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Abstract. The widespread availability of smartphones facilitates the
integration of digital, augmented reality (AR), and tangible augmented
reality (TAR) learning environments into the classroom. A haptic aspect
can enhance the user’s overall experience during a learning process. To
investigate further benefits of using TAR for educational purposes, we
compare a TAR and a smartphone learning environment with a tradi-
tional worksheet counterpart in terms of learning effectiveness, emotions,
motivation, and cognitive load. 64 sixth-grade students from a German
high school used one of the three conditions to learn about frog anatomy.
We found no significant differences in learning effectiveness and cogni-
tive load. The TAR condition elicited significantly higher positive emo-
tions than the worksheet, but not the smartphone condition. Both digital
learning environments elicited significantly higher motivation, in contrast
to the worksheet. Thus, our results suggest that smartphone and TAR
learning environments are equally beneficial for enhancing learning.

Keywords: Augmented Reality · Education · Serious Games · Gamifi-
cation · Tangible User Interfaces.

1 Introduction

The widespread availability of smartphones allows teachers to develop technology-
based teaching concepts [20]. Using smartphones not only provides access to
digital learning environments, but also enables an integration of Augmented Re-
ality (AR) in teaching concepts [56]. Following an approach of media didactics,
a learning environment provides a simulation of a given subject that enables
learners to interact as well as experiment with and to observe the results of their
actions [53]. Thus, a learning environment requires self-directed learning and,
depending on the desired structure of the learning, finding a solution to a prob-
lem, design of a product, and evaluation of a situation. Using AR for teaching
and learning can result in higher learning gains, motivation, and experiential
gains through direct application of learning content [4].

AR-based learning environments can also be extended by a tangible user in-
terface (TUI), thus giving the learning process a physical aspect [8]. Combining
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Fig. 1. When detecting the markers with a smartphone, Horst-TAR displays 3D models
of the organs. Touching the organ reveals biological information.

physical objects with so-called fiducial markers achieves Tangible AR (TAR) [8].
TAR allows learners to inspect augmented objects from all angles by manip-
ulating them directly in six degrees of freedom [5]. This intensifies the direct
application of learning content and enables spatial learning.

TAR results in a higher complexity of the learning environment. Besides the
requirement of a smartphone, a teacher also must provide enough physical mark-
ers for the entire class. This becomes even more challenging when learners should
continue to learn at home. In addition, teachers must acquire technological ped-
agogical content knowledge to successfully integrate AR learning environments
in classroom teaching [28, 39]. Hence, the educational benefits of using TAR
should outweigh the preparation complexity to justify a classroom integration.
Therefore, it is of high importance to investigate the potential advantages of
TAR for educational purposes to derive guidelines as well as recommendations
for developers and educators.

Contribution

The present study investigates the learning effectiveness of a TAR learning envi-
ronment in comparison to a smartphone and traditional worksheet counterpart
at a local high school. We use the TAR and smartphone version of the gami-
fied learning environment Horst – The Teaching Frog [41]. To enable a baseline
measurement, we designed a worksheet providing the same declarative informa-
tion about a frog’s organs. The learning environments target the learning of the
anatomy of frogs as shown in Fig. 1.

While the digital versions simulate dissection, the worksheet approach con-
veys the information with illustrations and text only. The three versions of the
learning environment differ only in the way knowledge is presented, i.e., smart-
phone, TAR, and worksheet. In our user study, we found no significant dif-
ference between the conditions in terms of learning effectiveness and cognitive
load. However, the TAR version elicited significantly higher positive emotion
than the worksheet, but not the smartphone version. In addition, the TAR and
smartphone versions elicited significantly higher motivation compared to the
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worksheet. Thus, our results suggest that smartphone and TAR learning envi-
ronments are equally beneficial for enhancing learning, with TAR even eliciting
slightly higher positive emotion.

2 Theoretical Background

AR three-dimensionally integrates virtual elements into the real-world that are
interactive in real time [2]. Users can experience AR using headworn, handheld,
and projected displays [27]. Handheld AR commonly is achieved using smart-
phones and tablets that are turned into a "Magic Lens" [6] revealing the augmen-
tations. However, headworn and projected displays provide a greater freedom to
users by keeping their hands free. Smartphone AR benefits from the widespread
availability and familiarization of the users with these devices [32]. This makes
smartphone AR especially useful for educational use cases [56].

Besides interacting with virtual elements on the device, they can also be
manipulated using a TUI [19]. A TUI uses real world objects as input and output
devices, thus connecting digital information with real world objects [23]. A TAR
interface similarly links virtual information to physical objects. This allows for
an augmentation of physical objects and an interaction with the AR system by
manipulating the respective objects [8]. TAR not only suits the visualization of
3D models [5], but also yields a very intuitive experience [8].

