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Abstract

Smartphones as experimental tools (SETs) offer inspiring possibilities for science education, as their built-in sensors allow many
different measurements, but until now, there has been little research that studies this approach. Due to current interest in their
development, it seems necessary to provide empirical evidence about potential effects of SETs by a well-controlled study. For the
present investigation, experiments were developed that use the smartphones’ acceleration sensors to investigate an important
topic of classical mechanics (pendulum). A quasi-experimental repeated-measurement design, consisting of an experimental
group using SETs (smartphone group, SG, Nsg=87) and a control group working with traditional experimental tools (CG,
Ncg=67), was used to study the effects on interest, curiosity, and learning achievement. Moreover, various control variables
were taken into account. With multiple-regression analyses and ANCOVA, we found significantly higher levels of interest in the
SG (small to medium effect size). Pupils that were less interested at the beginning of the study profited most from implementing
SETs. Moreover, the SG showed higher levels of topic-specific curiosity (small effect size). No differences were found for
learning achievement. This means that the often-supposed cognitive disadvantage of distracting learners with technological
devices did not lead to reduced learning, whereas interest and curiosity were apparently fostered. Moreover, the study contributes
evidence that could reduce potential concerns related to classroom use of smartphones and similar devices (increased cognitive
load, mere novelty effect). In sum, the study presents encouraging results for the under-researched topic of SET use in science
classrooms.
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Introduction

Smartphones are nowadays ubiquitous: 73% of teens (aged 13
to 17) in the United States report to have or at least have access
to smartphones (Lenhart 2015). As these devices come with a
multitude of built-in sensors, they cannot only be used for
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communication or browsing the internet, but also as mobile
pocket-labs. With the internal sensors, numerous variables,
such as acceleration, sound pressure level, frequency, illumi-
nance, magnetic flux density, or even ionizing radiation, can
be measured anywhere and anytime, creating new possibilities
for teaching and learning, especially in science education. Apart
from simple research or documentation, the built-in sensors of
smartphones allow one to use the devices as experimental tools.
The advantages lie not in the ability to take more accurate
measurements, but in the ability to do a variety of experiments
and interpret those quickly and easily. With the multitude of
internal sensors, it is possible to cover phenomena in mechan-
ics, acoustics, electromagnetism, optics, and radioactivity (by
using the CMOS sensor of the camera; Kuhn et al. 2014) with
only one device. Applications (apps) generate tables, graphs, or
other forms of data representation automatically on the
smartphone screen. Furthermore, the portability and versatility
of SETs allows for experiments inside as well as outside the
classroom and also for experiments as homework (as almost
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every pupil possesses their own smartphone). Thus,
experiment-oriented seamless learning can be generated.
Numerous experimental concepts for smartphone use in science
education have appeared in the last years (kinematics: Koleza
and Pappas 2008; oscillations and waves: Castro-Palacio and
Velazquez-Abad 2013; Parolin and Pezzi 2013; Sans et al.
2013; other areas of mechanics: Chevrier et al. 2013;
Hochberg et al. 2014; Kuhn and Vogt 2013; Monteiro et al.
2014; Shakur and Sinatra 2013; acoustics: Greenslade 2016;
Hirth et al. 2015; Miiller et al. 2016; Vogt et al. 2015; optics:
Klein et al. 2014; Thoms et al. 2013; electromagnetism:
Forinash and Wisman 2012; Silva 2012; and radioactivity:
Kuhn et al. 2014). The Physics Teacher journal has established
a column about SETs since 2012 (Kuhn and Vogt 2012).

The educational effects of using smartphones in school,
however, remain a controversial issue in current discussions
(see, e.g., Barkham and Moss 2012). Although recent studies
indicate that technology can be an effective way to enhance
pupils interest, further study is needed in order to seamlessly
integrate technology with factors such as instructional mate-
rials and teaching contexts (Swarat et al. 2012). Moreover, it is
a well-known concern that new technology in educational
settings may lead to distraction or increased cognitive load
and thus impair learning (van Bruggen et al. 2002; Fried
2008; Tossell et al. 2014).

Lack of empirical evidence in general, as well as possible
drawbacks and aversive effects in particular can lead to a
serious impediment of the development of a given
instructional technology, or as Newhouse and Rennie (2001)
warn, that even when there are compelling arguments in favor
of some approach, “the field of educational technology is
littered with discarded technologies which had equally compel-
ling support.” Unfortunately, in spite of the extensive literature
about the experimental possibilities, there have been few em-
pirical studies regarding the learning effects of SETs in science
education to support this discussion (see, e.g., Kuhn and Vogt
2015; Mazzella and Testa 2016). Despite the seeming “boom”
of SETs due to favorable theoretical arguments, timely empiri-
cal evidence is necessary. In this contribution, such an empirical
investigation of smartphones as experimental tools is presented.

Theoretical Background and Rationale
Theoretical Framework

Fostering Interest with Authentic Devices

In the present study, we investigated SETs as a potential spe-
cial kind of contextualized science learning, in line with the
theoretical framework of context-based science education

(CBSE). In order to improve learning and motivation, CBSE
calls for authentic contexts, which in the sense of a widespread
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understanding (starting with the word origin: gr. authentikos
“true”) are related to actual, real(istic), genuine situations, and
experiences learners are supposed to encounter. This is, for
example, the understanding assumed by PISA 2006
(Organisation for Economic Co-operation and Development
[OECD] 2007) which repeatedly states the usage and value of
tasks and problems “that could be part of the actual experience
or practice of the participant in some real-world setting”
(OECD 2007, p. 81), and it “places most value on tasks that
could be encountered in a variety of real-world situations”
(OECD 2007, p. 81). Such contexts can open up an enclosed
synthetic reality to be found in many physics classes, in which
pupils learn things that seem to have no relation to the real
world and their everyday life, resulting in questioning the
reasons for studying the subject at all (Miiller 2006;
Taasoobshirazi and Carr 2008). Existing empirical studies
show that a provision of relevance by an authentic context
can lead to increased motivation and interest: A systematic
review (Bennett et al. 2007; see also Gilbert et al. 2011) found
evidence that certain context-based approaches promote un-
derstanding as well as conventional approaches, while foster-
ing more positive attitudes to science. The reviewed studies
were using approaches where contexts were used as starting
point for the development of scientific ideas or where links
between science, technology, and society were emphasized
(science-technology-society or STS approaches). Fifteen of
the 17 reviewed studies investigated interventions that lasted
for at least 1 year. As Ratcliffe and Millar (2009) argued, a
difficulty of such fully context-based science curricula is that
many teachers are challenged by the need to take on far
reaching changes of pedagogic strategies. Thus, to enhance
feasibility and flexibility, interventions on a smaller scale of
curricular and pedagogical change have been proposed and
investigated, at the level of instructional episodes, in the sense
of'a “segment of instruction devoted to a specific content topic
or skill” (Swarat et al. 2012, p. 520), and representing ‘“an
integral and independent potential learning event (...) (e.g.,
about the motion of a mechanical pendulum) resulting from
and constrained by the content and structure of the instruction-
al materials, as well as by the intentions of a teacher” (Swarat
etal. 2012, p. 520). These interventions do not require special
methodological or organizational conditions and can easily be
embedded in existing teaching approaches. Examples for
context-based interventions on the instructional episode level
are newspaper story problems or other context-based instruc-
tion material, which were shown to improve motivation and
learning in comparison to traditional classes with medium to
large effect sizes (wz =0.52 for motivation, w?=0.20 for
learning, see Kuhn and Miiller 2014, d=1.52 for learning,
see Bahtaji 2015).

