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This study investigates the potential of a digital game that overlays popular game-play mechanics with
formal physics representations and terminology to support explicit learning and exploration of Newtonian mechanics. The analysis compares test data, survey data, and observational data collected during
implementations in Taiwan and the United States with students in grades 7–9. Results demonstrate
learning on some core disciplinary measures and high levels of learner engagement, indicating the
potential beneﬁts of this genre of conceptually-integrated games, but also suggesting that further
research and development will be needed to more fully harness this potential. Encouragingly, striking
similarities were observed across the two countries in terms of learning and engagement, suggesting that
this genre of learning games may prove suitable for engaging students in active exploration of core
science concepts across multiple countries.
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1. Introduction
International and national science standards call for inquiry learning and a focus on depth of understanding, but science instruction in
many countries often focuses more on breadth than depth and involves minimal opportunity for inquiry-related learning (e.g., Mullis,
Martin, & Foy, 2008; Newton, Driver, & Osborne, 1999; Roth et al., 2006). Furthermore, school-based science curricula tend to center on
explicit formalized knowledge structures, seldom connecting this knowledge with students’ tacit intuitive understandings. Digital games
potentially provide a medium for addressing these challenges in an engaging inquiry-based manner for students (Gee, 2003, 2004, 2007;
Klopfer, Osterweil, & Salen, 2009). A growing body of research and scholarship on games and cognition emphasizes cycles of prediction,
observation, and reﬁnement as core mechanics of game play processes (e.g., de Freitas & Neumann, 2009; Salen & Zimmerman, 2003; Squire
et al., 2003; Wright, 2006). Prediction and observation are focal inquiry processes in science education (e.g., Champagne, Klopfer, &
Gunstone, 1982; Tao & Gunstone, 1999), and thus digital games might support students in exploring challenging core science concepts in
a context that also emphasizes key inquiry processes rather than the decontextualized rote learning central to much traditional science
instruction. Prior studies have suggested, however, that learning in digital games is often more tacit than explicit (e.g., Squire, Barnett, Grant,
Higginbotham, 2004). Furthermore, there may be differences between students in different countries that would preclude implementing
a generalized approach to learning within a digital game across multiple contexts (e.g., Lee & Luykx, 2007). The current study explores these
two challenges. More speciﬁcally, the current study explores the two following questions:
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1. Can a conceptually-integrated digital game that overlays popular game-play mechanics with formal physics representations and
terminology support explicit learning about Newtonian mechanics as demonstrated through post-test measures based on assessment
items from the formal discipline (i.e., the Force Concept Inventory)?
2. How similar or different are the learning and affective experiences of students playing the game in two different countries (i.e., Taiwan
and the United States)?
2. Background
The idea that games might provide affordances for science learning and inquiry is not idiosyncratic. In 2006, the Federation of American
Scientists issued a widely publicized report stating their belief that games offer a powerful new tool to support education and encouraging
governmental and private organizational support for expanded funded research into the application of complex gaming environments for
learning (FAS, 2006). In 2009, a special issue of Science (Hines, Jasny, & Merris, 2009) echoed and expanded this call. Many studies provide
evidence for the potential of digital games to support science proﬁciency in terms of conceptual understanding and process skills to operate
on that understanding (e.g., Annetta, Minogue, Holmes, & Cheng, 2009; Barab et al., 2007; Clark, Nelson, Sengupta, & D’Angelo, 2009; Coller
& Scott, 2009; D’Angelo, Clark, Nelson, Slack, & Menekse, 2009; Dieterle, 2009; Hickey, Ingram-Goble, & Jameson, 2009; Holbert, 2009; Kafai,
Quintero, & Feldon, 2010; Ketelhut, Dede, Clarke, & Nelson, 2006; Klopfer, Scheintaub, Huang, Wendal & Roque, 2009; Moreno & Mayer,
2000, 2004; Nelson, 2007; Nelson, Ketelhut, Clarke, Bowman, & Dede, 2005; Steinkuehler & Duncan, 2008). Studies also show that
games can support students’ epistemological understanding of nature and development of science knowledge (e.g., Barab, Sadler, Heiselt,
Hickey & Zuiker, 2007; Clarke & Dede, 2005; Neulight, Kafai, Kao, Foley, & Galas, 2007; Squire & Jan, 2007; Squire & Klopfer, 2007) and
students’ attitudes, identity, and habits of mind in terms of their willingness to engage and participate productively in scientiﬁc practices
and discourse (e.g., Anderson & Barnett, in press; Annetta et al., 2009; Barab, Arici & Jackson, 2005; Barab et al., 2009; Dede & Ketelhut, 2003;
Galas, 2006; McQuiggan, Rowe, & Lester, 2008).
2.1. Leveraging popular game-play mechanics to teach physics
Many popular commercial games offer interesting pedagogical opportunities for physics education with their focus on physics-based
problem solving that involves careful manipulation force and motion. Speciﬁc titles of note in this genre have included, for example,
Portal, Marble Madness, Marble Blast, Orbz, Tiger Woods PGA, Switchball, and Mario Galaxy (see examples in Fig. 1).
While these commercial physics games provide students with a strong intuitive ‘feel’ for physics concepts, they don’t appear to (and were
not designed to) help students make the leap from tacit understanding to more formalized knowledge. For example, Masson, Bub, and
Lalonde (2011) found that students playing a commercially available physics-based game (Enigmo) “improved their ability to generate
realistic trajectories” (p. 1). However, the game did not help them learn more from a direct instruction “tutorial” when compared to a control
group. The tutorial focused explicitly on formalized concepts and “explain[ing] the forces acting on moving objects and objects at rest”, but
the game itself gives the students an idea about what trajectories look like and some information about angles of incidence vs. reﬂection.
This mismatch between the content and experience in the game and the expected learning could be one reason for the limited gains.
Game-based experiences thus appear to require scaffolding in order for students to make the connections between the game and the
more formalized knowledge required in a school-based context. These ﬁndings suggest that simply having players engage with physicsbased games is not sufﬁcient to help them learn physics. This result is not overly surprising; few people would suggest that playing
soccer, for example, will teach people physics even though soccer is clearly a physics-based game in many ways. Enigmo was developed as
a commercial recreational game rather than as a learning experience, and thus unsurprisingly follows along this path. Soccer, Enigmo, and
other games, however, could potentially be re-envisioned or redesigned in a manner that would support explicit articulation and exploration of the core physics implicit in their game experience.
2.2. Designing physics games for learning
While most research on games for science learning has focused on 3D virtual worlds that players explore to collect and analyze data to
form and test hypotheses (e.g., Barab et al., 2009; Ketelhut et al., 2006; Ketelhut & Schifter, 2010), some research has focused on building the
learning goals into the actual movement and mechanics of the fabric of the world using popular game-play mechanics from the genre of
physics games discussed above (Clark, & Martinez-Garza, in press; Clark, Nelson, D’Angelo, Slack, & Martinez-Garza, 2010; Clark, Nelson,
D’Angelo, Slack, Menekse, et al., 2010; Nelson, Erlandson, & Denham, 2010). Clark and Martinez-Garza label these latter games as

