
Tangible User Interfaces and Contrasting Cases as a Preparation
for Future Learning

Bertrand Schneider1 & Paulo Blikstein2

Published online: 20 April 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
In this paper, we describe an experiment that compared the use of a Tangible User Interface (physical objects
augmented with digital information) and a set of Contrasting Cases as a preparation for future learning. We carried
out an experiment (N = 40) with a 2 × 2 design: the first factor compared traditional instruction (BTell & Practice^)
with a constructivist activity designed using the Preparation for Future Learning framework (PFL). The second factor
contrasted state-of-the-art PFL learning activity (i.e., students studying Contrasting Cases) with an interactive table-
top featuring digitally enhanced manipulatives. In agreement with prior work, we found that dyads of students who
followed the PFL activity achieved significantly higher learning gains compared to their peers who followed a
traditional BTell & Practice^ instruction (large effect size). A similar effect was found in favor of the interactive
tabletop compared to the Contrasting Cases (small-to-moderate effect size). We discuss implications for designing
socio-constructivist activities using new computer interfaces.
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Introduction

Over the past decades, mainstream educational research has
cyclically swung between constructivist and behaviorist ap-
proaches. One of the main dimensions along which
Behaviorist approaches (Bprogrammed instruction,^ Skinner
1986) differ from Constructivist approaches (Piaget 1928) is
the space students have for discovery of the target content.
Despite the fact that discovery (in particular, before formal
instruction) has been shown to be a powerful enhancer of
learning (Schwartz and Bransford 1998), the controversy is
very much alive (Kirschner et al. 2006), especially with the
popularity of lecture-based innovations, such as Bflipped

classrooms^ and MOOCs (Thille et al. 2015)1, and empirical
studies finding that there is no benefit in recall for having
learned through discovery methods (Klahr and Nigam 2004).

But new technologies also brought new possibilities to
Constructivist researchers and designers, who incorporated
into their toolbox tangible user interfaces, mobile devices,
and physical computing tools. These tools, while opening up
greatly the design space, also pose the challenge of how to
engineer good constructivist activities within a much more
complex design space and how to collect data and measure
students’ progress in these new systems. The goal of this paper
is to present such a case of a successful application of con-
structivist theories informing the design of discovery-based
activities using new technologies, as well as the analysis of
the mechanisms that led students to achieve higher learning
gains compared to traditional instruction. In this paper, we
refer to traditional instruction as a specific sequence (BTell
and Practice^) where students are first told what they need
to know and then asked to practice their understanding of

1 MOOCs and flipped classroom models can be used in a constructivist fash-
ion, but in the vast majority of cases, they still follow behaviorist-inspired
instructional approaches (i.e., BTell & Practice,^ where students are first told
what they need to know and then asked to practice their understanding of
various concepts on a series of quizzes or exercises).
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the concepts taught with a subsequent activity. More specifi-
cally, our goal is to investigate whether Tangible User
Interfaces (TUIs; described subsequently) have the potential
to efficiently support constructivist activities in collaborative
settings and promote deep understanding of STEM concepts
by following an alternative instructional sequence.

Theoretical Framework

The general theoretical framework of this paper is the idea that
people learn best by using their prior knowledge to make
sense of new knowledge (Piaget 1928). In particular, it has
been shown that building digital or physical artifacts and go-
ing through a process of debugging mental models by exter-
nalizing them are especially powerful (Papert 1980). Even
though this constructivist view of learning is one of the most
commonly used frameworks in educational research, there are
two main limitations when implementing this approach.

First, students need to have some pre-existing knowledge or
experiences that they can use to make sense of new concepts;
this approach falls short if students do not have any prior ex-
periences in the domain taught or if they do not have the op-
portunity to build some foundations or intuitions prior to in-
struction. Motivated students in this situation would be re-
quired to take plenty of notes and memorize as much of the
teacher’s lesson as possible with the hope that they will under-
stand the content later. This scenario could, in fact, favor rote
memorization and hinder transfer (Bransford and Schwartz
1999). One approach that attempts to mitigate this problem is
the Preparing for Future Learning framework (PFL; Schwartz
and Bransford 1998). The idea is to provide students with an
open-ended activity prior to the lecture to allow them to con-
struct some intuition about the concepts taught. Schwartz and
Bransford (1998) argue that Contrasting Cases (CCS) are ideal
candidates for this task. Contrasting cases are instructional ma-
terials designed to help students notice information they might
otherwise overlook, in the same way that Btasting wines side-
by-side can improve discernment^ (Bransford and Schwartz
1999). They allow students to separate surface and deep fea-
tures of a concept: for example, Schwartz and Martin (2004)
demonstrated how having students inventing a reliability index
for baseball pitching machines promoted learning (and the
transfer) of concepts in statistics such as standard deviation.
The CCS included performance diagrams of each machine to
draw attention to features like precision, variability, and sample
size. This framework motivated the first comparison of our
study between a PFL-style constructivist activity and a more
standard T&P instruction.

The second limitation is that efficient discovery learning
activities are notoriously difficult to design (e.g., De Jong
and Van Joolingen 1998). It takes a considerable engineering
and designing effort to create an activity that engages and

motivates learners, targets specific learning goals, has
affordances for conceptual reflection, works with both high-
achieving students and less proficient ones, and allows for
productive failure (Kapur 2008). CCs, for instance, are an
especially difficult case: they require designers to carefully
separate surface and deep features of a concept and highlight
those differences in an engaging set of examples. Over the
past years, many believed that computer simulations and pro-
gramming environments would bring a solution to this prob-
lem, by providing engaging virtual environments where stu-
dents could explore rich micro-worlds and experiment with
scientific and mathematical phenomena in a hands-on fashion
(Papert 1980; Edwards 1995; Kynigos 2007). De Jong and
Van Joolingen (1998) conducted a review of the various em-
pirical studies using computer simulations as discovery-
learning tools and found some mixed (but mostly positive)
effects on students’ learning. To facilitate discovery learning,
they suggest (based on prior work) to add ways to directly
access domain knowledge, support hypothesis generation,
the design of experiments, making predictions and regulating
learning processes. More modern systems are incorporating
these principles into software and curricula, showing positive
results for a variety of age groups (e.g., Blikstein and
Wilensky 2009; Wilkerson-Jerde et al. 2015; Olson and
Horn 2011). We build on this prior work and extend this idea
to new interfaces appropriate for collaborative hands-on
learning.