2.1 Benefits of AR for Learning

Using AR for educational purposes can facilitate the learning and knowledge
acquisition [10]. This potentially can lead to an overall positive attitude towards
the learning content and hence to higher academic success [24]. AR learning en-
vironments further assist the learning of complex constructs by providing spatial
and direct visualization of learning content [15]. For instance, Mathland demon-
strates the mathematics behind Newtonian physics and allows users to modify
and hence explore the physical laws [26]. However, AR can also be beneficial
for vocabulary learning leading to better short-term retention in contrast to a
non-AR counterpart [54]. Finally, as AR allows for a direct interaction with real-
world objects, AR learning environments can further support the requirements
of special needs education [49]. Similarly, a TAR learning environment can evoke
a higher degree of joy and motivation in comparison to Graphical User Interfaces
(GUIs) [22] as well as reduce the cognitive load [12]. Using TAR in an educational
context can intensify work on learning material, improve usability, and support
mental skills as well as collaboration [1]. Overall, TAR learning environments
address three core aspect particularly relevant for learning according to the the-
ories of self-determination [47] and cognitive load [51]: positive emotions, higher
motivation, and lower cognitive load. These are also key attributes of learning
using extended reality [13].

Different emotions can have different effects on the mediators memory pro-
cesses, regulation of learning, cognitive load, and motivation [45]. Thus, it is
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assumed that learning performance is positively influenced by positive emotions
like joy and negatively influenced by emotions with negative valence, such as anx-
iety [33]. Zuckerman and Gal-Oz [58] showed a higher preference and a higher
rating with respect to stimulation and entertainment of TUIs in comparison
to GUIs. Oberdörfer et al. [40] found first indications that TAR learning envi-
ronments are more stimulating, attractive, and novel as well as yield a higher
preference in comparison to AR and smartphone counterparts.

Intrinsic motivation or internalized forms of extrinsic motivation lead to
higher learning performance than externally regulated forms of motivation [46].
AR demonstrated to evoke such a higher degree of motivation in comparison to
other learning media [18]. For example, students experienced high motivation
in learning about georeferenced information when using an AR tool to visual-
ize relief [11]. This effect could be due to the perceived autonomy in using the
technology and the multisensory experience that allows learners to interact in a
natural way [18].

The goal of successful instructional design is to make optimal use of the ca-
pacity of working memory. To achieve this, multimedia principles can be imple-
mented to reduce extraneous cognitive load, manage intrinsic cognitive load, and
promote germane cognitive load [35]. Digital learning environments can present
and allow for a direct interaction with three-dimensional information. In con-
trast to printed textbooks, this reduces the cognitive load of mentally rotating
objects to analyze and understand them. For instance, learners reported lower
extraneous and intrinsic cognitive load when completing chemistry exercises [25]
or learning anatomy [29] in AR.

2.2 Playful Learning Experiences

The overall learning process can be embedded in a gamified approach [38]. Gami-
fied learning environments can either be serious games [17] or non-gaming learn-
ing applications enhanced by gamification [48]. Following such an approach, the
learning can become an engaging, vivid, and inspiring experience [36]. Serious
games map the learning contents to central game mechanics or core interactions,
thus achieving their application and demonstration [42]. Gamification refers to
the integration of game elements in non-gaming environments [14]. Gamifica-
tion enhances the motivation of pupils [34] leading to more repetitive learning
and development of sustainable knowledge. This general effect of gamification
also applies to AR learning environments, yielding a higher joy, interest, and
engagement [31].

3 Horst – The Teaching Frog

To investigate the effects of TAR technology on learning, we selected the gamified
TAR learning environment Horst – The Teaching Frog [41]. Horst – The Teaching
Frog simulates a dissection of a frog, thus enabling the learning about a frog’s
anatomy. Digital simulations can yield a more effective learning in comparison to
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real dissections [57]. The learning environment is designed as a supplementary
material for sixth grade biology lessons dealing with anatomy of amphibians
[7]. During the simulation, learners can either acquire and deepen the encoded
knowledge in a virtual dissection or assess their learning progress in a quiz. The
learning content presented is based on two textbooks on amphibians [21, 50] and
defined in collaboration with educators. Besides the TAR version (Horst-TAR),
a smartphone (Horst-S ) and AR-only version (Horst-AR) were developed that
encode the same learning content, provide the same functions, but differ in the
technology used [40]. A study revealed that all versions of Horst are comparable
with respect to intuitive use, but differ regarding user experience [40]. User
experience was highest for Horst-TAR followed by Horst-AR. Thus, this study
paved the way for our experiment by ruling out potential confounds on our
learning effectiveness measurements caused by differences in the usability.

To compare the TAR learning environment to the de-facto standard of digital
learning environments, i.e., smartphones, we also included Horst-S in our study.
We further designed an additional worksheet version (Horst-WS ) to compare
Horst-TAR to a traditional learning method and to generate a baseline mea-
surement. Horst-WS presents the same learning content as the digital versions
and follows the structure of common textbooks. This ensures that measured dif-
ferences in the learning outcome are caused by the technology and not differences
in the learning contents. However, we decided against including Horst-AR in our
experiment. Similar to TAR, AR would cause a higher preparation complexity
as additional markers must be provided besides AR devices.