Fig. 1. Tiger Woods PGA (2006), Orbz (2004), and Mario Galaxy (2007) all involve physics puzzles as their core game mechanic.
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“conceptually-integrated” and the former games as “conceptually-embedded” to distinguish between the approaches. Essentially,
conceptually-integrated games have the potential advantage of engaging the player with the science ideas targeted in the game a higher
percentage of the play time (potentially the vast majority of play time) whereas conceptually-embedded games involve other interactions
while moving and exploring the world between speciﬁc inquiry locations and activities, or as backdrop for those activities. The disadvantage
of integrating the science learning goals directly within the motion and mechanics of the game world, however, is that while the players may
spend the vast majority of game-play time interacting with the core ideas as a means of navigating through the world, making the core ideas
and relationships explicit rather than tacit is a much bigger challenge than in the conceptually-embedded approach. The challenge for
conceptually-integrated games therefore focuses on helping players articulate connections between the tacit ideas they develop with the
explicit formal concepts and representations.
Examples of conceptually-integrated games include Supercharged (Anderson and Barnett, in press; Barnett, Squire, Higginbotham, &
Grant, 2004; Jenkins, Squire, & Tan, 2004; Squire, Barnett, Grant, Higginbotham, 2004), SURGE (Clark, Nelson, D’Angelo, Slack, &
Martinez-Garza, 2010; Clark, Nelson, D’Angelo, Slack, Menekse, et al., 2010; Clark et al., 2009; D’Angelo, 2010; D’Angelo et al.,2009;
Nelson et al., 2010), and FormulaT Racing (Holbert & Wilensky, 2010). Supercharged, for example, is a 3D game in which players utilize
and explore the properties of charged particles and ﬁeld lines to navigate their ship through space. The player’s spaceship is moved through
the game world by taking advantage of the properties of charged particles in the space. Three middle school classes participated in a mixed
methods pilot study comparing learning outcomes of students playing Supercharged (n ¼ 35) and those using a guided inquiry in-class
curriculum (n ¼ 61). Average post-test scores were signiﬁcantly higher (p < .05) for the students who played Supercharged. The test
included 12 questions on electromagnetism combined with pre-post interviews of a random sub-set of the students that were then
transformed into additional quantitative data (Squire, Barnett, Grant, Higginbotham, 2004). This learning was only possible, however, when
the teacher collaborating in the research created activity structures outside of the game to engage students in predicting and explaining
what was happening in the game and reﬂecting on connections of the tacit intuitive knowledge that the students were building through
game play to the representations and concepts of the formal discipline.
Holbert (2009) further documented the intuitive knowledge used and developed through commercial games with game mechanics
compatible with the conceptually-integrated approach. He coded observational data of talk and gestures collected during ethnographic
observations of and individual clinical interviews with children playing popular video games (Mario Kart Wii and Burnout Paradise). Holbert
identiﬁed that children’s intuitive schema of velocity, acceleration, and momentum were at play while they were playing these games. These
schemas have been previously identiﬁed as registrations (Roschelle, 1991) and phenomenological primitives (p-prims) (diSessa, 1993), and
have been shown to play productive roles in the development of understanding of physics.
How can we leverage these intuitive understandings within conceptually-integrated games? Research on the success of certain simulations suggests that conceptually-integrated games focusing on force and have potential for learning (e.g., Klopfer & Purushotma, in press).
These conceptually-integrated physics games involve close structural relationships with simulations. These games utilize accurate physics
engines and engage students in exploring underlying concepts by having them vary parameters and observe the resulting outcomes of those
choices in terms of changes to the trajectories of objects modeled by the engine. Research on simulations has shown that they can provide
leverage in terms of harnessing a user’s spatial learning and perceptual systems in ways that text and verbal interactions do not (Lindgren &
Schwartz, 2009). Strong evidence suggests that various types of simulations (and thus potentially digital games) used in conjunction with
appropriate curricula and instruction can foster aspects of scientiﬁc expertise such as model-based reasoning, systems-thinking,
construction of scientiﬁc explanations, and other conceptual skills and understanding (e.g., Edelson, Gordin, & Pea, 1999; Edelson,
Salierno, Matese, Pitts, & Sherin, 2002; Harel & Papert, 1991; Papert, 1980; Raghavan & Glaser, 1995; Roschelle & Teasley, 1995; White,
1993; White & Frederiksen, 1998; Wieman, Adams, & Perkins, 2008). Just as in games, however, research on simulations suggests that
students may use trial-and-error as opposed to mindful strategies (Chang, Quintana, & Krajcik, 2010) or focus on heuristics rather than deep
learning (Turkle, 1997).
While this research suggests that conceptually-integrated physics games could potentially support learning while engaging players in
important inquiry processes, the research also suggests that creating a design that does not result in shallow learning while also not
destroying the ﬂow and “game-ness” of the game may prove challenging. More speciﬁcally, how might we bridge and scaffold the rich tacit
understandings developed during game play with explicit formalized understandings? In Thought and Language, Vygotsky (1986) discusses
the potential for leveraging intuitive understandings from everyday experience (“spontaneous concepts”) with instructed scientiﬁc
concepts to build robust understandings. The question remains whether or not the intuitive spontaneous concepts developed in games can
actually be successfully leveraged into robust instructed concepts in the format and terminology of academic assessment and across
domains recognized as central by the scientiﬁc disciplines. The current study explores the potential of overlaying popular game-play
mechanics with formal representations and terminology in an attempt to bridge the tacit understandings from game play with the
formalized explicit academic understandings.
Research Question 1. Can a conceptually-integrated digital game that overlays popular game-play mechanics with formal physics
representations and terminology support explicit learning about Newtonian mechanics as demonstrated through post-test measures based
on assessment items from the formal discipline (i.e., the Force Concept Inventory)?
2.3. Game-based learning environments across countries
In addition to the challenges of helping students articulate the tacit intuitive understandings they develop through game play in terms of
the explicit concepts and representations of the formal discipline, there are also important questions to ask in terms of the degree to which
the resulting learning environments will be viable across different countries. In other words, will a game-based learning environment
developed in one country be productive in other countries?
Hofstede (2001, 2008) has carefully chronicled how differences across countries can dramatically impact teaching, learning, and other
phenomena. In recent years, researchers in the ﬁeld of science education have adopted theoretical perspectives that view learning as
mediated by linguistic, cultural, and social factors to better understand the schooling experiences (e.g., Aikenhead & Jegede, 1999; Lee, 2005;
Warren, Ballenger, Ogonowski, Rosebery, & Hudicourt-Barnes, 2001). In a synthesis of research literature, Lee (2005) includes theoretical
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perspectives which suggest that learning is possible when it occurs in contexts that are culturally, linguistically, and cognitively meaningful
and relevant to students. Science teaching tends to vary across countries (Aikenhead & Otsuji, 2000) and learning is productively considered
a cultural process even within a single classroom (Nasir, Rosebery, Warren, & Lee, 2006). Building on these ideas, a number of researchers
have explored connections between students’ understandings from “everyday” and culturally-speciﬁc contexts and their learning of formal
disciplinary concepts and idea (George & Glasgow, 1988; Rosebery, Warren, Ballenger, & Ogonowski, 2005; Snively & Corsiglia, 2001; Warren
& Rosebery, 2008). To better understand the potential of digital games more globally, we therefore explore similarities and differences
between how students from two countries (and two different cultures) relate to, and learn from, the conceptually-integrated physics game
at the heart of the current study. The purpose of this study focuses speciﬁcally on identifying potential similarities and differences between
countries. This will then provide a foundation and starting point for future studies exploring the complex cultural factors in the two
countries that might contribute to these similarities and differences.
Research Question 2. How similar or different are the learning and affective experiences of students playing the game in two different
countries (i.e., Taiwan and the United States)?
3. Methods
The current study presents ongoing research with a conceptually-integrated physics game that we have developed called SURGE. The
research is funded by the U.S. National Science Foundation through a grant with the same name (Scaffolding Understanding by Redesigning
Games for Education). The current study analyzes and discusses results from research with SURGE in schools in Taiwan and the United
States. The following sections describe the participants, data collection, secondary research conditions, and the game context.
3.1. Participants
3.1.1. Taiwan
Data in Taiwan was collected for 71 eighth grade students and 137 ninth grade students in seven classes taught by two teachers at two
public middle schools. The students were in standard science classes, 58.9% female, and represented the full range of students at the school
because science is not a “tracked” subject at the school (i.e., a subject in which students are “tracked” into different classes based on
achievement).
3.1.2. United States
Data was collected in the U.S. for 72 students in ﬁve seventh grade classes in a diverse but predominantly African-American urban school
in the southeastern United States. The students were in the standard 7th-grade science classes, 58.3% female, and represented the full range
of students at the school because science is not a “tracked” subject at the school.
3.2. Data collection
The study was conducted during the school day over the course of approximately three class periods for each group of students in each
country. The students completed a pre-test, post-test, and short written survey. Data collected and analyzed in the studies included:
C