Tangible User Interfaces as a Way to Support
Collaborative Learning

TUIs are computer systems that replace the traditional mouse
and keyboard with physical objects, detect their states (such as
their location), and provide a feedback loop to replace the
screen with an augmented reality system (for instance by
using a projector and displaying additional information direct-
ly on the objects). TUIs have specific features that can support
constructivist learning (e.g., by providing easy-to-use physical
objects, which has been shown to support students’ explora-
tion of a complex domain; Schneider et al. 2011), students’
enjoyment (Shaer et al. 2011), engagement (Schneider et al.
2012), and collaborative hands-on activities in co-located set-
tings (Dillenbourg and Evans 2011). For instance, researchers
(e.g., Falcão and Price 2011) have shown that tangible inter-
faces support balanced levels of participants among all group
members due to their physicality and Bpresent at hand^ nature;
in particular, findings suggest that interferences in those envi-
ronments prompt verbal negotiations and synchronization of
actions, which facilitates conflict resolution and more gener-
ally collaborative learning activities. Figure 1 presents some
examples of educational interfaces built by (or in collabora-
tion with) learning scientists over the past decade.
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As mentioned by Dillenbourg and Evans (2011), interac-
tive tabletops Bconvey a socio-constructivist flavor: they sup-
port small teams that solve problems by exploring multiple
solutions^. Several studies have reported higher levels of col-
laboration when small groups of students interacted with an
interactive tabletop compared to a multi-touch table (e.g.,
Schneider et al. 2011), a pen and paper activity (e.g.,
Schneider et al. 2012), or paper handouts (Piper and Hollan
2009). The goal of our study is not to test whether tangibles
have a positive impact on collaborative learning; rather, we
leverage this positive effect of TUIs on collaboration by hav-
ing students work in dyads (group of two students). By setting
up this study as a collaborative task, we hope to facilitate
knowledge building and potentially socio-cognitive conflicts
during the learning activity.

Previous Work

This contribution is a direct continuation of several other stud-
ies that we previously conducted. In Schneider et al. (2013), we
used a more basic version of the TUI described in this paper
and a simpler experimental design (Fig. 2). The design of the
system is described in Schneider et al (2013). We built on De
Jong and Van Joolingen (1998)’s principles to offer students a

space where they could iteratively formulate hypotheses about
how the human brain processes visual information, create a
lesion on a virtual brain, observe the effect on its visual field,
and predict what would happen for other lesions.

In this study, 28 college-level students interacted with a
TUI either before or after following a more standard kind of
instruction (i.e., reading a textbook chapter). We found that
students who used the TUI before reading the text (Btable-
text^ shown subsequently) outperformed students who used
the TUI after reading the text (Btext-table^ shown subsequent-
ly). Those results suggest that TUIs are best used following
the PFL framework, rather than a BTell & Practice^ kind of
instruction. Additionally, we found that this difference was
associated with the quality of students’ verbalizations: partic-
ipants in the BTable-Text^ were more likely to generate rules
explaining the way the human brain processes visual informa-
tion, and this behavior was a significant mediator for students’
learning gains (computed from a pre- and post-test). The
learning tests used contained five questions about the termi-
nology used, five questions on students’ conceptual under-
standing of human vision, and five transfer questions.

Our findings suggest that students in the BTable-Text^
group were more likely to become curious about the human
brain and process the content taught more deeply; students in
the BText-Table^ group, on the other hand, were more likely to

Fig. 1 On the left, the TapaCarp system, designed to help train carpenter apprentices; this system has been implemented in classrooms by Cuendet et al.
(2015). On the right, the Youtopia system designed to help 5th graders to collaboratively learn about sustainability (Wise et al. 2015)
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Fig. 2 On the left side, the first version of BrainExplorer. Students
manipulate a small-scale brain where the TUI displays visual pathways
between brain regions (in this example, a user cut the outer left optical
radiation (1) and the top right corner of the visual field (2) is not perceived

by the brain). On the right side, a plot shows the learning gains of students
who followed a BTell & Practice^ (BText-Table^) versus a PFL (BTable-
Text^) kind of instruction. Whiskers show standard errors
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gain a superficial understanding of those concepts and rely on
rote memorization. This last observation was corroborated by
another study that we conducted (Schneider and Blikstein
2016). In this experiment, we used a similar experimental
design with a TUI teaching students about concepts in proba-
bility (Fig. 3, left side); in this particular study, we used video
lectures instead of a textbook chapter.We found similar results
(Fig. 3, right side) suggesting that TUIs are best used as a
discovery learning environment. The learning tests used in
this study contained questions from a standard textbook on
combinatorics and probability. We found qualitative evi-
dences suggesting that students in the Bvideo→ table^ group
were more likely to focus on memorizing formulas while
watching the lecture and on trying to recall them while
interacting with the TUI. On the other hand, students in the
Btable→ video^ group were more likely to explore the con-
cepts taught using the TUI, for instance by spending more
time interacting with the visualizations.

Those two studies suggest that learning is increased when a
standard kind of instruction (e.g., reading a textbook chapter or
watching a video lecture) is preceded (rather than followed) by a
hands-on activity on a TUI. Coding students’ utterance in study
1 suggested that students in the latter group were more likely to
generate rules explaining the mechanisms associated with visual
processing in the human brain. Qualitative excerpts from study 2
suggested that students in the former group were more likely to
memorize and recall information when following a BTell &
Practice^ kind of instruction. The current study replicates those
results and provides two additional contributions to this line of
research. First, we designed additional measures to further ex-
plain the difference found in the studies described previously;
for instance, by capturing students’ curiosity and the extent to
which they processed the material taught. Second, we compared
the efficiency of a TUI with a traditional PFL pen and paper
activity (i.e., groups of students exploring those concepts with
CCs). Since TUIs are expensive to design and to build, it is
important to know whether pen and paper activities might be
as good as TUIs, or if they provide other advantages. In the
following section, we describe how we operationalized those
two research questions.

General Description of the Experiment

Our goal with this paper is twofold. First, we want to replicate
previous results (Schneider et al. 2013; Schneider and
Blikstein 2015) showing that providing students with an op-
portunity to build prior knowledge with a TUI before follow-
ing a more standard type of instruction is beneficial to learning
(compared to a traditional T&P approach, where students are
first taught some concepts and then practice their understand-
ing of those concepts on a TUI). Secondly, we want to see how
TUIs compare to CCs in terms of preparing students for future
learning: in other words, is it worth spending time and energy
building interactive hands-on activities? Do they provide any
benefits compared to traditional Bpen and paper^ activities?