Horst – The Teaching Frog is available for download at our lab’s website3.

3.1 Digital Learning Environments

The digital versions of Horst provide two dissection modes, i.e., assisted and free
dissection, a quiz to self-assess the individual learning progress, and an achieve-
ment as well as highscore system. The assisted mode guides a user through the
process of dissecting a frog, thus scaffolding the learning process. By explaining
each step in detail, this mode provides additional information about the anatomy
of a frog. After reading the description of a step provided by the pedagogical
agent Horst, learners must find the relevant organ, extract it, and display as well
as read the organ’s biological information as displayed in Fig. 1. Subsequently,
the learning environment displays the next task. Learners cannot skip a step dur-
ing the assisted dissection. In contrast, the free dissection provides no guidance,
but allows for a free examination of the frog’s organs. The learning environment
currently includes seven organs that are sequenced in the following order during
the assisted mode: heart, liver, lungs, stomach, gut, kidney, and bladder.

Horst-TAR is based on a large, but realistic soft toy of a frog. A pouch fea-
turing a zipper was added to the belly of the plush frog, thus allowing for its
dissection as shown in Fig. 1. Inside this pouch, extractable tangible paper-card-
based markers are attached to the frog using a piece of velcro. Each tangible
3 https://hci.uni-wuerzburg.de/projects/horst-the-teaching-frog/
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Fig. 2. Horst-S allows for a frog dissection on smartphones, thus presenting the de-
facto standard for mobile learning.

object represents an individual organ and features two 2D images of the respec-
tive organ as image targets. The front side shows an image of the organ’s outer
side and the back side an image the organ’s inner side as seen from the belly.
The Horst-TAR application displays a 3D model of each organ above the relevant
markers when detecting them with the smartphone’s camera. This visualizes the
anatomy of a frog. By physically extracting a marker, learners can inspect the
3D organ model from all angles up close. While scanning the front side, learners
can inspect the outer side of the organ. Vice-versa, scanning the back side allows
for an inspection of the organ’s inner side. Horst-TAR displays biological infor-
mation about an organ when touching it on the smartphone display. In contrast,
Horst-S displays a 3D model of a frog and its individual organs as shown in
Fig. 2. A user merely needs to touch an organ to display the relevant biological
information and to inspect it up close using drag gestures.

The quiz contains 16 multiple-choice questions that test learners’ knowledge
of frog anatomy and functions of their organs. Learners receive an immediate
audiovisual feedback about the correctness of their selections. While correct an-
swers are marked in green and rewarded with a quack sound, wrong answers
are marked in red and emphasized with the sound of a buzzer. The learning
environment removes a correctly answered question from the list but returns a
wrongly answered question to it. In this way, learners get an additional chance
to reflect about the exercise and hence to deepen their knowledge.

Finally, the learning environment motivates the learning process and repeti-
tion of the provided learning opportunities with an achievement and highscore
system. Achievements present clear tasks like completing five dissections, thus
giving learners an incentive to repeat the process. The highscore system rewards
the completion of an assisted dissection as well as a good performance in the
quiz.
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Fig. 3. We designed a worksheet version for the learning content presented in the digital
versions.

3.2 Worksheet

Horst-WS consists of a short instruction, a picture of the 3D-model used in
Horst-S supplemented by the labeling of the individual organs, and information
texts on the individual organs in dissection order as displayed in Fig. 3. For the
purpose of contextualization, we added an adapted version of the introductory
text of the chapter "The water frog – a life in water and on land" from the biology
textbook Natura 1 [3] to the worksheet and illustrated it with two photos of a
frog. The introductory text is also used in the digital versions, but narrated
by the agent Horst from the first-person perspective. Thus, the three versions of
Horst – The Teaching Frog only differ with respect to the presentation technology
used.

4 Study Design

The overall goal of our research is to investigate the effects of using TAR in
comparison to smartphones and traditional worksheets for educational purposes.
In particular, we targeted the acquisition of declarative knowledge about the
organs and their functions. We defined the following learning goal: After the
learning phase, the participants can name and explain the seven included organs.

To ensure for such an acquisition of declarative knowledge and hence a com-
parability of our results, we limited the functions of Horst-TAR and Horst-S
to the assisted dissection, only. Also, we disabled the quiz as well as highscore
feature and reduced the achievement system to a minimum. Participants receive
four achievements throughout the entire learning process. The first one is un-
locked when starting the tutorial, the second one when finishing the tutorial,
the third one after having inspected the first half of the organs, and the last one
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upon completion of the dissection. In this way, the three conditions focused the
memorization and understanding of facts.

We assume the following hypotheses based on the analysis of the theoretical
work in Section 2 and the design of Horst – The Teaching Frog in Section 3.

H1 The learning effectiveness is higher with Horst-TAR than Horst-S and Horst-
S than Horst-WS.

