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ABSTRACT: Traditionally, laboratory practice aims to establish schemas
by students in theoretical courses through concrete experiences. Howev
to laboratories might not always be available to students. Thereforg
advantageous to diversify the tools that students could use to train practi
This technology report describes the design, developmenttdasting of alf=
mobile augmented reality application that enables a hands-on learning eXne
of a titration experiment. Additionally, it presents the extension of the Tigl
framework for chemical education through the implementation af dpewin ||}
features, i.e., logbook, graph, and practical oriented hints. To test the ap
15 participants were recruited frora di erent high schools and two universi
in Belgium. Thendings reect that the MAR Lab app was well-received b
users. In addition, they valued the design elements (e.g., logbook and
choice questions), and the system“dasd usability (SUS score 72.8, SD =
14.0). Nevertheless, the usability and |eamgmrience can be improved by

tackling technical problems, providing more explicit instructions for subtasks, and modifying certain features. Therefore, fu
development will concentrate on improving upon these shortcomings, adding additional levels to target a larger audience,
evaluating the improvememtsects with more participants.

KEYWORDS:First-Year Undergraduate/General, Laboratory Instruction, Computer-Based Learning,
Hands-On-Learning/Manipulatives, Acids/Bases, Titration/Volumetric Analysis

INTRODUCTION devices, converting it into an accessible tool for students
\ﬁ:rywherje“. Moreover, data from several studies suggest that
e learning bents of AR are related to the improvement of

spatial abilities, the increase of memory retention, the decrease

According to education 4.0, experience-based learning is
of the new paradigms that will enable future professionals
solve tomorrols problem$.This pedagogical approach is at of cognitive overload. and the boost in learneotiva-

the core of the subject matter for STEM education. . 1315 17 o .
However, new challenges such as the reduction in time afgl: . Additionally, AR can positivelyeat students
demic performance and achievefmént.

frequency or even the complete removal of practical sessi&% ; . .
. : n the other hand, the use of AR in educational settings also
B?a\(cii (r:zlstgdStThéMn 2?: d:mr?t Snew ways to provide laboratory comes with some challenges. For example, from a pedagogical
; oo . . rspective, it may not always be evident how to integrate the
Emerging technologies, such as virtual reality (VR) anlar§ucpational contﬁnt and XR technof&@?l.Moreovegr

augm_ented_reallty (AR), have proy|ded alternat|ve hands—§ uring that all students can access the learning environments
experience in recent years. In chemical education, both AR antgne of the priorities of schools and institutfofiserefore

X : R
VR have been used to support diverse leaming aétﬁl't'es'this research takes advantage of the Trairffs®nework,
Specically for training laboratory skills in titration, VR

; . originally developed for midwifery training, which combines a
scenarios have_ been de_veloped and t€Stdthese stud[es didactical approach for procedural training with a scalable
suggest that virtual environments can enhance the ’learners

con dence when performing chemical experiments, and th&y
can serve as pretraining for real laboratory practice. Similafipceived: August 19, 2021
Tee et al? have shown that students could also gairXévised: January S, 2022
con dence when performing experiments using a markef4Plished: January 18, 2022
based AR titration tool.

When comparing both technologies, AR is considered less
intrusive to the userand can be deployed on handheld
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Figure 1.MAR Lab ow and speat features inside the application. (1) Introduction to the chemical context, (2) instructions on how to use the
application, (3) safety and waste treatment instructions, (4) scanning of the surface, (5) introduction by the cartoon character, (6) example
multiple-choice questions, (7) virtual content, the crosshairs for the selection and interaction buttons, (8) select interactiongc{@ngrab intera
(10) combine interaction, (11) titration slider, (12) logbook overlay, (13) dashboard overlay, (14) hint given after pressing the question mark
the top of the screen, and (15) feedback overlay.

interaction concept for handheld AR devices. By using thismote format through their own mobile devices. Furthermore,
framework, we aim to extend its scope and tailor it to teadfdoes not require tangible markers and aims to be scalable to
practical laboratory skills ina scalable fashion. di erent chemical contexts, amimg that the titration

