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Abstract

:

Although increasing student motivation is widely accepted to enhance learning outcomes, this relationship has scarcely been studied quantitatively. Therefore, this study aimed to address this knowledge gap by exploring the effects of gamification on students’ motivation and consequently their learning performance, regarding the proper application of the scientific method. To motivate students and enhance their acquisition of new skills, we developed a gamification framework for the laboratory sessions of first-year physics in an engineering degree. Data regarding student motivation were collected through a Likert-scale-type satisfaction questionnaire. The inter-item correlations and Cronbach’s alpha confirmed the internal consistency of the questionnaire. In addition, the learning outcome was assessed based on the students’ laboratory reports. Students participating in gamified activities were more motivated than those participating in non-gamified activities and obtained better learning results overall. Our findings suggest that gamified laboratory sessions boost students´ extrinsic motivation, and consequently inspire their intrinsic motivation and increase their learning performance. Finally, we discuss our results, with a focus on specific skills and the short- and long-term effects of gamification.
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1. Introduction


A common definition of gamification is “the use of game design elements in non-game contexts” [1]. In general, the term is used if game elements and mechanics are introduced to motivate the end-users of an activity [2]. The ultimate goal is to stimulate participants’ action and promote their use of the skills required for the game in different contexts. In educational environments, in particular, adoption of gamified experiences has quickly spread, because of the potential to engage students and capture their attention [3,4]. Furthermore, gamification can meet the demand for new methods that adapt learning processes to “digital native” students [5]. Many studies in the literature have reported the multiple benefits of gamification, such as helping students internalize a topic on a deeper level; providing immediate feedback, incorporating a role-playing aspect that brings students into new environments and situations; and empowering students when they achieve the goals of the given activities [6,7,8].



A strong argument supporting gamification of the teaching process is based on the hypothesis that gamification significantly increases motivation, thus improving learning results. A recent study has demonstrated that motivation is highly dependent on the design of innovative and updated topics that engage students and foster better learning attitudes, as well as on the use of new methods that stimulate knowledge acquisition [9]. The author of [10], in a seminal study, has unified the results reported in the literature regarding serious games and gamification. Serious games are defined in the educational context as “games in which education (in its various forms) is the primary goal, rather than entertainment” [11]. Studies about gamification and learning have proposed that behaviors and attitudes associated with the instructional content may affect the learning outcomes. The authors of [12] explained this same idea by classifying the outcomes into experiential (psychological ones) and instrumental (learning ones) and [13] reviewed the literature, trying to create a quantitative scale to evaluate the learning outcomes. The aim of gamification is to change the behaviors and attitudes relevant to learning, and consequently improve learning results. Self-determination theory has been widely applied to gamification [14,15]. The findings have indicated that satisfying the needs for competence, autonomy and social relatedness is also central to intrinsic motivation, and that enriching the learning environments with such elements can affect learning outcome through modifying said environments [16].



However, recent reviews have noted that additional research is still necessary to thoroughly assess the beneficial outcomes claimed in most prior studies. The authors of [17], in a critical review, have reported that many studies on this topic have not presented conclusive evidence of the results and, disagreement exists among the studies following rigorous procedures: although most such studies have indicated beneficial effects of gamification, several have demonstrated negative effects. A meta-analysis by [18] has indicated that the factors contributing to successful gamification remain unknown. Despite considerable research efforts in this field [2,19], a conclusive meta-analysis indicating the effectiveness of gamification in the context of learning and education has yet to be reported. Further high-quality research is needed to enable a more conclusive investigation of the relationship between gamification and learning. Although a diversity of gamification dynamics already exists [20,21,22,23], tending towards an individually tailored gamification scheme [24], gamified learning techniques continue to evolve, and new instructional mechanisms are still developed and designed. However, reviews focusing on different aspects related to gamification agree on the need for a unified research-based theory of gamified learning [13,25].



