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Abstract

:

The learning of laboratory skills is essential in science education, but students often get too little individual guidance in this area. Augmented reality (AR) technologies are a promising tool to tackle this challenge and promote students’ high-level learning and performance in science laboratories. Thus, the purpose of this study was (1) to design an AR-assisted learning environment to support individual knowledge construction, (2) to investigate students’ learning processes and learning outcomes and (3) to examine the usability of the system. Pharmacy students (n = 16) were assigned to experimental (n = 10) and control (n = 6) groups and performed the same laboratory work together with pre- and post-tests. The experimental group worked with AR glasses that provided additional support and timely guidance during the work with additional info-screens, questions related to choosing correct reagents and laboratory tools and think-aloud questions, whereas the control group worked in a traditional laboratory context. The results showed that AR was more effective in fostering performance in the science laboratory compared to traditional laboratory instruction and prevented most of the mistakes. The AR group considered the guidance and feedback provided by AR to be beneficial for their learning. However, no apparent differences were found in tasks measuring students’ understanding of the content knowledge. Thus, an AR environment embedded with supportive tools could partly replace the teacher in science teaching laboratories by providing individual and timely guidance for the students.
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1. Introduction


Augmented reality (AR), mixed reality (MR) and virtual reality (VR) technologies have begun to be more frequently used in education in recent years and they are likely to have a considerable influence on education [1]. However, most previous studies focused mainly on the technical approaches and often only superficial learning outcomes have been investigated. In educational settings, AR refers to a learning environment that bridges and enriches the real world with digital components, such as digital texts, pictures, learning tasks, animations or other objects in real time, with the aim of supporting learning [2]. The literature presents numerous potential benefits and advantages of using AR-based instruction [3,4,5]. AR applications have been reported to facilitate learning in several ways: they illustrate content and make it concrete by, for example, visualizing abstract 3D structures [6]; increase students’ motivation [7]; and engage students in scientific thinking and argumentation [8]. On the other hand, it has been stated that AR imposes an extra cognitive load on students and causes usability problems [7], leading, in fact, into weaker learning results [9]. However, as stated in a previous review study [3], rather superficial learning outcomes, such as fact memorizing, have typically been investigated. Additionally, only a limited number of educational contents utilizing innovative technology have been developed to support the learning of laboratory skills in the higher education context, for example in the pharmacy context [10].



Most previous research focused on developing and studying technical solutions (usually AR implemented in smart phone solutions) from usability and technology points of view, whereas the underlying learning theories, based on which the solution has been developed, have been mostly ignored [5]. With little existing research evidence available, instructional design decisions are often made based on practical or economic considerations rather than evidence-based arguments [9]. On the other hand, in studies that focus specifically on learning processes and outcomes, the role of developing technical solutions has been less stringently investigated. Studies that aim to improve these aspects hand in hand are scarce. We still lack systematic, empirical research evidence on how AR (or MR/VR) technology could and should be implemented in education to support high-level learning [9,11,12]. Thus, there is a clear need to design, develop and explore pedagogically meaningful AR applications and solutions that aim to support students’ individual learning processes of practical skills, for example in the laboratory environment.



1.1. AR Assisted Learning of Laboratory Skills in Higher Education


To enhance learning at universities, instruction must focus on the development of adequate knowledge structures and skills in students; this means that teaching, training, coaching, modelling and practicing should adapt to the actual knowledge organization of the student and provide opportunities to practice authentic tasks that will be faced later in their working life [13]. However, the challenge for higher education is that students typically study great amounts of theoretical knowledge, but have few opportunities to practice linking this theoretical knowledge with practical skills. For example, laboratory practicals are an essential part of science education while being expensive and time-consuming. They require lots of teaching resources, posing a challenge for many universities. These constraints restrict students’ opportunities to practice and learn from their mistakes and may even lead to students graduating university ill-prepared for work life. However, the use of a cutting-edge learning technology, such as AR, in science labs offers opportunities for students to practice the necessary hands-on skills that are otherwise difficult, or even impossible, to practice enough during their studies.