We designed the following experiment to investigate those
two lines of research (see Fig. 7 for a complete description of
the experimental design). Dyads in the control group (T&P
condition) first read an abridged version of a textbook chapter
on the human visual system and then completed another ac-
tivity where they had to apply their new knowledge. Dyads in
the treatment group (PFL condition) first discovered those
concepts in a hands-on activity and then learned about them
in a more traditional way, i.e., by reading an abridged text-
book. Based on the PFL framework, our main hypothesis is
that the treatment group should achieve higher learning gains
compared to the control group. Additionally, we crossed an-
other factor in our experimental design: the hands-on activity
was either a set of CCs or a TUI. We did not have a strong
hypothesis regarding this comparison, but we expected the
TUI group to slightly outperform the CCs group on the final
learning test; as mentioned, previous work suggests that TUIs
facilitate students’ collaboration, exploration, and engage-
ment. Participants were counter-balanced across conditions.
We designed measures to look at three potential predictors
for learning: engagement (using a questionnaire with validat-
ed psychometric properties), curiosity (by having students list
all the questions they would like to see answered after the first
activity), and quality of their mental models (by asking stu-
dents to draw a model summarizing their understanding of the
topic taught after the first activity). Our goal was to see if
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Fig. 3 On the left side, a TUI that
we developed to promote
students’ exploration of concepts
in probability (i.e.,
combinatorics). On the right side,
students’ scores on the pre- and
post-tests
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students would differ on those measures between our different
conditions.

The Role of Collaboration in This Study

The role of students’ collaboration is not central to our study.
We decided to group students in pairs for theoretical and prac-
tical reasons: theoretical because several studies have shown
that students’ interactions can facilitate constructivist learning
(e.g., Schwartz 1995); practical because students’ interactions
externalize their cognition and problem-solving strategies.
Thus, we opportunistically decided to work with dyads to
(1) facilitate their investigation of the material taught and (2)
make learning processes visible to researchers. In our analy-
ses, we qualitatively analyze students’ collaboration merely as
a way to illustrate key differences between our different ex-
perimental conditions and suggest avenues for future work.

Hypotheses

Concerning those measures (engagement, curiosity, quality of
their mental models), our hypotheses are as follows: first, the
main difference between the PFL and T&P groups should be
about the quality of students’mental model and their curiosity.
Since the PFL framework is about helping students construct
some prior knowledge, we believe that the PFL activity should
better help them build a Bproto-theory^ of how the human
visual system works; this difference should be reflected in
their drawings after the first activity. In this process, students
should be more likely to ask themselves questions and devel-
op their curiosity about the topic taught. This should then help
them make sense of a standard instruction (reading a text
about the visual system) during the second activity. On the
other hand, we expect students in the control group (T&P)
to focus on memorizing the content of the text and spending
their time recalling this information when completing the sec-
ond activity (i.e., using the TUI or working on the CCs).
Secondly, we expect the main difference between the TUI
and CCs groups to be about their levels of engagement.
Since TUIs have been shown to promote collaborative
hands-on learning (Schneider et al. 2011), we believe that
the physicality of the system should invite dyads of students
to be less intimidated by the complexity of the domain taught
and explore the problem space to a greater extent. Those two
hypotheses motivated the use of measures described subse-
quently (i.e., middle test measuring the quality of the students’
mental model and their curiosity, and a questionnaire measur-
ing their engagement). Finally, we did not have any hypothe-
sis regarding an interaction effect between our two factors
(i.e., we do not have any reason to believe that CCs or the
TUI should have a differentiated effect on students when

following the PFL or T&P instructional sequence.) Our hy-
potheses are as follows:

Hypothesis 1.0: students learn more when completing a
hands-on activity before rather than after following a stan-
dard kind of instruction (i.e., reading a textbook chapter)
Hypothesis 1.1: this difference is associated with higher
levels of engagement, curiosity, and better mental models.
Hypothesis 2.0: students learn more when completing the
hands-on activity with a TUI rather than with a set of CCs.
Hypothesis 2.1: this difference is associated with higher
level of engagement.

We describe on how we operationalized those research
questions in the following section. Additionally, we will ex-
plore students’ behaviors when interacting with the TUI by
looking at the log files generated by the system and qualita-
tively analyze students’ collaboration by looking at the videos
recorded during the experiment.

Methods

Participants

Forty students from a community college participated in this
study (13 males, 27 females; mean age = 21.28, SD = 4.08).
Students signed up for the study as part of a psychology class.
The only prerequisite for participating was to have no prior
knowledge on the topic taught (neuroscience and the visual
system). Dyads of students were randomly assigned to each
experimental condition.

We checked the students’ grade point average (GPA), since
populations in community colleges are known to be heteroge-
neous. Because there was an interaction effect: F(1,16) = 4.46,
p = 0.049 (Fig. 4) between the two levels of our factors, we
used GPA as a covariate for the analyses presented in the
BResults^ section.

Material

This study included three different activities (Fig. 7). In the PFL
condition, students first explored the domain taught with either a
TUI or a set of CCs. The TUI is described subsequently (Fig. 6);
the CCs (Fig. 5) included six diagrams of the human brain, each
one featuring a different lesion. Half of the CCs showed the
correct answer to students (i.e., cases 1, 3, and 6). The right
column showed potential answers for the remaining cases.