Inspired by the success of CBSE interventions on the level
of instructional episodes, we tried to further reduce the com-
plexity of the context and hence increase the easiness of its



J Sci Educ Technol (2018) 27:385-403

387

embedding in existing teaching approaches, while still foster-
ing motivation and learning. As smartphones are ubiquitous
for pupils nowadays, the devices themselves may be able to
generate a relevant context in the following way:
Experimenting with smartphones means experimenting with
a device that is familiar and important to pupils, using an app
that they could use on their own device outside of the class-
room, too. We call this connection of the experimental medi-
um itself, based on its material basis, to pupils’ everyday life a
“material” context. In addition to this material context that
SETs may provide, they can be used for CBSE in the classical
sense. With SETs, mobile experiments can be conducted, in-
vestigating authentic topics in everyday life wherever and
whenever they appear (see the “Introduction” section and in
particular Monteiro et al. 2016; Miiller et al. 2016; Miiller
et al. 2015; Tornaria et al. 2014, for some recent applications
to everyday life phenomena). We call this more traditional
kind of context “topical context.” According to the theoretical
framework of CBSE, this topical context can generate positive
affective and cognitive effects. The material context might
also affect motivation and learning, as the devices themselves
represent a link to everyday life, especially for youths, even if
SETs are used in otherwise conventional experimental setups.
As context in mobile experiments may be generated by the
experimental medium itself as well as by the tasks and the
topics (material and topical context), there may be a two-
fold relation of the content to pupils’ everyday life. Hence,
higher affective and cognitive effects can be expected than the
effects that might be created by the material context alone.

Beyond the practical advantages (see the “Introduction” sec-
tion) and the benefits predicted by the theoretical framework of
CBSE, using SETs is also promising according to another
strand of research: Swarat et al. (2012) investigated the role of
learning environment elements (content topics, activities, and
learning goals, in their terms) on pupils’ interest in school sci-
ence. A material context can be considered a specific kind of
“activity” in their sense, found to elicit interest by its “hands
on” nature and engagement with technology, provided it is
effectively integrated with factors such as instructional
materials and teaching contexts. As Swarat et al. (2012) say,
“technology may enhance student interest by connecting stu-
dents with real data and thus promoting a sense of authenticity”.
This is very much in the sense of the specific aspect of CBSE
we address by “material context,” the effect of “authentic data”
further supported by the “authenticity” of smartphone devices
for young people. Moreover, a topical context in the sense
introduced above is closely related to “content topic” in terms
of Swarat et al. (2012).

In the current study, interest as a key component of moti-
vation was investigated, Hidi and Renninger (2006) define
interest as “psychological state of engaging or the predisposi-
tion to reengage with particular classes of objects, events, or
ideas over time” (Hidi and Renninger 2006, p. 112). We focus

on interest, because “in contrast to many other motivational
concepts, interest is characterized by its content or object
specificity” (Krapp 2005, p. 382). For a meaningful use of
SETs in physics teaching, it is important that interest in the
physics behind the experiments is increased (“content
specificity”). If pupils are only interested in the devices them-
selves (“object specificity”), this would probably lead to mo-
tivation fading soon after the activity is done. In accord with
the four-phase model of interest development by Hidi and
Renninger (2006), using SETs can trigger situational interest,
because pupils conduct a “hands on,” technology-enhanced
activity in the sense of Swarat et al. (2012). This interest can
evolve into a maintained situational interest, when it is “held
and sustained through meaningfulness of tasks and/or person-
al involvement” (Harackiewicz et al. 2000; Mitchell 1993)
(Hidi and Renninger 2006, p. 114). Material contexts as pro-
vided by SETs may be meaningful to pupils because they
know the devices from their everyday life and have a strong
connection with them; hence, SETs can foster object-specific-
maintained situational interest. In order to turn this object-
specific interest into a content-specific, emerging individual
interest for physics, pupils need a context to acknowledge the
relevance of the studied topics in accord with the theoretical
framework of CBSE. We believe that the mere material con-
text of smartphones used in otherwise traditional experiments
may already lead to this acknowledgement (see preceding
texts), to an increased interest in the topics and hence to an
emerging individual interest for physics, which is not object
specific anymore, but content specific. In short, SETs as a
“hands on” activity can increase a situational, object-specific
interest, while at the same time, by providing a material con-
text they might transfer this interest into a content-specific,
individual interest.

Increasing Curiosity by Teaching Pupils to Collect Data
with SETs

In addition to interest, we studied the “motivational internal
state” (Berlyne 1978, p. 144) of curiosity. Recent research
(von Stumm et al. 2011) showed that curiosity, correlated with
effort, is an important predictor of academic achievement and
hence has been considered in an increasing number of studies
in the last few years. According to Arnone et al. (2011), curi-
osity is “a desire for new information or experience” (Arnone
etal. 2011, p. 185), which includes a trigger, a reaction to that
trigger, and a resolution (of the desire), which can be satisfac-
tory or unsatisfactory. A satisfactory resolution can initiate
new learning, interest, and engagement, which can re-trigger
curiosity. Thereby, learners are only motivated to seek infor-
mation and persist in exploration until they reach a satisfactory
resolution, if they value the prospect of satisfying curiosity
and believe to have the competence to reach this satisfactory
resolution. The perceptions of value and expectancy for

@ Springer



388

J Sci Educ Technol (2018) 27:385-403

success are moderated by personal and contextual or situation-
al factors. Personal factors are, for example, curiosity as a
personality trait, as well as the self-concept of the learner
and cognitive abilities. Contextual factors refer to the learning
setting, e.g., formal or informal. Situational factors include
“all those factors ‘in the moment’ that help explain the direc-
tion of behaviour” (Arnone et al. 2011, p. 190), in particular
“object” and “content specificities” as explained above. If
learners believe that “information seeking cannot be satisfied
in a timely manner, with minimal effort” (Arnone et al. 2011,
p. 191), a satisfactory resolution of curiosity and hence in-
crease in interest may not occur. By introducing SETs, we
teach pupils how to use the familiar devices in a new and
unexpected way as mobile pocket-labs. Pupils are provided
with a new way of accessing information in those quite effort-
lessly produced data. Thus, pupils’ perceived competence in
quickly, easily and successfully conducting experiments with
their own smartphones is increased. This should, in turn, raise
their confidence in being able to find a satisfactory resolution,
thereby increasing their curiosity.

Learning with SETs: Beneficial or Distracting?

A further hypothesis behind approaches to support learners
motivation (such as CBSE) is the widespread belief in educa-
tion that better motivation will lead to better learning (see, e.g.,
Bennett et al. 2007). However, correlations between motiva-
tion and learning are around »~ 0.3 (Uguroglu and Walberg
1979; Wild et al. 2001), i.e., lower than one might expect.
Nevertheless, an increase in learning achievement by using
SETs is predicted by theoretical frameworks different from
CBSE, in particular cognitive load theory (Sweller et al.
1998), which takes into account the fact that the working
memory has limited capacities. Three different forms of cog-
nitive load occur in learning processes: intrinsic cognitive
load, generated by the nature of the learning content, extrane-
ous cognitive load, generated by the presentation of the learn-
ing material, and germane cognitive load, generated by mean-
ingful learning. The sum of all three kinds of cognitive load
cannot exceed the capacities of working memory. Hence, in-
struction design should strive to reduce the extraneous cogni-
tive load, doing so should leave more free cognitive capacity
for the germane cognitive load and thereby increase learning
achievement. As in most studies, extraneous cognitive load is
manipulated and is commonly referred to as “the” cognitive
load in the literature and also in this paper, if not specified
differently. SETs can reduce extraneous cognitive load, e.g.,
by providing graphs automatically: Pupils do not have to ex-
pend cognitive capacities by drawing graphs themselves (ex-
traneous load), but can concentrate fully on their interpretation
(germane load). This is also in agreement with the strong
current of research and development concerning technology-
enhanced learning, where since the early 1990s (see, e.g.,
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Thornton and Sokoloff 1990), we saw new approaches to
science education, where routine jobs got increasingly com-
puterized. As Tho et al. (2015) put it, this “allows more time
for the students to carry out other educationally meaningful
tasks and activities such as analysis and interpretation of re-
sults, redoing the experiments for testing alternative
hypotheses”. Additionally, cognitive capacities are used more
effectively with higher motivation, which is particularly
sparked by new media (Cognitive—Affective Theory of
Learning with Media, Moreno 2005). Moreover, graphs, ta-
bles, and additional kinds of representations (dependent of the
app and the sensor used) are produced easily with SETs and
can be connected with each other and the observation of the
experiment, which, according to accounts of effective use of
multiple representations, can also foster learning achievement
(Ainsworth 2006). Real-time graphs can also be used to chal-
lenge intuitive conceptions and support a better understanding
of kinematics (Beichner 1996; Brasell 1987). Another frame-
work that provides reasons for a beneficial use of SETs is that
of mobile learning. Mobile learning, defined as “the processes
of coming to know through conversations across multiple
contexts among people and personal interactive technologies”
(Sharples et al. 2007, p. 224) provides the possibility of per-
sonalized and contextualized learning, less restricted by tem-
poral or environmental constraints than any other learning
technology before (Crompton et al. 2016). More specifically,
a number of theoretical and empirical arguments are put for-
ward in favor of mobile learning. On the affective level,
learner’s attitudes and perceptions towards by learning can
be improved by mobile and technology enhanced approaches
(Wu et al. 2012; Swarat et al. 2012). On the cognitive level,
mobile technology can support and enrich learning in various
ways (HaBler et al. 2016): (a) flexible and adaptive learning
(learners respond and react to the learning environment, which
in turn is no longer predetermined); (b) meaningful and situ-
ated learning, and (c) personalized learning. Recent reviews
and meta-analyses discuss these educational opportunities in
terms of critical success factors (Alrasheedi et al. 2015), gen-
eral learning theories (Crompton et al. 2017) and other char-
acteristics (Hwang and Tsai 2011; Wu et al. 2012; Pimmer
et al. 2016). An interesting finding in the present context is
that, within science education, a majority of studies was car-
ried out in informal settings in the life sciences (Crompton
etal. 2016), i.e., in an area where a kind of “mobile” learning
has already a long tradition (“field trips,” “outdoor learning;”
Falk and Balling 1979; DeWitt and Storksdieck 2008). Put
differently, in physical science, there is yet very little research
to explore the educational effects of mobile learning, and the
present work is a contribution in that sense.