The main objective of this work was to partially fill this knowledge gap through rigorous quantitative research on the correlation between motivation and learning. A comparative study of the learning results of students trained with and without gamification activities was performed. In addition, the motivation of the students was evaluated. Different gamification activities based on a competition–collaboration scheme were designed, because the social dynamics appears to favor more efficient, mainly procedural learning [18]. Importantly, our analysis was based on a combination of cognitive and procedural learning, which is not very common in the literature.




2. Materials and Methods


The correlation between students’ satisfaction and learning outcomes was studied, and both aspects were quantified. In the following subsections, after presenting the context of this work, the design of the gamification of the laboratory sessions is described in detail. Subsequently, the procedure for assessing learning outcomes, as well as the survey and procedure designed for assessing student satisfaction, are explained.



2.1. Participants and Context


The present study was performed at the University of the Basque Country, in Bilbao (Spain). All participants were first-year engineering students attending the laboratory sessions of the Introductory Physics for Engineering course (see Syllabus in Appendix A). In these sessions, the students worked in groups of three to five (hereafter denoted laboratory groups). Eight laboratory sessions were conducted per academic year (four two-hour sessions/semester, a session per month), with the first three acting as introductory sessions. In the subsequent sessions (non-introductory sessions), the students were asked to study a physics-associated phenomenon based on defined and limited previous knowledge: they were required to apply the scientific method, starting from the step of hypothesis formulation, and to complete the entire procedure by submitting a report of their work. Each laboratory group submitted a report per laboratory session and received the corresponding feedback and a score. A major goal of the laboratory sessions is for students to acquire the skills required to correctly apply the scientific method, including the necessary data analysis concepts, and to produce proper reports of their investigation. Many studies have reported the benefits of experimental or open-ended methods in promoting the acquisition of such skills [26,27,28,29,30]. During the 2019/20 academic year, two types of learning dynamics were applied to implement these open-ended methods in two randomly formed groups: gamified learning (G group with 136 students) and non-gamified learning (NG group, the control group with 120 students).




2.2. Description of Gamified and Non-Gamified Dynamics


Novice users often have trouble in comprehending the scientific method [31]. In the past few years, deficiencies in the application of the scientific method and data analysis have been reported. Therefore, our instructor team initially implemented the non-gamified laboratory teaching method described in [30,32], consisting of two introductory sessions addressing these deficiencies.



In the first introductory session, the scientific method was explained, and the focus was on the formulation of hypotheses and experimental design. Students were required to complete several exercises (selecting valid hypotheses from a list, proposing an experimental design for a given hypothesis, and finally proposing a hypothesis and its corresponding experimental design), based on the reading material that they were given at the beginning of the course.



The second introductory session focused on the analysis of experimental data, including aspects regarding experimental errors, selection of meaningful methods for plotting data, analysis of the graphical representations and performing adequate regressions. Again, the students were required to complete several data-analysis related tasks within the scope of a given investigation, including the procedures that would be required in the subsequent laboratory sessions. This non-gamified instruction in laboratory methods was used in the control laboratory group in this study (group NG).



The gamification discussed here was applied in two stages. First, the introductory sessions were gamified through the introduction of a leaderboard as a game element in each session. Second, a ranking of the laboratory groups during the entire course was performed to encourage competition, wherein collaboration among teammates is essential to achieve a shared objective [33]. Group G was trained using these methods.



Three introductory sessions were carried out for the G group. The first session covered the graphical representation of data and qualitative and quantitative analysis of graphs. The students were given a fictional context, in which they were required to assume the roles of technicians at an amusement park and analyze whether a Ferris wheel functioned according to its technical specifications. The laboratory work was based on a partially incomplete experimental data set (i.e., a table consisting of position-time values in which some parts of the headers and the data were missing, and therefore it was not obvious what kind of data it corresponded to). The students were required to deduce what physical magnitude was hidden in the data in the tables and determine the specifics of the physical phenomenon that was being investigated through the quantitative analysis of the graphical representations of the data. The students were guided through the exercise. To ensure that students were not stuck at any particular step, hints were provided for the most difficult tasks; these hints were programmed to be displayed on a screen after the estimated time required to perform the corresponding task had elapsed. The role-playing aspect of this activity and the deductive type of guesswork that students were required to perform to interpret the given incomplete data sets were part of the gamification designed for this laboratory session. Faster completion of a task was awarded higher scores if the results were correct.