After finishing the first activity, students answered the fol-
lowing two questions: (1) BBy the end of this first activity,
what are the questions that you would like to see answered
about the way the human brain processes visual information?^
and (2) BPlease draw a simple model that summarizes your
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understanding of the way the human brain processes visual
information.^ During the second activity, students read an
abridged version of a textbook chapter explaining how visual
information is processed in the human brain (available at
http://goo.gl/47RIwv). They then took a post-test (similar to
the pre-test) that included questions on the terminology used
(students had to correctly label different brain regions and
neural pathways on a given diagram), on the effect of various
lesions on the visual field (given a particular lesion on a brain
diagram, students had to predict its effect on a person’s visual
field among several answers—similar to the options shown on
the right side of Fig. 5), and on more general scenarios

involving human vision (transfer questions; e.g., Bpatient X
is likely to have a lesion in region Yof the brain; should he be
allowed to drive?^). Finally, we asked them to fill the engage-
ment questionnaire designed by O’Brien et al. (2008). This
questionnaire was developed for researchers in HCI (Human–
Computer Interaction) and measures six dimensions of an ac-
tivity that relates to users’ engagement (33 items on a Likert
scale): focused attention (9 items; e.g., BI forgot about my
immediate surroundings while doing X^), perceived usability
(8 items, e.g., BI felt frustrated/discouraged/annoyed while
doing X^), esthetics (5 items, e.g., BX was aesthetically
appealing^), endurability (5 items, e.g., BI consider my expe-
rience with X a success^), novelty (3 items, e.g., BI continued
to do X out of curiosity^), and involvement (3 items, e.g., BI
was really drawn into X^). In the T&P condition, the order of
the learning phases was reversed (students first read the text
and then completed the TUI or CCs activity).

The TUI used in this study is an improved version of a
system previously developed in our lab (Schneider et al.
2013), called BrainExplorer. BrainExplorer (Fig. 6) allows
students to physically deconstruct a small-scale replica of a
brain while an interactive tabletop displays visual pathways
between brain regions, shown as red and green lines on Fig. 6.
Users can then cut those pathways with their fingers to create
lesions and observe their effect on the visual field of a subject
(similar to what is shown on Fig. 2). Two eyes, with a webcam
placed between them, capture the field of view of this brain
and show occlusions on the corresponding visual field—
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Fig. 4 Student’s GPA in each experimental condition. CCs stands for
Contrasting Cases, TUI for Tangible User Interface, PFL for BPreparing
for Future Learning,^ and T&P for BTell-and-Practice.^ The interaction
effect is significant (p = 0.049)

Fig. 5 The set of CCs used in the study. Answers are given for diagrams
1, 3, and 6. Potential answers for the remaining cases are shown on the
right column. The diagram used in the study is accessible at http://www.

scribd.com/doc/98921800 (last access 01/2018). Originally retrieved
from Washington University in St-Louis (http://thalamus.wustl.edu/)
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displayed on the bottom right corner of the screen. The new
version of this system allows collaborative exploration of the
visual system, since users create lesions on the multi-touch
interface (as opposed to using a single infra-red pen).
Figure 6 (top) shows the different brain regions and visual
pathways that users could cut, and Fig. 6 (bottom) shows
two students reflecting on the effect of a lesion on the visual
field of this brain.

Design

We used a 2 × 2 between-subjects experimental design
(Fig. 7). The first factor had two different hands-on con-
ditions: TUI and CCs. The second factor sequenced the
two learning activities in different ways: either with the
hands-on activity first (PFL) or second (T&P).

Procedure

The experimenter ran students in groups of two in a pri-
vate room. Upon their arrival, the experimenter welcomed

them and told them that they would complete two small
learning activities in groups. They were also told that the
topic taught was about neuroscience and the human visual
system. After completing a pre-test, students completed
two learning activities: In the PFL condition, they first
did the hands-on activity (i.e., TUI or CCs) and then read
a text about the visual system. In the T&P condition, they
first read the text and then practiced their understanding
of the topic on the hands-on activity. A second factor was
crossed with those two conditions: students either worked
with the CCs or TUI for the hands-on activity. Thus, re-
ferring to Fig. 3, students in the PFL + CCs condition
discovered those concepts with CCs and then read a text.
Students in the PFL + TUI condition followed the same
procedure except that they used the TUI instead of the
CCs. Students in the T&P + CCs first read a text and then
applied the concepts they just learned on a set of CCs.
Students in the T&P + TUI followed the same procedure
except that they reinforced their understanding of the vi-
sual system by using the TUI. Each group spent exactly
15 min on the two activities. A small number of groups
were done a few minutes early and were told to check
their answers before moving on to the next step.

Between the two activities, the experimenter gave students
two questions to answer individually (10 min): first, they had
to list the questions that they wanted to see answered about the
human visual system after the first activity (i.e., a measure of
curiosity); second, they had to draw a model summarizing
their understanding of the concepts taught (see the
BMaterial^ section for more information). The students indi-
vidually completed a post-test (15 min) and were thanked for
their participation.

Coding

The pre-tests and post-tests were coded in a binary fash-
ion (1 point for a correct answer, 0 point for an incor-
rect answer). For the middle test, we counted the num-
ber of questions students had and applied a simple rat-
ing scheme to their models: 1 = no useful information
shown (no or very few keywords); 2 = some useful in-
formation drawn, mostly keywords about the terminolo-
gy used (no or little conceptual understanding of the
effect of lesions on the visual field); 3 = significant
signs of understanding (i.e., the drawing does not only
contain keywords, but also sentences describing mecha-
nisms by which the human brain processes visual infor-
mation). Figure 8 provides an example for each catego-
ry. A second researcher double-coded ~ 23% of the
models drawn by the participants (10/43), and we found
an inter-rater reliability of 0.85 using Krippendorff’s al-
pha (Hayes and Krippendorff 2007).

Fig. 6 The TUI used in this experiment (BrainExplorer). The system on
the top shows the tangibles that students can manipulate with the field of
view of this brain (bottom right corner of the table). The image on the
bottom shows two students interacting with the system during our study
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Results

Since our samples are not independent (i.e., members of a
dyad influenced each other) and since the intraclass cor-
relation for the learning test is significant (p < 0.001;
Kenny et al. 2006), it is advised to conduct analyses at
the dyad level. Since this reduced our statistical power,

we will also report results where p < 0.1 with a moderate
effect size. We start by testing our hypotheses, then we
will explore the logs generated by the TUI to compare
how students interacted with the system when following
a T&P and PFL sequence, and finally illustrate differences
between the TUI and CCs in the PFL sequence using
qualitative excerpts.

