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ABSTRACT 

The research presented describes how the challenge-based gamification strategy contributes to meaningful learning of the calculation of 

solids of revolution spreads in a subject in engineering. The evaluation of students’ performance during the gamification activities followed 

the mathematical modeling cycle. The research was carried out during the semester from January to May 2016 where 48 students from 

Engineering and Integral Calculus Courses in Tecnólogico de Monterrey (Mexico) participated. The students were divided into two groups, 

each consisting of 24 students and grouped in teams of four people. Three gamification activities were applied throughout the course. Mix 

Methods were chosen to analyze data. Main results indicate that challenge-based gamification help students were able to apply solids of 

revolution both in its application and the algorithmic part. 
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1. INTRODUCTION 
In the teaching of Mathematics teachers have made efforts to improve student learning and further improve attitudes towards this discipline. 

[9] argues that innovation is a teaching mechanism that proposes strategies that work and that are easily communicated to others. However, 

innovation not only involves improving teaching techniques or introducing new teaching technologies or strategies [31] but also developing 

real changes that stimulate learning [14,15,16,29].  

In recent years the teaching strategy of Gamification has been gaining more strength thanks to the ludic element that characterizes it. The 

game is a universal activity and has been present in various areas such as art, sport and science [10,25,32]. Throughout history, mathematics 

has had a recreational component. For example, Pascal, Fermat, and Gauss (among others) participated in mathematical challenges, which 

could be seen as incipient challenge-based gamification [17]. As Gamification uses the ludic elements of the teaching process (e.g., 

videogames), it has become a teaching strategy that can potentiate the commitment (engagement) of the learners. 

In education it is used with the purpose to place the student in scenarios involving challenges and exciting missions to increase their level of 

commitment and competitiveness [18, 24] either as digital resource designed for a didactic purpose or to take its elements and integrate them 

into educational activities through simulations [2,22]. 

In this sense, the challenges based learning can be an element that complements the gamification and vice-versa. A challenge is a hard 

problem or situation in which a student finds his/herself into. The student must solve this challenge through the application of what they have 

learned [2, 24]. Thus, both strategies can converge in what has been classified as challenge based gamification, as Gamification motivates a 

student's engagement [5]. Learning based on challenges encourages creativity in problem solving determining the level of learning achieved 

[23]. 

The purpose of this paper is to show the advantages of challenge based gamification in the learning of integral calculus for mathematics and 

engineering students in a higher education institution. We specifically focused on the subject content of solids of revolution calculus with the 

strategy of the differential take [1]. It also shows whether the short-term learning stayed valid long-term taking as reference the phases of the 

modeling routes from [7,8]. 

 

 

 



2. THEORETICAL FRAMEWORK 

2.1 From play to gamification 

The game is an activity performed by people of all ages and from all over the world. In a study by [33] on types of games and play areas, 

they found that it is an activity practiced from childhood to adulthood and that it has been adapted over time, mixing with different cultures 

and responding to the historical moment. In childhood, playing is a need. However in adulthood, playing is not just a matter of releasing 

energy, it develops a range of human skills [4, 32]. Therefore, we can say that the game can be applied in any educational level as well as in 

any learning space. 

In education, although playing was not considered ethic for learning in the past, it is becoming more relevant every time and we can even 

glimpse its evolution.  Games help to experiment, explore options and consequences and test own limits. This allows to create situations of 

high educational value because it enhances students’ motivation and interest [26].  [28] claim that educational games are a unique opportunity 

to merge into learning the cognitive, affective and social aspects. Thus playful learning has become a powerful tool to improve the classroom 

environment. 

Currently, playing has become more sophisticated resulting in gamification and “serious games” (inspired on video games). Gamification 

takes elements and mechanics of playing, and it was born thanks to the digital age and the benefits of playing [21]. The term was coined by 

Nick Pelling in 2002 but did not become popular until 2010 due to the reward systems in digital environments offered by the business and 

commercial sectors [30]. Years later, gamification began to be included into the educational environment around the world which has 

generated interest and skepticism in academic communities, particularly in the teaching and learning of mathematics. 