The second gamified introductory session covered the handling of experimental errors. The students were given a new fictional context, in which they were asked to assume the role of scientists. Here, the students completed a series of calculations based on the experimentally measured data for a given investigation. Again, programmed tips were used to ensure that all groups completed the assignment in time. In this case, the students received immediate feedback after each task, and were allowed to reattempt the tasks until they were correctly completed. More correct responses and faster responses received higher scores.



Finally, a third introductory session covered the formulation of hypotheses and experimental design. Students were provided with an online quiz, in which they were required to select the correct hypothesis or experimental design among several proposals in different situations. Selecting the correct response for one situation would unblock the next one. Faster completion of tasks resulted in higher scores.



After all three introductory sessions were completed, each group received a single score, obtained as the sum of the three introductory sessions’ scores. This single score determined the initial position in the ranking. The ranking position of each laboratory group varied throughout the course, according to the score obtained in the reports of the subsequent laboratory sessions (non-introductory sessions).




2.3. Assessment of Student Satisfaction through a Survey


All participants were asked to rate their satisfaction with different aspects of the learning activity by using a suitable measuring instrument based on the work of [34,35]. The instrument consisted of a survey composed of 16 items (questions) in three categories: (M) motivation, (C) commitment and attitude and (A) subject-associated knowledge, materials and suitability (see Table A1 in Appendix B). The items were evaluated on a five-point Likert scale [36]: (1) strongly disagree, (2) disagree, (3) neutral, (4) agree and (5) strongly agree. These Likert-type items were combined into a single composite score/variable for each of the main themes, rating student satisfaction. Combined items provide a measure of a personality trait [37].




2.4. Assessment of Learning Outcomes


We evaluated the effects of the gamification of the introductory sessions and of maintaining a ranking for the entire course. A rubric consisting of 40 items was used to assess the reports submitted by the students after each non-introductory session. A total of 21 of the 40 items were related to the skills covered in the introductory sessions in both G and NG groups, and those 21 items were selected to evaluate the learning outcome. Table 1 summarizes the skills evaluated and the number of items for each category (see the list of all items in Table A2, Appendix B). For each item, the only two options were “OK” (indicating that the students showed a satisfactory degree of achievement for that particular skill) or “not OK” (when a particular skill was not sufficiently developed). The success percentage in a group was measured as the percentage of the total number of OK scores for each item.




2.5. Data Analysis


2.5.1. Analysis of the Student Satisfaction Survey


Validity and Internal Consistency


The validity and internal consistency of the Likert scale questionnaire refers to the general agreement between multiple Likert-scale items that composed a composite score of the survey measurement for each construct. Validity was determined by application of a correlation matrix for the variables or constructs used to combine items (M, C and A), and Cronbach’s alpha [38] was used to assess internal consistency.



The normality Shapiro–Wilk test indicated that the data distribution significantly differed from normality. Consequently, the non-parametric rank-based Spearman correlation test was applied for the correlation matrix. This matrix showed the inter-item score correlation and the item total correlation, thus yielding a total score for each item and then correlating each item’s score with the total score.



The traditional alpha coefficient [38] may not be robust to the violation of the normal assumption and missing data. Non-normal data tend to result in additional error or bias in estimating internal-consistency reliability, thus making the alpha coefficient of the sample less accurate [39]. Consequently, the robust Cronbach alpha [40] was used to explore the reliability or internal consistency of the questionnaire. With this method, robust confidence intervals were estimated for the alpha coefficient. In addition, the alpha coefficient was estimated through removal of items for each of the three variables measuring satisfaction.