Yet, in opposition to these theoretical reasons for advanta-
geous effects of using SETs on learning achievement, there are
also studies that showed negative effects of using instructional
technology in school: Van Bruggen et al. (2002) studied the
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effect of computer-supported learning environments on cog-
nitive load. They concluded that as pupils have to integrate
and coordinate multiple representations during learning (the
same applies to using SETs), their attention is split between
several sources of information and cognitive load is increased.
As elaborated above, this will reduce learning achievement.
Another common critique of using smartphones in school is
their potentially distracting effect. Tossell et al. (2014) provided
smartphones for pupils who had never used such devices be-
fore. At the beginning of the study, most participants were
confident that the smartphone would help them reach their ed-
ucational goals. Nevertheless, after 1 year, although pupils had
indeed used their smartphones for informal learning, they per-
ceived them as distracting rather than helpful. Another study
(Beland and Murphy 2015) investigated pupils’ achievement
before and after smartphones were banned from their school
completely. Performance in high stakes exams significantly in-
creased post ban, especially for low-achieving pupils, which the
authors attribute to less distractions by smartphones in class.
Potential distracting effects are not only studied regarding the
use of smartphones in school, but regarding ICT in general (see
for example Fried 2008, regarding laptops). In view of this
contradictory state of research, we formulate below an open
research question (rather than a directed research question) on
potential learning effects of SETs.

Focus on Material Context in the Current Study

Based on the theoretical framework elaborated above, SETs
have the potential to foster interest, curiosity, and learning
achievement in various ways. We decided to focus the current
study on the effects of potential material contexts by introduc-
ing SETs in otherwise conventional classroom settings (no
authentic topical context), i.e., not to exploit the full potential
of combining both kinds of context at the same time. For this,
there are two main reasons: Firstly, affective and cognitive
effects of using SETs in the classroom have been hardly stud-
ied up to now, despite of a booming literature about experi-
mental possibilities (see the “Introduction” section). As a con-
sequence, it is important to manipulate only one group of
variables that may influence affective and cognitive effects,
while keeping all the others constant, respectively controlled.
Secondly, the focus on the material context rather than the
topical context is of educational nature: We believe that a
formal introduction in the use of SETs in an otherwise con-
ventional classroom setting without any authentic topical con-
text is necessary in order for pupils to be able to use them
effectively. Pupils need to learn about the functions of the
device in conventional settings to prevent misunderstandings
or even misconceptions. For example, due to the operating
mode of the acceleration sensor, the smartphone measures
an acceleration of g (9.81 m/sz) while it is at rest. This and
other sensor specifications have to be explained to and

discussed with pupils in a formal setting before experimenting
on their own—especially in mechanics, as this topic is well-
known for widespread misconceptions. In the current study,
SETs were thus used in a traditional setting with well-known
classroom experiments instead of for mobile experiments out-
side of the classroom. Because the only difference between the
interventions in smartphone and control group was the exper-
imental tool pupils were working with and the short duration
of the intervention (3 h), affective and cognitive effects are
supposed to be rather small. A follow-up test was conducted
to check whether the effects would be stable over time, if they
would be larger than expected.

Control Variables

In the framework of this investigation, the perceived relation
to reality of physics classes was assessed: If, as intended,
using SETs provides a material context, pupils working with
those devices should recognize the relationship of physics to
their everyday life more than pupils working with traditional
experimental tools.

To ensure that the focus of the study lies in the potential
material context provided by SETs and confounding effects
were avoided, several variables were kept constant or con-
trolled. First, it is known from several studies, that the teacher
has an effect on learning (see, e.g., Hattie 2008). All pupils
were therefore taught by the same tutor, who was, in turn,
evaluated by the pupils to ensure that there was no bias.
Second, we tried to keep the cognitive load, generated by
the written instruction materials, equal for both groups as ex-
plained in “The Intervention” section. Thus, any differences
in the measured cognitive load were due to the use of SETs as
opposed to the traditional experimental tools (see the
“Learning with SETs: Beneficial or Distracting?” section for
potential positive and negative cognitive effects of using SETs
according to existing research). Third, several variables which
could not be kept constant over all participants were measured
and considered in the analyses: As “interest in physics instruc-
tion is closely related to the students’ physics-related self-
concept” (Hoffmann 2002, p. 452), pupils with high self-
concept should be more interested in physics. Furthermore,
according to the theoretical framework of curiosity detailed
above, self-concept and curiosity as a personality trait can
moderate the expectancy for success in answering questions
satisfactorily and hence influence curiosity and interest. In
addition to the influence on perceived novelty and the moder-
ating effect on curiosity, pupils’ self-concept has a reciprocal
relationship with achievement (see, e.g., Hattie 2008; Main
and O’Rourke 2011). If by accident, there are more pupils
with a high physics-related self-concept in one of the treat-
ment groups, this might lead to unintended group differences,
which are not generated by the material context. Hence, it is
important to measure this variable and include it in the
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analyses. This is also true for other variables: As the interven-
tion consists of experiments, for pupils working with, as well
as those working without, SETs, more experience with
experiments will hypothetically lead to a higher experimental
competence, which can have a beneficial effect on learning
achievement. If there are only little difficulties in conducting
the experiments, this effect will decrease, as even pupils with-
out prior experience can succeed in the intervention.
According to cognitive load theory, spatial abilities can influ-
ence the processing of information in working memory
(Mayer and Moreno 2003), and so, pupils with high spatial
abilities might have advantages regarding learning. Another
important variable to include in the analyses is gender: Due to
their socialization, girls might have less prior experience in
tinkering with technological devices and conducting experi-
ments (Osborne et al. 2003), which would lead to a higher
novelty of the intervention and hence influence affective and
cognitive effects. Studies also found that for various reasons,
female pupils have less positive attitudes towards science by
the end of the second year of secondary school (Reid and
Skryabina 2002) and women show lower achievement in con-
cept tests in physics (see, e.g., Hazel et al. 2007; Kost-Smith
et al. 2010). Gender may hence have indirect as well as direct
influences on affective and cognitive effects.

Consistent with the above considerations (and described in
detail in the section about the intervention subsequently), the
only difference between the interventions in smartphone and
control group was the experimental tools pupils were working
with.

Research Questions
The theoretical framework elaborated above leads to the fol-

lowing main research questions (RQ) regarding affective and
cognitive effects:

RQ1: Does using SETs lead to higher interest than using
conventional experimental tools?

RQ2: Does using SETs lead to a higher state of curiosity
than using conventional experimental tools?

RQ3: Is there a difference in learning achievement when

using SETs compared to using conventional experi-
mental tools?

It is understood that in all of the above comparisons, the
smartphone group and the control group (conventional exper-
imental tools) work on content identical experiments.

