Computers & Education 73 (2014) 149–159

Contents lists available at ScienceDirect

Computers & Education
journal homepage: www.elsevier.com/locate/compedu

Integrating self-explanation functionality into a complex
game environment: Keeping gaming in motion
Deanne M. Adams*, Douglas B. Clark
Department of Teaching and Learning, Vanderbilt University, Nashville, TN 37203, USA

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 18 October 2013
Received in revised form
13 December 2013
Accepted 8 January 2014

Previous research has shown that either asking students to explain their answers or providing explanatory feedback can be effective ways to increase learning from an educational game. This study focused
on an educational physics game about Newton’s 3 Laws of Motion called SURGE: The Fuzzy Chronicles.
Eighty-six middle school students played one of three versions of the game: (1) the base version with no
tips or questions, (2) the self-explanation version with self-explanation questions prompts, and (3) the
explanatory feedback version with gameplay tips. There were no signiﬁcant overall learning differences
between the three groups, but students in the base version successfully answered more questions about
Newton’s second law than students in the self-explanation group. This may have been due to students in
the base condition progressing signiﬁcantly further through the game than students in the selfexplanation group. The results suggest that the cognitive load for gameplay as well as game ﬂow
must be managed in order for students to take advantage of explanation functionality in educational
tools designed to increase deeper, germane processing.
Ó 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Recent meta-analyses looking at research with serious games (Wouters, van Nimwegen, van Oostendorp, & van der Spek, 2013) and
simulation games (Sitzmann, 2011) suggest that games can be effective learning devices. Games can provide powerful affordances for
motivation and learning. For example, individual studies have shown that games can promote conceptual understanding and process skills
(e.g., Annetta, Minogue, Holmes, & Cheng, 2009; Clark et al., 2011; Hickey, Ingram-Goble, & Jameson, 2009; Klopfer, Scheintaub, Huang,
Wendal, & Roque, 2009; Moreno & Mayer, 2000, 2004), can foster an epistemological understanding of the nature and development of
science knowledge (e.g., Barab, Sadler, Heiselt, Hickey, & Zuiker, 2007; Neulight, Kafai, Kao, Foley, & Galas, 2007), and can produce gains in
players’ willingness and ability to engage in scientiﬁc practices and discourse (e.g., Barab et al., 2009; Galas, 2006; McQuiggan, Rowe, &
Lester, 2008). Unfortunately, the ﬁeld of educational games still lacks clear guiding principles for designing effective games based on
empirical research. In the preface to their book, O’Neil and Perez (2008) point out that while there are may be hypothesized reasons for why
educational games could be effective (e.g., interactivity and motivation) there is less actual research on how games should be designed to
facilitate learning. Studies which aim to examine how changing game features can either affect learning outcomes or player motivation have
been labeled value-added studies (Mayer, 2011). This study takes a value-added approach to examine the efﬁcacy of adding self-explanation
questions or explanatory feedback to an educational physics game to improve learning.
2. The case for self-explanation
According to the theory of multimedia learning, students must be cognitively active in order for productive learning to occur (Mayer,
2009). While a student may be behaviorally active while playing an educational game (e.g., pressing buttons), overt activity such as
clicking on game elements does not guarantee that the student is cognitively active. Even during highly interactive educational games,
students can “zone-out” or learn to “game the system” (Baker, 2008) instead of engaging conceptually with the educational material
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underlying the game mechanics. This issue is especially challenging for what Clark and Martinez-Garza (2012) call conceptually-integrated
games. Conceptually-integrated games integrate learning goals directly into the game-play mechanics of navigating or manipulating the
game-space (rather than simply situating learning goals and activities within the game space/world) such that players must master the
learning material in order to succeed within the game. This framing of educational game design is similar to Habgood and Ainsworth’s
(2011) intrinsic integration approach in which the learning material is incorporated into the core mechanics of the game without interrupting the experience of ﬂow (Csikszentmihalyi, 1990). One issue with conceptually-integrated/intrinsic integration games is that while
players may spend a signiﬁcant amount of time interacting with the game/conceptual mechanics, students may never explicitly articulate
the relationships inherent in those mechanics. A learner can therefore potentially master the mechanics at an intuitive level without
explicitly articulating those relationships in terms of formal learning goals. Therefore it is important that conceptually-integrated games
encourage learners to explicitly articulate the connections between their game experiences and the formal learning goals (Clark & MartinezGarza, 2012).
One proposed approach for connecting gameplay with formal learning goals is through using self-explanation. During self-explanation,
students are asked to explain their problem solving processes to themselves as they engage in a learning activity. Key cognitive mechanisms
involved in the process include: (a) ﬁlling in missing information by generating inferences, (b) integrating information within the lesson, (c)
integrating new information with prior knowledge, and (d) confronting and correcting incorrect information (Roy & Chi, 2005). Although all
of these processes can be cognitively demanding, they encourage students to engage in deeper, more meaningful learning by encouraging
students monitor what they do and do not understand about the material. In a review of self-explanation and multimedia learning, Roy and
Chi (2005) found that self-explanation effectively increases deep learning gains and that the beneﬁts are larger for multimedia environments than for text-only lessons.
One issue Roy and Chi (2005) present is that self-explanation can place a large cognitive load on the learner. It is critical that the design of
the instructional activity reduces as much of the cognitive load as possible so that students have adequate resources available to engage in
such a cognitively demanding task. Similar to text-based and multimedia learning, if an education game overloads cognitive processing,
then adding self-explanation prompts may not beneﬁt students since they will be unable to engage in deeper processing.
Despite the amount of research exploring self-explanation in multimedia learning, signiﬁcantly less research has explored selfexplanation in educational or serious games. Moreno and Mayer’s (2005) work with the simulation game Design-a-Plant (Lester, Stone, &
Stelling, 1999) examined three possible design features for a simulation game: (1) interactivity (being given versus selecting the correct
answer); (2) reﬂection (whether students are asked to orally explain their solutions); (3) and guidance (given corrective or explanatory
feedback). Their ﬁrst study found that students who were asked to give oral explanations for their answers showed no signiﬁcant beneﬁt
over students who were not asked to reﬂect on their answers. This was true for both retention questions and transfer measures. The
experiment did ﬁnd that students performed signiﬁcantly better when provided with explanatory feedback. Unlike corrective feedback,
which only tells students whether they are correct or incorrect, explanatory feedback provides a rationale for why the student’s answer is
correct or incorrect. The authors proposed that the lack of an effect for the reﬂective self-explanation task may have been due to the fact that
the interactivity of the lesson already required students to engage in active cognitive processing. Therefore there was no added beneﬁt from
adding another mechanism aimed at encouraging deeper processing.
Moreno and Mayer’s (2005) second experiment examined whether manipulating interactivity affected the efﬁcacy of including reﬂective
activities in the Design-A-Plant game. The results showed an interaction between the interactivity level of the game and whether students
were asked to reﬂect on their answers. Students in the interactivity condition performed best on retention measures when they were not
asked to reﬂect on their answers while students in the non-interactive version of the game performed best on retention and far transfer
items when asked to engage in reﬂection. The authors suggested that this occurred because students in the non-interactive version were
required to reﬂect only on correct answers while students in the interactive condition were also prompted to reﬂect on their incorrect
choices. The authors’ third experiment conﬁrmed this proposition. Students in the interactive version of the game were asked to explain
correct solutions provided by the game after the players had made their selections (correct or incorrect). The overall results showed that
students were more likely to give correct explanations when provided with the correct solution either in the non-interactive group or the
interactive group when the correct solution was provided. This set of three studies suggests that explanation is only effective in a game
environment that does not already encourage active cognitive processing through interactivity and if students are only reﬂecting on correct
information.
Similar results were also found by Mayer and Johnson (2010) with a game-like environment dealing with electrical circuits. During the
game, students needed to determine how the electrical current in a circuit changes when batteries and resistors are added in serial and
parallel arrangements. The study compared the beneﬁts of using self-explanation and explanatory feedback on performance on a transfer
task which took place during the ﬁnal/10th level of the game. Instead of providing their own oral self-explanation when prompted by the
game, students in the self-explanation group were asked to select from a list of possible reasons for the correct solution. The study showed
that students who received self-explanation prompts, explanatory feedback, or a combination of the two, demonstrated signiﬁcantly higher
performance on the transfer task compared to students in the base version of the game. In addition, compared to the control condition,
participants in the three experimental groups also performed signiﬁcantly better while playing the game in terms of their accuracy on the
ﬁrst nine levels. However, there were no signiﬁcant differences between the three experimental conditions on game performance suggesting that there were no advantages of receiving both self-explanation and explanatory feedback, or receiving only self-explanation over
explanatory feedback. The study shows that both explanatory feedback and self-explanation can increase student learning outcomes on
transfer tasks as well as increase students’ effectiveness while playing the game. The self-explanation results were replicated in another
study with the same game (Johnson & Mayer, 2010).
Although Mayer and Johnson’s (2010) results were similar to Moreno and Mayer’s (2005) ﬁndings, the types of self-explanation used in
the two studies were very different. Hausmann and Chi (2002) had found that having students type their self-explanations into a computer
while learning from a multimedia lesson caused students to engage more in paraphrasing the information instead of constructing explanations. Students in the self-explanation group showed no beneﬁt over the read only condition in terms of understanding the material
possibly due to the cognitive demands of having to produce their answers or the typing format suppressing more spontaneous thinking
typically seen with oral explanations. While Moreno and Mayer (2005) used oral self-explanation with Design-A-Plant to address this