Research on technology use in higher education science laboratories has yielded positive outcomes [14,15,16]. For example, a study [17] revealed that AR technology improved students’ laboratory skills and helped students to acquire more positive attitudes to laboratory work in higher education. It has generally been noted that instructional strategies should be shifted towards promoting an active role for students in the teaching/learning process, and here, AR technology offers potential learning affordances [3]. Combining virtual and physical labs has the potential to promote science learning, because this allows students to make use of virtual elements and receive adaptive and personal guidance, support and feedback in a timely fashion during the processing of the task without being separated from the real laboratory environment and equipment [18,19,20,21].



Studies have also shown that AR technology may enhance educational outcomes [18] and students’ practical laboratory skills in higher education [17,22]. AR has been used successfully to engage students in scientific thinking, including argumentation, by pushing students to develop and argue scientific explanations in gamified learning environments [8]. AR has also been shown to increase students’ motivation, to foster their learning, and to improve performance in physical tasks [7,23]. However, the cognitive outcome evaluated in most quantitative studies is knowledge acquisition, utilizing questionnaires and surveys [1,3]. Therefore, more research is needed on how AR-based tools should be designed to promote the development of high-level learning, such as problem-solving and skill-based outcomes, and how to assess these outcomes [3,24].




1.2. Designing a Pedagogically Meaningful AR Environment


In order to design pedagogically meaningful technologies and learning environments, it is essential to define the learning theoretical foundation on which the development and decisions have been based, but this is often neglected [5]. In this study, we apply constructivist learning theory, according to which learning means the active processing of information and linking it to the learner’s prior knowledge base. Thus, learning processes are subjective and require active knowledge construction by the students, as well as timely individual guidance [25]. Therefore, instruction should adapt to the purposes of different learners and support students’ self-regulation and problem-solving skills effectively.



Effective scaffolding mechanisms that assist students to actively regulate their own learning processes are beneficial in promoting the learning of scientific content and methods [3]. Furthermore, training activities that allow students to make errors, together with the provision of timely and personal feedback during the processing, help create an adequate and flexible knowledge base [26,27,28]. Feedback supports students to monitor and evaluate their own learning, allowing them to succeed in evolving circumstances and adaptive problem-solving situations [29]. AR can potentially foster students’ learning of laboratory skills by providing adaptive instruction and guidance, well-timed feedback and opportunities to obtain extra support when needed. However, the potential of AR to facilitate learning with high-quality feedback is barely mentioned in previous studies.



To summarize, AR applications have the potential to support learning in science laboratories by providing students with timely and personal support, guidance and feedback. However, empirical research related to such AR applications is scarce.




1.3. Aims


We designed an AR-assisted learning environment embedded with aids that provide individual adaptive guidance, support and feedback to promote students’ active and individual knowledge construction and learning of hands-on skills during the laboratory practical. We compared whether the AR-assisted environment, embedded with supportive tools, can promote students’ high-level learning and guide students’ performance in the laboratory more effectively than in a traditional learning environment. Students’ opinion towards AR technology, as well as their user experiences with regard to the use of AR glasses, are also subjects of interest.



The research questions of this study are:




	
How does the AR-assisted learning environment vs. traditional learning environment support university students’ learning of content knowledge?



	
How does the AR-assisted learning environment vs. traditional learning environment guide university students’ successful performance in the learning of laboratory skills?



	
How do students’ user experiences relate to working with the innovative AR-assisted learning environment?










2. Materials and Methods


2.1. Participants


A total of 16 second-year pharmacy students (women n = 11, men n = 5) participated in the study in November–December 2019 at the University of Helsinki. These participants were randomly divided into experimental (n = 10) and control (n = 6) groups. Participation in the study was voluntary, and informed consent was obtained from the participants. The study was conducted according to the ethical regulations of the context university.