The Intervention

The intervention was comprised of experiments and associat-
ed instruction material for pupils, which used smartphones’
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acceleration sensors as measurement tools. As motivated
above, the current study focused solely on the effects of trying
to generate material context by introducing SETs in otherwise
conventional settings. Harmonic mechanic oscillations, i.e.,
pendulum movements, were chosen as the topic of the inter-
vention, in part because this is an important topic in the local
syllabus (Ministerium fiir Bildung, Wissenschaft und
Weiterbildung Rheinland Pfalz (MBWW) n.d.) as well as in
the conceptual structure of physics (see, e.g., Baker and
Blackburn 2005; Beech 2014; Matthews et al. 2005;
Moshinsky and Smirnov 1996). Moreover, studying harmonic
oscillations allows one to circumvent certain conceptual diffi-
culties about acceleration and thus avoid confounding effects.
Acceleration is difficult for pupils and often leads to miscon-
ceptions (see, e.g., Trowbridge and McDermott 1981). In con-
ventional settings, acceleration is often not measured directly
but calculated from measurements of displacement and time.
If the smartphone group had to struggle with understanding
acceleration—time graphs, while the control group was mea-
suring displacement and time, the difficulties of the interven-
tions would not be comparable. For harmonic oscillations, the
displacement is proportional to the acceleration. In an inves-
tigation of the period of pendulum movements, the accelera-
tion—time graphs on the smartphones can hence be interpreted
as if they were displacement—time graphs: The period is the
same for acceleration and displacement. To prevent misunder-
standings, this approach was explained to pupils in the instruc-
tion material. With items about the representational compe-
tence in kinematics (see the “Test Instruments” section), we
controlled that no misconceptions were caused or furthered.

Experiments and Instructional Material

During the intervention, each pupil conducted three experi-
ments on the periodicity of a spring pendulum, a simple pen-
dulum, and a coupled pendula (for experimental setups, see
Fig. 1). The intervention was conducted as part of a curricu-
lum unit about harmonic mechanic oscillations. Each partici-
pating teacher individually planned and taught the lessons
before and after the intervention. After conferring with the
teachers, it was agreed that all pupils would learn the formulas
for calculating a spring or simple pendulum’s period, but not
conduct any experiments before the intervention took place.
Pupils’ prior knowledge can thus be a priori estimated as equal
in both groups. Nevertheless, it was measured additionally in a
pre-test (see the “Test Instruments” section). As pupils already
knew the theory, the experiments about the spring and simple
pendulum were used to apply and consolidate this prior
knowledge. In the intervention, pupils investigated the influ-
ences of the displacement of the pendulum bob at the begin-
ning of the oscillation, the mass of the pendulum bob, and the
spring constant or the length of the string, respectively, on the
period of the oscillation. The experiment regarding coupled
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Fig. 1 Experimental set-ups of
smartphone group (above) and
control group (below): spring
pendulum (left), simple pendulum
(middle), coupled pendula (right)

smartphone group

pendula introduced a new topic: Pupils qualitatively examined
the process of coupling and measured the influences of the
distance of the two pendula and the tension of the connecting
string on the coupling period.

The experimental set-ups of both groups were identical; the
only difference being the use of smartphones as pendulum
bobs while the control group was using screws. The app
SPARKvue' displayed the acceleration data on the
smartphones. It did not only show measurement data as real-
time graphs but also offered the display of multiple measure-
ments in one diagram, which simplified their comparison.

Pupils were provided with all necessary materials for
conducting the experiments. All pupils in the smartphone
group were given the same devices, regardless of whether they
owned a smartphone. Where possible, everyday material was
used to realize the experimental setups. All experiments could
be done with any i0S or Android devices with the appropriate
size and weight.

The instruction material was designed to be almost identi-
cally for both groups (see Online Resource 1 “Instruction
Material”). For example, both groups were provided with
worksheets that showed idealized graphs of the oscillation
and with stopwatches for quantitative measurements. The
control group compared the given, idealized graphs on the
worksheets with their observation of the experiment and mea-
sured the period of the oscillations. On top of this, the pupils in
the smartphone group produced several measurement graphs

! The newest version of SPARKvue can be found under the following link:
http://itunes.apple.com/de/app/sparkvue/id361907181 (PASCO Scientific
2015). After the current study was finished, the app was relaunched, which
is why the interface of the version that was used in the study looked different
from the version that can be obtained in the App store now.

of different oscillations on the smartphone. They investigated
the period of the oscillation not only with the measurements
with the stopwatch but also by examining the acceleration—
time graphs and interpreting them as if they were displace-
ment—time graphs (see previous texts). They compared the
different graphs on the smartphone with each other and with
the given idealized graphs on the worksheets.

To summarize, there were multiple measures taken to avoid
confounding variables and to concentrate the study solely on
the potential effects of generating material context by using
SETs: Choosing harmonic oscillations as topics of the inter-
vention made it possible for both groups to study the same
variables. Both groups were provided with graphs on the in-
struction material to ensure that all pupils were working with
the same kinds of representations. As the experimental setups
and associated instruction materials hardly differed, the cog-
nitive load should be equal for both groups except for effects
produced by using SETs. Moreover, the actual cognitive load
perceived by pupils was measured to control for differences
(see the “Test Instruments” section), either because of unin-
tended inequalities in the instruction material or because of
problems in handling the smartphones or a split attention ef-
fect (see the “Theoretical Background and Rationale”
section).

Methods
Study Design

We conducted a quasi-experimental treatment group-control
group study (see Fig. 2), which took place during pupils’
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regular physics lessons: Before the intervention, all pupils
were tested for a total of 60 min. In the following four lessons
(typically spread over one or two weeks), the intervention
took place as described. In the next lesson, a post-test of
45 min was conducted; then, all pupils went back to their
regular classes. After a period of 6 or 16 weeks (depending
on the time of vacations), there was a follow-up test of 60 min.

Sample

In all, 245 pupils in 15 classes from 6 secondary schools in
Rhineland-Palatinate, Germany, participated in the study (age
range 14-19 years). In agreement with the participating
teachers, ten classes were assigned to the smartphone group
and five to the control group. If there were multiple participat-
ing physics classes in one school, at least one of them was
assigned to the control group. The distribution of boys and
girls was almost equal across treatment groups (SG 43% girls,
CG 45% girls). Each group was taught by the same tutor.

Due to varying participation at different measurement
times in the repeated measure design (see Fig. 2), sample size
fluctuated slightly between measurement times, as given in
Table 1. The numbers decrease for #; as some classes (unluck-
ily, classes with an especially high percentage of girls) could
not be tracked until the follow-up test 16 weeks later). For the
validation of the test instruments, all available data of the
respective measurement time were used. For the investigation
of affective and cognitive effects, only data of pupils who
were present for the pre-test, the post-test, and all lessons of
the intervention were used: N =154 pupils (60% boys, 40%
girls, M,,. = 16.7 years, age range 14-18 years).

Test Instruments
Motivational Variables

The test for measuring motivational variables was adapted
from a well-tried and validated instrument (Kuhn 2010,
respectively Kuhn and Miiller 2014). For scale characteristics
of the original scales, see Online Resource 2 “Origins of
adapted test items with original number of items and reliability”,
for item examples, see Table 2. The test used in the study
combined the dependent variable interest (IN), and the control
variables physics lessons’ perceived relation to reality (RR)
and self-concept (SC). All items were related to physics clas-
ses in general, not only to the lessons of the intervention, i.e.,
IN measured individual interest, not situational interest (Hidi
and Renninger 2006). All items were assessed using 6-point
Likert scales. For conducting statistical analyses, the mean
score of every item was transformed into a percentage, where
0% meant no affirmation of the statement and 100% meant a
full affirmation of the statement. In addition to the original
subscales of Kuhn, five items regarding pupils’ personal
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assessment of their teacher in the pre-test and their tutor in
the post-test (assessment of teacher/tutor, AT) were adapted
from Molz (2016). These items also used 6-point Likert
scales, and their mean scores were transformed into percent-
ages as shown above.