D.M. Adams, D.B. Clark / Computers & Education 73 (2014) 149–159

151

problem, this may not be feasible for game-like environments in classroom settings. Teachers cannot always engage in one-on-one interactions with students. Integrating self-explanation effectively into the game is an important design consideration. Mayer and Johnson’s
(2010) results suggest that providing students with possible explanation choices is an effective way to increase learning. An additional study
by Johnson and Mayer (2010) revealed that having students select an explanation from 8 possible options was more effective that having
them generate an explanation by typing their reasoning into the game. The results showed that the self-explanation generation group did
not signiﬁcantly differ from the base version of the game on transfer performance. The authors theorized that the inclusion of the selfgenerated explanations disrupted the ﬂow of the game and increased extraneous processing. The study points to the importance of
making sure that the self-explanation portions of educational games should facilitate generative and intrinsic processing while not adding
needless extraneous processing.
The work of Mayer and colleagues suggests that self-explanation will not be effective when it adds extraneous processing or when the
game already encourages deeper processing. Therefore it is important to consider how to balance cognitive demands when implementing
self-explanation functionality into a game. Although having students select an explanation from a set of pre-generated options can alleviate
cognitive load, this approach does not guarantee that students will engage in deeper processing. For example, students could “game” the
system by selecting every multiple choice answer until the game indicates that the correct answer has been chosen (Baker et al., 2008). In
their educational game study with shadows, Hsu, Tsai, and Wang (2012) found that the performance of the participants in the selfexplanation group varied signiﬁcantly depending on the engagement level of those participants. Students in the self-explanation group
were divided into high and low engagement levels according to the ratio of correct versus incorrect/“I don’t know” responses to selfexplanation prompts that students had to answer after making a mistake during the game. While there were no signiﬁcant overall differences between their control and self-explanation conditions, high self-explanation engagement students scored signiﬁcantly higher than
both the control participants and the low engagement self-explanation participants on the retention test. While self-explanation prompts
may facilitate learning for students who actively engage in the process, there is no guarantee that students will engage cognitively with
those prompts.
3. Present study
The present study examines the effects of adding either self-explanation questions or explanatory feedback into an educational game
dealing with Newton’s laws of motion. Previous research by White (1993) has shown that simulation environments can help teach physics by
creating simple, controlled environments that can be manipulated by the learner. While Mayer and colleagues’ research on the electric
circuits and Design-A-Plants games demonstrated beneﬁts for prompting students to reﬂect on correct solutions as well as receiving
explanatory rather than corrective feedback, both of these games dealt with much simpler game environments. In Design-A-Plant, students
only make three decisions regarding which components to use when constructing their plants (8 possible root types, 8 stem types and 8
types of leaves) (Lester et al., 1999). Students playing the electric circuits game only had to problem solve using combinations of up to 4
elements at a time (one or two batteries and resistors in single, parallel or serial conﬁgurations). The game used for the present study, The
Fuzzy Chronicles, requires students to deal with more elements while engaging in problem solving such placing forces and adjusting their
quantity and direction. The self-explanation questions used in The Fuzzy Chronicles are similar to the prompts used by Johnson and Mayer
(2010), although students are only selecting from four possible answers choices (rather than eight) to explain why certain actions are
important to their solutions and why they may have failed to solve the level. Similarly, students in the explanatory feedback condition receive
tips and feedback relating to the core physics concepts. We predict that students who receive either explanatory feedback or self-explanation
question prompts should demonstrate greater pretest–posttest gains than the students who receive the base version of the game.
In addition to looking at differences between the three conditions, this study will also explore possible interactions between selfexplanation and explanatory feedback with gender. Previous research has found differences in video game experience and usage between males and females with males typically spending more time playing games (Homer, Hayward, Frye, & Plass, 2012; Paraskeva,
Mysirlaki, & Papagianni, 2010). Physics learning has also shown a signiﬁcant gender gap favoring males although females can beneﬁt
from instruction that uses more interactive strategies (Lorenzo, Crouch, & Mazur, 2006). Due to these issues, gender will be taken into
consideration as a factor that could possibly affect learning outcomes or gameplay progression.
4. Methods
4.1. Participants
Participants included 100 eighth grade students from a diverse public middle school with a 38.56% rate of free/reduced lunch eligibility.
Ten students were removed from the sample due to not having their parents’ consent in order to use their data. Students were also removed
if they did not complete the entire posttest or if they accessed and completed any part of the posttest prior to the ofﬁcial posttest
administration. This resulted in an additional 4 participants being removed from the analysis leaving a total of 86 students (Male ¼ 49,
Female ¼ 37). The students were randomly assigned to one of the three game conditions: 28 in the no self-explanation or explanatory
feedback group (base game), 27 in the explanatory feedback tips only condition (explanatory feedback), and 31 in the self-explanation
questions group (self-explanation). A chi-squared analysis revealed equal numbers of males and females across the three groups, X2(2,
N ¼ 86) ¼ 1.97, p ¼ .37.
4.2. Materials
Students in this study played The Fuzzy Chronicles, which is a conceptually-integrated educational physics game focusing on force and
