same inquiry unit. They
found profound differences in approach, resulting also in differences
in students' knowledge acquisition and command of inquiry skills. Indi-
rectly, such a relation can also be inferred from a study by Shymansky
et al. (1990), who investigated the effectiveness of inquiry reforms in
the 1960s and 1970s. They found that overall, these programmes
were effective, but programmes in which teachers had received dedi-
cated in-service training were far more effective than programmes in
which teachers did not receive such training. A study by Andrews
et al. (2011) suggested that teachers who did not receive extra training
did not have the expertise to implement engaged learning in an ade-
quate way; in their study, they found no relation between the number
of engaged learning activities and conceptual knowledge gain for a set
of randomly selected teachers who were not specifically trained.

Student prior knowledge has long been considered as one of the
main determinants of the success of learning (Ausubel, 1968). This
also holds for inquiry learning. We have already noted that before
going into inquiry, students need some surface knowledge of basic
concepts from the domain involved. Recently, several studies have
also indicated that there is a subtle interplay between the nature of
the guidance offered and its effectiveness in relation to the student's
prior knowledge. The typical assumption is that lower prior knowledge
students should and would profit most from any guidance that is
offered, because they would be most in need of this. van Riesen,
Gijlers, Anjewierden, and de Jong (2018a), for example, found that
lower prior knowledge students profited from a tool that helped them
to design experiments, which was not the case for higher prior knowl-
edge students. This is in line with the expertise reversal principle
(Kalyuga, 2007). However, in a recent study, Brenner et al. (2017)
found that in some cases, low prior knowledge students profited from
guidance, but in other cases, they did not. A recent meta-analysis by
Belland et al. (2017) indicated that students performing below and
above average profited equally from computer-based scaffolding (of

ill-structured problem-based curricula in STEM), whereas in other
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studies, more recent and focusing on inquiry learning, it was found
that the higher prior knowledge students used the guidance most
and profited most from it (Roll et al., 2018; van Dijk, Eysink, & de Jong,
2016; van Riesen et al., 2018a; Zhu et al., 2017). The explanation for
these findings is that a certain level of knowledge is necessary to be
able to use the guidance (Roll et al., 2018; van Riesen et al., 2018a).
All of these results point to the existence of a potential subtle inter-
play between student characteristics, use of guidance, and learning
outcomes.

Despite all caveats about differences in implementation and medi-
ating variables, there is sufficient evidence to conclude that (technol-
ogy-based) inquiry learning can contribute to a learning process that
helps to foster conceptual knowledge. To further improve students'
results, there are a few potential new developments in which technol-

ogy plays a central role.

7 | THE NEXT STEPS IN
TECHNOLOGY-BASED GUIDANCE OF THE
INQUIRY PROCESS

Students who learn in a technology-based inquiry environment (such
as a Go-Lab ILS; Gillet et al., 2017, July) produce a series of data. They
leave a trace of their learning process (e.g., variables varied in a simu-
lation or online lab, inquiry phases visited, time spent in an inquiry
phase, etc.), and they produce all kinds of electronic artefacts (e.g.,
hypotheses created, experiments designed, and conclusions filled in).
These data can be used to further shape and support the learning

process in a number of different ways.

7.1 | Dynamically adaptive guidance

The holy grail of technology-supported education is the development
of truly adaptive systems that reach the level of one-on-one tutoring
(Chi, Siler, Jeong, Yamauchi, & Hausmann, 2001). For simple
approaches such as drill-and-practice, automated instruction may have
reached this level (Luik, 2007), for higher level learning approaches
that (often) involve complex domains and open (inquiry) learning
approaches, the situation is more complex.

For example, getting a hold on students' inquiry skills (e.g., their
capacity to design sound experiments) and inferring these from their
interaction behaviour is difficult because there is not a sequential
learning path and effective behaviours can be very different
(Fratamico, Conati, Kardan, & Roll, 2017). However, the situation is
improving, and several systems that give individualized and adaptive
guidance have now been developed. Késer, Hallinen, and Schwartz
(2017) described a system that could classify students' knowledge
and skills, and found that the joint classification of knowledge and
skills could predict students' learning success in a simulation-based
game. Sao Pedro, Baker, Gobert, Montalvo, and Nakama (2013)
described a set of “detectors” that could fairly reliably detect whether
a student was performing controlled or uncontrolled experiments,
whether the student's experiment was testing a hypothesis or not,
and whether students were planning their behaviour (see also Gobert,
Kim, Sao Pedro, Kennedy, & Betts, 2015; Gobert, Sao Pedro,
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Raziuddin, & Baker, 2013). Liu, Rios, Heilman, Gerard, and Linn
(2016) assessed the validity of a tool called c-rater-ML for the auto-
matic scoring of students' open-ended responses and found good
agreement between the automatic and human expert ratings.