Curiosity

Regarding curiosity, there were two different variables
adapted from two sources (for scale characteristics of the orig-
inal scales, see Online Resource 2, “Origins of adapted test
items with original number of items and reliability”, for item
examples, see Table 3): In the pre-test, curiosity as a trait (CT)
was measured, using seven items that were adapted from two
well-tried and validated instruments (Litman and Spielberger
2003; Naylor 1981). For those items, a 4-point Likert scale
was used and the mean scores were also transformed into
percentages as seen above.

In the post-test, curiosity as a state related to the content of
experiments (CSE) was measured with six items also adapted
from Litman and Spielberger (2003) and Naylor (1981). All
items used 6-point Likert scales. Again, the mean score was
transformed into a percentage. For negated items the scale was
inverted, so that 100% always stood for the highest evidence
of curiosity.

Learning Achievement

To assess learning achievement (LA), a self-compiled concept
test was conducted (example items see Table 4). It consisted of
eight multiple-choice items in the pre-test and 12 in the post-
test as well as five multiple true false items in the pre- and
post-tests, which were each scored with 1 point for a right
answer. Furthermore, the test contained three assertion reason
tasks” in the pre-test and post-test, and five items regarding
drawing or marking diagrams in the pre-test and six in the
post-test. The free text and drawing items were categorized,
rated, and accordingly scored as 0, 0.25, 0.5, 0.75, or 1 point.
The total score was calculated as the sum of points divided by
number of items; hence, it was always a percentage between
0% and 100%. In addition to the items designed to test learn-
ing achievement, ten multiple true false items, adapted from
Klein et al. (2017), were used to assess representational com-
petence in kinematics (KiRC). For scale characteristics of the
original scale, see Online Resource 2, “Origins of adapted test
items with original number of items and reliability”. Using
this measurement, we could ensure that the interpretation of
the acceleration—time graphs as displacement—time graphs

2 Assertion reason task: multiple choice/true false item in combination with
free text item asking for the reason behind the given answer (see, e.g., Williams
2007)
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Fig. 2 Process of study. 7, test of control variables, # pre-test, #, post-test, #; follow-up test

(see the “The Intervention” section), did not lead to or further
any misconceptions.

Control Variables

Three subscales were used to measure pupils’ perceived cog-
nitive load. The subscales for cognitive load related to the
experiments (CLE) and cognitive load related to smartphones
(CLS) were adapted from Kuhn (2010), Paas et al. (1994), and
Chandler and Sweller (1991). For scale characteristics of the
original scales, see Online Resource 2, “Origins of adapted
test items with original number of items and reliability”, for
item examples, see Table 5. All items of the CLE and CLS
scales used 6-point Likert scales. The CLS subscale was only
used in the smartphone group. Furthermore, five items of the
well-tried and validated NASA TLX instrument (Hart and
Staveland 1988) were used, each with a 6-point bipolar scale.
As in the other instruments, the scales of negated items were
inverted and the mean scores transformed into percentages,
so that 100% correlated the highest evidence of cognitive
load.

In addition to the test instruments described previously, the
following data were taken before the intervention to control
confounding factors: experience with experiments (EE), pos-
session and frequency of using smartphones (PUS), spatial
ability (SA), and gender (G) (see Table 6). SA was assessed
with a subtest of a standard test for cognitive abilities (Heller
and Perleth 2000, nonverbal subtest 3, for scale characteristics
of the original scale, see Online Resource 2, “Origins of
adapted test items with original number of items and
reliability ).

Table 1 Sample sizes (245 students undergoing the intervention)
to t b t3
Niotar 223 225 203 172
Ninale 123 126 109 126
Nl"emale 99 99 80 42
Mo 16.7 years 16.7 years 16.6 years 17.0 years

Data Analyses
Preparation of Data

Unreliable information as distinct patterns in the answers to
the Likert scales or unreadable answers were treated as miss-
ing values. For each variable, missing values were less than
5% of the data. Outliers were treated according to the proce-
dure proposed by Tabachnik and Fidell (1996) (values with
|z] >3.29, i.e., 3 SDs off the average M, are replaced by M=+ 3
SD). For each variable, the percentage of outliers did not ex-
ceed 1%.

Analyses of Test Instruments

To confirm or modify intended subscales, principal compo-
nent analyses were conducted. Furthermore, several item char-
acteristics were calculated: the item difficulty P (for learning
achievement) or the mean M (for rating scales), the discrimi-
nation index D, the corrected item-test-correlation ry, and the
reliability of the scale without a particular item cv/4;. As con-
ventional critical values for psychometrically acceptable
items, D=0.2 and r;,=0.3 were used (Ding and Beichner
2009). The scales were optimized by reliability analyses. All
items that decreased the internal consistency Cronbach’s o (as
a measure of reliability) and whose characteristics were be-
yond the conventional critical values were deleted from the
scale. We call these combinations of items optimized scales.

Analyses of Affective and Cognitive Effects

To gain as much information as possible out of gathered data,
multiple-regression analyses were used when pre-conditions
were fulfilled. Hierarchical regression analyses were used to
make sure only as many variables as necessary went into the
model to increase statistical power. In a hierarchical regression
analysis, similar to a stepwise analysis, the regression model is
extended by one predictor at the time. Only variables, which
are explaining a significant amount of additional variance at
the moment when they are considered, stay in the model. An
advantage of the hierarchical regression in comparison to a
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Table 2 Motivational variables and tutor/teacher assessment (sample items translated from German, more items in post-tests due to more time for

testing, repeated items formulated equally in pre- and post-tests)

Subscale Number of Example
items
Interest (IN) Pre-test: 9 “In my leisure time, I engage in topics that are
Post-test: 10 related to physics in excess of my homework.”
Relation to reality (RR) Pre-test: 5 “Physics classes are about things that are related to everyday life.”
Post-test: 8
Self-concept (SC) Pre-test: 8 “My achievement in physics is, in my opinion, good.”
Post-test: 8
Personal assessment of teacher/tutor (AT) Pre-test: 5 “Our teacher/tutor is/was motivating me.”
Post-test: 5

stepwise regression is that the order of variables is not merely
defined by statistics, but set because of theoretical reasons.

The following assumptions were tested for the applicability
of multivariate regression analysis: no bias because of multi-
variate outliers, homoscedasticity, independence of the resid-
uals, linearity, no autocorrelation, no multicollinear problems,
normal distribution. If those assumptions were not met, anal-
yses of variance (ANOVA) or covariance (ANCOVA) were
used to analyze affective and cognitive effects. For these anal-
yses, the following assumptions were tested: independence
and normal distribution of residuals and homogeneity of re-
siduals’ variances, and additionally, for analyses of covariance
homogeneity of regression slopes, adequate correlation be-
tween the covariate and the dependent variable, sufficient re-
liability of the covariate, and measurement of the covariate
prior to the intervention.

Results
Analyses of Test Instruments

The principal component analysis confirmed the intended sub-
scales of the test instrument for motivational variables (interest,
IN; physics lessons’ perceived relation to reality, RR; self-con-
cept, SC). The test for learning achievement (LA) did not show
any subscales; hence, the overall mean of all items is reported.
In contrast to three intended separate subscales of cognitive
load (CLE, CLS, TLX, see Table 5), all non-smartphone related

Table 3  Curiosity variables (sample items translated from German)
Subscale Number Example

of items
Curiosity as a trait (CT) 7 “Reviewing previous ideas

is fun to me.”

Curiosity as a state related to 6
content of experiments
(CSE)

“The experiments piqued my
curiosity regarding the topic
of oscillations.”
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items (CLE and TLX) formed one component, which was la-
beled general cognitive load (GCL). The second component
consisted, as intended, of the items in the CLS scale.

The number of items (), the reliability (Cronbach’s «),
the mean of discrimination indices D, and the mean of item-
test correlations 7;; of the original scales and the scales with
optimized Cronbach’s « (items which decrease Cronbach’s «
were deleted to form optimized scales, see the “Data
Analyses” section) can be found in Table 7. The mean of
discrimination indices and the mean of corrected item-test
correlations were within the conventional critical values
(D=0.2 and r;;=0.3, see the “Data Analyses” section). The
reliability exceeded o = 0.7 for most subscales, at least in their
optimized form. Only the reliability of representational com-
petence (KiRC) did not reach this value.