As part of the EU Horizon 2020 CHARMING projéct, experiment is only used as a case study

tuhslzbirlzatg/)o':tesstjiﬁzcrcl)?efhethi/l XSS'EQB daep\ﬁlo_lr_)':gen;b;t;gﬂon The objectives of the rgsearch are (1) to d'evelop' a toql that
leverages AR features and enables students to experimSéHfientS cgn use to tral_n laboratory practlcal_ Skl||S. without
almost like in a real laboratory. However, unlikeredit being physically present in a laboratory, (2) to investigate the
approaches, the application is designed to be accessibleusability of the system among high school and undergraduate
students outside traditional settings (lab or classroom) in students of chemical engineering and explore perceived
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Figure 2.Stages of the application mapped into the inquiry-based learnii’g cyoke cartoon indicates in which phase of the process it
appears, either with hints or questions.

usefulness, and (3) extend the scope of the TrainAfhe cartoon character. As a result, design decisions were

framework for chemical education. implemented in the digital prototype.
Finally, the digital prototype of the MAR Lab app was
MAR LAB APPLICATION created using the TrainAR frameworhis framework

o proposes a combination of interaction concepts, a didactic
The MAR Lab application is a markerless augmented realfpymework, and a unity-based authoring environment to create
application to train students on conducting a ftitrationyrocedural handheld augmented reality trainings. Hereby, an
experiment. The application utilizes the features of augmenigghy version of the authoring tool, based on ARFoundation, a
reality to allow the learner a mtlistit environment than  markerless-tracking library utilizing ARKit and ARCore on iOS
a simple smartphone game, meaning that the user interagiyy Android smartphones, was used in Unity Version 2019.4.
with 3D models of the materials present in a real laboratoryrhis approach was chosen to leverage familiar handheld MAR
Currently, most AR research is focused on téhdamce of  metaphors to create procedural task-based training based solely
“‘augmentirig the physical world with virtual content and o virtual content across eliing levels of media competency.
blending both worlds through tangible interactions. However, |t is important to note that some of the features of the MAR
this prototype stresses an inverted view: the virtual laboratqryy app were not present in the original framework. The
“‘augmentsthe uses physical world and contextualizes thegomain-speat extensions include using the logbook, graph, or
content into the physical reality without tangible markers. OWxperimental chemical hints given by the cartoon. These
approach ensures that the content can still be accessibleglements ensured that the educational need viad famd, as

most users because the environment only has basic physicaésult, extended the use of TrainAR for chemical education
requirements (e.g., users do not need to print a marker or need

the real pbject), but interactivity is stlll_present. Moreover, the APPLICATION ELOW

design is supported by recent evidence suggesting that _ . .

knowledge transfer and increased retention are not necessdfiljine with the TrainAR framework, the experience starts
increased when tangible interactions are compared with puréiigh explaining the context of the application and the task to

virtual environments. be performed by the student; this step is referred to as
“onboarding (Figure 1 panel 1). Subsequently, an optional
APPLICATION DESIGN tutorial on how to use the application is provided (e.g.,

showing how to interact with the objetgure 1panel 2).
Rapid prototypirij and the Design Implementation Frame- Before starting théexperimefit both safety and waste
work (DIFY°were utilized during the design and developmenreatment instructions are showdig(re 1 panel 3). The
of the app. Unlike other frameworks, DIF acknowledgesxperiment starts when the user scans a table surface in the real
usability and user experience as part of the learning experiegagironment, and the virtual laboratory is deployed in the
and implements feedback and evaluation at various pointssghnned are#&igure 1 panel 4).
the iterative cycle. The user can start the experiment by moving, selecting,