C

C

C

Pre-tests and post-tests focusing on players’ understanding of formal “instructed concepts” through an instrument including 12
multiple-choice items based on the Force Concept Inventory (FCI) (Hestenes & Halloun, 1995; Hestenes, Wells, & Swackhamer, 1992;
Jackson, 2007). Four questions focused on the application of impulses to objects, four focused on interpreting kinematics (i.e., position,
velocity, and acceleration) in dot trace representations, and four focused on the application of constant acceleration to objects. Nine of
the twelve items were based directly on a simpliﬁed version of the FCI (Jackson, 2007), including three of the impulse questions, two of
the dot trace kinematics questions, and all four of the constant acceleration questions. We created one impulse question and two dot
trace kinematics questions that mirrored the FCI questions so that we could have four questions in each category. This study focuses on
these FCI questions and does not analyze four vector concept items (Nguyen & Meltzer, 2003; Shaffer & McDermott, 2005) that were
part of a separate study (D’Angelo, 2010). The FCI, recognized in the international physics education community as one of the best
measures of academic conceptual understanding in physics, measures formalized conceptual understanding of Newtonian mechanics
and kinematics. In the Taiwan study, these tests were conducted using a separate survey website (surveymonkey.com), and in the USA
studies, they were done within the SURGE software environment.
Our studies included a survey, taken by students after completing the post-test. It was composed of (a) a multiple-choice section,
asking students to rate their affective response to SURGE on a Likert-type scale, whether they believed that SURGE would be more
appealing to girls or boys, queried students about their gender, and how much they themselves played video games normally; (b)
a free-response section in which we asked students which pre-test questions did playing SURGE help them to answer, and what added
features or improvements they would like to see in future versions of the game.
Observations were made by researchers of students playing the game during each trial in terms of students’ actions, reactions, and
attitudes playing the game. These observations were collected primarily as ﬁeld notes to inform revisions to the design of SURGE. The
research group then discussed these observations and synthesized them to provide additional insight into the learning and affective
ﬁndings from the tests and surveys.
In addition to the data sources discussed above, which were common to Taiwan and the U.S. implementations, the U.S. implementation also collected students’ scores during game play on individual trials of each level. We analyze the data on game-play scores
and numbers of trials attempted to check for interactions between gender, learning outcomes, how much students reported liking the
game, how many times the students attempted levels (which means how many times they replayed levels rather than simply choosing
to move on to the next level), and how successful students were in playing the game (as represented by higher scores on levels during
game play).
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3.3. Secondary research conditions
In addition to the main comparison between countries, students in each country were also randomly assigned within their classrooms to
a secondary condition as pilots for future development. These secondary conditions did not affect core game play. These comparisons were
conducted to check potential subtleties in game design on learning.
3.3.1. Taiwan
Students were randomly assigned to one of two conditions focusing on the degree of storyline included in the level introduction and level
summary “cut scene” pages. In the control condition, cut scene pages included more minimal storyline in the cut scenes. The experimental
condition added some additional detail to the storyline. Both conditions included the same instructions and science content.
3.3.2. United States
Students were randomly assigned to one of two conditions in terms of the inclusion of the velocity cross representation, which is one of
the formal representations included in the SURGE. One condition included this representation in the game levels and the other did not.
Ultimately, neither of these secondary conditions made a signiﬁcant impact on learning outcomes, and thus they are not discussed in
these analyses, but they were part of the data collection process and they are therefore described here.
3.4. SURGE game context
We utilized our SURGE physics game environment as the platform for research. We built SURGE within the Unity 3D game engine
(unity3d.com). SURGE is a conceptually-integrated game, as deﬁned earlier, rather than a conceptually-embedded game for learning (i.e.,
the science to be learned is integrated directly into the mechanics of navigating through the game world rather than being embedded as an
activity that is visited in the game world, as is typically the structure in many virtual worlds designed for science learning). The SURGE
platform is intended to investigate design principles for connecting students’ intuitive “spontaneous concepts” about kinematics and
Newtonian mechanics into formalized “instructed concepts” by overlaying mechanics of popular commercial video games with “marble”
mechanics such as Mario Galaxy and Switchball with formal representations and connections to formal concepts of Newtonian mechanics.
SURGE incorporates the game play designs of these popular “marble” games in the context of a space-based adventure (Figs. 2 and 3).
Students play the game as the character Surge, a smart and brave female alien, who is being called upon to save the adorable Fuzzies from
the evil Emperor Hooke. Another character, named Lerpz, gives Surge advice throughout the game and helps scaffold the actions and physics
concepts that the students learn while playing. The Fuzzies also help Surge along the way, providing information about the special Motion
Map Regions in the game and encouraging Surge as she travels through the levels. Students use the arrow keys on their keyboards to
navigate around barriers and through corridors, trying to ﬁnd the Fuzzies that they need to save. The levels are designed so that physics
concepts build upon one another and gradually introduce the student to new ideas and ways of interacting with the game world. The two
studies in this paper focus on thirteen levels of the SURGE game, broken up into two modules. The ﬁrst module uses an impulse control
system, where every time the student pushes an arrow key a ﬁxed impulse is applied to Surge’s ship (represented as a white ball in the
game). The second module uses a constant force control system, where students can hold down an arrow key to apply a constant force in
that direction. Overlaid on the screen are different read-outs of information for the student, including their ship’s current speed, the number
of impulses they’ve used, the number of collisions with the walls, and their elapsed time on a given game level. Students are told to minimize
their collisions, level completion time, and number of impulses in order to get a high score. There are also on-screen buttons used to reset or
pause the level and to stabilize Surge’s ship if it starts moving out of control. A vector representation of students’ velocity is also on the
screen, showing their current speed and direction. Some levels include a Motion Map Region, where students must maintain a constant
velocity, increase their speed, or decrease their speed (a Fuzzy tells them which one to do) in order to continue in the level.
Our driving design principles and initial goals for SURGE are summarized below.
C

Overlay popular game-play mechanics with key formal physics representations including vector representations and dot traces. We wanted
to build these formal representations into the game such that using the representations would be fundamentally useful and
advantageous to players. Our vector display, for example, included both composite and component vectors so that players could more
easily determine how many impulses or acceleration would be required in a given direction to achieve their goals. Similarly, the dot

Fig. 2. a–b. Surge and Lerpz in different versions of the cut scenes between levels.
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Fig. 3. Screenshot from an impulse level in SURGE. Students must guide Surge in her spherical spaceship through maze-like prisons to rescue Fuzzies.

C

C

C

C

trace representations were designed to help the player visualize constant and changing velocities as part of helping them master these
ideas and techniques for puzzles within the game involving “velocity detection zones” that served as keys the players used to unlock
passageways.
Each level involves speciﬁc challenges directly linked to physics concepts. To complete these challenges, students need to learn and apply
many principles related to mechanics (e.g., impulse, inertia, vector addition, elastic collision, gravity, velocity, acceleration, free-fall, mass,
force, projectile motion). In levels with the “velocity detection zones”, for example, the puzzle involved ﬁguring out what constant
velocity entailed in order to maneuver safely through the level and unlock passageways. In order to navigate through the level, a player
needed to understand characteristics of constant and changing velocities. Other levels created their challenges or puzzles around
combining vector components. All of these challenges, however, were enacted through the player’s navigation through the game
world. The challenges were thus integrated into the mechanics of world rather being challenges simply embedded into the world. This
is, in fact, what distinguishes conceptually-integrated games from conceptually-embedded games.1
Each level highlights one or two topics, and levels allow students to connect the concepts together and to see the relations that exist among
the topics. For example, in the multiple dimensional motion levels, students learn and apply the concept of applying impulses at right
angles to produce motion in two dimensions. This builds on students’ knowledge of additive and canceling impulses and motion in
one dimension, and extends that knowledge to include the resultant motion of impulses at right angles. This approach allows students
to gain a ﬁrm grasp of a concept before new concepts are introduced.
Protect students from failure and seek to minimize frustration for novice players. We did not want to create a game that would be
productive for players with extensive gaming experience but that was frustrating or less productive for less experienced players. We
therefore intend to minimize frustration and scaffold success for less experienced players. As an example, the early levels do not
include ﬁxed failure triggers forcing the level to reset (e.g., our initial versions of SURGE do not include the possibility of Surge’s ship
exploding after a set number of collisions). If a player can complete a level they earn at least a bronze medal for that completion. Silver
medals are intended to be fairly challenging to attain, and the gold medals are meant to be very challenging. This is a design principle
that we discovered required modiﬁcation (as discussed later in this article) to be balanced with the idea that players also cannot be
allowed to progress to subsequent levels without ﬁrst attaining a certain baseline of mastery. There is therefore a tension between
protecting students from failure while also requiring certain levels of mastery for advancement. We discuss this in further detail later
in this article.
Integrate physics ideas and terminology into pre-level and post-level story and feedback screens and within the levels of the game itself.
Several levels, for example, include “detection” corridors where the player needs to maintain a constant velocity, increase their
velocity, or decrease their velocity in order to open a gate. This speciﬁc terminology is explicitly delivered as instructions by a friendly
non-player character (a “Fuzzy”) in the level and is central to succeeding in the level. As discussed later in this article, we continue to
consider this design principle as critical to helping players connect intuitive and formal understandings, but we found through this
research that we need to (a) focus further on the “just in time” aspects of this scaffolding within the play of the level itself and (b) make

1
Note that while the focus of SURGE and this article is on the structure and affordances of conceptually-integrated games, the authors also acknowledge that
conceptually-embedded games for learning (such as games set in virtual worlds where players takes on the roles of scientists) also have valuable affordances, but
conceptually-embedded games are more often studies and are not the purpose of this article (although the authors do conduct research and development on these games as
parts of other projects and think highly of their speciﬁc affordances). Thus, this article should not be read as claiming that conceptually-integrated games are superior to
conceptually-embedded games, but instead should be read to think speciﬁcally about the affordances of conceptually-integrated games and their design for learning.
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the pre-level and post-level story elements more interactive and game-like themselves to increase the players’ interaction and
engagement with the ideas in these pre-level and post-level elements (otherwise players often skip right over the pre-level and postlevel story elements).
Incorporate foundational multimedia principles into the design to the interfaces (e.g., Clark, Nguyen, & Sweller, 2006; Mayer, 2009) to reduce
unnecessary cognitive load for the player to process the ideas and information in the game. Games tend to involve contexts that are
visually much richer than those found in other multimedia formats for learning (such as simulations). This can easily lead to players
not understanding which aspects or details of the screen are salient and which are just environmental detail. We have observed in our
research, for example, that players sometimes don’t even realize that they have the key representations unless they are centered on
their ship (the sphere they are moving through the game). If the representation is placed in the lower corner of the screen, players
sometimes don’t notice it at all. In a recent study where players in each classroom were randomly assigned to versions of the game that
included the vector representation either in the corner of the screen or centered on their sphere, a player who had the representation
in the corner pointed to the screen of his neighbor (whose vector representation was centered on the sphere) and asked why he didn’t
get a “speed representation” – When we pointed our his representation, he said, “Wow! I can’t believe I didn’t see it!” Thus, we believe
that careful application of multimedia principles to signal and cue attention may be even more important in game design than in the
design of other multimedia formats for learning.