2.2. Context—The Laboratory Work


The laboratory work was carried out during a laboratory course focusing on microbiology and asepsis. AR technology was implemented during a laboratory task of antimicrobial susceptibility testing using the broth microdilution method. The susceptibility testing was carried out using a 96-well plate with the addition of resazurin dye as a cell viability indicator. The aim of the laboratory work was to determine the minimum inhibitory concentration (MIC) value of an antimicrobial substance of tested bacteria. This particular task was chosen as it contained steps and elements that are new to most students in their second year of pharmacy studies, pointing out the need for further guidance and instant feedback.



The susceptibility testing is one of the most demanding laboratory tasks in the entire course due to its novelty to students and requirement for aseptic techniques. Typically, with all the preparations, it takes approximately 1.5 h for students to carry out the susceptibility testing.



The AR environment provided a step-by-step electronic environment with various interactive elements to foster the experimental group students’ performance with the task by providing timely support and feedback and ensuring that the students were working with the correct materials and preparing the correct solutions. The control group worked with traditional paper instructions.




2.3. Measures


2.3.1. Pre-and Post-Tests of Content Knowledge


Before and after the laboratory work, the students from both the experimental and control group answered six open-ended questions without the help of course material, measuring their understanding of the content knowledge underlying the laboratory work (Table 1) (e.g., Why do you prepare dilutions with different concentrations from the antimicrobial substance? What is the purpose of the positive and negative control?). After the work, in the post-test, the students had the opportunity to complete and correct their pre-test answers.




2.3.2. Questionnaire on Usability of the AR Environment


To measure the usability of the AR equipment, a five-point Likert scale (1 = strongly disagree to 5 = strongly agree) surveyed the experimental groups students’ opinions on whether the AR environment could provide guidance and feedback in a timely and supportive manner for learning (see Appendix A). The questionnaire was filled in after the laboratory work. In an open question, the students had an opportunity to comment on the overall user experience (such as comfort or any inconvenience they encountered with the new technology).





2.4. AR Apparatus and Environment


The AR system consisted of interactive software developed in a multidisciplinary collaboration with researchers from the University of (removed for blind review) and (company name removed for blind review) (country removed for blind review). Vuzix® augmented reality smart glasses (Vuzix M300XL) were integrated with laboratory goggles (Figure 1). These AR glasses give a very natural human–machine interface, with the ability to present certain necessary information right in front of the user’s eye, in parallel with the observation of the real world, and the ability to communicate with the system with simple gestures. The equipment was controlled via an external wireless keyboard or integrated buttons in the equipment.



The AR environment was designed to provide a step-by-step electronic interactive laboratory protocol in the student’s field of vision. Several tools were embedded to guide and regulate the laboratory work, refining the traditional instructions on paper. During the laboratory work, the AR environment prompted the student to perform various tasks to ensure that the student was working with the correct materials, preparing the correct solutions and simultaneously promoting the student’s learning via feedback and extra guidance (Table 2). The AR environment presented the student with (A) gate questions (n = 4) to pause the work until the student could respond with the correct answers and continue with the work. The gate questions checked whether the student had made the correct calculations before proceeding with the work. The student also had to choose the correct reagents and laboratory tools. The reagents and tools, most critical for the successful laboratory work performance, were tagged with (B) Quick Response (QR) codes (n = 11). In order to avoid leading the student’s selection, some incorrect or unnecessary tools and reagents were marked with inactive QR codes. The student’s choices of reagents and tools were recorded with a QR code reader that was implemented within the AR equipment to eliminate further mistakes from the student. The QR check would indicate whether the reagent or equipment chosen for the current task was correct or incorrect. If the student’s selection was wrong, they had to find the correct one before the AR system would allow them to proceed. Additionally, the system provided additional (C) info-screens (n = 8) and (D) feedback (n = 7) throughout the work. The info-screens contained further information about the specific steps of the work, or contained hints regarding gate questions. The feedback system was designed to update the student on the progress of the work and to make uplifting comments to motivate the student. The AR protocol also provided (E) think aloud tasks (n = 8). The think aloud tasks presented students with questions about the test, encouraging them to think about the test in greater detail and to reflect upon their work with knowledge previously learned during the course. The answers to the think aloud tasks were recorded by an external (GoPro) action camera. During the laboratory work, the AR equipment generated a digital log about the student’s answers to the gate questions, as well as their choices of reagents and tools. From the digital log, it could be seen which info-screens had been visited, and how often.