Effects of Gamification Sessions on Student Satisfaction


The survey was conducted among students trained in the traditional and gamified sessions. The effect of the gamified sessions on students’ satisfaction with the learning experience was tested with the Wilcoxon rank-sum test with continuity correction, because the data distribution significantly differed from normality. Similarly, the effects of gender and course repetition on the students’ satisfaction with the learning experience were explored with the same test.





2.5.2. Analysis of Learning Outcomes


The data from the students’ evaluations of both gamified and non-gamified sessions were not normally distributed. The 2 × 2 contingency and expected frequency tables were created for the categories presented in Table 1. Because the sample was small, and/or the expected counts were lower than 5% in some cases, the independence between the factors of gamification and learning outcome (success) was tested with nonparametric Fisher’s exact test [41] instead of the more common chi-square test.



The data were analyzed in R 4.0.3 software [42]. Specifically, the internal consistency of the questionnaire was explored with the R package alpha coefficient. The following R packages were also used to generate the results presented: psych, corrplot, corr, multiplot, dplyr, PerformanceAnalytics and Hmisc.






3. Results


3.1. Satisfaction, Survey Validity and Internal Consistency


Overall, inter-item and item total correlations were significant for the categories M, A and C, which showed moderate and strong positive correlations, particularly with the total average score (see Figure 1 for category M, and Figure A1 and Figure A2 in Appendix B for categories C and A, respectively). The non-linear fitted curves overall indicated a repetitive pattern of positive relationships. The items in category M showed the highest significant correlation among items and with the total average score. Items M3 and M4 showed the highest correlation. For categories A and C, the inter-item and item total correlations were also significant, and moderate positive correlations were observed for most items.



The robust Cronbach alpha with 95% confidence intervals was estimated for all items, together and separately, for each of the categories. The alpha coefficient was 0.89 (0.84, 0.94) (average alpha (Lower CI, Upper CI)) for all items, thus suggesting a high overall internal consistency of the questionnaire. The internal consistency of category M was the highest among all three categories, with an alpha coefficient of 0.87 (0.81, 0.93).



The alpha coefficient was also estimated for each category after removing, in turn, each item of the category (see Table 2 for category M and Table A3 in Appendix B for categories C and A). For category M, removing items resulted in a maximum increase in the average (whole M-scale) alpha, from an alpha of 0.87 to 0.88. This increase was not statistically significant, given the confidence interval and standard error; that is, for this category, none of the items were redundant or unnecessary.




3.2. Effects of Gamified Sessions on Student Motivation


Student motivation was assessed using the answers to category M of the satisfaction questionnaire. The average scores obtained in this category were 3.71 ± 0.76 (mean ± SD) for group G and 3.40 ± 0.55 for group NG. The effect of gamified sessions on motivation was significant (Wilcoxon rank-sum test: W = 1617, p = 0.002).



The effects of gender and course repetition on student satisfaction were tested to detect additional factors affecting student satisfaction. No effect of these two factors was observed (W = 88, p-value = 0.8741 for gender and W = 100, p-value = 0.831 for course repetition).




3.3. Effects of Gamified Sessions on Learning Outcomes


Several significant differences were observed for groups G and NG, based on the results shown in Table 3. According to the data corresponding to the first session report, the students from group G obtained more satisfactory results in the formulation of hypotheses, specifically for the items assessing the validity of the hypotheses and their correct formulation (Table A2 in Appendix B). Moreover, they also obtained better results in the “analysis of results” section, and this effect was particularly significant for the calculation of errors and expression of measurements.



The differences between groups G and NG were less relevant in the second-session reports and the categories that showed significant differences in the first report became less differentiated. However, new significant differences were detected in the categories of experimental design and graphical representation and quantification.