These improved diagnostic techniques may form the basis for
adoptive scaffolding. Kardan and Conati (2015), for example, diag-
nosed differences in behaviour between low and high learners in an
interactive simulation, designed prompts for learners to stimulate
them to change their way of learning if necessary, and found that this
positively influenced their learning results. Zhu et al. (2017) used c-
rater-ML as a basis in providing students with automatic feedback
on open-ended written scientific explanations they gave for their
choices in online multiple-choice quizzes related to a virtual laboratory
on climate change. These authors found that the great majority of stu-
dents improved their argumentation after receiving the feedback. In a
similar vein, Tansomboon, Gerard, Vitale, and Linn (2017) used the
c-rater technology to provide students with dedicated prompts to
improve their scientific reasoning. Ryoo and Linn (2016) automatically
assessed the quality of student concept maps and generated guidance
based on assessment outcomes. Kroeze, van den Berg, Veldkamp,
Lazonder, and de Jong (in press) created automatic feedback on
hypotheses that students stated in a Go-Lab hypothesis scratchpad
(van Joolingen & de Jong, 1993) and found that students indeed
improved their hypotheses when they used this feedback option.
Science classroom inquiry simulations (Peffer, Beckler, Schunn,
Renken, & Revak, 2015) have been claimed to customize prompts
for conclusions based on students' choice and justification of hypoth-
eses. Gobert et al. (2018) presented Ing-ITS, a system in which
students receive adaptive prompts based on an automatic analysis of
their inquiry skills using the “detectors” described above.

Until recently, scaffolding by computers lacked the dynamic diag-
nostic skills of teachers; in a computer situation, scaffolding is often
based on a predetermined plan or self-selection. As shown above,
new techniques have begun to enable the introduction of computer-
based adaptive guidance. However, results from a recent review study
by Belland et al. (2017) showed that when scaffolds were adapted to
student performance, this was equally as effective as using a fixed
schedule, self-selection, or no customization. Belland et al. (2017) also
found that giving scaffolds in a generic way was as effective as
presenting them in a contextual (linked into the domain) way. These
results show that providing (automatically generated) adaptive

scaffolds is still an open research field.

7.2 | Student reflection support

Data gathered from students' interaction with a technology-based
inquiry environment may also be used to support reflection, which is
another important, but often not completed, learning process. Reflec-
tion is a process “in which people recapture their experience, think
about it, mull it over and evaluate it” (Boud, Keogh, & Walker, 2013,
p. 19). Reflection is intended to draw lessons from what has been
done and to improve performance (Land & Zembal-Saul, 2003; X.
Lin, Hmelo, & Kinzer, 1999). Based on the seminal work by Schén

(1987), a distinction is often made between reflection in action (in
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which a reflective component is used to improve the ongoing action,
such as learning) and reflection on action (in which reflection is seen
as the basis for the improvement of a similar performance later).

Reflection may also play an important role in inquiry learning.
Recently, by analysing the online behaviour of students while working
with a simulation on electrical circuits and comparing low prior knowl-
edge students who learned a lot (LH students) with low prior knowl-
edge students who did not gain much knowledge (LL students),
Perez et al. (2017) found that the LH students inserted pauses in their
learning process much more than the LL students, obviously to reflect
upon experiments they had done (and to plan for experiments to
come). A similar effect was reported by Fratamico et al. (2017);
Bumbacher, Salehi, Wierzchula, and Blikstein (2015) also reported that
inserting a delay between experiments was related to being successful
on a domain knowledge test after an inquiry session.

In inquiry learning, learning analytics data can be used as a basis
for reflection (Specht et al., 2012). Reflection can concern a process
(e.g., how to create a concept map) or a product (e.g., the concept
map itself). In reflection, a comparison is often made to a “norm,” this
norm can be an expert's process or product, a peer's process or prod-
uct, or general (theoretical) rules that determine the quality of the pro-
cess or product. To stay with the example of a concept map, we may
present to students as a basis for comparison and reflection: (a) an
expert concept map to which students can compare their own concept
map), (b) an (automatically generated) aggregated concept map by fel-
low students, or (c) an automatically calculated measure of a quality
aspect of their concept map (e.g., a parsimony measure of a concept
map). An example can be found in the work by Hagemans, van der
Meij, and de Jong (2013), who provided students with an online
real-time graphical overview of how much of the underlying domain
they had covered in their inquiry process. Hagemans et al. (2013)
found that this opportunity to reflect on their own progress influenced
students' route taken through the domain and led to better learning
results. In the Go-Lab software, LA (learning analytics) tools are devel-
oped that present students with overviews of their own processes and
products in relation to a specified norm, such as a tool that shows stu-
dents their own concept map in relation to the aggregated concept
map of their classmates (see above) or a tool that shows students their
time spent in inquiry phases compared with their peers' average time

or a teacher norm.