The control group received paper instructions for the test. These instructions included all of the information needed to conduct the test correctly. It could be consulted during the test, but the students in the control group did not receive any extra guidance.




2.5. Procedure


A quasi-experimental pre-test/post-test with a control group design was employed. The experimental group carried out the laboratory work with the aid of mobile AR glasses. The control group worked in a traditional laboratory environment with paper instructions. The design and procedure of the study are presented in Figure 2.



All participants first answered a set of open-ended tasks measuring their understanding of the content knowledge related to the laboratory work. Following this, the students of the experimental group were shown a short video introducing the AR system and were given a demonstration on how to operate it. The students could practice using the AR and its functions for a while on their own. When the students felt comfortable with the equipment, they were instructed to begin the laboratory work and proceed according to the AR environment. The students in the control group were instructed to accomplish the task using traditional paper instructions. The work of both the experimental and control groups was recorded on video with an action camera, to assist in detecting mistakes and verifying students’ actions during the work. After the laboratory work, the students performed the same open-ended tasks and they had the opportunity to complete and correct their pretest answers. The students of the experimental group were also asked to answer the AR usability evaluation form with both Likert-scale items and open-ended questions. The participants were not allowed to ask for help related to the performance of the work from the teacher or from other students. The teacher could interrupt if the safety of the student was at risk or if the actions of the students might have substantially harmed the other students in the laboratory.




2.6. Data Analysis


2.6.1. Analysis of Pre-Test/Post-Test Content Knowledge


An expert (the teacher responsible for the laboratory course with experience in susceptibility testing) evaluated and scored the pre-test and post-test answers on a scale of 0–5 using the following criteria: 0 points—the question has not been answered or the answer is incorrect; 1—the answer has major deficiencies or/and is in major part incorrect or unclear; 2—exceeds score 1, but does not reach score 3; 3 points—the answer is correct and presented with sufficient accuracy and understandability; 4 points—exceeds score 3, but does not reach score 5; 5—the answer is detailed and without error.



Any bias was excluded by having the given points re-evaluated by a group of experts consisting of the authors and a student, all with experience in susceptibility testing. The re-evaluations of the points revealed a few cases where the experts disagreed slightly with the points given. In these cases, the evaluation was discussed until a consensus was reached.




2.6.2. Analysis of the Performance during the Laboratory Work


The students’ performance was analyzed by examining the recorded videos and AR logs (the AR logs of two participants failed). Mistakes related to the laboratory work made during the process by the control group and the AR-assisted group were investigated and categorized as critical or non-critical, with a note on whether the mistake was preventable or non-preventable by the AR system. Mistakes were categorized as critical if they disrupted the work, or if they had a negative impact on the result of the laboratory work. Non-critical mistakes would allow the work to succeed, but carried a risk of failure: for example, the incorrect use of equipment would increase the risk of failure. Additionally, it was noted whether the AR system prevented or corrected a mistake the student was about to make. It was also calculated how many times the students in the experiment group opened additional info-screens during the test.




2.6.3. Analysis of Usability of the AR Environment


The frequencies of the students’ answers for the Likert-scale measure of user experience were calculated. The answers for the open-ended question concerning the AR environment were categorized as positive and negative experiences, and citations are presented in the results section.