3.5. Relationship of SURGE to the normal curriculum
The implementations of SURGE for this study preceded the normal units that the teachers in Taiwan and the U.S. planned to teach. SURGE
was introduced to the students in this context. As a teacher in Taiwan explained to the students, “SURGE relates to the concepts of force and
motion, which you will learn later in the textbook”. The students were therefore given some framing for the game in terms of curricular
goals, but they had not studied the topics so as to provide any in-depth background for the game in terms of the curriculum for the current
study. Thus, SURGE preceded the normal curriculum, but the teachers provided some connections for the students between SURGE and
what was to follow in the curriculum.
Later when the Taiwanese and U.S. teachers taught the force and motion unit (text-book based in Taiwan and a mix of textbook and other
materials in the U.S.), they asked students to recall SURGE and used the examples from SURGE, such as how a spaceship can change its
direction in outer space? Some students in both countries expressed that they hoped to play SURGE again when the teacher mentioned
examples from SURGE. All three teachers thought it would have been beneﬁcial if they opened SURGE and explained concepts in the
curriculum in terms of the students’ prior experience with SURGE, but due to the limits of time, the teachers only verbally mentioned SURGE
instead of bringing students to the computer lab to use SURGE again. Thus, while the teachers did not later use SURGE again during the
normal unit, they did refer to it to provide examples during their regular unit’s textbook-based teaching.
4. Results
The following sections outline the (a) learning outcomes on the tests, (b) affective outcomes from the surveys and interviews, and (c)
observations by the researchers in each country. We then discuss and compare and discuss similarities and differences between and within
countries.
4.1. Learning outcomes
4.1.1. Overall
A matched-pairs t-test analysis was conducted on the pre and post-test scores achieved by students. This test revealed signiﬁcant
learning gains across the two countries for the 12-item pre-test and post-test when considering total scores, M (pre-test) ¼ 3.79, SD ¼ 2.20;
M (post-test) ¼ 4.16, SD ¼ 2.49; t(250) ¼ 2.70, p (one-tailed) ¼ 0.004. An item-by-item analysis using McNemar’s c2 test showed signiﬁcant
gains were on item 4, c2 (1251) ¼ 14.02, p < .001, Cohen’s d ¼ 0.1541 and item 11, c2 (1251) ¼ 4.40, p ¼ .036, Cohen’s d ¼ 0.344 (Fig. 4a and
b present these items).
4.1.2. Taiwan
A matched-pairs t-test analysis was conducted on the pre and post-test scores achieved by students on 12-item test. This test revealed
signiﬁcant learning gains when considering total scores, M (pre-test) ¼ 4.35, SD ¼ 2.18; M (post-test) ¼ 4.73, SD ¼ 2.54; t(179) ¼ 2.431, p
(one-tailed) ¼ 0.008, Cohen’s d ¼ 0.1619. An item-by-item analysis using McNemar’s c2 test revealed that students improved their
performance in some speciﬁc parts of the assessment more than in others: signiﬁcant gains were observed on items 4, c2 (1180) ¼ 20.10,
p < .001; item 11, c2(1180) ¼ 10.41, p ¼ .001; item 1, c2 (1180) ¼ 5.14, p ¼ .023; and almost signiﬁcant gains on item 6, c2 (1180) ¼ 3.75,
p ¼ .053 (Fig. 4a and b present these items). Although the net performance gain for these items was modest (0.365 SD max, 0.178 SD min),
these gains were consistent across gender and levels of gaming experience.
4.1.3. United States
A matched-pairs t-test was conducted on the test scores achieved by students before and after a single play session of SURGE,
approximately 45 min long. Students did not show a signiﬁcant improvement in test total scores, M (pre-test) ¼ 2.38, SD ¼ 2.32; M (posttest) ¼ 2.62, SD ¼ 2.67; t(70) ¼ 1.211, p (one-tailed) ¼ 0.115. A item-wise analysis using McNemar’s test for c2, similar to the one used in the
Taiwan study, was used to ﬁnd signiﬁcant gains in speciﬁc items, but did not show conclusive results, partly because the much smaller
sample size (N ¼ 71 vs. 180 in the previous study) was detrimental to the statistical power of our assessment, and also potentially because
a number of students raced through the post-test so that they could continue playing the game (see discussion of researcher observations in
the Results section below). That said, three of the items with the largest gains matched three of the four items from the Taiwan implementation with the largest gains. These items included items 1, 6, and 11.

Fig. 4. a. Items 1 and 4 from the pre/post-test based on items from the simpliﬁed FCI (Hestenes & Halloun, 1995; Hestenes et al.,1992; Jackson, 2007). b. Items 6 and 11 from the pre/posttest based on items from the simpliﬁed FCI* (Hestenes & Halloun, 1995; Hestenes et al., 1992; Jackson, 2007). (* Question 6 was based directly on the Simpliﬁed FCI test, which included
the scientist’s gender as male. As part of our goal of supporting gender equity through SURGE, future versions of the assessment will change the scientist’s gender to female.)
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4.2. Affective ﬁndings
4.2.1. Taiwan
The majority of the students liked their experiences using SURGE. When asked “how much did you like playing SURGE?” in the postsurvey, over half (62.4%) of the 208 students liked or really liked playing SURGE. About 31% thought it was okay, and only 6.4% did not
like it (Fig. 5). This result is consistent with the classroom observations that many students showed high motivation and engagement as they
used SURGE. Moreover, 69.8% thought that SURGE is fun for both male and female students. The majority of the students believe that SURGE
is fun regardless of gender.
The students had used computers in the laboratory for their computer courses but not for their science courses. Their experiences in
playing computer games varied: 42.6% of the students usually spend 1–2 h per week and 33.2% spend 3–6 h per week playing computer
games; 10% spend more than 12 h and another 10% do not play games at all. In general, more males in this group play video games than
females, with 20 males vs. 6 females reporting intensive video game experience (i.e., 12 or more hours or play per week), and 18 females vs. 3
males reporting no video game use at all (Fig. 6).
When asked “What did the game help you learn on the test?”, many students directly speciﬁed the item numbers of the test on
which playing SURGE helped the learning. Of the responses, 41.1% indicated between one and four speciﬁc items, and 46.9% indicated
more than ﬁve items of the test that the learning experience with SURGE helped. Generally speaking, the majority of the students
thought that SURGE helped them on the test, and 22.4% indicated that SURGE helped a lot, but 12% of the students indicated that SURGE
did not help.
When asked to make suggestions to help improve SURGE, many students (44.2%) focused on the representational aspects. For example,
students indicated that if the Chinese characters would be clearer the learning process would even be better facilitated, which is perfectly
reasonable as we discuss later in the implementation observations section below. About 17% of the students made suggestions on the
content. Some of these students suggested that we should increase the complexity of the tasks while some other students suggested
decreasing the complexity. Some other students made suggestions on how to make the game more fun, such as including monsters, music
and sound effects, and so forth. These are not directly related to the learning content but may seem essential to the students to fulﬁll their
expectation of what constitutes a computer game.
SURGE elicited generally positive affective responses from participants in this study (M ¼ 2.21, where 1 is most positive response and 5
least positive, SD ¼ 0.97), with more positive response among males (M ¼ 1.90, SD ¼ 0.78) than females (M ¼ 2.41, SD ¼ 1.01). The test group
as a whole expressed the opinion that SURGE would be more interesting to females than to males (45 responses vs. 8, of those who
expressed an opinion).
4.2.2. United States
Students in the United States had a more positive response to SURGE than did the Taiwan students (M ¼ 1.72, where 1 is the most positive
response and 5 the most negative, SD ¼ 0.89), although interest in the game did not correlate with improved learning outcome. SURGE was
slightly better received by females (M ¼ 1.59, SD ¼ 0.83) than by males (M ¼ 1.90, SD ¼ 0.96), although paradoxically, students as a whole
expressed the opinion that the game would be more interesting to males (16 responses vs. 6). No students reported a strongly negative
response to SURGE (Fig. 5).
With regards to their gaming experience, 34% of the students reported they normally play 1–2 h per week, 33% responded 3–6 h per
week, and 10% (6 females, 1 male) said they played no video games at all. Fifteen percent of students reported playing games extensively
(12 h per week or more). Males in this group are more likely to be video game players than females; 14 of the 30 males in this sample play 7 h
per week or more, while only 4 of the 42 females say they play that much (Fig. 6).
When asked for suggestions for improving SURGE, 24 students (33%) provided substantive responses; the most popular suggestions
addressed issues of game design or game metaphor (n ¼ 14), requests for more varied content (n ¼ 6), and increased difﬁculty (n ¼ 4). The
number and quality of suggestions we received revealed to us the extent and quality of the participants’ gaming templates and vocabularies,
which remain central to our view of how the well the game is received by students.
After the post-test, students were asked to report on what they had learned from playing SURGE. Out of 71 respondents, 35 mentioned
a better understanding of velocity and/or speed (49%), 6 mentioned acceleration (8%), while 7 felt they had learned nothing at all (10%). Since