Possession and frequency of using smartphones (PUS)
were very high: 93% of the pupils owned a smartphone and
they reported to use it often or very often (M = 1.53 on a scale
from 1 to 6). Both variables were not used in the regression
analyses or analyses of covariance to avoid ceiling effects.

Analyses of Affective and Cognitive Effects
Interest (RQ1)

Due to multicollinearity problems, interest (IN) could not be
investigated by regression analysis. However, the assumptions
for calculating ANCOVA (see the “Data Analyses” section)
were met. The ANCOVA showed a significant small to mid-
size effect between groups: F (1, 149)=6.11, p=0.015, d =
0.40 (adjusted group means, see Fig. 3 and Table 8). This
effect could be specified using ¢ tests for paired samples to
investigate the difference between pre- and post-tests®: With a
median split, the sample was divided into originally more
(UNpre >0.40) and originally less interested pupils (INpy <
0.40). Originally less interested pupils in the smartphone

3 For this analysis, the post-test mean is determined only from items that are
also used in pre-test.
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Table 4 Example items for the test instrument used to measure learning achievement (translated from German)

Item format Example for items

Multiple choice item
spring after displacement.

In the picture, you see a wooden toy, which can swing up and down on a metal

oscillation of the toy?

What is the influence of the mass of the wooden figure on the period of the

O The greater the mass, the longer the period.
O The smaller the mass, the longer the period.
O The mass of the wooden figure has no influence on the period.

Multiple true false
Items a)

The period of a simple pendulum is longer, ...
... if its mass is greater.
b) ... if the length of its string is longer.

O True
O True

[ False
O False

Assertion reason task
O Right
O Wrong
Justify your answer!

In reality, a pendulum that was set in motion once is oscillating forever.

Drawing diagrams

Draw in the field below the diagram of an oscillation with a continuously
decreasing amplitude and a constant period!

group profited most from the intervention: #(41)=2.24, p=
0.030, d=0.23 (group means, see Fig. 3). The pre—post-ef-
fects in all other subgroups (SG high interest, CG both sub-
groups) were not significant.

Curiosity (RQ2)

The conditions for hierarchical multiple-regression analysis
were met, and it leads to the following model equation:

Table 5  Subscales of the cognitive load test instrument (sample items
translated from German)

Number
of items

Subscale Example

“I had to make an effort to solve the
tasks of the experiments.”

Cognitive load related 10
to the experiments
(CLE)

Cognitive load related 7
to smartphones

“I did not have any problems
getting used to the app.”

(CLS)
NASATLX instrument 5 “How successful were you in
(TLX) conducting the experiments in

your own opinion? Perfect
success—failure”

Y(CSE);=0.13+0.09 (7)) —0.02 (G;) +0.09 (RR;)+0.06
(SC) +0.41 (IN;), with CSE, state of curiosity regarding the
content of the experiments; 7, treatment group; G, gender; RR,
relation to reality; SC, self-concept; IV, interest. There was a
significant small effect of the treatment group: b* =0.21,
#(150)=3.19, p=0.002, d=0.25. The only other significant
predictor was the level of interest (IN, see Table 9).

Learning Achievement (RQ3)

The conditions for hierarchical multiple-regression analysis
were met, and it led to the following model equation:
Y(LAPOST); = 0.26-0.02 (T}) +0.01 (G;) +0.06 (EE;)+0.07
(CT;) +0.09 (SC;) +0.21 (IN;) +0.14 (KiRC;)+0.25
(LAPRE;), with LAPOST, learning achievement in post-test;
T, treatment group; G gender; EE experience with experi-
ments; CT curiosity as a trait; SC self-concept; IN interest;
KiRC representational competence in kinematics; LAPRE
learning achievement in pre-test. There was no significant
effect of the treatment group: b* =—0.04, #(150)=—0.70,
p=0.482. Significant predictors were the level of interest
(IN), the representational competence in kinematics (KiRC),
and the learning achievement (LA) in the pre-test (see
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Table 6  Other control variables (sample items translated from German)

Variable Number of Item format
items

Experience with experiments (EE) 2

“In my physics classes, our teacher shows us experiments:

very often/often/rather often/rather rarely/rarely/very rarely”
“In my physics classes, we do experiments ourselves:
very often/often/rather often/rather rarely/rarely/very rarely”

Possession and frequency of using 2
smartphones (PUS)

Spatial abilities (SA) 15

“I own an iPhone/other smartphone: yes/no”
“I use the device: very often/often/rather often/rather rarely/rarely/very rarely”

“Each item shows how a quadratic gray piece of paper is folded and how holes are stamped into the

folded paper. The task is to find out what the paper looks like when unfolded again.”

Gender (G) 1

“Gender: male/female”

Table 10). Effect sizes regarding pre—post-differences were
high: SG: #86)=8.62, p<0.001, d=0.97, CG: #(66)=9.39,
p<0.001, d=1.01 (for group means, see Fig. 4).

Control Variables

Unexpectedly, the ANCOVA showed no significant effect be-
tween groups for physics lessons’ perceived relation to reality
(RR): F(1, 151)=0.55, p=10.459 (adjusted group means, see
Table 11).

Regarding assessment of tutor and cognitive load, no sig-
nificant effects between treatment groups were found (see
Table 12, Fig. 5). The cognitive load generated by using

smartphones (CLS), which was only assessed in the
smartphone group, was perceived as rather low (see Fig. 5).
Neither self-concept (SC), experience with experiments
(EE), spatial abilities (SA), nor gender (G) had a significant
influence on the analyses of interest (IN), curiosity (CSE), or
learning achievement (LA) (see Tables 8, 9, and 10). In con-
tradiction to our expectation (see the “Focus on Material
Context in the Current Study” section), curiosity as a person-
ality trait (CT) also had no significant effect on curiosity
(CSE) after the intervention. The variable did not explain a
significant amount of additional variance and was hence not
included in the multiple-regression model (see Table 9).
Nevertheless, curiosity as a trait (CT) did have an influence

Table 7 Test instruments: number of items (), reliability (Cronbach’s «v), mean of discrimination indices D, mean of item-test correlations 75, Ny of
post-test scales higher because of more testing time, Ny of optimized scores lower due to item deletion to reach optimal Cronbach’s «

Scale N el D T
Interest (IN) Pre-test 9 0.92 0.58 0.70
Post-test 10 0.96 0.57 0.78
Relation to reality (RR) Pre-test 5 0.88 0.54 0.68
Pre-test, optimized 4 0.90 0.62 0.78
Post-test 8 0.94 0.52 0.74
Self-concept (SC) Pre-test 8 0.90 0.62 0.72
Post-test 8 0.92 0.64 0.80
Assessment of teacher (AT) Pre-test 5 0.88 0.56 0.72
Assessment of tutor (AT) Post-test 5 0.77 0.39 0.55
Curiosity as a trait (CT) 7 0.83 0.44 0.58
Curiosity as a state related to content of experiments (CSE) 6 091 0.54 0.74
Learning achievement (LA) Pre-test 24 0.69 0.35 0.25
Pre-test, optimized 16 0.78 0.46 0.36
Post-test 31 0.83 0.43 0.34
Post-test, optimized 27 0.85 0.47 0.38
Representational competence in kinematics (KiRC) Pre-test 10 0.65 0.58 0.31
Pre-test, optimized 8 0.67 0.67 0.36
Post-test 10 0.67 0.59 0.33
General cognitive load (GCL) 15 0.89 0.36 0.56
General cognitive load (GCL), optimized 13 0.90 0.37 0.60
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Fig. 3 Interest (IN): left: adjusted interest

means and standard errors (post test, adjusted means)
(SE*gg =SE*cg=0.01); right: 1.00

group means and standard errors
pre- and post-tests (SEgg =

SEcG=0.02 for all means except 0.60 - —
post-test mean of originally more =

interested: SEcg = 0.03; division 0.40 047 0143'

of sample by median split: 0.20 o
Mdn(IN) = 0.40) ’
0.00

smartphone control group
group (SG) (CG)

on interest (IN) and was used as a covariate in the ANCOVA
(see Table 8). For the multiple-regression analysis of learning
achievement (LA), curiosity as a trait (CT) was included in the
model, but did not have significant influence (see Table 10).