H2 A learner’s emotions are more positive after using Horst-TAR than Horst-S
and Horst-S than Horst-WS.

H3 A learner’s motivation is higher when learning with Horst-TAR than Horst-S
and Horst-S than Horst-WS.

H4 A learner’s cognitive load is lower when learning with Horst-TAR than Horst-
S and Horst-S than Horst-WS.

To compare the three versions and to answer the four hypotheses, we con-
ducted a user study following a between-groups design. Participants were ran-
domly assigned to either one of the three learning environments and completed
an assisted dissection. Before and after the learning phase, participants answered
various questionnaires. In addition, we conducted a semi-structured interview
with teachers to gain additional insights into the feasibility of integrating TAR
learning environments in classroom teaching.

The institutional review board of Human-Computer Media at the University
of Würzburg approved our ethics proposal for this study.

4.1 Measures

We used the following measures to compare the conditions.

Learning Effectiveness To measure learning effectiveness and to factor out a
potential influence of prior knowledge, we assessed the participants’ knowledge
with a written exam before and after learning. Both exams tested our defined
learning goal, i.e., knowing and comprehending the seven included organs, and
contained the same 10 exercises. We presented the exercises in randomized or-
der except for the first task, i.e., labeling the organs. The remaining exercises
required the participants to either name the organ that fulfills a specific purpose
or to describe functions of a particular organ. The formulation of the exercises
was based on official guidelines and reviewed by biology teachers. The maximum
achievable score is 22.

The exam consisted of the following exercises:

1. Labeling of the individual organs depicted in a screenshot of the 3D model
used in Horst-S.

2. Name the scientific term for the intestinal tract of frogs.
3. Name the scientific term for the mixture of oxygenated and deoxygenated

blood.
4. Name the two organs that are part of the digestive tract.
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5. Name the organ that pumps blood through the frog’s body.
6. Name the breathing type of frogs in which they take in oxygen through their

skin.
7. Name the two functions of the liver.
8. Name the parts into which the heart is divided. Use scientific terms.
9. Describe how oral cavity breathing works in frogs.

10. Name the two functions of the kidney.

Emotion We assessed the current affect using a short version of the Positive
and Negative Affect Schedule for Children (PANAS-C) [16]. The short version of
the PANAS-C contains 10 items, which can be equally divided into the dimen-
sions Positive Affect (PA) and Negative Affect (NA). We sequenced the items
according to the original version of the PANAS-C [30]. We directly translated
each item to German, e.g., "sad" to "traurig" and "joyful" to "fröhlich", and
used the validated German translation of the Likert scale labels [9]. The instruc-
tions were also based on the validated German version of the PANAS [9], but
adjusted in their wording to facilitate understanding for the children.

Motivation To measure motivation, we used the Short Scale of Intrinsic Mo-
tivation (KIM) [55]. The scale is based on the Intrinsic Motivation Inventory
(IMI) [47] and was developed for high school students. It contains 3 items each for
the factors interest/enjoyment (short: enjoyment), perceived competence (short:
competence), perceived choice (short: choice), and pressure/tension (short: pres-
sure), and thus a total of 12 items. In the original, the 5-point Likert scale ranges
from 0 "do not agree at all" to 4 "agree completely". We changed the numbering
to 1 "do not agree at all" to 5 "agree completely" for the purpose of uniform
interpretation.

Cognitive Load We used the 9-point Paas subjective rating scale [43, 44] rang-
ing from 1 "very, very little mental effort" to 9 "very, very high mental effort" to
assess the experienced cognitive load. Although the scale does not differentiate
between extraneous and intrinsic of cognitive load, the scale has been shown to
be a valid measurement tool for cognitive load in general and requires little time
to complete [52]. We translated the scale to German and reworded it for improv-
ing comprehensibility by directly naming the learning content: "In learning the
organs of the frog, I invested ..." / "Beim Lernen der Organe des Frosches habe
ich mich ... angestrengt".

Feedback We posed three closed questions to obtain subjective feedback from
the participants on their version of the learning environment and respective
learning process. Participants could agree to statements about the willingness
to repeat learning with their learning environment and desire to learn with the
respective technology in other subjects. We used the same 5-point Likert scale
as in the KIM. In addition, we asked the participants to rate their learning en-
vironment with school grades ranging from 1 "very good" to 6 "unsatisfactory".
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Teacher Interview To gain preliminary feedback on the potential integration
of Horst – The Teaching Frog in teaching concepts, we gauged the teachers’
perspectives on the different learning environments. We conducted an oral semi-
structured interview with three teachers of whom two were pre-service teachers.
At the end of a study day, the teachers and experimenter came together to in-
spect the learning environments. Before allowing the teachers to use the learning
environments, we gave them a quick overview and explained all possible interac-
tions. Subsequently, we conducted the interview. In favor of the flow of speech,
we did not pay attention to a consistent wording of the questions. The teacher
interview took place in parallel to our user study. The question pool included
the following items:

1. Which of the three learning environments do you prefer and why?
2. How would you use your favorite in a classroom scenario?
3. What effect do you hope your favorite will have?