Fig. 5. Distribution of affective response to SURGE from (a) Taiwan group and (b) USA group on a Likert-type scale. Students in the USA group responded more favorably to SURGE.
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Fig. 6. Survey responses of the (a) Taiwan pilot study and (b) the USA pilot study concerning average time spent gaming per week.

velocity is addressed in the game in the form of detection zones focusing on formal physics dot trace representations, we conclude that this
particular feature is effective at focusing students’ conceptual thinking. Although students tended to recall the concept of velocity in the
surveys, whether or not the detection zone feature supports learning outcomes is unclear, as none of the FCI assessment items that were
used highlight the concept of velocity-as-vector, which is distinct from the more intuitive notion of speed.
4.3. Relationship of game-play scores to learning, affective reaction, and gender
In addition to the data sources discussed above, which were common to Taiwan and the U.S. implementations, the U.S. implementation
also included the collection of students’ scores during game play for each individual trial (attempt/play-through) of each level. We wanted to
check for any possible interactions between gender, how frequently a student replayed levels, achievement in game play (as represented by
a student’s best score on each level), gains on the post-test, and how much students expressed liking the game (as measured by their rating
of how much they liked the game on the survey after playing the game). We did not observe any interactions between greater achievement
in game play, as measured in z-normed scores per level based on the each student’s best score on each level, and learning gains or expressed
affective reaction to SURGE. Similarly, number of times players replayed levels they had completed (either for fun or to attempt to get
a higher score) does not correlate with learning gains, students’ affective response to SURGE or increased gaming habit/experience. In
comparing test gains with affective reaction on the survey, we found that test gains did not correlate with affective reaction, suggesting that
students do not necessarily have to enjoy SURGE to beneﬁt from play.
In terms of gender, we found that boys did not achieve better learning outcomes than girls (as reported earlier), regardless of boys’
greater self-reported gaming experience (1–6 h per week was the most frequent response for girls, 7 h or more was more frequent for boys).
However, there was a different play dynamic among boys and girls. We found that boys had more completed trials (attempts) than girls
on levels in the game, M (boys) ¼ 20.66 vs. M (girls) ¼ 17.38, t(70) ¼ 2.32, p ¼ .012. Since the version of SURGE they played has a total of
13 levels, these numbers indicate that both genders were replaying levels, not merely advancing through levels without regard for the
scores they had achieved. Boys on average more replayed levels than girls, M (boys) ¼ 1.76 plays/level attempted, M (girls) ¼ 1.59,
t(70) ¼ 1.85, p ¼ .033.We also found that boys had higher “best scores” on levels in the game. When considering only the highest score
achieved for all replays of each level (the player’s “best score” on a level), boys averaged 0.115 SD above the mean for all students on each
level, while the girls scored 0.017 SD above the mean for their “best score”, although the difference is not statistically signiﬁcant (p ¼ .25).
Furthermore, the variances in “best scores” within both genders are much larger within than between genders (within boys ¼ 0.43 SD and
within girls ¼ 0.30 SD). If there were a difference here in terms of “best scores” between genders, it would likely stem from the earlier
reported ﬁnding that boys replayed each level more than girls (1.76 replays/level vs. 1.59), so the increased average “best score” would
perhaps be the result of repeated practice.
In summary, as reported, boys and girls did not demonstrate differences in learning outcomes, nor were learning outcomes correlated
with reported gaming habit. This suggests that SURGE provides a relatively novel experience for this age group that does not favor more
experienced gamers nor does it favor boys overall, although boys appear to replay levels somewhat more frequently.
4.4. Implementation observations
As outlined in the Methods section, ﬁeld notes were collected by researchers as students played the game during each trial in terms of
students’ actions, reactions, and attitudes playing the game. The research group then discussed these observations and synthesized them to
provide further insight into the test and survey data.
4.4.1. Taiwan
In general the teachers and students had positive reactions to SURGE. The teachers were satisﬁed when they observed that the students
were all engaged in SURGE. All the students showed high interest and engagement in SURGE at the beginning of the game, and this
engagement remained strong for most students throughout the program. The students concentrated on the SURGE interface with little offtask behavior. They asked technical and conceptual questions, indicating that they were mindfully engaged. When questions arose students
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sought help from the teacher and sometimes from their peers. The students were heard making discovery sounds such as “a-ha” or laughing
with enjoyment, indicating that they were positively motivated.
Student engagement was high in spite of technical challenges related to displaying Chinese characters clearly on the older computers
used by students in the Taiwan implementation. While Unity (the program that the game was developed in) could display English characters
perfectly on older PC computers, we discovered that Unity did not handle Chinese characters as well on older PC computers, with the result
that the Chinese characters in many cases became too blurry to for the students to read. To attempt to compensate, we created accompanying paper document materials keyed to the game levels showing Chinese text so that students could read it. While this worked, it was
sub-optimal, and we believe that this approach diminished the learning opportunities for students by adding confusion to the task and
increasing learner extraneous cognitive load related to switching attention between the game and the document. Most students read the
printed documents only at the beginning of the game and then went through the levels without looking at the documents again.
We observed that some students completed all the levels in SURGE much more quickly than others. Some students showed quick
proﬁciency at controlling SURGE game elements, resulting in ﬁnishing the game faster. This might relate to the diversity of students’
previous experiences playing computer games. Students also learned efﬁcient strategies for completing the game while playing. For
example, many students did not succeed in passing the detection zones in the ﬁrst several levels and needed to go back. However, most
students learned to control the spaceship to successfully pass the detection zones after four or ﬁve levels. Students were generally
observed to be purposeful and mindful in their interactions with the game independent of the pace at which they progressed through the
game, with the exception of their interactions with the printed documents. The teachers thought that the different amounts of time that
students needed to ﬁnish could pose classroom-management challenges for teachers. Another challenge for teachers involved deciding
how and when to guide and remind students to slow down and think to improve learning with SURGE. The students might have thought
they were supposed to complete the tasks in SURGE as quickly as possible without paying attention to the other goals that SURGE
highlighted.
We observed three design elements in SURGE that seemed to impact students’ performances, each in a different way: the velocity cross
representation, the “stabilize” button, and the virtual medal award system. The velocity cross representation helped students visualize the
current status of the spaceship and plan their subsequent actions. The “stabilize” button helped students regain control if the spaceship
collided with walls too much or involved too many forces. Over-dependence on the stabilize button was observed in the USA implementation. In contrast, only a few students overused the stabilize button in the Taiwan implementation. The medal award given at the end of
each level motivated students to seek strategies to better reach the goals (and thereby earn ‘higher’ medals). We observed that the students
cared about and compared with peers what kind of medal they received at the end of each level for the purpose of having fun (as opposed to
taking this seriously as the only goal to achieve). They hoped to earn a gold medal but seemed comfortable when getting other medals. The
students cared much less about the score they received at the end of each level than the color of their medal.
Overall, the Taiwanese teachers stated their belief that SURGE brought novel learning experiences to the students, which related to the
high motivation and engagement that the students showed. Although the students were quite proﬁcient at using computers in their
everyday experiences, the majority of their prior science learning experiences involved learning knowledge from their teacher and textbooks through lectures. This was the students’ ﬁrst time to use a game-like program in their science lessons. The context, functions and
features of SURGE also kept the motivation and engagement high throughout.
4.4.2. United States
As in Taiwan, the teachers and students had positive reactions to SURGE. The students were very excited to see the laptops in their
classroom when they entered. As one student exclaimed, “Alright! This is more like it! This is what science is supposed to be!” The students
were very excited about playing the game and there was animated talk between players across the room. An assistant principal at the school
came to observe one of the class periods as part of his standard annual observations of new teachers at the school. At the end of the class
period, he was visibly very excited about SURGE. He said that he had “never seen these kids so engaged and on-task”. When the lead author