7.3 | Collaborative inquiry learning

Inquiry learning and the associated inquiry cycle give a good basis for
collaborative learning, because the inquiry cycle offers a number of
concrete points at which students need to make common decisions
in order to continue (e.g., what hypothesis to test and which
experiment to perform). These common decision-making points
provide natural anchors for discussion and collaboration (Kaartinen &
Kumpulainen, 2002). Sun, Looi, and Xie (2017) analysed students'
interactions when working collaboratively in a simulation-based
inquiry environment and found that students were highly engaged,
while the low prior knowledge students profited especially from the

interaction. Gijlers and de Jong (2013), studying students in a
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collaborative online learning environment around a simulation on
one-dimensional kinematics, found that students' integration-building
exchanges were positively related to their knowledge gains. In a
recent study, however, Chang et al. (2017) found that not all collabo-
rative groups learning with an online simulation were able to engage in
a productive collaboration process; obviously, collaboration between
students also needs to be trained or supported. In a recent study on
learning with a simulation of energy transport systems, Eshuis et al.
(in press) compared students who received instruction about collabo-
ration with students who received this instruction plus a tool that
visualized their own assessment of the collaboration process and that
prompted them to reflect on their collaboration. These authors found
that the latter group outperformed the first on a number of central
collaboration processes and on a resulting knowledge test. Another
way that collaboration can support the inquiry process is by having
students create collaborative artefacts, such as models or concept
maps. Schwartz (1995) found that collaborative groups were able to
create representations at a greater level of abstraction than the indi-
vidual representations, whereas Gijlers and de Jong (2013) found that
creating concepts maps during the inquiry process helped students to
enact better collaborative processes. A different mechanism for letting
students profit from each other's expertise is to have them give online
feedback on inquiry products, such as hypotheses or experiment
designs (Dmoshinskaia, Gijlers, & de Jong, in preparation). Due to its
(technical) complexity, research into (online) collaborative inquiry
learning is still rather scarce, but it is clear that different modes of
collaboration and support for this collaboration exist, each with
different effects on the quality of the collaboration and the resulting
learning performance (Duque, Gomez-Pérez, Nieto-Reyes, & Bravo,
2015). Student data (e.g., the analysis of student dialogues) can also
be used to determine the composition of collaborative groups or to
shape adaptive collaboration scripts (Diziol, Walker, Rummel, &
Koedinger, 2010; Rodriguez-Triana, Martinez-Monés, Asensio-Pérez,
& Dimitriadis, 2015).

74 | Blended learning

A very promising development in the educational landscape is the use
of blended forms of learning in which technological and human
(teacher and peer) support are combined, as well as a flip-the-
classroom approach that combines (online) learning outside with dis-
cussion inside the classroom. In these approaches, which have often
been reported to be successful, the general method is to replace the
traditional lectures with video lectures that students view outside
the classroom and to use the time in the classroom for more engaged
forms of learning, including group discussions (see, e.g., Bazelais &
Doleck, 2018). In relation to inquiry learning, blended learning is often
seen as combining hands-on and virtual laboratories (Toth, Ludvico, &
Morrow, 2014), but students can also prepare for the in-class experi-
ence by performing experiments with online laboratories, possibly
embedded in supportive ILSs. The data that are generated there (such
as the process and artefact data discussed above) can form the input
for the teacher to shape the in-class interaction. Presenting these

(individual and group) data to the teacher can be done in the form of
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teacher dashboards that summarize and visualize the students' behav-
iour and products (Rodriguez-Triana et al., 2017). How these dash-
boards should be designed and what role they can play in class
discussion is currently the subject of study (see, e.g., Sarikaya, Correll,
Bartram, Tory, & Fisher, in press; Schwendimann et al., 2017; Verbert,
Duval, Klerkx, Govaerts, & Santos, 2013).

8 | CONCLUSION

Data on conceptual knowledge acquisition by students participating in
traditional STEM education, as presented at the start of this article,
show that, despite what sometimes is claimed, we cannot just sit on
our hands and continue following a purely expository mode of instruc-
tion. Instead, a change is needed. In this article, | have tried to indicate
the direction in which this change should go: engaged learning with
the help of technology, as well as how to implement this move: not
radically, but in combination with other forms of learning, and what
developments to expect for the future: the use of learning analytics
to make interaction with the learner more adaptive and enable smart
combinations with other forms of instruction, as in flip-the-classroom
kinds of approaches.