Fig. 4. The left image provides an overview of the high school’s library. The right
image shows the setup of the study prior to the start of an experimental trial.

4.2 Procedure

We conducted the study in the library of a German high school as displayed in
Fig. 4. There were always 2–3 students participating in the study at the same
time. After welcoming the participants, we briefly explained the experiment. The
students randomly chose one of the three conditions by drawing a labeled card.
They were then assigned to workstations where they were first to read the student
participant information. Once all students completed this step, they completed
the pre-trial phase consisting of the demography questionnaire, PANAS-C, and
pre-trail exam. Subsequently, they started the learning phase with the respective
version of Horst. To ensure that each student knew how to use their learning
environment, we provided a separate learning instruction for each condition.
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The learning time was limited. All students in the Horst-WS condition had
15 minutes and all students in the Horst-S and Horst-TAR condition had 14
minutes. We shortened the learning time for the two digital versions as their
tutorials already explain the first organ and hence the participants start the
learning phase while familiarizing them with the learning environment. After the
learning phase, the experimenters collected the learning materials and handed
out the post-trial materials. These materials consisted of Paas scale, PANAS-C,
KIM, post-trial exam, and feedback questions. The sequence of the materials
ensured a direct assessment of the cognitive load, current affect and motivation,
while reducing the chance for a recency effect when completing the exam.

4.3 Participants

The sample was recruited from the pupils attending the sixth-grade at a German
highschool. All parents received an information sheet in advance describing the
purpose and procedure of the study, COVID-19 infection control measures, vol-
untariness and anonymity, data protection and handling of the anonymized data.
Based on this, they were able to make a decision as to whether they agreed to
their child’s participation in the study. Only children who had a signed parental
consent form and voluntarily wished to partake in the study participated.

A total of N = 68 high school students participated in the study. However,
the data sets of 4 students had to be excluded from the analysis because of
missing information and conspicuous answers in the quantitative and qualitative
data. In the end, the data of N = 64 students were evaluated. Of these, 27
subjects were male (42.86%), 36 subjects were female (56.25%), and 1 subject
was diverse (1.56%). The average age was 11.98 years (SD = 0.42). The majority
of students (56; 87.50%) reported speaking German at home. No student showed
comprehension problems during the study. The majority of students had quite a
bit or a lot (27 each; 42.19%) of experience with smartphone apps at the time of
the survey, while a small proportion had little (9; 14.06%) or no experience (1;
1.56%) with them. In terms of experience with AR apps, the ratio was reversed.
Thus, the majority had no (17; 26.56%) or little (24; 37.50%) experience with
AR apps and a minority had quite a bit (16; 25.00%) or a lot (7; 10.94%) of
experience. Interest in biology was in the middle range on the scale of 1 "Not at
all" to 4 "Very much" (M = 2.45; SD = 0.66).

5 Results

We tested the reliability of the scales by computing Cronbach’s α if applicable.
To compare the different learning environments, we calculated one-factor anal-
yses of variance (ANOVA) for the results of the PANAS-C, Paas scale, KIM,
and score on the post exam. As a measure of effect size, we computed the par-
tial eta squared ηp

2. Homoscedasticity was checked using Levene’s test before
each ANOVA. Alternatively, if there was no homogeneity of variances, a Welch
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Table 1. Descriptive statistics; N = 64. Values are M(SD).

Scale Horst-WS Horst-S Horst-TAR
(n = 22) (n = 22) (n = 20)

Exam
Pre 2.55 (2.13) 2.91 (2.27) 3.10 (2.40)
Post 12.32 (4.08) 11.98 (5.07) 10.25 (5.28)
PANAS-C
PApre (α = .75) 3.15 (0.92) 3.14 (0.65) 3.23 (0.61)
PApost (α = .90) 2.62 (1.08) 2.99 (0.91) 3.15 (0.69)
NApre (α = .58) 1.31 (0.29) 1.28 (0.38) 1.36 (0.50)
NApost (α = .47) 1.25 (0.28) 1.14 (0.19) 1.24 (0.35)
KIM
Enjoyment (α = .91) 2.86 (1.25) 3.95 (1.00) 3.82 (0.95)
Competence (α = .81) 3.15 (0.91) 3.68 (0.83) 3.60 (0.58)
Choice (α = .85) 3.84 (1.19) 3.86 (0.97) 4.00 (0.99)
Pressure (α = .71) 2.83 (1.08) 2.08 (0.70) 2.23 (0.91)
Paas
Total score 5.55 (1.68) 4.59 (1.68) 5.25 (1.68)
Feedback
Repetition of learning 3.32 (1.55) 4.05 (1.05) 3.25 (1.37)
Technology for other subjects 2.50 (1.44) 4.32 (0.95) 3.65 (1.18)
Grade 2.86 (1.24) 1.91 (1.15) 1.93 (0.65)

ANOVA was calculated. Since ANOVA is robust to violation of the normal dis-
tribution, no corrective action was taken in case of violation. Some analyses
of variance, including PApost, NApost, and post exam, required consideration
of one or more covariates (ANCOVA). In this case, an additional ANOVA was
computed to ensure the independence of the covariates and the learning envi-
ronments. If an omnibus test produced a significant difference, we calculated
Tukey-Kramer comparisons for unequal sample sizes or Games-Howell tests for
unequal variances and unequal sample sizes. The descriptive statistics are dis-
played in Table 1.