4. Discussion and Conclusions


The purpose of this study was to analyze whether a correlation exists between greater motivation among students in a first-year university physics course in an engineering degree program and the learning outcomes concerning the application of the scientific method in laboratory practical examinations. A gamification framework was designed and applied, to achieve higher student motivation. The core of the gamified activities was applied in the initial introductory sessions, and the motivation and learning outcomes were assessed thereafter. The G group received one more introductory session (three sessions) than the NG group (two sessions) due to the characteristics of the game-based dynamic, which required some more time for introducing the same concepts. Since the same concepts were introduced, we do not think this introduces a significant bias into the study. However, we should use caution when interpreting the results of learning performance, and recognize that an extra session for the G group could in part be benefiting the learning process and outcomes



Student satisfaction was evaluated with a Likert-scale-type survey. Inter-item correlations and robust Cronbach’s alpha analysis, including deletion diagnostic testing [39], confirmed the validity and reliability of the questionnaire, particularly for the motivation category. The analysis indicated that motivation was higher among students in the G group. Indeed, gamification has been found to be related to extrinsic motivation, and to inspire intrinsic motivation [2,43]. Ref. [2] explored the relationship between gamification and motivation by reviewing 32 studies, 20 of which suggested that gamification increases student motivation, as observed herein. Specifically, in higher education, our results coincide with those of reports suggesting that gamification has positive effects on intrinsic motivation [18,44].



Regarding the learning outcomes, our results suggest that the higher motivation achieved through gamification activities has an overall positive effect on the acquisition of the analyzed skills by students. In general, the success rates (% of students with successful results) achieved by the G and NG groups (shown in Table 3) evolved differently. The gamification produced an immediate positive impact on the success rates (first report), while this effect was less evident in the long term (second report). The success rates show a slower and more progressive improvement in the NG group. However, the results show an overall sizable effect of gamified activities on longer-term learning performance. This is in line with the conclusions derived from a meta-analysis of 24 studies conducted in Ref. [45]. The less-evident effect of gamification observed in the second report and the potentially long-term decrease in learning performance needs to be carefully investigated. Specifically, the leaderboard constructed to motivate students in the gamified learning environment is a critical step, since these boards can have some limitations associated with their design. In gamified learning environments such as the one here, students receive feedback on their exercises through a leaderboard, and they are rewarded for their accomplishments [46]. Sometimes the gap between learners in terms of learning performance can be wide, and learning motivation decreases, particularly for those in the lower ranks when their achievements are compared with those of the high-ranked learners [47]. This potentially negative effect of the leaderboards can be successfully addressed by applying some design principles that minimize relative deprivation and learners’ experiences of failure and maximize learners’ experience of success [46]



A parallel reading of the results shown in Table 3 can be achieved through analyzing the statistical significance (p-values < 0.05, marked with an asterisk) of the items associated with the skills evaluated in the reports. The significant values demonstrated a positive association between gamification and learning success in the corresponding skill. The results of the first report showed significant differences between the G and NG groups in the categories of hypotheses, error handling and adequate expression of measurements. In the second report, significant differences were found in two additional categories: experimental design, and graphical representation and quantification. Only the skills associated with the experimental setup, and the presentation of the experimental conditions and collected data, did not show any significant differences in learning success.



Despite the significant improvement in learning outcomes, due to an improved motivation through gamification, the success rates for some evaluated skills were not as high as would be desirable. A redesign of the gamified activities directed toward those skills may help solve this problem. The authors of [45] proposed studying the implementation of long-term gamification to explore potential novel effects and for the consolidation and perpetuation of learning outcomes. Further work should be performed to study this issue in depth.
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Appendix A


The syllabus of the Introductory Physics course is as follows:




	–

	
Dynamics of the particle




	–

	
Work, energy and its conservation




	–

	
Lineal momentum and its conservation




	–

	
Dynamics of the rigid solid




	–

	
Angular momentum and its conservation




	–

	
Electric field and Gauss’s law




	–

	
Electric potential




	–

	
Capacitors and capacitance




	–

	
Direct-current circuits




	–

	
Magnetic field




	–

	
Electromagnetic induction




	–

	
Equations of Maxwell, electromagnetic waves.
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Table A1. The Likert Scale questionnaire used in the student satisfaction survey stands for (1) strongly disagree, (2) in disagreement, (3) neutral, (4) in agreement and (5) strongly agree. Items have been arranged in the table according to the three categories analyzed: (M) motivation, (C) commitment and attitude, and (A) subject-related knowledge, materials and suitability.