In addition to the control variables described above, a ¢ test
for paired samples was used on the pre- and post-test data of
representational competence in kinematics (KiRC) to check
whether misunderstandings were caused or deepened by
interpreting acceleration-time-graphs as if they were displace-
ment-time graphs (see the “The Intervention” section). There
was no significant change of the representational competence
over the course of the intervention in the smartphone group
(Mpre, SG = 065, Mpost, SG = 064, t= 064, pP= 0525)

Follow-Up Tests

Even though effect sizes for treatment effects were only small
to midsize, follow-up tests were investigated. For this, similar
models were used as for the post-tests. In contrast to the post-
test models, all variables measured prior to the follow up test
could now be used as predictors. For none of the variables,
there was a significant effect of the treatment group.

Discussion

Interest in the smartphone group was significantly higher than
that in the control group (d =0.40, RQ1), even after a relative-
ly short intervention (3 h “instructional episode” in the sense
of Swarat et al. 2012). This is consistent with previous re-
search about technology-based activities, concluding that they
foster students’ interest by connecting them with “real data”

Table 8 Adjusted means (M*), standard errors (SE*) and covariates
with means (M) of interest (IN), sample size: Nsg =87, Ncg =67

Adjusted mean  Standard error Covariates

M*g6=0.47, SE*s6=0.01; Pre-test interest (IN), M =0.44
M#cg=043 SE*cG=0.01  Curiosity as a trait (CT), M=0.71

interest pre test

(group means, median split)
upost test

1.00
0.80

I L.
0.60 o 0.66 0.65

0.40 ]
-
0.20 I o6 I gl
i -
0.00

originally less originally more originally less originally more
interested interested interested interested

smartphone group (SG) control group (CG)

I
0.60 0.58

and providing a “sense of authenticity” (see Swarat et al. 2012
and literature cited therein). This is true even though this
“sense of authenticity” was only provided by what we call a
“material context” (see the “Theoretical Background and
Rationale” section), the experimental tasks to be carried out
being of a conventional kind, not explicitly related to a real-
life context (in order to manipulate only one variable at a
time).

Also in accord with the theory elaborated in the previous
texts, curiosity regarding the content (!) of the experiments
(and not regarding the device) was significantly more pro-
nounced in the smartphone group than in the control group
(d=0.25, RQ2). This appears as a small effect, but it is note-
worthy that the effect of the short-term intervention (i.e.,
“treatment” in the regression analysis) was almost half as
large than that of the stable trait interest (prior to intervention)
on curiosity. Apparently, consistent with the theoretical frame-
work of curiosity above, finding information with SETs by
conducting experiments raised pupils’ confidence in being
able to find a satisfactory solution for future problems and
hence supported their curiosity.

Table 9  Hierarchical multiple-regression results: state of curiosity
related to content of experiments (CSE), change in determination
coefficient R?, standardized regression coefficients b*, ¢ tests of the
predictors with significance p and effect size f*; characteristics of the
whole model (RZ, adjusted R?, standard error of estimation SEE, F test
of whole model with significance p and effect size /°); significant results
in bold

Variable Change b* t P ia
in R
Treatment (T) 0.056 0.21 3.19  0.002 0.04
Gender (G) 0.057 -036 —0.51  0.608 <0.01
Pre-test relation to reality  0.125 0.09 1.11 0269  0.01
(RR)
Pre-test self-concept 0.070 0.05 051 0.610 <0.01
8O

Pre-test interest (IN) 0.069 045 4.03 <0.001 0.08

Model: R*=0.38; adj. R*=0.36; SEE=0.17;
F=17.66; p<0.001; £ =0.61
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Table 10 Multiple regression: learning achievement in post-test
(LAPOST), change in determination coefficient R?, standardized
regression coefficients b*, ¢ tests of the predictors with significance p

and effect size f; characteristics of the whole model (R?, adjusted R?,
standard error of estimation SEE, F test of whole model with significance

p and effect size *); significant results in bold

Variable Change in R b* t P £
Treatment (T) 0.001 -0.04 -0.70 0.482 <0.01
Gender (G) 0.059 0.03 0.45 0.654 <0.01
Experience with experiments (EE) 0.044 0.09 1.36 0.176 <0.01
Curiosity as a trait (CT) 0.066 0.07 1.02 0.307 <0.01
Self-concept (SC) 0.147 0.11 1.13 0.262 <0.01
Interest (IN) 0.068 0.29 2.75 0.007 0.03
Representational competence in kinematics (KiRC) 0.043 0.18 2.26 0.026 0.02
Learning achievement in pre-test (LAPRE) 0.052 0.27 3.80 <0.001 0.06

Model: R*=0.48; adj. R* =0.45; SEE=0.13; F=16.58; p <0.001; /#=0.92

It is noteworthy that neither interest nor curiosity was sig-
nificantly dependent of pupils’ prior knowledge. Moreover,
there was no influence of self-concept, prior experience with
experiments, spatial abilities, or gender on affective and cog-
nitive effects. This means that by using SETs, the curiosity of
pupils with both lower and higher initial experience and
knowledge can be promoted equally well. On the one side,
there were neither difficulties of conducting the experiments,
nor was there a high cognitive load or novelty that would
impede learning achievement, interest, or curiosity. On the
other side, high-achieving pupils were not under-challenged
or bored by the experiments, either. In addition, experimenting
with SETs especially increased the interest of pupils less in-
terested prior to the intervention (a small, but significant ef-
fect, d = 0.25 for the pre—post increase). This means that SETs
might have the potential of closing the interest gap between
more and less engaged pupils.

With respect to the cognitive variables (RQ3), significant
learning gains with large pre—post effect sizes were found
(dsg=0.95, dcg =1.09), showing high learning effects from
the intervention both in the control and smartphone groups.
However, no significant differences in the learning gains

Fig. 4 Learning achievement
(LA), group means, and standard
errors: left: post-test, optimized
score (repeated items from pretest

and additional items), SEgG = 1.00
0.02, SEcg = 0.02; right: pre-test: 0.80
all items, SESG = 001, SECG = I I
0.02, post-test: all items which 0.60 0.70 | 0.71
were repeated from pre-test,
SESG = 002, SECG =0.02 0.40

0.20

0.00

smartphone control group

group (SG)
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between the two groups were found. As both groups were
working with almost identical tasks, involving the same vari-
ables and kinds of representations, cognitive activities were
almost identical and no or only small differences could be
expected from them. Moreover, treatment effects on learning
achievement because of group differences in interest and cu-
riosity are possible, but as both known meta-analytic correla-
tions with achievement (= 0.3, von Stumm et al. 2011;
Uguroglu and Walberg 1979, respectively) and the primary
effects found (d=0.4 and d=0.25, see previous texts) are
not large, no or small effects due to this indirect reason are
probable, too. For these reasons, it is not surprising that no
cognitive advantages for the smartphone group could be
found in the data. However, it is worth of pointing out that
there were also no disadvantages in learning achievement
because of using SETs either. Despite concerns about poten-
tially increased cognitive load by this kind of instructional
technology, no differences in cognitive load were found,
confirming that there were no additional difficulties because
of problems in handling the smartphones. Instead, pupils han-
dled the smartphones and the app with ease, which can be seen
by the low measure of cognitive load related to the devices. As

learming achievement
(pre-post-development)

1.00
0.80 pre test
(all
0.60 items)
040
®nost test
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Table 11 Adjusted means (M*), standard errors (SE*), and covariates
with means (M) of relation to reality (RR), sample size: Ngg =87, Ncg =
67

Adjusted mean Standard error Covariates

M*SG = 052,
M*CG =0.51

SE*¢=0.01;
SE*CG =0.02

Pre-test relation to reality (RR),
M= 051

there were no disadvantages in learning achievement for the
smartphone group, we can conclude that pupils were not dis-
tracted by using SETs. This might be due to the fact that using
SETs was integrated effectively into the instruction material
and the teaching contexts. As opposed to the study of Tossell
et al. (2014), pupils were not just provided with smartphones,
but also with specific tasks. Another factor that might have
helped pupils to concentrate on these tasks is their academic
level: Beland and Murphy (2015) found that especially lower-
achieving pupils were distracted by smartphones. Our sample
consisted of pupils of the German “Gymnasium,” which is the
secondary school with the highest academic level, hence less
vulnerable to distraction.