returned to the school the following week to judge science fair projects, several students asked when they could play SURGE again, and the
mother of another student came up to the lead author to tell him how much her daughter had liked SURGE. These types of comments in
conjunction with the survey responses and our own observations of student engagement lead us to believe that SURGE was indeed engaging
and interesting for the students. While engagement was high, though, we also noticed a few issues during this implementation meriting
consideration.
As seen in Taiwan, students were not interested in reading the introductory and summary cut scenes for the levels. Unless we talked to
the students and explained that students in earlier classes had gotten lost when they didn’t read the introduction screens, most students
spent little or no time reading the introduction screens and instead clicked right through to the level itself. Similarly, they tended to check
the summary screens only for the color of the medal they had earned (bronze, silver, or gold).
Also as seen in Taiwan, students completed the game at different rates. While some students were interested in the color of medal they
earned, other students were less concerned about the points and medals than they were in simply advancing to the next level as quickly as
possible. As one student said after crashing and bludgeoning SURGE to the end of each level and seldom earning higher than a bronze medal,
“Ha! I beat your game!” Many students mirrored this general sentiment of having great interest in the achievement in getting to the end of
the game, with less interest in the achievement of getting gold medals on each level. After ﬁnishing the last level, some students went back
to try and earn gold medals on each level, but a number of students also went back and created new unintended challenges for themselves,
such as seeing how many collisions they could rack up or how high a velocity they could achieve. Essentially, most of the students pursued
challenging goals, but their goals didn’t always parallel the performance goals that we had aligned with developing understanding of the
targeted core concepts.
We also noticed that some students positioned the mouse pointer over the stabilize button and used that feature each time they wanted
to come to a standstill. We had added the stabilize button to help players who were having a hard time regaining control. However, because
the players largely were not interested in points or were not aware of the points and how the scoring worked, they used this stabilize button
as their primary means of stopping. They did not view this strategy as circumventing the purpose or goals of the game in any manner. From
their perspective, they appeared to view this as the intended, logical, and obvious approach within the game, which it could well be
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considered to be from a game mechanics perspective, even though this perspective competed negatively with our pedagogical goals of
having students apply impulses to moderate their velocity (and thus come to understand the independence of the x and y axis velocity
components and the need to account for both when changing directions in the maze).
5. Discussion and comparisons
In summary, there were important trends across the implementations.
5.1. Embodied and intuitive learning
We see learning gains on the assessment items most directly related to the embodied experience of navigating the SURGE ship through
the game space, particularly for items where key terms and ideas were integrated into the game play in a manner that player’s success was
made contingent on consciously understanding the terms and ideas. As an example, players tend to make connections between their
experiences maneuvering their ship in the game and questions regarding how the application of constant force or impulse will affect the
trajectories on the tests. Similarly, while there were not speciﬁc questions on the pre/post-test about the meaning of constant velocity,
observations and surveys suggest that students clariﬁed their understanding of velocity as including both speed and direction, as well as
ideas of increasing velocity, decreasing velocity, and constant velocity, through the inclusion of those concepts directly into the challenge of
unlocking gates to allow passage through the levels. As we have described, out of 71 students in the U.S. implementation, 35 speciﬁcally
answered ‘velocity’ when asked what the game helped them learn. The term velocity was integrated into the game itself, appearing
frequently on pre and post-game level summary screens as part of the goals and feedback information provided to players. Seemingly, use of
the formalized physics term in conjunction with game play making use of velocity as a core element bolstered student awareness of the
term. It is less clear, from the data collected thus far, whether familiarity with the term correlates with stronger understanding of the
concept. In our future work, we can make use of the data collected around formalized language use associated with game play in SURGE to
help teachers scaffold follow-up classroom-based discussions around the terms most frequently appearing in game log ﬁles. These scaffolded discussions can help tease out the level to which integrated formalized language in the game bolsters not just vocabulary acquisition
but also corresponding conceptual understanding, in addition to echoes of conceptual learning found via FCI questions.
Interestingly, the FCI questions tend to focus more on intuitive understanding rather than measuring explicit understanding. We chose
the FCI because it is the most well known test of conceptual understanding of force and motion. We wanted to use a recognized and accepted
benchmark of physics understanding rather than a test we created (which could be viewed as less strong evidence for learning from
a physicist’s perspective). In our future studies, though, we will develop more of our own items for the test that include a focus on the more
formal aspects of understanding. Increasing the sensitivity of the assessment items to the connections between formal and intuitive
understandings will likely require further scaffolding of explicit formal ideas and their connection to the intuitive understanding that
students’ are currently developing through game play. This further emphasis on connections between intuitive and formal understandings
will continue to be a core focus of SURGE research and development.
This will involve rethinking and redesigning how we handle the introductions and summaries of levels for players, and we will need to
increase our emphasis on supports for connecting intuitive and formal understandings within the levels themselves. We observed similarities across the implementations with respect to the tendency of players to skim or skip the text in the introductory and summary screens.
This underscores the importance of scaffolding concepts, terminology, and feedback “just in time” as discussed by Gee (2003, 2007). We also
noted that players tend to streamline play goals and obstacles such that very careful alignment between play goals and obstacles and
learning goals is critical to the success of these games from a learning perspective.
5.2. Comparison of learning gains across countries
As reported, the matched-pairs t-test of gains across the full test was signiﬁcant for the students as group, t(250) ¼ 2.0792, p (onetailed) ¼ 0.019. Effect size and power are modest at 0.1066 and 0.211, respectively. In addition, we found it interesting to note that, for
a speciﬁc sub-set of items, students from both groups showed some increase in scores. Fig. 7 provides a comparison of gains across the three
items that evidenced substantial gains for both countries.
Using software, we simulated this phenomenon using a hypergeometric distribution, considering several sets of parameters to account
for differing assumptions, the discussion of which is not central to the topic of this paper. Depending on which set of parameters is used, the
probability of these three assessment items emerging randomly from the two studies is 0.03 < p < .11. Although it is possible that this is
a random effect, an examination of the assessment items in question indicates why this might not be the case (Fig. 4a and b). These items ask
students to perform a similar task: to predict the motion of an object when acted upon by a new force. This task of internal simulation is
remarkably similar to the process that a player must perform in order to effectively play SURGE, i.e., to guide the SURGE ship through a maze
by applying a series of forces. An additional feature shared by these assessment items is the presence of elements reminiscent of the control
scheme used in SURGE, or a clear analog thereof.
For these reasons, we believe that increased student performance on these particular items may be a function of how the items
themselves address the physics concepts in a more embodied way than other items which are conceptually similar but presented differently; under this framework, students who play SURGE would develop an internal physics model that is that is more contextually and
conceptually embodied (see Gee, 2003, c.f. Wilson, 2002, for an overview on embodied cognition and its theoretical implications for
learning) than what general instruments such as the FCI tend to detect. Part of our current effort is now devoted to developing an instrument
that places greater emphasis on the embodied cognitive elements of SURGE, those that students seem to access according to these results.
Considering the differences across countries, and in curricular knowledge of physics between the groups, the existence of a stable sub-set
of assessment items in which we see improved scores is very encouraging; it indicates a fundamental match between the way the students
engage and reﬂect on the principles of physics presented in SURGE and the manner in which these principles are assessed by our FCI-based
instrument, without an overriding dependence on frameworks that are dependent on cultural context. This idea is further reinforced by the
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Fig. 7. Comparison of gains in a sub-set of assessment items between the Taiwan and USA studies.