Table A1. The Likert Scale questionnaire used in the student satisfaction survey stands for (1) strongly disagree, (2) in disagreement, (3) neutral, (4) in agreement and (5) strongly agree. Items have been arranged in the table according to the three categories analyzed: (M) motivation, (C) commitment and attitude, and (A) subject-related knowledge, materials and suitability.





	
Motivation (M)

	
Likert Scale




	
I´ve acquired skills invaluable for my training as an Engineer.

	
1

	
2

	
3

	
4

	
5




	
Completing the tasks satisfies me

	
1

	
2

	
3

	
4

	
5




	
The laboratory sessions have been stimulating and enriching

	
1

	
2

	
3

	
4

	
5




	
The laboratory dynamics don’t stimulate motivation to learn

	
1

	
2

	
3

	
4

	
5




	
I have progressed during the sessions, which encouraged me to persevere in my efforts

	
1

	
2

	
3

	
4

	
5




	
I get bored during lab sessions

	
1

	
2

	
3

	
4

	
5




	
Commitment and attitude (C)

	
Likert scale




	
I feel identified with the way the class is run

	
1

	
2

	
3

	
4

	
5




	
I get involved and try to learn from and teach others

	
1

	
2

	
3

	
4

	
5




	
I am not consistent when faced with the difficulties of the proposed tasks

	
1

	
2

	
3

	
4

	
5




	
My behavior is positive with respect to the development of sessions and tasks

	
1

	
2

	
3

	
4

	
5




	
I would prefer to do the practicals/practical exercises using a different methodology

	
1

	
2

	
3

	
4

	
5




	
I can rely on my teammates for support when I need help

	
1

	
2

	
3

	
4

	
5




	
Subject-related knowledge, materials and suitability (A)

	
Likert scale




	
My preparation for this type of lab-work has been adequate

	
1

	
2

	
3

	
4

	
5




	
The methodology applied is appropriate to the characteristics of the groups and to the subject

	
1

	
2

	
3

	
4

	
5




	
I find help and support in the materials provided and/or from the lab instructors

	
1

	
2

	
3

	
4

	
5




	
There is hardly any relationship between the lectures and the laboratory sessions

	
1

	
2

	
3

	
4

	
5
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Table A2. This Table lists the skills that were trained during the introductory sessions (middle column) and the corresponding possible failed items (right column) that were analyzed to assess the degree of development of those skills. For each item, an OK (indicating that the students showed a satisfactory degree of achievement for that particular skill) or NOT OK (when a particular skill was not sufficiently developed) assessment would be issued, depending on the degree of achievement shown for that particular item. The percentage of success in a group is measured as the percentage of total number of OK marks in each item.






Table A2. This Table lists the skills that were trained during the introductory sessions (middle column) and the corresponding possible failed items (right column) that were analyzed to assess the degree of development of those skills. For each item, an OK (indicating that the students showed a satisfactory degree of achievement for that particular skill) or NOT OK (when a particular skill was not sufficiently developed) assessment would be issued, depending on the degree of achievement shown for that particular item. The percentage of success in a group is measured as the percentage of total number of OK marks in each item.