Fig. 7 The four experimental
conditions of our study (factor
1 = PFL versus T&P; factor 2 =
TUI versus CCs)

Fig. 8 Three examples of models drawn by our participants. The model on
the top left received 1 point (= no or little useful information); the one on
the top right received 2 points (= some useful information, mostly about the

terminology); and the one on the bottom received 3 points (= clear signs of
conceptual understanding)
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Learning Gains (Hypotheses 1.0 and 2.0)

The results supported our two main hypotheses. Participants
did not score any points on the pre-test, which confirms that
they had no pre-existing knowledge on the topic taught. Thus,
we only considered their results on the post-test. Scores are
shown on Fig. 9. An ANCOVA revealed that students in the
PFL condition outperformed students in the T&P condition:
F(1,16) = 15.45, p < 0.001, Cohen’s d = 1.41 (for the PFL
group, M = 12.95, SD = 3.15; for the T&P group, M = 7.85,
SD = 4.06). Addit ionally, students using the TUI
outperformed students in the CCs group: F(1,16) = 5.32, p =
0.036, Cohen’s d = 0.48 (CCs:M = 9.35, SD = 3.90; TUI:M =
11.45, SD = 4.74). All distributions were checked for normal-
ity and homogeneity of variance.

Curiosity and Mental Models (Hypothesis 1.1)

Additionally, we looked at the effect of our two factors (PFL vs.
T&P, TUI vs. CCs) on the results of the middle-test: (1) the
number of questions students would like to see answered about
this topic (a proxy for students’ curiosity) and (2) the quality of
themodel they drew—illustrated in Fig. 8 (as a reminder, scores
varied among 1 pt = no or little useful information, 2 pts = some
correct terminology, and 3 pts = clear signs of conceptual un-
derstanding). For the first factor, we found that students in the
PFL group created significantly higher quality models com-
pared to the students in the T&P group: F(1,16) = 7.38, p =
0.016, Cohen’s d = 1.32 (for the PFL group, M = 2.00, SD =
0.56; for the BT&P^ group,M = 1.35, SD = 0.41). There was no
significant difference in terms of the number of questions they
asked themselves: F(1,16) = 2.75, p = 0.118, Cohens’d = 0.81.
For the second factor (TUI vs CCs), both comparisons were not
significant (F < 1). We then correlated those two measures with
our main dependent variable. Both measures were significantly
associated with higher learning gains: r(20) = 0.40, p = 0.043

for the number of questions students asked themselves and
r(20) = 0.55, p = 0.007 for the quality of students’ model.

Engagement (Hypotheses 1.1 and 2.1)

Finally, we looked at the engagement questionnaire adminis-
tered at the end of the study (see Table 1). We found that
participants in the PFL condition were more engaged (aggre-
gate measure of all the items) than the students in the T&P
group: F(1,16) = 6.1, p = 0.025, Cohen’s d = 1.05. Results were
significant on the Bendurability^ sub-dimension (p = 0.045)
and marginally significant on the BFocus^ (p = 0.096),
Binvolvement^ (p = 0.068), novelty (p = 0.066), and aesthetics
(p = 0.071) sub-dimensions. Similarly, students in the BTUI^
group were marginally more engaged compared to the BCCs^
group: F(1,16) = 3.4, p = 0.064, Cohen’s d = 0.80. They found
the TUI to bemore usable (p = 0.033) and rated the endurability
and esthetics’ dimensions marginally higher (p = 0.108 and p =
0.114, respectively). Across all participants, being engaged was
significantly correlated with higher learning gains (p = 0.015);
more specifically, involvement and endurability were the only
sub-dimensions significantly correlated with students’ learning
(p = 0.011 and p = 0.03, respectively).

Linear Regression

We ran a linear regression to find how much variance of the
learning gains our main predictors could explain (i.e., number
of questions on the middle-test, complexity of students’ men-
tal model, endurability, involvement). We found that the qual-
ity of students’mental model was the strongest predictor (β =
0.43), followed by the endurability variable (β = 0.30), stu-
dents’ involvement (β = 0.22), and curiosity (β = 0.12).
Altogether, these four variables explained more than half of
the variance of students’ learning gains: R2 = 0.58, F(4,18) =
4.78, p = 0.012 (Table 2).
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(standard errors shown). CC
stands for Contrasting Case, TUI
for Tangible User Interface, PFL
for BPreparing for Future
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Log Analyses Using Learning Analytics Techniques

As a post-hoc analysis, we explored the log files collected by the
TUI to describe how participants from the PFL condition dif-
fered from the participants in the T&P condition. The subsequent
analyses are exploratory, and their goal is to suggest potential
explanation for the differences observed previously; since the
sample size for those analyses is small (half of our original pool
of participants since we do not have logs for the participants who
worked on the CCs), the patterns reported here need to be repli-
cated in future studies to be conclusive. They currently only offer
support for formulating future hypotheses.

Those logs describe how many times and in which order
students made a lesion on the visual pathways displayed be-
tween brain regions. We then aggregate similar types of le-
sions into four different categories (Fig. 10): when the brain
loses half of its vision vertically, horizontally, or by a quarter.
There is a fourth category, labeled Bexception,^ that describes
atypical cases (e.g., when lesions cannot be mirrored because
they involve both sides of the brains).

On average, we found that students in the PFL condition
made nearly twice as many lesions as students in the T&P con-
dition: F(1,10) = 5.76, p = 0.04, Cohen’s d = 1.63 (T&P M =
34.00, SD = 15.96; PFL M = 66.00, SD = 22.68). As shown in
Fig. 11, we can observe that this difference is mostly driven by
lesions resulting on a loss on the quarter of the visual field.
Indeed, when testing for significance on each separate category,
we found this difference to be statistically significant only for the

Bquarter^ category: F(1,10) = 5.97, p = 0.04, Cohen’s d = 1.66
(T&PM = 12.00, SD = 8.51; PFLM = 29.33, SD = 12.06).

We then analyzed the students’ sequence of actions when
performing those lesions. To do so, we generated two Markov
chains (Fig. 12).Markov chains are generated from a sequence of
Bstates^ pre-defined by the researcher. For example, in prior
work, Schneider and Blikstein (2015) identified when students
were in an Bactive,^ Bsemi-active,^ or Bpassive^ state from mo-
tion sensor data when completing a hands-on learning task. They
then built transition matrix representing student’s probability of
staying in one state or transitioning to a new one. This allowed
them to identify cycles of cognition and action, which are known
to support collaborative problem-solving (Tschan 2002).Markov
chains provide a visual representation of the probabilities of
staying in a state versus transitioning to a new one.

Proportionally, we found that students in the PFL condition
were much more likely to transition between the Bhorizontal^
state and the Bvertical^ state (39% versus 0.01% for the stu-
dents in the T&P condition); they were also twice as likely to
transition between the Bquarter^ state and the Bhorizontal^
state (53% versus 27% in the T&P condition). In the T&P
condition, this probability mass was redirected toward the
Bexception^ state, which suggests a more random sequence
of actions; in the PFL condition, it is likely that students were
trying to understand how horizontal lesions were connected to
vertical lesions and loss of a quarter of the visual field, which
is critical for understanding on how the human brain divides
visual information into vertical and horizontal halves.