observed trend of both groups to generally disregard textual (i.e., language-based) content, and that, due to technical issues, some students
in the Taiwan group had no access to the text of the game at all. Our contention is not, however, that students were adopting a culturallyneutral stance while playing SURGE (see Sections 5.3 and 5.4 for our discussion of these stances), but rather, that their learning was not
contingent on speciﬁc cultural cues.
5.3. Comparison of game play experience/habits across countries
The survey questions used in the SURGE assessment for the Taiwan and U.S. implementations gave us an enlightening view into the
differences and similarities of these two groups. One interesting point of comparison is that both these groups present almost identical
“gaming proﬁles”: the proportions of students who play video games for a certain amount of time per week is very similar across groups,
both aggregate and by gender (Fig. 6). These proﬁles are typical for American adolescents (Cummings & Vandewater, 2007), and while we
did not preselect students on any gaming experience criteria, it is helpful for our research that these ﬁndings are not predicated on whether
students have highly-evolved or developing gaming templates and vocabularies.
The distribution of genders is also worth noting. Both groups show a gender difference at the extreme ends of the gaming spectrum: in
both groups, respondents who say they almost never play video games are most likely to be girls, whereas the most avid video game players
are likely to be boys. One of our initial concerns regarded whether or not gender would be an important factor for learning when students
played SURGE, both by itself and as a predictor of a more evolved gaming vocabulary. There is a perception that the video game medium as
a whole has a bias toward males (Cassell & Jenkins, 1998; Kafai, Heeter, Denner, & Sun, 2008), so we would not have been surprised to see
a gender difference in learning gains or attitudes toward SURGE. However, in neither implementation was gender a signiﬁcant factor
affecting performance in the assessment.
5.4. Comparison of perceptions and reactions toward SURGE across countries
In terms of important affective similarities, the majority of players across ages, genders, levels of game playing experience and cultures in
both implementations found the SURGE enjoyable and engaging (Table 1). The high levels of engagement appeared to go beyond a “novelty
effect” in that players’ engagement remained high from beginning to end of the SURGE game. This is a notable ﬁnding because one might be
justiﬁably concerned that embedding science learning curricula in digital games might be enjoyable or engaging only to subsets of the
students, which would not be acceptable for digital games intended to be adopted as part of a standard science curricula.
At the same time, however, we saw common themes across implementations that demonstrate some of the challenges that come with
embedding science learning in casual computer games. First, students in both implementations demonstrated varied levels of what we label
“mindful play”. While some students, particularly those in the Taiwan implementation, carefully read through the objectives, storyline, and
ongoing feedback messages designed to support learning, larger numbers of players appeared to ignore these elements in their enthusiasm
to play the levels. Similarly, there was a shared lack of interest in the scoring systems we designed into the game among players in both
implementations, although some players in both implementations focused intensively on the medal award system, trying to earn higher
(i.e., silver and gold) medals. Each of these ﬁndings may relate to the overall high level of engagement seen in game play, and demonstrate
both the promise and challenges inherent in using casual computer games as a platform for science learning. The high level of motivation
seen by all students reinforces the idea that games can engage a broad spectrum of learners from multiple cultural backgrounds and
interests. However, the observed engagement centered primarily on the real-time game play in SURGE, to the detriment of various visual
scaffolds, feedback messages, and reward systems aimed at moving players beyond tacit understanding of the physics concepts underlying
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Table 1
Perceptions and reactions toward SURGE in Taiwan and U.S. Implementations.
Observation

Taiwan

US

High Engagement

 High engagement for all students
 Novelty effect promoted engagement
 But engagement lived beyond “novelty effect”:
students stayed engaged throughout
 Design features seem to contribute to continued
engagement
 Student-led competition was a motivating factor
 Wide range: some ﬁnished very quickly, others
took much longer
 Computer game familiarity: some students took
more time to master the controls of the game
 "Mindful" play slows completion time

 Students visibly and audibly excited during game play
 Student-led competition was a motivating factor

Varied Completion rates

SURGE design impacting
performance

Varied levels of
"Mindful Play"









Teacher class management impacts completion rates
Velocity cross: positive for learning
Stabilize ship function: mechanics
Medal reward system: motivation
Point system: not valued by players
Blurry Chinese text hindered learning
Less ’mindful’ play results in quicker completion of the game

 "Mindful" players read screen info and went more slowly
 Blurry Chinese text reduced opportunity for mindful play

 Wide range: some ﬁnished very quickly, others took much longer
 Computer game familiarity: some students took more time to
master the controls of the game
 "Mindful" play slows completion time – most frequently by female
students but also by male students with less experience playing
digital games.
 Teacher class management impacts completion rates
 Medal reward system: motivation for some
 Point system: not valued by players
 Stabilize ship function: overuse?
 Gate challenges: confusing to some students
 Many students don’t read on-screen instructions, narrative,
or feedback
 Main goal for some was to get through quickly
 Self-created game goals unrelated to intended goals