motion. The narrative of the game is that the player is a space explorer navigating through space trying to save a friendly group of aliens
known as “Fuzzies” from an evil group known as “Pricklies”. The stages for the game are laid out on a star map with each star representing a
mission with three possible levels of difﬁculty (bronze, silver, and gold). After completing the bronze level of difﬁculty, students unlock the
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silver difﬁculty level for that mission as well as the bronze difﬁculty level for the next mission. Completing the silver difﬁculty level of a
mission unlocks the gold difﬁculty level of the mission. Each level takes place on a grid that contains a starting point as well as a goal (a
portal/door) that must be reached in order to successfully complete the level. Each square in the grid represents one square meter of space.
Players navigate amongst various obstacles and sub-goals between the starting and ending points of a level.
The game begins with a tutorial given by a Fuzzy general who explains how to plan out and manipulate the ship’s trajectory as well as
how to place actions on the timeline action bar. When starting a level, students plan out the trajectory of their ship by setting waypoints.
Each waypoint represents were an action takes place such as changing the speed or direction of the ship or performing an action on a Fuzzy.
Even if the player reaches the goal, the game will not let them proceed unless their solution matches the planned path. This was designed so
that students paid attention to how the paths and the actions on the timeline action bar corresponded. To move the spaceship, students
place rocket boost actions on the timeline action bar at the bottom of the screen. A sample screen shot of the game including the action bar
can be seen in Fig. 1. Each square on the action bar represented a second’s worth of time. For each force they had to indicate the amount of
force (10 N, 20 N, 30 N, 40 N, 60 N, 80 N, 100 N, and 120 N) and the direction in which the force was going to be applied (left, right, up, and
down). Rocket boosts have a duration of 0.1 seconds, so a rocket boost with 20 Newtons of force changes the spaceship’s velocity by 2 meters
per second in the direction of the rocket boost if it is not carrying any Fuzzies. The spaceship has a mass of 1 kg and each Fuzzy pod ship also
has a mass of 1 kg. Only two forces could be applied at a time although certain special actions (shields, electric Fuzzy ﬁelds, and disguises)
could be used in conjunction with two forces. For any of the actions involving Fuzzies (picking up, dropping, and launching), only one action
could be used during that second’s worth of time.
For each level there is a starting screen in which the Fuzzy general gives the players tips about the level and tells them what new or key
game mechanics are involved. After setting their path and placing forces on the action bar, students can press the lever above the action bar
to launch their spaceship and see if their solution can guide the spaceship to the end portal safely. During a level, students receive feedback
from a robot character called Fuzzbot. The major manipulation for the current study deals with type of feedback that students received after
the following actions during game: (a) before testing their solutions by pulling the lever, (b) after an incorrect solution, and (c) upon
successfully completing a level. Students in the base condition only received correct/incorrect feedback for their solution attempts, such as
Fuzzbot saying, “You blew it!” after an unsuccessful attempt and “Great Job!” after a successful attempt. Students in the explanatory
feedback group received a tip after the same game actions. Tips included items such as saying that according to Newton’s 1st law the
spaceship will not move unless an unbalanced force acts upon it. For the self-explanation group, instead of receiving tips, students had to
answer questions after the three different types of game actions. The questions were placed at these three positions to mirror the predict–
observe–explain (POE) teaching method often used by science teachers to address preexisting misconceptions in science (Chinn & Malhotra,
2002; White & Gunstone, 1992). The questions at the beginning of the stage require student to predict how certain actions would affect their
ship. For example, students would have to explain why it was important to apply a force at the beginning of the stage because Newton’s 1st
law states that an object at rest will stay at rest unless acted upon by an unbalanced force. Questions after each failure were based off of
observing the behavior of their ship during the attempt and trying to explain why the solution was incorrect. Finally, the last question was
use to explain what happened during the game level in terms of physics principles. Each question had four answers to choose from and
students could not return to the game until they answered the question correctly. Self-explanation students did not see scores for the
individual question items, but they did receive an overall score after successfully completing a level based on the number of attempts they
made averaged over all of the questions.
Missions in the game were arranged so that game mechanics dealing with different laws of motion were slowly introduced. The game
included a total of 35 missions with three levels of difﬁculty each. The ﬁrst 11 missions involved applying forces to alter the speed and
direction (velocity) of the spaceship dealing predominately with the 1st law relationships. The next ﬁve missions involved picking up and
dropping Fuzzies (which includes increasing and decreasing the mass of the spaceship). These levels demonstrated the relationship between velocity and mass as related to the 2nd law of motion, F-MA. The next 7 missions involve launching Fuzzies. When a Fuzzy is
launched, the spaceship is pushed in the opposite direction of the launch demonstrating the 3rd law of motion (for every action there is an
equal and opposite reaction). The ﬁnal 12 missions used different combinations of elements from the earlier levels while adding new game
elements to act as obstacles and challenges during the game.
The three versions of the game were hosted on a local server using the WISE (web-based inquiry science environment) interface software
as a project host. Students played the game individually on Macbook Air computers with 11 inch screens.