Qualitative Excerpts

The quantitative results show the frequency of students’ ac-
tions and the probability of moving between states for each
experimental group, but they do not reveal the mechanisms
behind those transitions. To illustrate how the dyads
interacted, we present in this section two qualitative excerpts
to highlight key differences between the two groups, CCs/TUI

Table 1 Engagement scores between our experimental groups

Focus Involvement Novelty Endurability Esthetics Usability Engagement

TUI vs CCs F < 1 F < 1 F < 1 F = 2.9
p = 0.108
d = 0.45

F = 2.8
p = 0.114
d = 0.73

F = 5.4
p = 0.033*
d = 0.85

F = 3.4
p = 0.064
d = 0.80

PFL vs T&P F = 3.1
p = 0.096
d = 0.45

F = 3.8
p = 0.068
d = 0.71

F = 3.9
p = 0.066
d = 0.72

F = 4.7
p = 0.045*
d = 0.77

F = 3.7
p = 0.071
d = 0.70

F < 1 F = 6.1
p = 0.025*
d = 1.05

Correlations with learning r = 0.33
p = 0.152

r = 0.56
p = 0.011*

r = 0.33
p =0 .154

r = 0.49
p = 0.030*

r = 0.36
p = 0.122

r = 0.21
p = 0.380

r = 0.53
p = 0.015*

Notes: Rows 2 (TUI vs CCs) and 3 (PFL vs T&P): MANCOVA between the two levels of our two factors on the dimensions of the engagement
questionnaire. Row (Correlations with learning) 4 reports correlations with students’ learning gains. Degrees of freedom are indicated as discussed
previously: r(20) for the correlations and F(1,16) for the F-tests; d is Cohen’s d

Table 2 Linear regression with students’ learning gains as the
dependent variable (R2 = 0.58)

Variable name β t test

Endurability (Bstudents’
perception of success^)

0.304 t(15) = 1.35, p = 0.199

Involvement 0.224 t(15) = 0.94, p = 0.361

Curiosity (number of questions asked) 0.119 t(15) = 0.60, p = 0.555

Quality of students’ mental model 0.434 t(15) = 2.34, p = 0.035*

378 J Sci Educ Technol (2018) 27:369–384



and PFL/T&P. We inspected the videos of the experiment and
chose those two groups because they were representative of
key differences we observed between the two conditions.
These comparisons also describe how collaborative episodes
unfolded based on the affordances of the activity.

TUI vs. CCs

Table 3 presents two exchanges that happened at the beginning
of the experiment between group 18 (TUI–PFL condition) and
group 24 (CCs–PFL condition). On the left side of Table 3,

group 18 achieved a learning gain of 10.5; on the right side
of Table 3, group 24 achieved a learning gain of 14.5. Both
groups were randomly sampled from the dyads that completed
the study. Those two groups obtained high learning gains be-
tween pre- and post-tests (compared to other groups).

An initial analysis of the video data of the experiment sug-
gested that two those activities (CCs and TUI) successfully
prompted productive discussion in these two dyads. We saw
students explore the problem space (Bmy guess is that we
should cut that one^), share information to build a common
ground (Byes because the left side affects the right side and the
right side affects the left side^), build hypotheses (Bwhat hap-
pens if you just cut this^), question each other (BAnd this
would affect the left side of both eyes?^), contradict each other
and negotiate knowledge (Bso I think that we have one rule.
Opposite sides [of the brain] control opposite sides of the
vision.^) in rich ways. They were engaged by the material
and collaborated with their peer even though they did not
know each other beforehand. What is more, the way they
collaborated varied based on their experimental condition.

For instance, Table 3 highlights the fact that students in the
CCs group generated a massive amount of pointing to coordi-
nate their attention. This observation is not anecdotal: we know
from previous work that joint visual attention (JVA) is an im-
portant building block for establishing a common ground in
social settings (Tomasello 1995). Pointing does not only

Fig. 10 The four categories of
lesions that could be made on the
TUI. In the diagram, we show
where the lesion would have to
take place for visual impairments
on one side of the brain).
Horizontal losses could be made
by combining lesion 4 or 5 on
both sides of the brain. The
Bexception^ category represents
corner cases (the first one can be
made by cutting all connections
before or after the LGN)

Fig. 11 Number of lesions for each category (whiskers show standard errors)
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externalize one’s cognition, but also allows partners to synchro-
nize their attention and contribute to the discussion. Thus it is not
surprising that successful groups used a lot of pointing to com-
plete the task. However, what is interesting is that the students in
the TUI group barely used any pointing. Our observations sug-
gest that the actions performedwithin the interface (i.e., cutting a
visual pathway) fulfilled that function: using one’s finger on the
touch screen to create a lesion automatically attracted the atten-
tion of one’s partner. This created a moment of joint attention,
without having students purposefully point at an area of interest.
Thus, it is possible that the TUI generated beneficial affordances
for JVA, which might have had a beneficial effect on collabora-
tion. This is a hypothesis that should be tested in future work,
but points to an important benefit of interfaces that engage stu-
dents in tangible manipulation.

Another observation inferred from the data in Table 3 (and
other videos) is that students in the CCs group tended to adopt a
holistic approach and combine information from the different
diagrams to infer the impact of a particular lesion on a visual
field. Students in the TUI group, on the other hand, tended to
adopt a more local approach by grouping and making sense of
lesions in a sub-region of the brain (e.g., between the LGN and
visual cortex). This suggests a more bottom-up approach in the
TUI group, where pieces of information are slowly combined
together to form a bigger picture. We hypothesize that students
in this group might have achieved higher learning gains because
this strategy worked particularly well in this context and for this
content topic: the visual system of the brain is a case where the
system can easily be decomposed into stable sub-systems (e.g.,
pathways processing the top/bottom, left/right quadrants of the
visual field). It is the interaction of those subsystem that govern
the human visual system, so it is reasonable to assume that a
bottom-up approach is the optimal way of going about its study,
and that the TUI primed students to adopt this more effective
strategy. If this hypothesis is true, it also suggests that CCs

would probably be more suited for problems that require a ho-
listic, top-down approach where sub-system interacts with each
other and are not stable, i.e., they vary their behaviors depending
on the influence of other sub-systems. In future work, we plan to
investigate which classes of problems or concepts that are more
easily studied using CCs or TUIs (i.e., in other words, using a
holistic or bottom-up approach).