3. Results


3.1. Content Knowledge in Pre- and Post-Tests


The students’ content knowledge was evaluated with pre- and post-tests before and after the experiment. The students of the experimental group performed somewhat better in the pre-test compared to the students of the control group (Table 3). Students in both groups were able to improve their performance in the post-test compared to the pre-test. The final score of the experimental group was slightly higher than that of the control group.



In total, 24 revisions were made by the experimental and 19 revisions by the control students. The evaluation score was improved in 15 and 9 revision cases for the experimental and control students, respectively. In proportion to the total number of experimental and control group students, 2.4 revisions were made by the experimental and 3.2 revisions by the control group students (data not shown). Out of these, both the experimental and control group 1.5 revisions resulted in improved evaluation scores (data not shown).



The highest average evaluation scores before the laboratory work (PRE) were obtained for the question 6. This applied for the experimental and the control group. Although the PRE-score was higher (4.8) in the control group compared to the experimental group (4.0), the POST-score (4.2) improved for the experimental group, whereas for the control students, the score remained the same (4.8). The experimental group students obtained an equally good PRE-score (4.0) for question 1. Here, the POST-score remained the same (4.0).



The lowest average score before the laboratory work was seen for question 3, at 1.8 and 1.7 for the experimental and control group, respectively. Besides the rather similar PRE-score, the POST-score for question 3 was the same for both groups (3.5). Questions 2 and 4 also had notably lower scores. Here, the POST-score of question 2 was improved by 0.3 points by the experimental group and 0.5 points by the control group. Regarding question 4, the POST-score of experimental group was improved by 1.4 points and the score of control group improved by 1.1 points.



When summing up the average scores of questions 1–6, the experimental group improved their POST-score by 3.7 points and the control group by 4.5 points. The final score of the experimental group (22.8) was slightly higher than of the control group (22.4). Our results showed that both groups learned the content knowledge related to the laboratory task equally, and based on the average scores of questions 1–6, no extensive differences between the experimental and the control group occurred. However, the benefits of the interactive AR environment were visible based on the revision pattern of questions 1–6.



The least revised question was question 6, as its content was discussed with all of the students earlier in relation to another susceptibility testing laboratory session. However, the only correction with an increased score was made by an experimental group student, which may have derived from the learning supportiveness of think aloud task 3 that clearly overlapped with question 6. It is noteworthy that all of the experimental group students revised their answers to questions 3 and 4, which is likely related to the think aloud tasks, particularly the ones focusing on pipetting and asepsis. Obtaining readable results from the susceptibility testing may also have played a role, aided by the AR environment that ensured a proper laboratory work sequence and the use of correct tools and reagents via the QR codes. In addition, the AR environment promoted the answering of question 2, which showed a superior POST-score compared to the control group. In susceptibility testing on a well plate, the core content is to understand the purpose of each column and the interpretation of the dye’s color. This content was especially targeted in questions 2–4.




3.2. AR Environment Supporting Performance in Teaching Laboratory


Both the experimental and the control group faced certain task-related challenges during the laboratory work. The types of mistakes and the ability of the AR system to intervene in them are shown in Figure 3. In the control group, six mistakes in total were made by six students. Of these mistakes, the AR system would have detected and prevented four. The experimental group reported ten potential mistakes made by six students. Thus, four students in the experimental group faced no problems during the work, but some students faced several problems. Of ten potential mistakes in the experimental group, five were prevented by the AR environment. Both groups faced similar challenges during their work, but the AR prevented 50% of all mistakes and most (70%) of the critical mistakes that would have drastically affected the experiment. These mistakes were similar to the mistakes observed in the control group, such as selecting the wrong reagent, and incorrect amounts or the wrong concentrations of reagents and prepared solutions. Critical mistakes that were not preventable by the AR were: pipetting in the wrong well, using the wrong reagents in the pipetting reservoirs, and insufficient mixing of the bacterial suspension. Other non-preventable mistakes that were attributed to incorrect interpretation of the instructions were incorrect pipetting scheme and the unorthodox use of the pipetting reservoir. These mistakes did not affect the outcome of the students’ work and were therefore classified as non-critical. The students of the experimental group varied in terms of utilizing the additional info-screens during their performance. Three out of ten students opened none of the additional info-screens and five students opened one to six additional info-screens.