Fig. 1. Screen shot of a level from The Fuzzy Chronicles, including action plan that required students to launch Fuzzies.
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4.3. Measurement
To assess learning gains between the pretest and the posttest, a 20-item multiple-choice test was used. A sample item from the test can
be seen in Fig. 2. Questions asked students to determine what would happen if a certain force was applied either to a moving or stationary
object, what combinations of forces could create a certain trajectory, what would happen if the mass or force acting on an object changed,
and what would happen if an object was thrown using a particular force in a speciﬁc direction. More speciﬁcally, six multiple-choice
questions dealt with Newton’s 1st law of motion in one dimension, ﬁve dealt with Newton’s 1st law of motion in two dimensions, ﬁve
dealt with Newton’s 2nd law of motion, and four questions dealt with Newton’s 3rd law of motion. In addition to the multiple-choice test,
students also completed a short-answer posttest, which involved a sheet of paper containing two of the multiple choice questions (one
dealing with 1st law and one dealing with 2nd law) with the correct solutions circled on them. Students were asked to explain why that
answer was correct according to Newton’s laws of motion. The two short answer questions can be seen in Fig. 3. Only 1st and 2nd law
questions were included on the short answer pretest due to previous pilot data showing that the majority of students only reached game
levels dealing with these relationships.
4.4. Procedure
Before starting gameplay students received a consent form for their parents to sign as well their own assent forms. Students were told that
their data would not be used in the analyses if either they or their parents were uncomfortable with participating. The classes were awarded
with a free pizza lunch as compensation for their participation in the project. The experiment took place during ﬁve 1-hour class periods over
the course of one week. Four separate classes of students (all with the same teacher) participated in the experiment. Students were randomly
assigned to one of the three conditions within each class period. For each class, students had already been assigned to lab groups at separate
tables with up to four students at a table. A project code was placed on the table for students to use when logging into the WISE interface to
create their individual student accounts. The code for each table determined the condition to which the students were assigned.
During the ﬁrst day students were guided through setting up their accounts on WISE. They were then asked to review the tutorial before
completing the pretest. Students were then allowed to play the game at their own pace. For the game, students were instructed to attempt to
complete as many of the bronze levels as they could in order to experience as much of the educational content as possible before attempting
the silver or gold levels. Students were given minimal help from the experimenters, but students were encouraged to seek help from the
person sitting next to them if they were having trouble completing a level. This was done for two reasons: to minimize reliance on the
experimenters for help and to encourage students to progress as far as possible in the game. However, the students were discouraged from
playing the game jointly. Students continued to play the game for the next three days for approximately 45–50 minutes each day depending
on the length of the teacher’s announcements and administrative tasks. On the ﬁfth and ﬁnal day, students played the game for 30 more
minutes before they were asked to complete the multiple choice posttest with no time constraints. After students ﬁnished the electronic
posttest, they were given the paper and pencil short answer test.
5. Results
Means and standard deviations for the pretest, posttest, and gains scores can be found in Table 1. There were no signiﬁcant differences
between the three groups on the pretest, F(2,83) ¼ .82, MSE ¼ 13.64, p ¼ .44. A repeated measures ANOVA examining test (2)  condition (3)
found that there was a signiﬁcant overall effect for testing session, F(1,83) ¼ 21.97, MSE ¼ 113.85, p < .001, d ¼ .50, with participants scoring
signiﬁcantly higher on the posttest after playing the game with an average gain of 1.62 points (SD ¼ 3.27). Thus students demonstrated
signiﬁcant pre-post gains overall. The repeated measure ANOVA revealed no signiﬁcant interaction between testing session and condition,
F(2,83) ¼ 2.42, MSE ¼ 12.52, p ¼ .10, therefore the condition students were assigned to did not affect overall learning gains.
To examine whether the game condition had an effect on learning for any of the subsets of questions (1st law in 1 dimension, 1st law in 2
dimensions, 2nd law, and 3rd law), a repeated measure ANOVA was conducted examining pre and posttest performance on the four

Fig. 2. Sample question from the electronic physics pretest/posttest.
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Fig. 3. Short answer paper and pencil test items.