There were no treatment effects in the follow-up tests,
which is not surprising, as the size of affective or cognitive
effects between treatment groups was not large (as expected).

Regarding physics lessons’ perceived relation to reality,
there was no group difference, although the data shows the
expected increase in interest and curiosity. Thus while the
“material” context of SETs can foster interest and curiosity,
it cannot alone strengthen the perceived relation to reality. Our
interpretation of this finding is that for this to happen the
experimental tasks have to be related to a real-life context,
thus providing additionally a “topical” context (in the sense
of the “Theoretical Background and Rationale” section), a
dimension deliberately not considered within the research
questions of the present contribution.

We now turn to a potential novelty effect. Short interven-
tions as ours (180 min) especially if they are using modern

Table 12 Assessment of tutor (AT) and cognitive load (GCL/CLS):
group means M, standard errors SE, ¢ tests and their significance p, sample
size: Nsg =87, Ncg =67 (cognitive load related to smartphones only
assessed in smartphone group)

Scale Group means t test
Assessment of tutor Msg=0.74, #((152)=-0.97,
(AT) SEsG=10.02 p=0333
MCG = 07 1 5
SECG =0.02
General cognitive load Ms=0.31, #(152)=0.13,
(GCL) SEsG=10.02 p=0.895
MCG =03 1,
SECG B 002
Cognitive load related to Mss=0.14, -
smartphones (CLS) SEs=0.01

technological devices run the risk of reporting a mere effect of
novelty: The intervention might be increasing affective vari-
ables, just because the pupils experience something new and
different from their usual physics classes. In our data, there are
several reasons that lead us to conclude that the observed
effects are not due to novelty, but to the intended advantages
of SETs. While novelty is a primary factor of curiosity (see
Berlyne 1978), this is not true for interest. For this reason, a
novelty effect should lead to an effect on curiosity (where
there is a theoretical reason) that exceeds the effect size of
interest (where there is not), which is the opposite of the re-
sults found here. Moreover, effect sizes of novelty effects
reported by meta-analysis (Adair et al. 1989) are not signifi-
cantly different from zero, whereas for interest and curiosity
we found significant effects (effect sizes 0.4 and 0.25, respec-
tively); one would thus need a theoretical argument as to why
in the given study novelty would have above-average, non-
zero effects. Regarding the novelty generated by using SETs,
another study (on the use of iPads in science learning, Miller
et al. 2013) concluded that “the common presence of these
personal electronics in student’s lives today would likely re-
duce a novel effect in today’s classroom” (Miller et al. 2013,
p- 903). As in our sample, 93% of pupils stated to own a
smartphone and to use it often or very often, it is much more
likely, that the observed effects are not due to novelty, but to
SETs’ provision of material context respectively relevant
sources for obtaining information.

In a study as ours where no big effects can be expected, it
is even more important that multiple measures are taken to
avoid confounding variables and make sure that the ob-
served effects are only due to the intended difference be-
tween groups. The data that provide additional evidence
against several confounding effects are reported here: The
instruction material was identical in both groups, aside from
the different measurement tools. By choosing harmonic os-
cillations as the topic of the intervention it was possible for
both the smartphone and control group to study the same
variables. As representational competence (KiRC results,
Klein et al. 2017) stayed constant over the course of the
intervention with smartphones, there was no evidence for
an increased possible confusion of displacement and accel-
eration graphs due the measurement principle of the latter
(see the “The Intervention” section). By providing both
groups with graphs on the instruction material we ensured
that all pupils were working with the same kinds of repre-
sentations. The same tutor taught both groups and was in
turn assessed by the pupils, with no significant difference
found (no tutor bias). Moreover, as mentioned previously,
there were no between-group differences in the perceived
general cognitive load confirming that there were no addi-
tional difficulties because of inequalities in the instruction
material. Negative effects of a potential distraction could
not be found (see previous texts).
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Fig. 5 Group means and standard
errors of assessment of tutor (AT),
general cognitive load (GCL),

1.00

and cognitive load related to

smartphones (CLS, only assessed 0.80

in smartphone group) : L
0.60 0.74 | 0.71
0.40
0.20
0.00

assessment of tutor (AT)

Conclusions, Limitations, and Outlook

In the present study, SETs were used as mobile pocket-labs in
an attempt to generate relevant material context in the sense of a
relation to pupils’ everyday life. The devices were used within
standard, well-tried experimental setups involving pendulum
movements in regular physics classes of the upper secondary
level; the internal acceleration sensors of the devices provided
pupils with acceleration and displacement data as graphs.
Besides the already known practical and experimental advan-
tages of SETs, we can conclude the following statements from
our findings: (a) The use of SETs significantly raised pupils’
interest regarding their physics classes in general and curiosity
regarding the content of the experiments. Although effect sizes
are small to medium, they occur after a relatively short inter-
vention (3 h). (b) None of the often apprehended disadvantages
(see, e.g., Beland and Murphy 2015; van Bruggen et al. 2002;
Tossell et al. 2014) were found in the present study. Pupils were
not over-challenged by the application of the new media: There
was no difference in the perceived cognitive load between the
smartphone and control group, and the cognitive load due to
smartphones was perceived as rather small altogether.
Furthermore, learning achievement in the smartphone group
was as high as in the control group, making a potential distrac-
tion effect unlikely. (c) Findings of positive effects and the
absence of negative ones do not depend on various covariates;
in particular, there was no dependence on gender, self-concept,
or experimental experience. (d) A potential of SETs that
emerges from the study is to promote interest especially in
pupils that were less interested at the beginning of the study.
Together with the independence on initial knowledge and ex-
perience, this means that in a setting like the one presented in
this contribution, SETs offer the chance to inspire especially
less interested and lower achieving pupils to engage in science
experiments without the demanding preconditions of experi-
mental experience. This correlates with the work of Miller
et al. (2013), who found similarly encouraging results for the
use of science notebooks with tablet computers for pupils with
intellectual disabilities.
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The study at hand contributes to the discussion about the
effective integration of technology in general (Swarat et al.
2012) and the use of SETs in science classes in particular.
Similar to the now decades long discussion about using com-
puters in schools, there is a lively debate (see, e.g., Barkham
and Moss 2012; CBC News 2015; Jeffreys 2015; Mathews
2015) about the potential advantages and disadvantages of
smartphones. In contrast to the older discussion related to
computers, which can be supported by empirical results
(Organization for Economic Cooperation and Development
[OECD] 2015), in the case of smartphones empirical under-
pinnings of the discussion are found wanting. Problems that
are generated by smartphones in everyday life and especially
in school can surely not be denied and have to be considered
and solved on a societal level. But as life without smartphones
is unimaginable for most youths nowadays, the part of science
education can only be, and has to be, to show new, meaningful
possibilities for the application of smartphones inside and out-
side of school.

As there is empirical evidence for using modern instruc-
tional technology to support less favored learners in science
classrooms, investigating this potential appears to be an inter-
esting research question for the future. As our study was lim-
ited to pupils with a high academic level (German
“Gymnasium”) and to one age group (age range 14—19 years),
it would be especially interesting to take a closer look at the
affective and cognitive effects of using SETs at various ages
and academic levels.

Moreover, further studies are necessary on the use of SETs
and similar devices inside and especially outside the class-
room for investigation of true real world phenomena and ques-
tions (the present study was deliberately restricted to the ma-
terial context as explained in the theory section). Life-world
contexts can be more authentic but usually are also far more
open and complex. So, there might be stronger effects on
motivation, but effects on learning and transfer remain to be
studied.

In addition to the restriction to the material context, the
experimental task of studying the influences of several
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variables only on the period of an oscillation allowed an opti-
mal comparability of the treatment groups. Investigations re-
garding the affective and cognitive effects of examining the
acceleration or other physical variables (using integrated sen-
sors as, e.g., microphone, camera, or magnetic flux density
sensor) would be necessary to obtain a more complete view
of the potential of SETs in physics education.

Finally, future studies could exploit SETs still more fully as
cognitive tools by integrating the possibilities of using differ-
ent representations or real-time feedback. First steps along
these lines have been taken (Klein et al. 2015; Kuhn and
Vogt 2015; Mazzella and Testa 2016), but much remains to
do in this innovative, but under-researched field.
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