3.3. Usability of the AR Environment


When the students were asked their opinion about the guidance provided by the AR after the laboratory work, the highest individual item scores representing agreement were obtained with the following phrases: “The AR equipment gave guidance that was useful to me” (average 4.3 ± 0.48); “The guidance given by the AR equipment did benefit me in working” (4.3 ± 0.67) and “The AR equipment checked my working in the right stages of the work” (4.0 ± 0.94) (Figure 4; Appendix A). In an open question, the students’ attitudes towards the new technology were mainly positive. One example of a student’s positive comment was that: “Pipetting proceeded better as the correct volumes and columns were always in the field of vision while doing serial dilutions or pipetting to the well-plate”, and the respondents were eager to use the equipment in the future as well: “An innovative invention which will surely be (hopefully as soon as possible) very useful some day in the future”. However, a few students noted that the physical properties of the equipment should be improved, as they had experienced some discomfort in using the glasses: “The AR equipment [used with laboratory safety goggles in the study] was heavy and in long-term use it started to press on the ears, which caused some pain”.





4. Discussion


In this study, we designed an AR-assisted learning environment that provided timely adaptive guidance to support students’ individual knowledge construction in a pharmacy teaching laboratory. We investigated the effectiveness of the AR solution by studying students’ performance and learning together with experiences by conducting a quasi-experimental experiment. Increasing interest in cutting-edge technologies such as AR have inspired us to investigate whether new technological tools can provide students with more opportunities to practice hands-on skills (AR headsets are less expensive than much of the specialized equipment needed in pharmaceutical laboratory work). However, more empirical research is needed, because in several previous studies, AR applications have been designed from the technological rather than pedagogical angle and learning has been measured mainly on the level of knowledge acquisition [3].



4.1. AR in Guiding the Laboratory Work


The results of our study showed that the AR managed to guide the laboratory work more successfully than traditional instruction. This became apparent when many students of the experimental group managed to perform the task without mistakes or potential mistakes that needed intervention from the AR, whereas all students from the control group made mistakes. In addition, the AR prevented most of the critical mistakes that the control group struggled with. Thus, the AR was more effective in guiding and controlling students’ performance, and hence could partly replace the teacher in science teaching laboratories in the future. The result is encouraging, considering that the challenge in several science disciplines is that while physical laboratory work is considered an essential part of education, it is costly and time-consuming to arrange, and the students have only limited opportunities to receive individual guidance and support related to the learning of laboratory skills.



Previous research has shown the potential of AR in promoting science learning [12,17,18], but contradictory results have also been found [9,15]. In our study, even though the students of the experimental group were encouraged to process the content more than the control group (via, for example, think aloud tasks) during the laboratory work, they still did not succeed better in tasks measuring understanding of the content knowledge compared to the control group. Similar results have been reported; for example, a previous study [9] showed that although working in an immersive virtual science laboratory enhanced university students’ motivation to perform lab tasks, it did not improve their learning—the high-immersive VR group of students learned less than those who used the low-immersion version of the simulation on a desktop computer. Thus, more research is still needed on how technological tools could help students to link underlying content knowledge and hands-on laboratory activities.



Several previous studies have stated that AR is often complicated for students to use [7,8], and usability problems have been recognized as one of the biggest barriers to using AR in educational settings [30]. Our study did not emphasize these results: in contrast, the students in this study had positive experiences of using AR in their laboratory work [31]. Additionally, the participants in this study were happy with the timing, quality and amount of feedback that the system provided throughout the laboratory work. Thus, it seems that AR-assisted technology can also be applied to teaching in a manner that is easily utilized among students. However, it needs to be pointed out here that “liking is not learning” [9], meaning that activities or tools that make learning more fun do not necessarily increase student learning. On the other hand, low motivation and/or negative attitudes could ruin opportunities for learning; hence, usability aspects are important in developing new learning environments.