question types for the three conditions. When looking at the main effect for testing session, participants performed signiﬁcantly better on
the posttest for questions dealing with 1st law in one dimension, F(1,80) ¼ 15.31, MSE ¼ 21.38, p < .001, 1st law in two dimensions,
F(1,80) ¼ 13.79, MSE ¼ 13.09, p < .001, and 2nd Law, F(1,80) ¼ 4.88, MSE ¼ 5.45, p ¼ .03. However, there was no signiﬁcant effect of testing
session on questions dealing with the 3rd law, F(1,80) ¼ .04, MSE ¼ .03, p ¼ .84. When looking at the interaction between game condition
and testing session, the only signiﬁcant difference was for 2nd law questions, F(2,80) ¼ 3.19, MSE ¼ 7.38, p ¼ .05, with the base-game group
demonstrating signiﬁcantly higher learning gains when compared to the self-explanation group (p ¼ .04, d ¼ .70). There were no other
signiﬁcant differences between the three groups.
The ﬁnding that the self-explanation group demonstrated signiﬁcantly lower learning gains compared to the base-game group on the
posttest on questions dealing with 2nd law is likely explained by examining game progression differences between the three groups.
Analyses of the number of levels completed by students across the three conditions showed signiﬁcant difference between the three groups,
F(2,83) ¼ 4.18, MSE ¼ 107.48, p ¼ .02. Bonferroni pair-wise comparisons revealed that the base-game group (M ¼ 19.50, SD ¼ .96) completed
signiﬁcantly more levels compared to the self-explanation group (M ¼ 16.03, SD ¼ .91) (p ¼ .03). There was also a non-signiﬁcant trend for
the explanatory feedback group (M ¼ 19.11, SD ¼ .98) to complete more levels than the self-explanation group (p ¼ .07). There was no
signiﬁcant difference between the level progression of tips and base-game groups. Therefore, students who were not required to answer
physics question prompts completed more levels of the game.
Looking at game level progress broken down by law focus, a chi-squared analysis revealed that signiﬁcantly fewer participants in the selfexplanation group reached levels dealing with launching Fuzzies/3rd law relationships, X2(4, N ¼ 86) ¼ 16.57, p ¼ .002, compared to the
other two conditions. The majority of participants in the self-explanation group (64.5%) reached the section of levels that focused primarily
on the 2nd law relationships (e.g. picking up and dropping Fuzzies), while the majority of participants in the explanatory feedback group
(59.3%) and the base-game group (53.6%) reached the section of levels that focused primarily on the 3rd law. The data suggests that participants in the base-game group, who had more experience with the implications of the changes in mass and velocity involved in picking up
and launching Fuzzies, were more successful at answer questions dealing with key 2nd law relationships. The fact that fewer students
Table 1
Means and standard deviations for pretest and posttest for participants across the three conditions.
Condition

Pretest

Posttest

Gain score

Base game
Self-explanation
Explanatory feedback
Total

8.07
8.55
7.19
7.97

10.79
9.61
8.30
9.58

2.71
1.06
1.11
1.62

(4.57)
(3.92)
(3.70)
(4.07)

(5.50)
(4.65)
(3.78)
(4.76)

(3.31)
(3.02)
(3.34)
(3.27)
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overall reached levels dealing with 3rd law relationships could explain the lack of a signiﬁcant difference between the pretest and posttest
for questions related to the 3rd law of motion.
5.1. Self-explanation engagement and learning differences
Hsu et al. (2012) found that the engagement level of the participants in their self-explanation condition had a signiﬁcant effect on
learning gains. It is therefore possible that within our self-explanation group participants who actively tried to answer the questions
correctly may similarly have demonstrated higher performance than those who “gamed the system” by randomly clicking answers until
the game indicated that the correct explanation had been selected. For every question participants were provided four possible explanation options. For each incorrect answer choice selected their score decreased by 25%. Scores were then averaged across the pre-ﬂight,
in-ﬂight, and post-ﬂight questions to give an average explanation score for each game level. These scores were then averaged over the
completed levels for each self-explanation participant. There was a signiﬁcant positive correlation between pretest and self-explanation
score, r(30) ¼ .59, p ¼ .001, and posttest, r(30) ¼ .49, p ¼ .006, but there was no signiﬁcant correlation between learning gain scores and
self-explanation scores, r(30) ¼ .02, p ¼ .91. The lack of a signiﬁcant relationship with learning gains suggests that the student’s ability or
willingness to answer self-explanation questions may have been more a function of prior knowledge levels rather than information that
they acquired through the game. To examine this possibility further, a median split was used to divide students into high and low selfexplanation engagement groups. A repeated measures ANOVA looking at performance over the two testing sessions between high and
low self-explanation participants showed no signiﬁcant interaction between testing session and self-explanation engagement level,
F(1,28) ¼ .13, MSE ¼ .60, p ¼ .73, suggesting that receiving higher engagement scores was not signiﬁcantly related with higher learning
gains from the game. One possible reason for this result is that because participants in the self-explanation group received feedback after
answering the self-explanation prompts, all of the students were exposed to the same correct information. Due to how the selfexplanation scores were calculated, participants with higher scores were individuals who were more likely to answer the question
prompts correctly on the ﬁrst or second try. These were mostly likely individuals with higher prior knowledge considering the signiﬁcant
positive correlation between pretest performance and explanation score. Therefore participants with high prior knowledge received
higher scores on the self-explanation prompts but did not necessarily learn more from playing the game since all students received the
same correct information.
5.2. Gender differences on game performance and learning gains
Examining the possible effects of gender, there was no signiﬁcant difference in pre-test performance between males and females,
F(1,80) ¼ .19, MSE ¼ 3.25, p ¼ .66. For difference scores between the pretest and the posttest, there was no signiﬁcant main effect for gender
F(2,80) ¼ .77, MSE ¼ 8.07, p ¼ .38, nor was there signiﬁcant interaction between gender and condition, F(2,80) ¼ .58, MSE ¼ 6.09, p ¼ .56.
Looking at game progress, there was a signiﬁcant main effect of gender on number of levels completed, F(1,80) ¼ 5.02, MSE ¼ 115.61, p ¼ .03,
d ¼ .55, with males (M ¼ 19.33, SD ¼ 5.47) completing signiﬁcantly more levels than females (M ¼ 16.54, SD ¼ 4.56). In addition there was a
signiﬁcant interaction between condition and gender in terms of number of levels completed, F(2,80) ¼ 3.73, MSE ¼ 85.82, p ¼ .03. While
participants of both genders completed the fewest number of levels in the self-explanation group, female participants in the explanatory
feedback group completed the most levels while males in the base-game group completed the most levels. Means and standard deviations
for game progression for the three groups broken down by gender can be found in Table 2.
5.3. Short answer analysis
For the short-answers portion of the posttest, students were scored according to the following criteria: (1) intuitive/game based understanding independent of formal terminology; (2) attempted formal connection (accurate or otherwise) to connect the explanation with
one of Newton’s laws (either a number or the deﬁnition); (3) accurate formal connection.
The ﬁrst of the two short-answer questions involved making a 90 turn. The challenging part of this question for students involves the
leftward force, which is necessary to stop the rightward motion otherwise the object will travel in a diagonal down and to the right. Answers
that were seen as only reﬂective of an intuitive understanding would include information regarding applying a leftward force while an
response that including both and intuitive and a more formal understanding would also mention that an object in motion will remain in
motion unless acted upon by an outside force or that the question related to the 1st law of motion.
In terms of whether or not the student’s response included intuitive/game based explanation, there was no signiﬁcant difference between the three conditions, X2(2, N ¼ 84) ¼ 1.35, p ¼ .51. Therefore students across the three conditions were equally as likely to include the
necessity of a leftward horizontal force to reduce horizontal velocity to zero before applying a downward force. In terms of whether or not
the students made an attempted formal connection between the problem and one of Newton’s laws there was no signiﬁcant difference in
the likelihood that the students would include any information about Newton’s law(correct or incorrect) in their answers, X2(2,
N ¼ 84) ¼ 4.41, p ¼ .11. However, when examining whether participants made accurate formal connections, there was a signiﬁcant difference
across the three conditions. Participants in the base-game group were more likely to mention the incorrect 3rd law (for every action there is