Many research works show the benefits of gamification in education. For example, [20] performed a meta-analysis about the use of 

gamification as mathematics learning strategy from 2003 to 2017. Out of the 16 performed investigations, 11 had positive results while five 

had positive as well as negative results. [10,26] found some advantages of using games in mathematics courses, which can be highlighted: 

arouse curiosity, promote social development, constitute a means to achieve an educational objective, stimulate the imagination and can be 

generators of lasting learning. For [18], gamification is an important ally because it can be applied in education to motivate and use new ways 

to enjoy activities that are often tedious, which is very convenient when addressing complex mathematical topics. 

Gamification have valuable elements for the students’ well-rounded education. [13],27] agree that playing is a unique opportunity to integrate 

cognitive, emotional and social aspects. These angles are to be considered when designing gamified activities.   

2.2 Mathematical Modeling. 

The basic antecedents behind the vision of Mathematical Modeling are supported on the work by [6,7,8,19] who initially present 

Mathematical Modeling as the relationship between Mathematics and “reality” (See Figure 1). 

 

 

Figure 1. Phases of the modeling cycle. [7] 

At first, the student must understand the situation or actual problem. It is when the model begins to be built through approaches or graphic 

sketches (phase 1). Next, the problem-situation becomes more accurate through a simplification process towards a real model (phase 2). 

Then, the mathematization process becomes the real model in a mathematical model which is generally one or a set of equations of different 

types, for example algebraic and differential (phase 3). The solution of this model is achieved through mathematical work (phase 4). The 

obtained solution allows to interpret the actual situation (phase 5). The results are verified against the actual problem situation (phase 6) and 

finally the student can present the problem and its solution (phase 7). 



 

Figure 2. Routes examples as explained by [7,8] 

Following a more detailed analysis of other authors that propose to visualize mathematical modeling from another point of view, this study 

intends to continue this, adopting the description of learning paths developed by [8] on the modeling cycle of [7] in terms of seven stages in 

which it is stated that they are nonlinear, see Figure 2. It is important to consider the latter since it is proved in practice. 

 

3. METHODOLOGY 
For the development of this research, we will use the mixed research method [11,12], because both, quantitative and qualitative methods 

complement themselves  and offer a deeper study of the phenomenon of study. The research was carried out during the semester from January 

to May 2016 where 48 students from Engineering and Integral Calculus Courses in Tecnológico de Monterrey (Mexico) participated. The 

students were divided into two groups, each consisting of 24 students and grouped in teams of four people. The subject of Integral Calculus 

is based on the understanding of the integral through the strategy of the differential take [1], its application in the engineering context as well 

as the algorithmic development of integration techniques. 

Task design. The study was divided into three phases: (1) gamified activity; (2) partial test and (3) final exam. In the first phase, a gamified 

activity was presented. This activity consisted of three activities with progressive difficulty level. When a team finished the first level activity 

with both process and result correct, that team gained one point and passed to the next level (this goes on and on as the team advances levels). 

The progress of each team was projected in a display board so that it was visible to all participants (Figure 3). 

 

Figure 3: Leaderboard of the progress of one of the groups. 

The winning team, which was the team that finished first and correctly completed the third level won the trophy shown on the board, won an 

additional prize (symbolic). The development of each challenge was guided according to the model of [7]. 

The challenge of the activity of the first level consisted of using clay to model the top of a cup and cutting a differential volume to relate the 

elements that are present in a cylinder (radius and height) with the mathematical function that describes the shape of a cup (construction 

stages and simplification). Then, they proceeded to propose the volume of the differential and the integral that gives the total volume (step 

of mathematization). After this, they solved the integral (step of mathematical work), interpreted their result (step of interpretation), proved 

the result using elementary geometry or employing some mathematical application (step of validation) and finally, they explained the process 

of how they reached their result (step of explanation) obtaining the general integral to get the volume of solid of revolution which rotates 



around x. The didactic purpose is that while using concrete material students succeed in understanding the role of differential and the symbolic 

importance of dx, see Figure 4. 

Figure 4. Activity performed by the students. 

The challenge of the second activity consists of implementation of the integral built in level 1 to a particular context (calculation of the 

volume of a flask) and the activity of the third level was composed of another application in which the students should calculate the volume 

of a knob that was formed by three functions. This elevated the challenge level. Figure 5 shows a moment of the gamified activity. 