The AR-assisted environment of this study was designed to guide and monitor students’ performance and simultaneously support their self-regulation skills by not providing ready answers, but rather to give warnings to stop and reconsider if the student was about to make a mistake. This opportunity to notice one’s potential mistakes and learn from them is essential for supporting the development of students’ pharmaceutical expertise. Being able to make mistakes while learning allows students to find flaws in their thinking and uncover assumptions. However, pharmaceutical laboratory work is a situation in which learning from one’s mistakes can have unacceptable consequences in the real world. Thereby, AR technology could revolutionize higher education by offering opportunities to make mistakes and learn from them, practice and receive timely personal feedback related to the skills that are otherwise difficult or even impossible to practice enough during higher education studies.




4.2. Limitations of the Study and Future Study Ideas


This study faces some limitations regarding the reliability, impact and generalizability of the results. Firstly, our sample size was small, focusing on a specific group of students because it is time-consuming to conduct this type of research. It would be recommended to repeat the study with a larger and different sample. Secondly, though it offers many advantages, AR poses some challenges that must be considered. A downside of today’s smart glass technology is the limited field of view. Based on previous studies, a limited field of view in combination with large amounts of information to master may increase students’ cognitive load and inhibit learning [32,33].



AR technology in educational settings is still in its early stages of development, which limits its usefulness. Headsets are typically relatively large and heavy, with a limited battery life and cables that may interfere with function. In this study, the participants mentioned these factors and our study would have benefitted from lighter and better fitting AR equipment. However, based on the feedback, Sciar Company Ltd. has already adjusted the AR equipment for greater comfort in future studies. The students of our study participated voluntarily, and it is possible that they represented more technologically-oriented students; those with a more reserved attitude towards new technologies, or laboratory rehearsals generally, possibly did not participate. Hence, although this study gives us some preliminary views of the effectiveness of AR in guiding laboratory rehearsals, future work should involve other types of learning tasks, larger and more diverse samples, different contexts and even delayed tests.




4.3. Conclusions


The present study offers a step towards developing meaningful learning environments that make use of cutting-edge educational technology to support learning in science labs. The development of learning environments that enable students to practice the necessary hands-on skills, make mistakes and learn from them without suffering from harmful consequences is of the utmost importance in supporting their development of expertise in higher education. The results of our experimental study support the idea of the potential benefit of AR in laboratory courses and have encouraged us to continue the development of AR-supported science laboratory environments further. Our results also offer insights for other higher education instructors and software developers who wish to utilize AR technology in promoting the learning of practical laboratory skills.
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Appendix A


AR user experience adapted from [34]. Values are described as average item scores (±standard deviation) for each individual statement presented to the students (n = 10) after the AR experience.
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	POST Mean (SD)





	The AR equipment gave guidance that was useful to me.
	4.3 (0.48)



	The guidance given by the AR equipment did benefit me in working.
	4.3 (0.67)



	The AR equipment gave me enough guidance.
	3.9 (1.2)



	The AR equipment gave feedback in the right stages of the work.
	3.9 (0.88)



	The AR equipment gave feedback that was useful to me.
	3.7 (0.48)



	The AR equipment gave me enough feedback.
	3.6 (1.1)



	Working with the AR equipment supported my learning.
	3.6 (1.1)



	I would have learned better without the AR equipment.
	2.6 (0.84)



	The AR equipment checked my working in the right stages of the work.
	4.0 (0.94)