Table 2
Average level reached by male and female participants across the three conditions.
Condition

Females

Males

Base game
Self-explanation
Explanatory feedback
Total

15.83
15.44
19.44
16.54

22.25
16.67
18.94
19.33

(4.84)
(4.73)
(2.60)
(4.56)

(6.17)
(1.99)
(5.77)
(5.47)
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an equal and opposite reaction) compared to the explanatory feedback condition, X2(4, N ¼ 84) ¼ 10.81, p ¼ .03, to explain why a leftward
horizontal force must be used. There was no signiﬁcant difference in the likelihood that participants would make an accurate formal
connection to the 1st law of motion. This may indicate that the inclusion of explanatory feedback helped to address misconceptions
regarding the laws but did not encourage students to necessarily think in terms of the three laws. Only one student in the base-game group
included Newton’s 2nd relationship information in their response. This response was recorded as correct due to including information in
relation to how force affects the acceleration of the ship.
Looking within the self-explanation group for high versus low engagement participants, there was a signiﬁcant difference in the likelihood that participants’ answer for the ﬁrst question would include needing to use a force to stop the horizontal motion, X2(1,
N ¼ 29) ¼ 7.81, p ¼ .005, with 78.6% of high engagement students stating that a forced needed to be used to stop the spaceship before making
the spaceship move straight down, but there were no signiﬁcant differences in either attempts to make formal connections or the accuracy
of formal connections.
For the second question, dealing with 2nd law relationship, students had to explain how a change in mass from 1 kg to 2 kg would affect
the change in velocity when the amount of force was kept constant (See Fig. 3). For this question, there was no signiﬁcant difference between the three groups for whether students gave an intuitive based explanation describing the relationship between force and mass, X2(2,
N ¼ 84) ¼ 1.34, p ¼ .51. In addition there was no signiﬁcant difference between the three condition concerning attempted formal connects,
X2(2, N ¼ 84) ¼ 1.50, p ¼ .47, or whether students made the accurate formal connections to the 2nd law relationships, X2(6, N ¼ 84) ¼ 3.98,
p ¼ .68. The majority of student did not mention anything pertaining to Newton’s 2nd law (77.4%). Only a few mention anything about the
correct law (11.9%), however, only a small number made the error of mentioning either the 1st law (8.3%) or the 3rd law (2.4%). There were
no signiﬁcant differences between the high and low engagement self-explanation student groups on the second short-answer question for
any of the short-answer scoring criteria.
6. Discussion
6.1. Findings by condition
The results showed that students in all three conditions demonstrated signiﬁcant higher performance on the post-test compared to
their performance on the pre-test. Between the three groups there was only one signiﬁcant difference; participants in the base-game
condition had signiﬁcantly larger gains between the pretest and the posttest on questions dealing with Newton’s 2nd law. This is the
opposite of the predicted outcome, that requiring students to answer self-explanation questions would help connect their game experiences to more formal physics representations. The simplest and most plausible explanation for this outcome is that students who
progressed furthest through the game learned the most. Students in the base-game condition were able to complete signiﬁcantly more
levels than the self-explanation condition, and the explanatory feedback condition also showed a similar non-signiﬁcant trend of
completing more levels than students in the self-explanation-condition. The 2nd law relationships between force, mass, and changes in
velocity were the focus of levels later in the sequence and reinforced by elements in the levels which introduced picking up and
launching Fuzzies (a game mechanic designed to highlight 3rd law relationships). Thus the self-explanation group had less opportunity
to explore 2nd law relationships in game. Unfortunately the extra time invested in explaining solutions during earlier levels did not
result in increased learning outcomes for 1st law relationships for the self-explanation group in comparison to the other two groups. For
the paper posttest, student in the base version of the game were more likely to make the misconception of attributing applying an
unbalanced force to stopping an object to the 3rd law of motion although this misunderstanding may not have been detrimental to
them while playing the game. There were no signiﬁcant differences between conditions for whether participants made accurate formal
connections with the 1st law of motion. Therefore, while having explanatory tips may have encouraged students to avoid this
misconception, it did not necessarily lead to a connection between the intuitive understanding fostered in the game and formal representations of Newton’s 1st law.
One possible limitation for the experimental manipulation was that students were allowed to help each other during gameplay. While
this may have helped students to progress further in game and limited their interaction with the experimenters, interacting with other
students may have decreased the effectiveness of the self-explanation and feedback manipulations. Although a purer experimental
manipulation would restrict all outside interactions during gameplay, the experimenters believed that allowing students to seek help from
partners at their lab tables (who were all within the same condition) allowed for a more authentic classroom experience. Students were
discouraged from playing the game together so that they would attend to the question and feedback prompts. Future studies could limit this
interaction to see if the absence of any outside assistance would increase reliance on in-game help features.
6.2. Findings by gender
Previous research has found that using an educational game to teach physics can be more effective for males versus females when using a
conceptually-integrated/intrinsic integration game design approach (Echeverría, Barrios, Nussbaum, Améstica, & Leclerc, 2012). The results
from the current study showed no signiﬁcant differences in learning gains between males and females in general or between the three
conditions. Males, however, progressed further through the game missions. The interaction between gender and condition on level progression suggests that female players may have beneﬁtted more for feedback in terms of how to play the game. This may have been due to
differences in prior game playing experience. Unfortunately no data on previous commercial game experiences was gathered so no conclusions can be made as to interaction between gender and game-playing experience with regard to level progression.
6.3. Findings by engagement
Unlike Hsu et al.’s (2012) ﬁndings, which showed learning differences within their self-explanation condition between high and low
engagement students, our results showed no differences in learning gains between students with high versus low self-explanation scores.
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Although high-scoring self-explanation participants were more likely to mention canceling out the horizontal force on the short answer
problem, it is unclear whether or not these differences were due to the intervention or if it was due to the relationship between higher prior
knowledge levels and self-explanation scores.
In terms of engagement for the tips conditions, it is unclear whether students took advantage of the information provided at the three