The second and third phase consisted of an exercise included in one of the partial exams and the final exam, respectively. These exercises 

were evaluated following the same phases of the challenge based gamified activities. 

 

Figure 5. Students during a gamified activity. 

Data gathering and analysis.  The exercises included in the partial and final exams were analyzed in order to test if the learning was kept 

long-term. On the other hand, field notes were gathered in each one of the sessions through an observation procedure. 

Quantitative and qualitative analysis was performed.  First, we examine the mathematical procedures developed in each exercise on the partial 

and final exams.  Then, the qualitative analysis was conducted.  For this, the following hypotheses set is proposed: 

0 1 2:H     Students’ performance in the partial and the final exams is the same. 

1 1 2:H      Students’ performance in the partial exam is different from the performance in the final exam (being higher in the final) 

    

This translates into testing if short term learning ( 1x ) and long-term learning ( 2x ) are consistent, in other words, if learning was kept long-

term.  The test Anderson Darling was used to validate if the data followed a normal distribution.   

The field notes were analyzed considering several dimensions: cognitive, affective and social.  According to [13] and [27] these dimensions 

must be present in every gamified activity.   

 

4. RESULTS 
Table 1 summarizes the descriptive statistics (mean and variance) obtained from the qualitative analysis of the evaluation of the exercise 

solved in the partial and final exams by the 48 participants of the study. The analysis includes each of the routes phases of mathematical 

modeling by [8]. 

 

 

 



Table 1. Descriptive statistics results (mean and variance) per each phase of the partial (1) and final exam (2).   

Phase 
1x   

2

1s  
2x   

2

2s  

Construction 8.22 14.4 8.46 6.25 

Simplification 8.96 9.53 9.25 3 

Mathematization 9.21 8.14 9.06 3.02 

Mathematical 

Work 

8.06 7.17 9.42 3.31 

Interpretation 8.02 7.17 9.8 1.02 

Validation 7.92 8.72 8.17 14.73 

Presentation 9.67 0.86 9.96 0.08 

 

As it can be seen in Table 1, mathematization phase has less mean and variance in the final exam. It is worth noting that the opposite happens 

with the validation phase for which mean and variance are higher in the final exam.  

Table 2 summarizes the inferential statistics performed over the data.  We applied normality tests to each data group, that is, to each phase 

as well as to the partial and final exams.  Results showed that not a single data group follows a normal distribution (Figure 6 shows an 

example). 

 

Figure 6. Normality test results for phase 3: Mathematization in the partial exam. 

Therefore, a non-parametric Mann-Whitney U test was used.  We set the significance level to 5%. Results are shown in Table 2. 

 

Table 2. Inferential Statistics using the non-parametric Mann-Whitney U test (figures below the 5% significance level are in bolt font). ** 

Statistical significance at the 0.01 level 

Phase P value 

P1. Construction 0.4005 

P2. Simplification 0.5255 

P3. Mathematization 0.5776 

P4. Mathematical Work 0.1214 

P5. Interpretation 0.0001** 

P6. Validation 0.0002** 

P7. Presentation 0.0510 

 

As shown in Table 2, significant values P5 and P6 invite us to reject the null hypothesis. However, most of the phases results are not 

statistically significant.  

As for the observations made during the gamified session, you can highlight that the cognitive dimension played an important role. This is 

because each level represented a challenge that was increasing in difficulty as they advanced, favoring the student's commitment 

(engagement) with the activity [17]. In the dimension regarding affectivity it was observed that having an immediate evaluation in each 

activity or level, students are encouraged to continue in case of a favorable response. In other cases, they were observed entering a 



metacognitive process so that they questioned what they had to correct or improve [13]. In other teams, discouragement was noticed and 

that's when the teacher should give clues without giving the answer so that the students become engaged in the challenge again. Finally, in 

the social dimension, it was observed that showing the progress of each team in the board made students more encouraged and also made 

them want to hasten forward. This was an important factor for the mood and engagement shown by the students during the session [27]. 