The responders specified their level of agreement in a five-point Likert scale with descriptors (1) strongly disagree; (2) disagree; (3) neither agree or disagree; (4) agree; (5) strongly agree.
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Figure 1. A student working in a teaching laboratory with Vuzix® AR glasses integrated with laboratory goggles. See also the video: https://youtu.be/fhT4r47a-es (accessed on 14 November 2021). 
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Figure 2. Design of the procedure (experimental group n = 10; control group n = 6). 
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Figure 3. The (potential) mistakes made by the experimental (AR) group and the control group. 
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Figure 4. AR user experience. The students’ (n = 10) opinions were surveyed after the use of equipment on a five-point Likert scale. The number of responses is given for each statement in the bar, with the values above the midpoint (3) indicating agreement, and values below for disagreement. 
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Table 1. Open-ended questions measuring underlying content knowledge, intended learning outcomes of questions and expected keywords in the answers evaluated with the maximum score of 5.
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	No
	Question
	Intended Learning Outcome
	Expected Keywords if the Answer Evaluated with the Score 5 *





	1
	Why do you prepare dilutions with different concentrations from the antibiotic?
	Understanding the aim, methodology and performance of the susceptibility test on a well plate.
	The smallest concentration that is still bioactive; which concentration inhibits the growth.



	2
	What is the purpose of the positive and negative control?
	Understanding and evaluation of the susceptibility test methodology and result.
	Indicates the color with and without bacterial growth; indicates the color of bioactive antibiotic concentration.



	3
	What does the blue and pink-purple color mean?
	Evaluation and analyzing of susceptibility test result. Understanding the mechanism of action of resazurin dye.
	Blue indicates no bacterial growth; pink indicates bacterial growth.



	4
	From which column and well would you determine the MIC value?
	Understanding the methodology of susceptibility test on a well plate. Understanding the mechanism of action of antimicrobial reagent and resazurin dye.
	Column containing the smallest bioactive concentration.



	5
	Why pipetting of samples in correct order is important in this laboratory work?
	Applying the necessity of asepsis in susceptibility test. Understanding the methodology of susceptibility test. Appraising the use of laboratory tools.
	Prevention of contamination and mixing up concentration; economical use of tools.



	6
	Why is it necessary to check the turbidity of the bacterial suspension?
	Understanding susceptibility testing methodology and interpretation of results. Evaluation and understanding the life cycle of microbe.
	To verify sufficient bacterial growth.







* Answers to the questions were evaluated and scored in points of 0–5 using the following criteria: 0, the question has not been answered or the answer is incorrect; 1, the answer has major deficiencies or/and is in major part incorrect or unclear; 2, exceeds score 1 but does not reach score 3; 3, the answer is correct and presented with sufficient accuracy and understandability; 4, exceeds score 3 but does not reach score 5; 5, the answer is detailed and without errors.
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Table 2. The operations to support and guide students’ performance in laboratory work in the AR protocol.
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	Operation
	Purpose
	Example





	A: Gate questions
	To facilitate students’ thinking and ensure correct process
	“Please answer the following question: I will add X ml of stock solution of antimicrobial substance to Y ml of nutrient broth”



	B: Quick Response (QR) codes
	To enhance the correct use of reagents and instruments
	“Please read the correct QR code of the reagent needed in the following work phase” (e.g., Ampicillin stock 1.0 mg/mL)



	C: Info-Screens
	To give more information and extra guidance about the test
	“Note that the concentration of the antimicrobial substance is ten times more dilute in each dilution.”



	D: Feedback
	To give information about the progress of the test and to motivate students
	“Correct answer! You can now do the pipetting.”

“You are progressing well! Only one step to go”



	E: Think aloud tasks
	To facilitate students’ learning and understanding of the content of the test
	“In which order did you just pipette the dilutions of the antimicrobial substance. From most concentrated to more dilute or the other way? Why? Could you have done it the other way?”
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Table 3. Average scores per task (from 0 for fail to 5 for excellent response) (M) and total score (max = 30) before (PRE) and after the laboratory work (POST) of tasks measuring understanding of content knowledge. Scores marked with red color indicate changes in the student’s answer between the pre- and post-test.
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