5.1 Learning Effectiveness

We analyzed the knowledge gain of the participants by computing two-sided
repeated measures t-tests. All learning environments caused a significant knowl-
edge gain with a strong effect size, Horst-WS t(21) = 9.86, p < .001, d = 2.10;
Horst-S t(21) = 9.94, p < .001, d = 2.12; Horst-TAR t(19) = 7.51, p < .001,
d = 1.68.

Computing an ANCOVA revealed that the exampre score was significantly
related to the exampost score, F (1, 60) = 12.27, p < .001, ηp2 = .17. However, the
exampost score did not differ significantly between conditions, F (2, 60) = 1.84,
p = .17, ηp2 = .06.
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5.2 Emotion

Computing an ANCOVA of PApost with PApre as a covariate showed that PApre

was significantly related to PApost, F (1, 60) = 76.16, p < .001, ηp2 = .56. More-
over, PApost differed significantly between the conditions with a medium effect
size controlling for PApre, F (2, 60) = 3.60, p = .03, ηp2 = 0.11. Post-hoc Tukey-
Kramer comparisons substantiated that PA was significantly higher after using
Horst-TAR than after using Horst-WS, t(60) = 2.46, p = .04. The differences
of Horst-WS and Horst-S, t(60) = 2.14, p = .09, and Horst-S and Horst-TAR,
t(60) = .37, p = .97, were not significant.

Computing an ANCOVA of NApost with NApre as a covariate showed a
significant relationship of NApost and NApre, F (1, 60) = 48.83, p < .001, ηp2 =
.45. We found no significant differences between the learning environments with
respect to NA controlling for NApre, F (2, 60) = 1.26, p = .29, ηp2 = .04.

5.3 Motivation

The analyses of the subscales choice, F (2, 61) = .14, p = .87, ηp2 = .01, and
competence, F (2, 61) = 2.82, p = .07, ηp

2 = .09, did not reveal any statisti-
cally significant differences. In contrast, significant effects with a medium effect
size were detected for the pressure scale, F (2, 61) = 4.21, p = .02, ηp2 = .12.
Subsequent Tukey-Kramer comparisons showed that subjects in the Horst-S con-
dition felt significantly less pressure than subjects in the Horst-WS condition,
t(61) = −2.76, p = .02. Horst-TAR and Horst-WS, t(61) = −2.13, p = .09, and
Horst-S and Horst-TAR, t(61) = .56, p = .84, did not differ significantly. Also,
we found a significant difference with a strong effect size for the enjoyment sub-
scale, F (2, 61) = 6.57, p = .003, ηp2 = .18. Post-hoc comparisons revealed that
Horst-S, t(61) = 3.34, p = .004, and Horst-TAR, t(61) = 2.86, p = .02, caused
higher learner interest and enjoyment than Horst-WS. Horst-S and Horst-TAR
were not significantly different, t(61) = −.39, p = .92.

These effects remained stable when controlling for the possible covariates
experience with AR and interest by testing with an ANCOVA, independence of
covariates given, p > .05; F (2, 59) = 7.10, p = .002, ηp2 = .19.

5.4 Cognitive Load

A one-factor ANOVA revealed no significant differences between the conditions
with respect to the Paas total score, F (2, 61) = 1.85, p = .17, ηp2 = .06.

5.5 Feedback

We found no significant differences with regard to the willingness to repeat learn-
ing with the previously tested learning environment, F (2, 61) = 2.34, p = .11,
ηp

2 = .07.
Calculating a Welch ANOVA, we found significant differences with a strong

effect size between the conditions for the desire to use the same technology for
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learning different subjects, F (2, 39) = 12.13, p < .001, ηp2 = .38. Subsequent
Games-Howell tests showed that the desire was significantly higher for Horst-S,
t(36.3) = 4.95, p < .001, and Horst-TAR, t(39.6) = 2.84, p = .02 than for Horst-
WS. We did not find a significant difference between Horst-S and Horst-TAR,
t(36.4) = 2.01, p = .12.

Computing an ANOVA revealed a significant difference with a strong effect
size for the grades of the learning environments, F (2, 61) = 5.80, p = .005, ηp2 =
.16. Post-hoc Tukey-Kramer comparisons showed that Horst-S, t(61) = −3.00,
p = .01, and Horst-TAR, t(61) = −2.88, p = .02, were graded significantly better
than Horst-WS. We did not find a significant difference between Horst-S and
Horst-TAR, t(61) = .05, p = .99.