	
Category of the Items

	
Evaluated Skill

	
Item






	
Hypotheses

	
Hypothesis proposals

	

	
The proposal is not valid as a hypothesis



	
The proposed hypothesis is not verifiable with the available material



	
The proposed hypothesis is not in line with the purpose of the work









	
Formulation of hypotheses

	

	
The proposal consists of several hypotheses









	

	
The hypothesis is followed by or interspersed with comments









	
Experimental design and setup

	
Experimental design

	

	
The magnitudes to be measured are not correctly indicated









	

	
Fixed and variable magnitudes are not specified









	

	
No analysis of the convenience of repeating measurements









	

	
The obtaining of indirect measures is not specified









	
Experimental setup

	

	
No explanations and/or diagrams









	

	
No details of equipment used and/or its sensitivity









	
Analysis of results

	
Presentation of experimental conditions and collected data

	

	
The experimental conditions are not detailed



	
Measures and measurements are not clearly shown









	
Graphical representation and quantification

	

	
Graphs: the axes lack adequate information



	
Graphs: no qualitative analysis of the relationship between magnitudes



	
Graphs: no data fitting or not used



	
Incorrect calculation of measurements obtained from the fitting



	
Incorrect calculation of measurements not obtained from the fitting









	
Error handling

	

	
Most errors are calculated correctly









	
Adequate expression of measurements

	

	
Most errors are not expressed correctly









	

	
No units have been indicated
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Table A3. Average coefficient alpha, CI and SE if an item is dropped for categories A and C. For both categories, dropping items did not result in a statistically significant increase in the whole-scale alpha with respect to the current alpha of 0.73 (0.6, 0.88) for C and 0.72 (0.58, 0.87) for A, respectively. The last row represents the values for the whole scale of the category with no dropped items. Similarly, with category M, there is no need to drop any item from the questionnaire for these two categories.






Table A3. Average coefficient alpha, CI and SE if an item is dropped for categories A and C. For both categories, dropping items did not result in a statistically significant increase in the whole-scale alpha with respect to the current alpha of 0.73 (0.6, 0.88) for C and 0.72 (0.58, 0.87) for A, respectively. The last row represents the values for the whole scale of the category with no dropped items. Similarly, with category M, there is no need to drop any item from the questionnaire for these two categories.





	
Category C

	
Category A






	

	
Alpha

	
Lower CI

	
Upper CI

	
SE

	

	
Alpha

	
Lower CI

	
Upper CI

	
SE




	
C1

	
0.70

	
0.48

	
0.92

	
0.11

	
A1

	
0.77

	
0.54

	
1.00

	
0.12




	
C2

	
0.73

	
0.54

	
0.92

	
0.10

	
A2

	
0.62

	
0.23

	
1.00

	
0.20




	
C3

	
0.70

	
0.48

	
0.92

	
0.11

	
A3

	
0.65

	
0.29

	
1.00

	
0.18




	
C4

	
0.69

	
0.46

	
0.92

	
0.12

	
A4

	
0.77

	
0.54

	
1.00

	
0.11




	
C5

	
0.74

	
0.55

	
0.93

	
0.10

	

	

	

	

	




	
C6

	
0.72

	
0.52

	
0.92

	
0.10

	

	

	

	

	




	
C

	
0.73

	
0.60

	
0.88

	
0.07

	
A

	
0.72

	
0.58

	
0.87

	
0.07
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Figure A1. The frequency distribution of scores for each item response in category C and the overall score is presented on the diagonal. Below the diagonal, bivariate scatter plots with a fitted non-linear curve are displayed. The value of the inter-item correlation and the correlation of each item with the total score (Spearman Rank), and significance level represented by stars, are plotted above the diagonal. Each significance level is associated with a symbol: p-values 0.001, 0.01, 0.05, 0.1 and 1 are associated with symbols “***”, “**”, “*”, “.” and “ ”, respectively. 
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Figure A2. The frequency distribution of scores for each item response in category A and the overall score is presented on the diagonal. Below the diagonal, bivariate scatter plots with a fitted non-linear curve are displayed. The value of the inter-item correlation and the correlation of each item with the total score (Spearman Rank), and significance level represented by stars, are plotted above the diagonal. Each significance level is associated with a symbol: p-values 0.001, 0.05, and 1 are associated with symbols “***”, “*”, and “ ”, respectively. 
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Figure 1. The frequency distribution of scores for each item response in category M, both individually (M1–M6) and combined (score), is presented on the diagonal. Below the diagonal, the bivariate scatter plots with a fitted non-linear curve are displayed. Above the diagonal, the value of the inter-item correlation and the correlation of each item with the total score (Spearman rank) are plotted. The significance level is indicated with symbols “***”, “**”, “*” and “.”, denoting p-values of 0.001, 0.01, 0.05 and 0.1, respectively. 
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Table 1. Summary of the skill categories used for the evaluation of the effect of the gamification. The collected data correspond to the reports submitted after the first (23 of which were submitted by group G and 20 by group NG) and the second (for which 10 reports came from group G and 15 from group NG) non-introductory sessions. It is common for a significant fraction of the students to drop out during the course, which explains the lower number of data collected after the second non-introductory laboratory session. A detailed list of the 21 items used for the evaluation of the effect of the gamification is shown in Table A2, Appendix B.
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Item Category