The iterative process began with thenitien of the grabbing, and combining the materiaigufe 1 panels 8
educational need with the expert panel and ideation of thetl). At the top of the screen, instructions about steps that need
prototype. Subsequently, a lalglity prototype was created to be performed are given. For example, if the student
and evaluated. For this process, 15 students of the General goghbines the wrong objects, the system provides real-time
Technical ChemistryAlgemene en Technische Sché@kundefeedback with a sound signal and an outline surrounding the
KUL-HO1A8A) course at KU Leuven participated in a thinkmaterialsKigure 1 panel 10). Finally, correct steps performed
aloud study, and 85 participants answered a survey the user during the experiment are recorded in the logbook
(Supporting Informatipn The think-aloud study helped (Figure 1 panel 12), and incorrect actions are stored to
solve possible ambiguities of the design elements. For exampleyide feedback at the end of the experirgantre 1panel
some users did not understand the icons or the'sburetl5). The experimental measurements (pH vs volume of
interaction. titrant) are visualized in a graphg(re 1 panel 13).
Additionally, the survey results ensured that the designThe application ow elicits four general phases of the

decisions were tailored to the end-users. The primaigpquiry-based learning cyefé (Figure }.
outcomes included language selection (English), main . . . . . .
functionalities of the application (e.g., redo, quit, review, (1) The orientation phase is depicted with the learning

menu, etc.), the addition of initial onboarding, and the use of ~ Medules instruction.
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Figure 3.Overview of the user study and the time spent on each phase with each participant. The dotted line indicates that the phase
voluntary.

Figure 4.SUS score compared on the scale of Bangd? €halmean score for MAR Lab is 72.8 (SD = 14); thus, it can be considered good and
in the acceptable range of usability.

(2) The conceptualization phase includes multiple-choiceontextualized chemical information and additional forms of
questions posed to the learners by a cartoon charact@presentation of the phenomena observed during the titration
before the experimeritigure 1panels 5 and 6). These experiment (e.g., change in pH, dissociation of acids and bases,
questions aim to activate prior knowledge of the useand graph). After completing the experiment, the students can
and test their understanding during the expeffence. use these additional representations to analyzeeotdipon

(3) The investigation phase comprises 16 steps in totahe abstract chemical concepts of the learning mbdule.
These steps include assembling the materials, titrating,The case study developed for this application relates to
and“cleaningthe environment. The cartoon character acid base titration. This topic was chosen as it is one of the
provides hints in this phase. typical experiments done in introductory courses of both high

(4) The conclusion phase is a guided analysis by the cartosohool and undergraduate curricula. Furthermore, as reported
character after completing the experiment, througby other scholaf$,practitioners at KU Leuven noted that
multiple-choice questions. A review screen is mad&udents struggle to understand the underlying chemistry
available at the end of the training. behind the titration experiment and thus hypothesize that a

The MAR Lab application is based on experiential Ié3rning Practical experience will remedy this dilty. _
and embodied learning thectleghich aim to incorporate a  1h€ current prototype comprises one level in which the
deeper understanding and improve studeanticipation in Iee_lrner is tasked tperformi a titration of awe_ak acid (acetlc_
learning by eliciting bodily actions (e.g., the user must mo@id) With a strong base (sodium hydroxide). The epeci
their hands and their bodies to interact with the lab materialsf@/ning objectives were med under the guidance and
The hands-on experience through concrete activities wigylPervision of two lecturers of the General and Technical

virtual objects emphasizes the concretization of actions ﬂﬁgemistry Algemene en Technische ScheBufide-
may be suited to teach complex scientioncept® 1A8A) course at KU Leuven. These learning objectives

Additionally, the actions performed in the MAR LabWere realized using the revised Blodraxonomy, which
application aim to improve the sense of control while usi:gn then be matched with a spegype of assessment. The
the application. By providing control to the user, the app ai als include both practical and cognitive skills, and they are
to enhance the enjoyment of the experience related to the ¢ to identify and remember the materials of a titration
learne€s engagemerit. setup