5.6 Teacher Interview

Two teachers preferred Horst-S, while one teacher preferred Horst-TAR. They
justified the preference for Horst-S with the self-explanatory and intuitive design
as well as the faster completion time compared to Horst-TAR. With respect to
Horst-TAR, the teachers stated that the technology is novel and represents a
compromise between digital teaching via app and classical biology teaching with
props.

Different approaches were listed for the possible integration of the learning
environments into classroom teaching. Horst-S could be used to repeat the most
recently acquired knowledge at the beginning of a lesson. For instance, students
could use the free dissection mode to look up information on individual organs.
Furthermore, Horst-S and Horst-TAR could be used to enhance a lesson. Using
this approach, small groups of up to four students could complete the assisted
dissection. However, it would be important to contextualize the learning content
beforehand and, if necessary, to provide an introduction to the respective learning
environment. For example, the teachers mentioned the body structure of the
frog in comparison to other vertebrates, such as dogs, cats, pigs, and horses, as a
possible context. They also emphasized that students should be taught additional
information about the usual process of dissection in contrast to digital dissection.
It would be of great importance for students to recognize that a real dissection
involves the death of an animal and is distinctly different olfactory, visually, and
tactilely. Finally, it is also necessary to discuss and consolidate the knowledge
acquired after finishing the simulation.

The teachers expected a gain of knowledge and the development of digital
competencies among students when using Horst-S. By using smartphones in
classroom, students should no longer regard them only as a means of entertain-
ment, but also as an easy access to knowledge. For Horst-TAR, a greater interest,
sustainability and transfer of the acquired knowledge was assumed. The teachers
expected using this learning environment to be fun for students.
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6 Discussion

The present study investigated the effects of TAR technology on effectiveness,
emotion, motivation, and cognitive load in an educational context.

6.1 Learning Effectiveness

All learning environments successfully led to a significant knowledge gain of the
participants over the course of the learning period. As learning is a multidimen-
sional concept that has proven challenging to measure in previous studies [37]
and rarely resulted in statistical differences in comparative media studies [53],
the lack of a statistical difference is not surprising. As displayed in Table 1, the
participants started with a very low knowledge level before the experiment and
yielded a significant improvement in their exam score after the learning phase.
Although we did not find a significant difference between the conditions, this
result is promising. It supports that digital learning environment are compara-
ble in their learning effectiveness to established approaches, but cause a stronger
motivation and higher enjoyment during the learning process [38]. Overall, this
validates the approach of technology-based learning and can be a notable insight
for teachers searching for new learning methods. Despite these promising results,
we need to reject H1.

6.2 Emotion

The analysis of the NA scales show that NApost did not differ significantly be-
tween the conditions. The negative affect declined over the learning phase and
generally was at a low level. This indicates that no condition evoked negative
emotions in the participants during the learning phase. PApost also declined over
the learning period, but remained in the middle range. In direct comparison,
participants of the Horst-TAR condition reported a significantly higher PApost

than the participants of the Horst-WS condition. This suggests that the interac-
tions and higher user experience of the TAR learning environment evoked more
positive emotions in the participants. Although not significantly different, Horst-
S also yielded a higher PApost score than the traditional worksheet approach.
Thus, we need to reject H2. Although not fully supporting our hypothesis, our
results support the benefits of using digital and gamified learning environments
over traditional learning methods for achieving an emotionally positive learning
process.

6.3 Motivation

The analysis of the KIM subscales revealed no significant differences for choice
and competence. However, we found significant differences in the results of the
pressure subscale. Participants felt moderately tense while learning with Horst-
WS, whereas participants were more relaxed during the learning phase with
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Horst-S and Horst-TAR. Surprisingly, Horst-S yielded the lowest score on the
pressure subscale. This effect could be explained by the different interactions
with the two learning environments. The smartphone version only requires touch
interactions, whereas the TAR version requires users to extract and manipulate
physical objects in addition to holding the smartphone. Similarly, the partici-
pants reported a significantly higher enjoyment and interest after using Horst-S
and Horst-TAR than Horst-WS. This result supports our PANAS-C measure-
ments indicating a higher positive effect. Our measurements provide further
evidence of the benefits of using smartphones and gamification for educational
purposes [34].

Taken together, we can assume that the two digital learning environments
cause a higher motivation during learning which leads to a better learning expe-
rience. However, we need to reject H3 as TAR did not evoke a higher motivation
than the smartphone-only version.

6.4 Cognitive Load

We did not find any significant differences in the Paas measurements between
the three conditions. Assessing the cognitive load of the overall learning process,
this result is still of high importance. It indicates that the two digital learn-
ing environments invoked no cognitive overload in the participants compared
to the traditional method. Our results support that high user experience and
the application of multimedia principles [35], such as coherence, signaling, seg-
mentation, personalization, embodiment, and spatial and temporal proximity
principles, prove to be reliable methods to avoid overloading cognitive resources.
This suggests that smartphone and TAR learning environments following these
design principles can safely be integrated in classroom teaching without risking
to cause negative side effects. However, we need to reject H4.