the game. The continuing challenge in SURGE, and in similar game-based learning projects, is to tightly integrate central game play goals
with the need for and use of game mechanics and design elements that directly impact learning.
Another common theme seen across implementations that presents a challenge to the use of computer games as platforms for science
instruction is that there was a wide range of “time to completion” among students. Some students ﬁnished all the levels in SURGE very
quickly, relative to the rest of the students. From our observations, it appeared that these players fell into two groups: those who largely
ignored the narrative, feedback, and scoring elements of the game, and/or those who seemed to be highly proﬁcient “gamers”. Students who
took longer to ﬁnish the game levels were those who spent more time reading the on-screen information and/or those who needed more
time to master the mechanics of the game. In any instructional intervention (not just ones involving games), there will be variation in
completion time. In SURGE, we are working to include design elements that will help reduce ‘extraneous’ variation in completion rates
related to computer gaming experience and less ‘mindful’ play. To better support students with less gaming experience, we can include
a more heavily structured introduction level to the game that offers a kind of pre-training for students who need it on the basic mechanics of
the game. To encourage more mindful play, we are working, as described previously, on more tightly integrating the narrative, feedback
messages, and rewards system into the central elements of game play to make them relevant and central to success in the game.
With regard to students’ affective response to SURGE, the question of gender is more nuanced. Students in both countries appeared to
misjudge the intended audience of the game: boys in Taiwan liked the game better than girls, but the Taiwan group as a whole believed the
game was better suited for girls; whereas girls in the US study were more positive toward SURGE than the boys, and the US group was of the
opinion that the game was more suitable for boys. It is as if each subgroup (the Taiwan girls and the U.S. boys) expressed a stronger
enjoyment of the game precisely because it is not the type of game the larger group believes they (that subgroup) would enjoy (see Pelletier,
2008, for an analysis on gender construction through expressed gaming preferences). Also noteworthy is that it is not a single gender (boys
or girls) across both groups that are expressing what they perceive as a counter-cultural preference, but rather boys and girls within different
groups. This suggests that while students may be truly perceiving the game as gender-neutral (as evidenced by their survey responses), they
are accessing some differing cues from their respective cultures that are informing their beliefs about what kinds of games they “should”
enjoy, and their opinions express whether or not they agree with that assessment. A full analysis of the country-level cultural differences
between Taiwan and the US that may impact perceptions of, and success with, the SURGE game is beyond the scope of the current study.
However, we believe this is a rich area for future research around educational game use in formalized learning environments.
5.5. Differences in gaming experience, templates, and vocabularies within countries
From our observations, players differ substantially in terms of the game templates and game “vocabularies” that players bring with them
into the game. In some cases, this prior experience provides affordances for learning and in others it provides obstacles. Essentially, the
experiences, templates, and vocabularies that players bring from prior games can be used to orient and motivate them in SURGE (or other
games designed for academic learning) or can produce complications and confusion when our goals or mechanics deviate from these
experiences, templates, and vocabularies. Differences in these prior experiences seem to overshadow differences in gender or country. In
terms of affordances, there are many game design elements and goals that we can incorporate that the vast majority of students seem to
intuitively understand immediately. When our designs can mirror those templates, our path is made much easier in orienting the player in
how to proceed. Similarly, students quickly grasp the ideas and motivation of engaging in a game.
When our pedagogical goals do not parallel standard templates and design vocabularies, however, we need to help students operate in
ways that diverge from their experiences, and we encounter greater challenges than if the players had not played games at all. Our impulse
controls, for example, diverge from the control schemes used in most games. Most games involve holding down a movement key to produce
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a constant velocity in that direction. A few games involve holding down a movement key to produce a constant acceleration in that direction.
Our impulse controls involve discrete pushes of a movement key to apply discrete acceleration bursts in that direction. Most players initially
hold down the keys in the face of no effect because they are accustomed to the ideas of holding down keys to move. At a higher level, players
are accustomed in many games for the real goal to involve quickly getting to the end of the levels, and for this goal to overshadow other goals
of performance along the way.
Complicating this issue is the fact that some players bring more extensive game backgrounds with more robust sets of templates and
vocabularies for thinking about games. These players are more conﬁdent as they approach learning in SURGE, with more robust trial and
error strategies for solving obstacles they encounter. They also are less prone to encountering frustration, both because of their greater prior
experience facilitating progress in the game as well as their self-perception of their competence in games, which buoys them through
challenges that may arise. These same players, however, also tend to view SURGE as a game and seem less likely to reﬂect on what they are
learning. Less experienced game players, particularly girls who have less experience playing digital games, often seem more likely to
approach the challenges in SURGE more methodically and consciously than these more experienced players, but also seem more likely to
withdraw from the experience or to be intimidated by the experience because they don’t label themselves or self-identify as “gamers” and
thus can feel out of their element. While our quantitative ﬁndings show no differences in learning outcomes based on reported gaming
experience, we will continue to watch for more subtle relationships between players’ prior gaming experience and their learning experiences. We are only just beginning to study these issues in SURGE, but they may prove the most important lessons to learn for our own
project and the ﬁeld.
6. Conclusions
In conclusion, we now synthesize the ﬁndings in light of our two driving questions. We ﬁrst discuss the degree to which learning in
SURGE reﬂects academically desirable learning. We then discuss the relative similarities and differences observed in relation to the degree to
which SURGE seems portable between the two countries. We then close with some thoughts about the implications of our ﬁndings in terms
of the potential of conceptually-integrated digital games for science learning.
6.1. Can a conceptually-integrated digital game that overlays popular game-play mechanics with formal physics representations and
terminology support explicit learning about Newtonian mechanics as demonstrated through post-test measures based on assessment items
from the formal discipline (i.e., the force concept inventory)?
To what degree does the learning in SURGE reﬂect academically desirable learning? At the most concrete level, early versions of SURGE
seem to support learning on some core items of the Force Concept Inventory, an assessment instrument developed by university physicists
as measuring important conceptual understanding of Newtonian mechanics. Thus players are making progress on some challenging core
concepts identiﬁed by disciplinary experts. Progress thus far has not been as extensive as we might have hoped, but considering that entire
university level calculus-based courses do not necessarily help students increase their scores on the FCI as dramatically as instructors might
hope (e.g., Hestenes & Halloun, 1995), we feel that any measurable increases for middle school students after roughly an hour playing SURGE
are fairly impressive. Essentially, the Force Concept Inventory was developed by physicists for undergraduate physics students. Undergraduate students who have completed entire traditional physics courses at the undergraduate level often don’t perform that much better
on the post-tests than on the pre-tests (e.g., Hestenes & Halloun, 1995). To assume that we could change students’ performance dramatically
on FCI items, particularly middle school students’ performance, in an hour of game play was probably a bit over-ambitious in hindsight, but
we are encouraged by the progress we have made, particularly in light of the early stages of development of SURGE.
Following this line of reasoning, we think it would be beneﬁcial for future work with SURGE and similar games to develop measures more
sensitive to incremental changes in student understanding. For example, the FCI questions related to interpreting positional dot traces
require a student to (a) interpret the velocity at various time points in one dot trace, (b) interpret the velocity at various points of time on
a second dot trace, and (c) make relative comparisons or syntheses of those sets of information. Rather than having all of the assessment
items represent this level of complexity and cognitive load, it would seem beneﬁcial to include a range of item difﬁculties to increase the
value of the assessment in measuring a range of competencies and understandings. In the case above, we need complex assessment items
like the FCI item described above, but we also need simpler items, such asking students to interpret a single positional dot trace. We thus are
currently developing assessment items similar to those on the FCI but that represent a more gradual range of item difﬁculties while still
focusing on the core concepts measured by the FCI (e.g., some items that focus on interpretation of a single dot trace representation).
Creating a range of item difﬁculties in this manner would allow more sensitive measurement of incremental progress in students’
understanding of disciplinary concepts in light of the shorter curricular time frames of most digital games.
Similarly, we would like to create items that are more sensitive to students’ ability to explicitly connect intuitive understanding and
formal understanding in their answers. As discussed earlier, the FCI items upon which we based our assessment tend to focus more on
intuitive understandings. The FCI was designed purposefully in this manner as a conceptual test to avoid the chance of testing rote
knowledge, but we would like to explore the potential for assessments that explicitly measure students’ ability to explicitly connect intuitive
understanding and formal understanding in their answers as part of our work.
In addition to creating more sensitive assessments, the results of this study also suggest that SURGE needs to provide more extensive
supports for students to help them articulate their intuitive understandings from game play with the explicit formal concepts and representations of the discipline. Squire et al. (2004) found that their learning gains were dependent on the teacher developing curriculum
outside of the game to focus students on these connections. The versions of SURGE in the implementations described in this paper focused
on overlaying the game play mechanics with formal representations and terminology, and resulted in some gains, but more structured
supports to focus students on the phenomena of interest and their relationship to the formal representations and concepts appears
warranted. Current development in SURGE is focusing on integrating just-in-time supports (Gee, 2003, 2007), visual signaling (Mautone &
Mayer, 2001; Nguyen & Meltzer, 2003), and metacognitive supports for prediction and explanation (Champagne et al., 1982; Chi & VanLehn,
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1991; Tao & Gunstone, 1999) into the fabric of game play without destroying the “game-ness” of the game play. The next rounds of
implementations will provide insights on the efﬁcacy of these additional design strategies.
Beyond conceptual learning, SURGE also engages students in learning in ways that parallel calls for increased use of scaffolded exploration and inquiry in science. While digital learning games like SURGE do not represent typical inquiry learning environments, they do
engage students in learning about core science concepts (in this case Newtonian mechanics) through exploration, prediction, and observation rather than through rote learning. A growing body of research and scholarship on games and cognition emphasizes cycles of
prediction, observation, and reﬁnement as core mechanics of game play processes (e.g., Salen & Zimmerman, 2003; Squire et al., 2003;
Wright, 2006). Conceptually-integrated games like SURGE offer opportunities to further accentuate these inquiry-related aspects of
game play, which is a driving consideration in the design of the metacognitive supports for prediction and explanation alluded to in the
paragraph above, and which builds on a line of research on prediction, observations, and explanation from the science education and
psychology literatures (e.g., Champagne et al., 1982; Chi & VanLehn, 1991; Tao & Gunstone, 1999). Although SURGE is still in its infancy, we
feel that the results and lessons learned thus far bode well for the potential for games like SURGE to support learning of core science ideas
through inquiry-related processes of exploration.
6.2. How similar or different are the learning and affective experiences of students playing the game in the two countries (i.e., Taiwan and the
United States)?
With respect to our second question, we see remarkable levels of similarity between student reactions, outcomes, and gaming habits in
each country. Across both implementations, students demonstrated high levels of motivation and engagement in playing SURGE,
throughout the implementations. This is a positive ﬁnding that echoes results seen in may other education games studies (e.g., Nelson et al.,
2005; Barab et al., 2007, 2009; Galas, 2006). On a more challenging note, we observed that students within both countries showed wide
variation in the amount of time it took them to complete the game, with some students ﬁnishing very quickly and others taking much
longer. Also, we witnessed varying degrees of ‘mindful’ play across implementations, with some students focusing on the text and visual
scaffolds included in the game and many others paying very little attention to these details. One design detail that did seem to draw the
attention for large numbers of students in both implementation sites was the medal reward system. This very similar extrinsic reward tool
was popular with many participants. Our future game revisions will include an expanded role for the medal system, centered on designing
the medal levels to more closely match speciﬁc components of physics knowledge and application of that knowledge in the game.
That these commonalities and differences in approaches to game play did not result in strong differences in learning is notable. The two
groups are different enough in cultural terms that such differences could be expected (see, for example, the diametrically opposed gendered
response between the groups about whether SURGE is more of a game for boys or girls), but our data regarding learning gains does not
support this view. It may be that, while students play SURGE from perspectives that are largely culturally-speciﬁc, their learning is based
more on the context that SURGE provides, which is common for both groups. In other words, the students regarded SURGE through
divergent cultural lenses, but these lenses did not signiﬁcantly modify their experience of play of the game, nor did it preempt their learning
on the speciﬁc concepts that SURGE highlights.
Overall, the ﬁndings of this study suggest that conceptually-integrated games like SURGE should be fairly portable across multiple
countries, which makes the development time and cost more attractive in light of the potentially larger audiences of students who might be
served through these digital learning games. Future studies and work by our group will explore potential cultural explanations for these
similarities and differences.
6.3. Final thoughts
The short take-home message is that games can be designed to teach science concepts by integrating the science concepts within the
fabric of the game mechanics (i.e., conceptually-integrated games). This requires very careful design, however, as suggested by the ﬁndings
of this study and others such as the Enigmo study (Masson et al., 2011) and work on Supercharged (Squire et al., 2004). Most games may
support students in developing an intuitive understanding of the physics involved, for example, in order to eventually be able to “beat” the
game, but without speciﬁc scaffolds the players won’t necessarily learn anything consciously or explicitly about the physics in a formal
sense. This isn’t surprising considering that people don’t learn formal physics simply through playing soccer or similar physics-based games
in the “real” world. If those same players could be scaffolded in connecting formal concepts and representations to their experiences as they
played soccer in a manner that helped them articulate those connections, however, they might well learn about formal physics by playing
soccer in that context. The challenge in physical settings, however, is in overlaying and connecting those representations and ideas. This is
where digital games like SURGE may provide signiﬁcant affordances in terms of providing scaffolding, signaling, and overlays to make these
connections explicit. Our future work and the future work of other groups will continue to explore these possibilities, particularly in light of
their potential to support students across multiple countries engaging in exploration of challenging core concepts like Newtonian
mechanics.
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