The interaction with the objects simulates the natural < to explain the function of the dient components of a
actions such as grabbing, reading, pouring, observing, mixing, titration setup
etc., done in real settings, thus reducing the need of the user to* to assemble and operate the experimental setup
construct a context in real-time and allowing more engagemente to interpret, illustrate, and assess qualitatively the
during the learning experience. Additionally, the interface titration curve
guides the users through the experiment and provides ¢ to calculate the concentration of the unknown solution
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APPLICATION TESTING A common view among interviewees was that interacting
All of the data collection and interaction with participants wer@ith the virtual objects through the buttons on the screen was
performed online. Fifteen participants were recruitedieom €Sy and intuitiveF{gure 1 panel 7). Although some
di erent high schools and two universities in Belgium. BefoR&rticipants expressed that they experienced some struggles
starting the study, ethical clearance was granted from théth specic objects (e.g.oating objects or dculty seeing
ethical committee in KU Leuven G-2021-3236-R2(MAR). Théhrough the buret), they were not indicated as major issues,
goal of the test was to explore the usability of the applicatig¥hich is also supported by the SUS score. Interestingly,
and the learning outcomes and receive feedback regarding l#king at the interaction with the system through the log data,
user experience. The application was made available as a tiér@s observed that some of the steps might not have been
version in the Google Play Stdeg{porting Informatipnin clear to all of the students. For instance, the average number of
total, nine participants completed an SUS questionnaire, Aiits among users was Talfle ), which is higher than the
invariant pre-/post-test through a web-based survey totdtal number of hints the system had (16 hints for 16 steps).
(Qualtrics), and four users participated in an optional feedbattowever, a detailed analysis revealed that during the step of
session. The overview of the study can be foumdure 3 “add an indicator to the analytstudents received the most
Unfortunately, six users had dlilties downloading the hints. Therefore, the interaction in this step may be sichpli
application because the device either did not support the Add the hint rephrased to be more spe@&imilarly, users
capabilities required (i.e., the phone lacked a gyroscope) or dixpressed in the feedback session thatidgaaing step was
not have enough memory available for the app to beonfusing; therefore, the instruction should be revised.
downloaded. Therefore, only the results from users whoWhen asked about the logbook and the multiple-choice

completed the questionnaires are reported here. guestions, the participants agreed that both elements were
useful and well-received. For example, one participant
RESULTS AND DISCUSSION commented the following on the logbotik:could nd

The SUS questionnaire was used to explore the usability of @erything | needédlhis comment can be supported by the
systemEigure 4hows the SUS score on the scale proposed bjumber of interactions with this element among other
Bangor et & The mean SUS score for the MAR Lab is 72.8articipants{able ).
(SD = 14.0). According to this scale, the result can be Another interviewee, when asked about the multiple-choice
consideretigood with acceptable usability. These results aligmjuestions, safdhey let you think about the theory but guide
with the rst usability studies conducted to develop theyou with possible answérBhis comment may support the
TrainAR”® interaction framework, which also uses explicifact that the multiple-choice questions helped users activate
interaction with buttons. their knowledge or helped themea. On the other hand,

The uses interaction with the system was collected througlone user pointed out thought | was nished, but then |
Unity Analytics. The data collected included time spent withealized | also have to perform the cleaning’stépsefore,
the application, the number of hints provided during thémproving this element may be bera for more users and
titration experiment, the number of interactions with themay help them understand the theoretical concepts that need
logbook, and the number of mistakes in the multiple-choid® be conveyed by the system. For instance, the wording, the

questionsTable ). number of questions, and the timing are some aspects that can
be improved.