6.5 Feedback

The willingness to repeat the learning with Horst-WS and Horst-TAR was in the
middle range. Horst-S yielded an above average score. While not significantly
different, the scores support the positive results of the measurements of emo-
tion and motivation. The digital learning environments led to an overall better
learning experience. This outcome is supported by the significant differences in
the desire to use the same technology for learning different subjects. In partic-
ular, Horst-S and Horst-TAR evoked a significantly higher desire compared to
Horst-WS. The participants saw benefits in using technology-based learning. Fi-
nally, the participants graded Horst-S and Horst-TAR significantly better than
Horst-WS. This feedback supports the overall results of our study.

6.6 Implications

We found no significant difference between Horst-TAR and Horst-S for any of the
measured qualities. Our measurements suggest a higher positive emotion when
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Table 2. Comparison of worksheet, smartphone, and TAR learning environments.

Worksheet Smartphone TAR
Material Highest accessibility Moderate accessibil-

ity
Lowest accessibility

Paper Smartphone Smartphone & tangi-
ble markers

Features Lowest time expendi-
ture

Moderate time ex-
penditure

Highest time expendi-
ture

No operation instruc-
tion needed

Operation instruction
required

Operation instruction
required

Cannot display 3D Can display 3D & an-
imations

Can display 3D & an-
imations in a natural
way

Positive aspects Efficient & effective,
medium cognitive
load

Effective, better af-
fect, less pressure,
higher enjoyment,
medium cognitive
load, high apprecia-
tion

Effective, higher
enjoyment, medium
cognitive load, high
appreciation

using Horst-TAR than Horst-WS. In contrast, Horst-S outperformed the tradi-
tional learning method with respect to perceived pressure. Both digital learning
environments evoked a higher enjoyment during the learning process. Thus, our
study suggests that both tested technologies are equally beneficial for learning
compared to the traditional worksheet method. Gamified smartphone and TAR
learning environments indicate to evoke a better learning experience while yield-
ing a similar learning effectiveness to traditional approaches. A different study
already showed a significantly higher stimulation and attractiveness of Horst-
TAR compared to its AR and smartphone counterparts [40]. In combination
with our insights, TAR indicates the potential to cause a better overall learning
experience. This, however, comes at the price of a higher preparation complexity
for classroom integration.

Based on the assessment of three teachers, it is important to contextualize
the learning environments when embedding them in a lesson and to reflect on the
learning content after the learning phase. As using TAR learning environments
also requires teachers to provide augmented objects for each learner, this positive
aspect should ideally be used for the introduction of very complex learning con-
tent to add an additional stimulating aspect to the learning process. For all other
subjects, smartphone learning environments might provide the best alternative
to traditional worksheet approaches. They can be self-explanatory, intuitive, and
easy to use. Additionally, using smartphones enables students to develop impor-
tant digital competencies. Table 2 provides a direct comparison of the positive
effects of using a worksheet, smartphone, and TAR learning environments.
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6.7 Limitations

Our results could have been influenced by a novelty effect. Only 23 partici-
pants reported a high experience with AR apps. In addition, the integration of
smartphones is not common praxis, yet. This could have resulted in a higher
motivation and general more positive feedback when a digital learning environ-
ment was used. However, our statistical analysis revealed no effect of previous
experience with AR on the reported motivation.

In contrast to Horst-WS, both digital versions included gamification. This
might have confounded the evaluation of the experienced emotions and motiva-
tion. However, this influence is only true for direct comparisons to Horst-WS.
Both digital versions used the same gamification elements and hence the compar-
ison of emotions and motivation should not be confounded in a direct comparison
between them.

Finally, the subjective feedback of the participants on their condition could
have been influenced by an effect of social desirability. This might have con-
founded the results of the feedback questions.

7 Conclusion

In the present study, we investigated the effects of different technologies on
the learning effectiveness, emotion, motivation, and cognitive load of a biology
learning environment. Our user study at a local high school found no signifi-
cant difference between conditions in learning effectiveness and cognitive load.
However, the TAR version yielded a significantly higher positive emotion in com-
parison to the worksheet conditions while not being significantly different to the
smartphone version. The two digital learning environments evoked a significantly
higher motivation in comparison to the traditional worksheet approach. These
findings can be of high importance for teachers and developers. While TAR can
cause higher positive emotions, it is also more complex with respect to the re-
quired materials. Thus, TAR potentially is more suited for the introduction of
new and very challenging learning content to benefit from the positive emotions,
whereas smartphone learning environments are generally more practical for a
very motivated learning process. Future work shall investigate whether our re-
sults are affected by a novelty effect. Also, a long-term study shall investigate
whether the tested technologies improve the retention of learning content. Fi-
nally, research shall evaluate whether true three-dimensional targets, such as
3D-printed organ markers, can improve the learning process even further.
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