5. DISCUSSION 
The results show that in the end the students were able to establish the correspondence between mathematical model and the problematic 

situation in a more homogeneous way. The test results indicate that the performance at all stages is higher in the final evaluation except for 

the Mathematization phase but the variability is lower than the final evaluation. This is consonance with [8] who demonstrated that 

mathematical modelling is very complex for the students thanks to the cognitive demands associated to mathematical competences as 

strategies to solve problems, reading, communication and mathematical work. For this reason, the obtained result suggest that in spite of 

those difficulties that the students of this study show a ostensible progress in mathematical modeling . 

The validation phase draws the attention because in spite of finding is higher mean score average in the final evaluation, the variability was 

also high. This means that students performed differently (in a less homogeneus way) than in the partial exam. A possible explanation leads 

us to think that students might feel more confident in the final evaluation since they trusted the results obtained in their calculators and 

therefore, they probably skipped the validation of results phase.  [6] caution us this fact because  the use of technological support such as 

calculators can sometimes “atrophy” arithmetical and geometric skills (p.58). Because of this, it is worth thinking of ways to show the students 

the importance of validation in their learning process and ensure that is put into practice.  

Secondly, the failure to reject the null hypothesis allows us to corroborate that learning was sustained in the long run. In the teaching of 

mathematics this is an important issue to be considered because in final mathematics evaluations there is a tendency for students to forget 

core concepts that have been previously addressed in class. It is worth noticing that in the long-term learning was held at least at the phases 

1, 2, 3, 4 and 7 of the model [8].  This definitely favors the implementation of challenge-based gamification as it positively influences 

significant learning enabling the connections between what the students already know and the new given information to implement the 

solutions to the modeling task.  

Finally, the cognitive, emotional, and social elements were present in the gamified activity; the relevance of these dimensions were noticed 

thanks to the design context of the challenge-based gamification tasks. The challenges presented contributed to promote the cognitive 

dimension as well emotional dimension because the feedback was immediate.  On the other hand, the use of leaderboard assisted student to 

interact among each other which facilitated sharing team achievements (social dimension). However, discouragement was also notices in 

some teams that gave up even when the teacher tried to provide instructional support to solve the task. This result was also found in [13, 18, 

27, 28]. For the researchers gamification creates an environment where cognitive, emotional and social dimensions intersect.  Again, 

Challenge-based gamificationn can be a seen as an optimal teaching strategy to favor mathematical learning.  

 

6. CONCLUSIONS 

This study had the objective of measuring the impact of challenge based gamification when it is applied to the computation of the volume of 

solids of revolution that rotates around x axis employing the differential take strategy [1]. Based on the quantitative results, we conclude that 

there is no significant difference between partial and final tests in the mathematical modeling routes phases [7]: simplification, 

mathematization, mathematical work and presentation. Therefore, it is possible to claim that learning was kept long-term. Regarding the 

phases interpretation and validation, it is not possible to state that learning was kept but neither it can be said that the learning was higher or 

lower at the partial or final exams.  However, this last result invites the teacher of this study to reflect about the way in which she can make 

sure her students interpret and validate their results.  Even more important is to reinforce in the student the importance of the learning process 

for present and future.  As claimed by [8] modeling studies, this process does not follows a lineal pattern, since we observed that the students 

went back and forth from one phase to another.   

On the other hand, it is important to highlight gamification as a didactic strategy that attracts students to learning, however it has to be 

supported by a good didactic design and a reflexive process to allow continuous improvement [22, 26, 30, 34]. In this case, the offering of 

challenging activities was appealing and motivating to the students.  Besides, they could put into practice their creative and collaborative 

skills [2, 3, 23, 25, 32].  This is why challenge based gamification was proposed. It is worth noting, that challenging activities must be 

carefully designed, because disappointment can come up if the students are asked to do more than they can based on their prior knowledge 

and skills. Challenge based gamification can be a double-edged sword if not enough time is spent in reflecting about the design [24]. 

Overall, this study demonstrates that cognitive, affective and social elements are essential aspects for the creation of gamified environments 

[13, 27, 28]. Further research would be required to better understand the processes relying underneath those dimensions. It would be also 

interesting to apply and study the challenge based gamification in a wider range of topics within the same subject.  

Finally, we hypothesize that using a a quasi-experimental research design (i.e., control - experimental groups) in future studies could yield 

to more explicative results that help us to understand to what extent this strategy works better (or not) than traditional instruction.  
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