different feedback points. Students in the tips condition may have shown higher learning gains if they spent more time reading the hints and
using that information to develop more formal based understandings of the relationships in the games. Future research should examine
whether time spent reading the explanatory feedback affects gameplay and learning outcomes.
6.4. The interaction between cognitive load and self-explanation
Despite the self-explanation group receiving additional information pertaining to physics, why were they unable to complete as many
levels as the base game condition? Similar to result from Moreno and Mayer (2005) the interactivity within the game environment may
have affected gameplay. Unlike the Design-A-Plant studies, where interacting may have encouraged deeper processing, the amount of
interaction in The Fuzzy Chronicles may have overloaded cognitive processing making students unable to engage reﬂectively with the selfexplanation questions. The basic game design for The Fuzzy Chronicles has a large amount of intrinsic processing load (i.e., the amount of
cognitive load required to understand the basic material in a lesson). According to Sweller (2010), one of the critical factors in intrinsic load is
element interactivity, which is how many elements the learner must process simultaneously in order to complete the learning goal. Moreno
and Mayer’s (2005) Design-A-Plant game only asked students to make a total of 3 selections to construct a plant while The Fuzzy Chronicles
requires students to place anywhere between 2 and 40 actions. During a typical level The Fuzzy Chronicles students must: (a) travel through
multiple line segments while adding forces in order to start, stop, and change the speed of the spaceship; (b) add actions such as picking up
Fuzzies and applying shields; and (c) ensure their timeline action bar matches their planned route in the game area.
The basic game design also includes a spatial separation between the action bar and where the actual action takes place in the game area.
This may also increase cognitive load due to violating the spatial contiguity principle (Mayer, 2009) in which students learn better when
corresponding elements are presented near to each other rather than far apart. Students have to make eye movements between the play
area and the action bar in order to integrate how the actions placed on the bar correspond to the movements of the spaceship.
Additional cognitive load may have been created by students mentally simulating the actions of their spaceship before pulling the launch
lever to test out their solutions using the game. This may have been the key factor that may have caused the progression differences between
the three game conditions. During the game students can test out their solution by “pulling” the launch lever on the left hand side of the
screen. With the cognitively demanding design of the game, students may have broken down parts of the level into smaller segments
instead of focusing on the entire solution. The segmenting principle in multimedia learning is a way that complex material can be broken
down into smaller segments in order to manage intrinsic or essential processing load (Mayer, 2009). Segmenting can similarly be used in
games in order to break down complicated game mechanics into smaller, more manageable sub-goals. For example, a student could ﬁrst
focus on moving three squares and then focus on creating the correct combination of forces to move along a diagonal path instead of trying
to place all of the forces for the two line segments at once. Using the launch lever would allow students test to see whether they had
successfully completed each segment separately.
Unfortunately, the design difference between the three conditions may not have encouraged students to equally adopt this strategy.
Students in the self-explanation group had to answer questions before launching the simulation, after a failed attempt to complete the level,
and upon successful completion of the level. This design mechanic forced students in the self-explanation condition to answer at least one to
two questions for every attempt. Questions had to be answered correctly before the game would allow the students to return to the game. In
contrast, students in the explanatory feedback version were presented with feedback tips at the same game points. The students could easily
press a button to return to gameplay with or without reading the entire explanatory tip. In the base-game group, students only received
correct/incorrect feedback from the game for their attempts. Considering the game requirements, the self-explanation group may have been
discouraged from making more attempts to avoid having to answer so many questions. The questions interrupted the ﬂow of the solution
process therefore incentivizing students to focus more on getting the entire solution correct rather than focusing on natural consecutive
segments. Focusing on the entire solution instead of segments could overwhelm student’s working memory capacity making it harder for
them to ﬁnd problems within their solution pertaining to particular segments.
Allowing students to simulate their action plans can be considered an example of what Kirsh and Maglio (1994) call an “epistemic
action.” Epistemic actions are actions in which humans alter their physical environment in order to facilitate cognition. Kirsh (1995)
classiﬁed epistemic actions into 3 categories according to how they can facilitate cognition: by simplifying choice, simplifying perception, or by simplifying internal computation (Kastens, Liben, & Agrawal, 2008). For example, Kirsh and Maglios’ (1994) research has shown
that players can ofﬂoad the cognitively demanding process of mental rotation by using the simple rotation function in the commercial game
Tetris. Instead of having to visualize what a Tetris shape will look like after being rotated by 90 increments, it is faster for the player to press a
key and get immediate visual feedback from the game for how the piece appears at all four orientations. Other research has shown that
epistemic actions can facilitate learning in scientiﬁc areas such as geology (Kastens et al., 2008). Speciﬁcally, Kastens et al. (2008) found that
both students and geologist would use epistemic actions such as rotating geological models so they aligned with their sketches and
juxtaposing two models to help determine which best represented the 3D geological structure. The efﬁcacy of complicated educational
games might be enhanced by allowing students to ofﬂoad parts of the gameplay through epistemic actions (such as allowing students to
simulate the action plan in The Fuzzy Chronicles).
In future research it will be important to examine the degree to which allowing students to ofﬂoad processing onto the game, such as
segmenting levels into smaller units, might support more effective learning outcomes. Future research could also examine how a student’s
strategy can affect learning from an educational game. Do students who use more trial-and-error learn less about physics compared to
students that plan out his or her entire solution before trying to solve the level? It would also be of interest to see if students who have
higher visualization skills do not need to use game mechanics in order to test out their planned trajectories.
One other major difference between The Fuzzy Chronicles and games that have beneﬁtted from adding self-explanation and
explanatory feedback was the interaction between the interactive demands of the games and the coupling of feedback with players’
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responses. In the Design-A-Plant and the electric circuit games, students made only one to four selections and either received feedback