	
Evaluated Skill

	
Number of Items






	
Hypotheses

	
Proposal of hypotheses

	
3




	
Formulation of hypotheses

	
2




	
Experimental

design and setup

	
Experimental design

	
4




	
Experimental setup

	
2




	
Analysis of the

results

	
Presentation of experimental conditions and collected data

	
2




	
Graphical representation and quantification

	
5




	
Error handling

	
1




	
Adequate expression of the measurements

	
2
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Table 2. Average coefficient alpha, CI and SE if an item is dropped for category M. Rows M1–M6 present coefficient alpha when that item is dropped from the questionnaire. The last row, M, presents the value of alpha for the whole scale of the category, with no dropped items.
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Items M




	

	
alpha

	
Lower CI

	
Upper CI

	
SE






	
M1

	
0.85

	
0.75

	
0.95

	
0.05




	
M2

	
0.88

	
0.79

	
0.97

	
0.04




	
M3

	
0.83

	
0.70

	
0.96

	
0.06




	
M4

	
0.86

	
0.76

	
0.96

	
0.05




	
M5

	
0.85

	
0.74

	
0.96

	
0.05




	
M6

	
0.87

	
0.78

	
0.96

	
0.05




	
M

	
0.87

	
0.81

	
0.93

	
0.03
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Table 3. Fisher’s exact test results (p-value) and the percentage of students with successful results. Results for groups G (trained with a gamified methodology) and NG (trained with a traditional non-gamified methodology) in both first and second laboratory reports. A p-value < 0.05 (in bold *) indicates a significant association between the teaching method and learning success.
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First Laboratory Report

	
Second Laboratory Report




	

	
Group G

	
Group NG

	
p-Value

	
Group

G

	
Group

NG

	
p-Value






	
Hypotheses

	

	

	

	

	

	




	
Proposal of

hypotheses

(3 items)

	
100%

	
91%

	
0.044 *

	
96%

	
100%

	
0.50




	
Formulation of

hypotheses

(2 items)

	
98%

	
89%

	
0.046 *

	
97%

	
82%

	
0.08




	
Experimental design and setup

	

	

	

	

	

	




	
Experimental design

(4 items)

	
48%

	
43%

	
0.88

	
69%

	
46%

	
0.03 *




	
Experimental setup

(2 items)

	
34%

	
15%

	
1.0

	
45%

	
42%

	
1.0




	
Analysis of results

	

	

	

	

	

	




	
Presentation of

experimental conditions and collected data

(2 items)

	
72%

	
48%

	
0.27

	
85%

	
70%

	
0.23




	
Graphical representation and quantification

(5 items)

	
69%

	
62%

	
0.88

	
64%

	
56%

	
0.04 *




	
Error handling

(1 item)

	
30%

	
5%

	
0.05 *

	
29%

	
27%

	
1.0




	
Adequate expression of measurements

(2 items)

	
47%

	
22%

	
0.007 *

	
58%

	
33%

	
0.08
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