Engaged learning basically means that students are cognitively
stimulated and aided to elaborate on the content that is offered to
them so that they mould, extend, or annotate this content. In this
paper, | have taken inquiry learning as an example, but the same argu-
ments used here could hold for other forms of engaged learning such
as problem-based learning, learning by self-explanation, and peer
tutoring. Technology in the form of online (virtual and remote) labora-
tories that give students the affordances to perform investigations can
play an important role in enabling inquiry learning, but dedicated tech-
nologies are also available for other forms of engaged learning, such as
peer tutoring, explanation-based learning, and problem-based learning
(see, e.g., de Jong et al., 2012; C. Hsu, Tsai, & Wang, 2016; T. Hsu,
2018; Kim & Hannafin, 2011; Sansone, Ligorio, & Buglass, 2018;
Walker, Rummel, & Koedinger, 2011). The use of technology enables
the introduction of dedicated situations in the classroom, but it also
facilitates the introduction of online dynamic and interactive support
as part of the engaged teaching method.

Data from research show that inquiry learning is an effective
teaching method when used in combination with appropriate guid-
ance. This, however, does not mean we should introduce (technol-
ogy-mediated) inquiry learning as the one and only method in the
classroom. The outcome of research on the effectiveness of inquiry
learning (or in fact any form of [engaged] learning) is often much sub-
tler than a simple “yes” or “no” for a variety of reasons. The teaching
and learning process is simply too complex to allow for unconditional
statements about the effectiveness of any instructional method; many
factors mediate whether a method is effective or not. Recommenda-
tions are always based on an average, but that does not mean that
what is “evidence based” for the average is universally valid for a spe-
cific learner or a specific class with a specific teacher. Student charac-
teristics (e.g., prior knowledge) influence the outcome of implementing
a method or support mechanism. A similar argument holds for teacher

characteristics; the same intervention may, for example, have

DE JONG

dramatically different effects in the hands of a novice teacher as com-
pared with a very experienced one. There may even be a subtle inter-
action of the teaching situation with domain characteristics.
Bumbacher et al. (2015), for example, found that virtual and physical
laboratories had reverse effects on students' learning activities for
the domains of electrical circuits and masses and springs. Furthermore,
the effectiveness of instructional methods should be considered not
only as far as the method per se but also from a curriculum perspec-
tive. Intuitively, we can say that a one-sided curriculum is probably
not the most attractive and effective, and doing inquiry (or whatever
method) all the time does not seem like the right approach. It seems
more appropriate that a delicate balance between direct teaching
and student-driven learning (such as inquiry) should be sought in the
curriculum as a whole. Some content for some students can most
probably be better taught by more expository methods, whereas at
other points and for other students, more engaged, student-driven
approaches are appropriate.

There seems much to be in favour of a diversified teaching
approach that makes room for forms of instruction that invite students
to be active and engaged, but that balances these forms of instruction
with more expository instructional approaches, both in direct combi-
nation and in the context of an entire curriculum (Clark, Kirschner, &
Sweller, 2012; Schneider & Preckel, 2017; Smetana & Bell, 2012; Teig
et al., 2018). A similar argument holds for the use of media. Although
technology may be a facilitator of inquiry learning, for instance, it may
also have its disadvantages. Bumbacher et al. (2015), for example,
found that students using a physical lab applied more systematic
inquiry behaviour than students who were using a virtual lab, which
was then related to being successful on a domain knowledge post test
(see Renken & Nunez, 2013, for similar results). To complicate the
case further, Bumbacher, Salehi, Wieman, and Blikstein (2018) found
indications that there was a subtle interaction between domain char-
acteristics, the laboratory being virtual or real, and students' experi-
mentation strategies. Similar results have recently been reported by
Sullivan, Gnesdilow, Puntambekar, and Kim (2017). In this case also,
it therefore seems wise to search for a solution that combines virtual
and real laboratories to create a balanced curriculum (see, e.g.,
Makransky, Thisgaard, & Gadegaard, 2016; Zacharia & de Jong, 2014).

The exploration in this paper started with data showing that tradi-
tional education as applied to STEM topics may not lead to deep con-
ceptual knowledge. However, the further analyses led not to a plea to
abandon direct instruction, but rather to the recommendation to seek
balanced and smart combinations of direct instruction with more
engaged forms of learning such as inquiry learning. The availability of
interactive learning materials, for example, in the form of online labs,
extends the teacher's repertoire; when used with wisdom and in the
right dose, such materials may help to leverage students' conceptual
understanding of a (science) domain. These are several ways in which
technology, and more specifically, learning analytics and adaptive scaf-

folds, can help to bring engaged learning to the next level.
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