or were asked to explain their choices. This allowed the game interface to closely match explanations and feedback with the player’s
actions. As mentioned in the previous section, The Fuzzy Chronicles interface can require students to place up to 40 different actions in
order to solve a level. An error in any of those actions can result in the student being asked a question or receiving explanatory feedback
related to one of the laws.
The less constrained game design for The Fuzzy Chronicles makes it harder for the system to recognize the exact errors made by the
students. If a player’s spaceship goes off course, the game may ask the student how using an unbalanced force could change the spaceship’s
trajectory (1st law of motion), however, it cannot identify the exact reason for why the spaceship went off course (e.g. applying a force too
late or not using a downward force to stop upward motion). Research on gaming the system has shown that there is a high correlation
between students seeing an electronic tutor as being unhelpful for learning and gaming behavior (Baker et al., 2008). If students did not
think that the system was able to identify their particular mistakes this may have led to the belief that the game was unhelpful at providing
guidance for how to successfully complete levels. To examine this possibility, future studies could limit the number of decisions each student
has to make for each level and couple the questions and feedback speciﬁcally to those decisions. This would decrease overall cognitive load
and help students integrate the information they are receiving from playing the game with the physics information from the selfexplanation questions.
One ﬁnal difference between previous research which has shown beneﬁts for self-explanation and the current study is when students
were asked to engage in self-explanation. Moreno and Mayer’s (2005) research points to the importance of having participants explain
correct solutions. Johnson and Mayer (2010) also asked participants to explain correct solutions. In Hsu et al.’s (2012) study, self-explanation
was only effective for students who correctly explained what mistake they had made during the game. It is unclear from Hsu et al.’s (2012)
results whether students would have beneﬁtted from receiving feedback to their self-explanation choices. One issue with the current study
is that participants were asked to answered questions after three separate types of games events: (1) before making an attempt which could
have been correct or incorrect, (2) after an unsuccessful attempt which was an incorrect solution, and (3) after a successful attempt/correct
solution. Future studies should separate the timing of self-explanation questions into separate experimental conditions to determine the
impact of reﬂecting only on successful attempts versus the impact of reﬂecting on unsuccessful as well as successful attempts.
All of the above issues point to a disruption in the experience of ﬂow while gaming (Csikszentmihalyi, 1991). During a state of ﬂow
participants are completely absorbed in an activity. Flow experiences have been deﬁned by characteristics such as concentration, time
distortion, and sense of control (Kiili, 2005). Kiili and Laineme (2008) draw a distinction between the experience of ﬂow while playing an
educational game and consciously reﬂecting on the learning material. While ﬂow should encourage behaviors that are spontaneous and
automatic, knowledge construction is a conscious and active process. Therefore controlling the game should be automatic and spontaneous
while the actual educational content, such as the self-explanation prompts, should require the players to reﬂect on the material. Both
Johnson and Mayer (2010) and Kiili and Laineme (2008) raise the issue that when working memory is overloaded by either extraneous
material or the intrinsic difﬁculty of the gameplay, students are less likely to experience ﬂow. The design of the game must encourage ﬂuid
interactions so students can free up their cognitive resources to focus on processing the learning material and problem solving during the
game. Having students make an overwhelming number of decisions during a game level, asking questions during the problem solving
process, and discouraging ofﬂoading cognitive demands through trial and error are all possible reasons why game ﬂow could have been
disrupted during The Fuzzy Chronicles. Future designs of this particular game must focus on encouraging ﬂow while playing the game so that
students have the cognitive resources available to take advantage of the learning prompts.
6.5. Incorporating self-explanation into games: ﬁnal thoughts and next steps
Evidence from previous research supports the following conclusions in terms of determining when self-explanation is productive to
include in education and simulation games support the following conclusions:
1) Self-explanation adds no additional beneﬁt when interactivity with the game is enough to encourage adequate processing to understand the to-be-learned material (Moreno & Mayer, 2005).
2) In order to decrease cognitive load participants should be given self-explanation options to pick from instead of having to generate
explanations (Johnson & Mayer, 2010; Mayer & Johnson, 2010). Using options also allows the game to give feedback to correct any
misconceptions that students have for their explanations.
3) Participants should likely be asked to reﬂect only on correct answers (Moreno & Mayer, 2005)
Results from this present study suggest that the following design aspects should be taken into consideration when implementing selfexplanation:
4) Self-explanation paired with errors made by the player will not be effective if the prompts are not closely coupled with the error.
Students may not see the prompts as informative if there is a mismatch between the questions and the errors the student made.
5) Learner behavior needs to be taken into account when deciding how to use self-explanation prompts. If the game places a lot of
cognitive demands on the player using fewer self-explanation prompts may be more effective.
6) If students make a large number of errors while problem solving during the game, the questions could actually be viewed as punishment and discourage students from progressing through the game using techniques such as segmenting, experimenting by altering
variables in the level, and trial and error.
All six of these points need further investigation to understand when and how educational game can integrate self-explanation. The
present study suggests that self-explanation questions and explanatory feedback are not effective in a conceptually integrated educational
game when the overall cognitive load level is high or when the self-explanation functionality disrupts gameplay and becomes “punitive.”
One beneﬁcial affordance of games is immediate feedback, which encourages experimentation and supports learning. By forcing students to
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answer questions after unsuccessful trials, the design of self-explanation functionality in the current study seems to have discouraged more
exploratory strategies such as segmenting the problem into more manageable chunks to decrease cognitive load. When cognitive load is too
high, the learner is unable to engage in deeper cognitive processing in order to integrate what is happening in the game with the educational
concepts, then they cannot take advantage of additional information. Game mechanics must manage cognitive load, possibly by allowing
them the opportunity to ofﬂoad processing that is not central to the learning goals.
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