Table 1. Results Log Data When asked about the general functionalities, the partic-
_ _ _ _ ipants agreed that the application contained many functions,
time interactions mistakes of MC . . s

log data  spent hints with the questions and therefore, it was overwhelming at the beginning. These

recorded (min) (total = 16)  logbook (total = 7) results were in line with previous research, which has

mean 45 17 11 3 established that AR in some cases can be distracting and

(N=9) cognitively demanding for student$. However, the

SD 19 14 6 2.7 improvement on the application design and additional

onboarding may help reduce the overload and fooon

The invariant pre-/post-test was designed to test parti®R features.

ipants knowledge of acidbase concepts and titration. The In summary, these _results provided important irjsigh_ts into
test contained 11 multiple-choice questichsprforting  What users had experienced and allowed us to rationalize what

Informatio). t tests found no sigmant di erences in mean aspects of the current design can be improved in the next
scores on the pre- and post-tpst 0.11). Thus, we conclude iteration. Speatally, the icons for the logbook and the graph
that there were no sigoant learning ects due to platform  Will be simplied by seamlessly integrating the functions as one
use. The small sample size may explain this result. Howewect (a virtual notebook). This magdition will allow the
tackling the shortcomings ideadi through the data collected users to interact with the functionalities as part of the
may help improve the system so that learning gains can @avironment and avoid having extra icons on the screen.
shown with a larger sample size in later stages of theThe interaction with the multiple-choice questions will be
development of MAR Lab. improved by excluding this element from the AR environment.

The nal stage of the study comprised a feedback sessidfthough the questions aim to trigger the conceptualization
with voluntary participants. They were asked about thphase of the inquiry-based cycle and guide the conclusion
interaction with the application, the simulation length, theiphase, they may hamper the user experience by interrupting
opinion of the design elements (graph, multiple-choicthe ow of the application. Therefore, like other authtire,
questions, and logbook), and their general experience wh& environment exclusively will support the investigation
using the application. phase of the inquiry-based cycle.
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Finally, apart from the technical issues to be solved (e.ggquisition, the conceptualization of chemical concepts, and
oating objects and liquids disappearing), instructions dke transference of knowledge to real-life settings.
“voice oveérfor the cartoon character will be added to improve
the clarity of some of the steps and help the users with ASSOCIATED CONTENT
redundant information in a drent format. * Supporting Information
Regardless of the limitations of the current design, Whefhe sypporting Information is availablétats:/pubs.ac-
aske_d qbout the experience with the application and its use, %.‘Srg/doi/lo.1021/acs.jchemed.1000894
qualitative feedback provided by the students showed that the )
technology is innovative to them, and they recognized that the ~ LOW- delity prototype RDF)
application could be helpful when learning experiments like  Instruction to install MAR Lab appL{F)
titration. Furthermore, it brings diversity in delivering the ~~ SUS questionnaire and invariant pre-/postésf) (
chemical and procedural knowledge taught in the curricula.
However, it is important to consider that the results are only AUTHOR INFORMATION
preliminary due to the limited sample size. In this report, weorresponding Author

can only conclude that the system has acceptable usab”ity"]essica Lizeth Dominguez AlfarU Leuven, 3001

Without a doubt, a study including a larger sample size is Heverlee, Belgiumorcid.org/0000-0002-2751-6221
needed to test whether, apart from the perceived usefulness, Email'jes’sicalizeth dom'inguezalfaro@kuleuven be

this approach is ective for training practical skills when
students cannot have access to a laboratory or as a pretraimingors

tool when they do have it. Stefanie Gantois KU Leuven, 3001 Heverlee, Belgium
Jonas Blattgerste University of Applied Sciences Emden/
FUTURE WORK Leer, 26723 Emden, Germany

The future development of the MAR Lab includes improving Robin De Croon KU Leuven, 3001 Heverlee, Belgium
the aspects acknowledged by users in this study and creatinffatrien Verbert KU Leuven, 3001 Heverlee, Belgium
additional levels to enhance user experience and learning gainghies Pfeier — University of Applied Sciences EmdeniLeer,
These levels will consist of more titration cases and will be 26723 Emden, Germany _
contextualized as one problem. Moreover, future research i$*eter Van Puyvelde KU Leuven, 3001 Heverlee, Belgium
required to determine how the students learn with the MAR omplete contact information is available at:
Lab app and if the knowledge learned in the environment cantps://pubs.acs.org/10.1021/acs.jchemed.1c00894
be transferred to real-life situations.

Further work can also evaluate the extension of theotes
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