PFL vs T&P

Table 4 presents two exchanges that happened at the begin-
ning of the experiment between Group 18 introduced previ-
ously (TUI–PFL condition) and Group 23 (TUI–T&P condi-
tion). Group 23 was randomly sampled from the dyads that
completed the study and provided an illustrative contrast be-
tween the PFL and T&P conditions.

Table 4 reproduces a behavior found in previous studies
(anonymous for blind review). Students in the T&P condition
were more likely to use declarative statements and memorize
information (Bif you cut those two lines on the right hand side,
it affects the left,^ Bif you cut through the inside, it’s lower.
And outside, it’s upper.^), refer to the instructional material
they had studied beforehand (e.g., Byeah, they talked about
that in the article^), and less likely to question one another
(anonymous for blind review). Conversely, students in the
PFL conditions, tended to ask themselves questions (e.g., BI
wonder if …^), to try things out (e.g., Bwhat happens if you
just cut …^), to express curiosity (e.g., Bwhat’s interesting is
that …^) or to make prediction and verify them (Byeah that’s
what I think. It would affect the top right quadrant^) (anony-
mous for blind review). We found those differences to be
representative of several groups across those two experimental
conditions, and they are consistent with our quantitative re-
sults as well.
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Fig. 12 Two Markov chains
generated from each experimental
condition (PFL on the left side
and T&P on the right side). The
BQuarter^ state was the most
visited space by students, as
indicated in Fig. 10. Numbers
between states indicate the
probability of moving between
states
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Discussion

The main goal of this paper was to show that technologically
enhanced hands-on activities (i.e., TUIs) have the potential to
increase students’ learning in traditional constructivist activi-
ties. We also wanted to replicate previous results showing the
benefits of generating prior knowledge before receiving for-
mal instruction. Our results suggest that PFL activities have a
large effect on students’ learning.When prompted to explore a

domain by themselves before reading an abridged textbook
chapter, students developed more refined mental models, be-
came more curious, more engaged, and perceived themselves
as being more successful (compared to the students in the
T&P group); additionally, those differences were associated
with higher learning gains. The fact that students created better
models based solely on their analyses of the CCs or by
interacting with the TUI is promising: it shows that providing
students in the control group (T&P) with a traditional

Table 3 Qualitative examples highlighting differences between the TUI and CCs groups in the PFL condition

Group 18 (TUI–PFL) Group 24 (CCs–PFL)

- Let’s try to cut one and see what it does. Which one should we cut?
- It’s up to you
- I don’t know... my guess is that we should cut that one [she cuts the

outer optic nerve several times - nothing happens]
- not much [she cuts the inner optic nerve]. Does it just get blurry

or something?
- it didn’t change anything, actually
- [he cuts the inner optic radiation] that’s interesting
- what happens if you just cut this [he cuts the outer optic radiation]

that didn’t change anything.
- hum. [he cuts the outer optic radiations on the right side].

- [looking and pointing at the 3rd diagram] that’s a total blindness for
the right eye. So it looks like that would affect the left side of the
left eye and the right side of the right eye [pointing at the 2nd
diagram]. yeah because it goes in between the blue line and the
orange line, so I think it’s that [pointing at the 2nd answer on
the right]

- ok. And so that one is the right side [pointing at the 6th diagram].
This is a weird one because it’s half of the middle

- yeah [laughing]. And so this also cuts the Meyer’s loop, but on
the left side?

- Hum. That’s the [pointing at the 5th diagram]. And so this goes like
this, and this goes like that [pointing back and forth between the 5th
and the 6th diagram]. And so I think that with that one is like this
[pointing at the 6th diagram]. So I think that it would affect more of
the right of the right eye [pointing at the 3rd diagram].

- Lower left. Yes. What happens if you cut both of the lines? [he cuts
both optics radiations]. Ok so that cuts both of them.

- We should do the same thing for this one [he cuts the two outer
optic radiations on the left side]

- yeah on the other side. - aie aie aie [laughing].
- what’s interesting is that it kind retained the other side on

both ways. Except that semi-circle.
- Yeah. It’s pretty cool.
[continued below]

- and so maybe this would affect the right side of the left?
- yeah that’s what I think. It would affect the top right quadrant [pointing

at the 7th answer]
- hum. And this would affect the left side of both eyes? [pointing at

the 4th diagram]
- yeah that’s what I think
- maybe this one is that, and that one is that? [pointing back and forth

between diagrams and answers]
- [...] yes because the left side affects the right side and the right side

affects the left side.
[The group goes on to solve the remaining lesions.]
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explanation of how the human brain processes visual informa-
tion prevented them from creating their own model; worse,
they did not even internalize the ideal model from the text-
book in a proper way. Analyses of automated logs of students’
actions suggest that students in the PFL condition differed
from the students in the T&P condition in two ways: first, they
performed more lesions (especially the ones related to a visual
loss of a quarter). Secondly, they were more likely to transition
between lesions that provoked a horizontal, vertical or a loss
of a quarter of the visual field. Those results suggest a different
mindset in terms of students’ exploration and perseverance,
and well as strategies used between the T&P and PFL condi-
tions: students were more likely to generate strong contrasts
between lesions, instead of just repeating the same actions.
Additionally, our results suggest that using a TUI as a
preparatory activity has a positive effect on students’ learn-
ing compared to studying CCs. Participants learned more
when using the interactive system and felt more engaged
compared to the CCs. Marginally significant effects suggest
that students using the TUI felt more successful with the
task (Bendurability^), which was correlated with higher
learning gains. Based on the engagement questionnaire,
they also found the activity to be more esthetically appeal-
ing and the TUI to be more usable, but those measures
were not associated with higher learning gains.

However, those measures do not provide us with the full
picture; it is likely that the TUI had a beneficial effect on
students’ learning beyond their level of engagement. We sug-
gest a few hypotheses suggested by our qualitative analyses.
First, BrainExplorer, and similar TUI-based exploratory sys-
tems, provide students with Bon-demand^ or Bjust-in-time^
information about the visual system. From our observations,
we saw students develop different strategies when using the
system. Some were more comfortable using a Bbottom-up^
approach (i.e., they started by analyzing the pathways from
the eyes to the LGN, and then from the LGN to the visual
cortex); some others followed the same approach, but in re-
verse; finally, some students started by making as many le-
sions as they could, and then focused on more specific path-
ways. In comparison, students using the CCs were muchmore
holistic, top-down, and uniform in terms of the strategies they
developed. In future work, we plan to compare the variety of
strategies used in both conditions (TUI vs. CCs) to test this
hypothesis. Secondly, it is conceivable that using a TUI had an
indirect effect on students’ collaboration, which in turn had a
positive effect on learning. For instance, it is conceivable that
the TUI facilitated joint visual attention (because students did
not have to explicitly point at objects of interest—cutting vi-
sual pathways on the touch screen accomplished the same
role), which might have helped them explore the problem

Table 4 Qualitative examples highlighting differences between the PFL and T&L groups in the TUI condition

Group 18 (TUI–PFL) Group 23 (TUI–T&P)

- so I think that we have one rule. Opposite sides [of the brain] control opposite
sides of the vision.

- Yes. And then when we cut both of the lines, it shrinks.
- I wonder if that makes a difference where you cut. [cuts twice on the same

line]

- if you cut those two lines on the right hand side, it affects the left.
- the left side affects the right side
- yes, inside
- but depending on where it’s cut, it will affect the upper or lower vision

- wait, do that again? It’s bottom... ah, ok. [he cuts the same line several times].
Now the other side? Ok, it’s on the same side.

- so even we were to cut back here, same spot. So where it’s cut doesn’t
necessarily matter. It’s just which line is cut. It just has to be anywhere on the
line. Except those two outside ones that don’t seem to be doing anything.

- and the other lines we haven’t cut yet?

- yeah, they talked about that in the article
- yes it’s one fourth I guess. if you cut through the inside, it’s lower. And
outside, it’s upper. And the same thing applies to the interior.

- and those two do nothing.
[silence. They keep on cutting lesions]
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space together (Schneider et al. 2011), share information, and
build hypotheses (Shaer et al. 2011) with the TUI. We plan to
code students’ quality of collaboration and correlate those
measures with learning gains in future work. Finally, it is
possible that the results were caused by a novelty effect;
this is the most natural explanation for the significant
effect found between TUI and CCs, since most students
had likely not interacted with a TUI in the past. However,
the statistical analyses performed on the Bnovelty^ dimen-
sion of the engagement questionnaire did not support this
explanation. Future work will look more closely at this
possible confounding variable. Finally, it should be noted
that our goal for the qualitative analyses was to illustrate
strategies that we perceived to be specific to experimental
condition for the purpose of generating new hypotheses
for future study. Future work will look at those differences
in a more systematic way and provide stronger evidences
for generalizability of those effects.

Limitations

It is worth mentioning that we do not take those results as
evidence that TUIs are better learning activities than CCs be-
yond the scope of this experiment. Both activities can take
many forms, and their efficiency is strongly influenced by a
variety of design choices. Our findings merely suggest that the
TUI introduced in this paper (BrainExplorer) seemed to pro-
mote higher learning gains compared to the CCs presented
previously.

It should be noted that the effect size is between small and
moderate. More analyses are needed both in collecting quali-
tative segments suggesting explanation for the higher learning
gains found in the TUI (versus CCs) condition, and in analyz-
ing the logs of the system to determine students’ strategies
when exploring BrainExplorer. Additionally, students in our
experimental conditions had different GPA. We tried to con-
trol for it by using this variable as a covariate in our analyses,
but it should be acknowledged that the learning activities pre-
sented in this paper might have benefited high/low GPA stu-
dents in different ways.

Related to this point, it should be noted that our ap-
proach was more ecological than purely experimental. We
wanted to compare two learning activities that could be
used in a constructivist fashion (CCs vs TUI), where mul-
tiple variables differed between those two conditions (e.g.,
the tangible-based vs. paper-based activities, multiple static
representations vs. one interactive systems). Thus, we can-
not make a causal claim regarding which aspect of TUIs
was most beneficial to learning. Our hypothesis (to be
tested in future studies) is that tangibility supported col-
laboration, which indirectly impacted learning (as
suggested by Shaer et al. 2011 and Schneider et al.
2012); while interactivity and dynamic feedback supported

students’ exploration of the domain, which helped them
more efficiently go through cycles of predicting, testing
and verifying hypotheses.

A final limitation of our study is the small number of par-
ticipants who took part in this experiment.Most analyses were
conducted by comparing the two levels of one factors (i.e.,
CCs vs TUI or PFL vs T&P). At the individual level, each
condition contains 20 participants which is reasonable from a
statistical point of view. At the dyad level, each condition
contains ten groups which decreases our statistical power
and limits the generalizability of our findings. This limitation
should be kept in mind when interpreting the results presented
in this paper.

Conclusion

The motivation of this paper was to compare two collabo-
rative learning activities (i.e., CCs and TUI) used either in
a typical BTell & Practice^ (T&P) or Constructivist fashion
(PFL). As mentioned in the introduction, constructivist ac-
tivities are difficult to design and evaluate. The goal of this
paper was to test the design of our system and compare it
with state of the art constructivist frameworks (i.e., the PFL
framework and CCs). To this end, we crossed those two
approaches with our learning activities to discover the op-
timal combination for increasing students’ learning gains.
Our results suggest that, under certain circumstances, min-
imally guided instruction can be beneficial to learning. We
found this intervention to significantly increase the quality
of students’ mental models, which had a positive effect on
their learning. This measure, associated with students’ cu-
riosity, involvement and perception of being successful at
the discovery task, predicted more than half of the variance
of their scores on the post-test. This finding shows the
positive effect of using constructivist-inspired preparatory
learning activities for learning scientific concepts. Those
results, combined with others (e.g., Schwartz and
Bransford 1998; Schwartz and Martin 2004), confirm that
there is still a considerable gap between educational re-
search (that advocates a constructivist view of students’
learning) and regular classroom instruction (that still prev-
alently use a BT&P^ framework). The contribution of this
paper is to propose an initial step toward closing this gap,
but our results do suggest that combining the affordances
the new technologies (e.g., TUIs) with existing educational
frameworks (e.g., PFL) can provide students with compel-
ling, carefully-crafted hands-on learning experiences that
prepare them for future learning.
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