J Sci Educ Technol (2016) 25:860-876
DOI 10.1007/s10956-016-9628-2

CrossMark

@

Using Robotics and Game Design to Enhance Children’s Self-
Efficacy, STEM Attitudes, and Computational Thinking Skills

Jacqueline Leonard' - Alan Buss' - Ruben Gamboa' - Monica Mitchell® -
Olatokunbo S. Fashola® - Tarcia Hubert* - Sultan Almughyirah'

Published online: 4 June 2016
© Springer Science+Business Media New York 2016

Abstract This paper describes the findings of a pilot study
that used robotics and game design to develop middle
school students’ computational thinking strategies. One
hundred and twenty-four students engaged in LEGO® EV3
robotics and created games using Scalable Game Design
software. The results of the study revealed students’ pre—
post self-efficacy scores on the construct of computer use
declined significantly, while the constructs of videogaming
and computer gaming remained unchanged. When these
constructs were analyzed by type of learning environment,
self-efficacy on videogaming increased significantly in the
combined robotics/gaming environment compared with the
gaming-only context. Student attitudes toward STEM,
however, did not change significantly as a result of the
study. Finally, children’s computational thinking (CT)
strategies varied by method of instruction as students who
participated in holistic game development (i.e., Project
First) had higher CT ratings. This study contributes to the
STEM education literature on the use of robotics and game
design to influence self-efficacy in technology and CT,
while informing the research team about the adaptations
needed to ensure project fidelity during the remaining years
of the study.
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Introduction

If youth and young adults ages 16-36 are the Net Gener-
ation (Li 2010), then current PreK-12 students are the App
Generation. The App Generation is savvy with tablets,
smartphones, Wii U, and Xbox games, and they are eager
to participate in a culture of digital game playing. Teachers
in K-12 school systems would be wise to take advantage of
students’ excitement about robotics and gaming to broaden
students’ participation in science, technology, engineering,
and mathematics (STEM) and to engage students in inte-
grated curriculum (Barr et al. 2011; Brand et al. 2008;
Bremner 2013; Li 2010; Matson et al. 2004; Webb et al.
2012). Districts and schools that are out in front of peda-
gogical change are redesigning curriculum to include
robotics and game design during the school day (Repen-
ning et al. 2010; Webb et al. 2012). This fundamental shift
in creating a technology-rich teaching and learning envi-
ronment has strong implications for education in the
twenty-first century (Dede 2008; Li 2010). Robotics and
game design have not only been extolled for their role in
learning but have also been identified as pathways to
broaden participation in STEM and STEM-related careers
(Caron 2010; Ivey and Quam 2009; Sheridan et al. 2013).

The need for mathematicians and computer scientists is
expected to grow 22 and 24 %, respectively, from 2012 to
2022 (Bureau of Labor Statistics, US Department of Labor
2014). However, the number of engineering students is not
increasing and in some instances is declining, while the
demand for engineers is expected to continue to grow
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(Hirsch et al. 2007). One reason that students are not
choosing to study engineering is lack of information about
the field of engineering, what it entails, and what engineers
actually do (Hirsch et al. 2007). Exposing underrepresented
students (e.g., females, minorities, and rural students) to
pre-engineering skills through robotics and game design
has the potential to increase their interest and to provide
them with the skills needed to create a diverse workforce
(National Research Council (NRC) 2011). Preparing stu-
dents to succeed in STEM is crucial to ensuring that stu-
dents have access to these and other STEM occupations in
the future. “The rapidly increasing number of summer
camps, afterschool programs, female and minority focused
special programs, and computer clubs at the middle school
level strongly suggests that there is a demand from stu-
dents” for STEM programs (Repenning et al. 2010, p. 265),
particularly among rural and indigenous students who often
have limited access to STEM education and fewer oppor-
tunities to learn STEM through the use of cutting-edge
technology.

In an effort to provide greater access and opportunities
to these populations, the National Science Foundation
funded the 3-year uGame-iCompute (UGIC) project under
the Innovative Technology Experiences for Students and
Teachers (ITEST) grant program in October 2013. The
goals of the UGIC project are to develop, implement, and
study four components of an iterative intervention: (1)
culturally responsive pedagogy as the context in which
diverse students learn and work; (2) in-school and after-
school robotics and game design clubs to apply spatial
reasoning and computational thinking skills to improve
attitudes toward STEM and STEM careers; (3) robotics
competitions to serve as a setting to demonstrate those
skills; and (4) professional development to implement in-
school and afterschool applications of computational
thinking across the STEM curriculum.

The UGIC project began with a pilot study in the Rocky
Mountain region of the USA in the spring of 2014. Using
culturally relevant and culturally specific pedagogy (Lad-
son-Billings 1995; Leonard 2008) as the underpinning to
engage students, the purpose of the study was twofold:
(a) to improve upper elementary and middle school
teachers’ ability to implement robotics and game design
before, during, and/or afterschool to improve student out-
comes in STEM education and (b) to improve students’
self-efficacy in technology, interest in STEM/STEM
careers, and computational thinking. Culturally relevant
pedagogy was used because cultural context has been
shown to increase student learning in STEM (Brenner
1998; Nasir 2005; Presmeg 2007). This paper focuses on
student experiences in robotics and game design.

Increasing the number of females and underrepresented
minorities in STEM careers remains a challenge after more

than 30 years of effort (NRC 2011); yet, few studies
address barriers and mitigating factors related to that par-
ticipation. This paper addresses shortcomings in the liter-
ature by studying a project that provides girls and
indigenous students with opportunities to learn STEM
content by engaging them in robotics and game design.
Studying the impact of both robotics and game design
allowed us to consider students who are exposed to STEM
from different perspectives, listen and learn from their
interactions, and examine student outcomes and prefer-
ences for robotics, gaming, or combined robotics/gaming
learning environments.

During the Year 1 study, three types of learning con-
figurations to test instrumentation and assumptions about
single and combined effects were observed and evaluated:
(a) robotics only, (b) gaming only, and (c) robotics/gaming
combined. Lessons learned during this pilot study provided
important feedback for making needed adaptations to
enhance teacher and student outcomes in the 3-year study.
In Year 2, the effects of robotics only were studied in fall
2014 and gaming only in spring 2015. In Year 3 (fall 2015
& spring 2016), the combined effects of both gaming and
robotics were investigated. The results of these intervention
configurations are still pending.

Theoretical Framework

The framework that undergirds this study is Learning-for-
Use (LfU) (Edelson 2001), and the constructs are culture
and place. LfU is a technology design framework that is
based on four principles: (a) knowledge construction is
incremental in nature, (b) learning is goal directed,
(c) knowledge is situated, and (d) procedural knowledge
needs to support knowledge construction (Edelson, 2001).
These principles inform robotics applications and game
design and lend themselves to the interventions imple-
mented in this study.

The first and fourth principles of the LfU model are the
incremental development of new knowledge and proce-
dures. Linking previous knowledge to new knowledge is
the key here. The goal behind the progression of two
intervention components—robotics and game design—is to
engage students in an incremental process. Students
incrementally add new concepts to memory, while subdi-
viding existing concepts or making new connections
between concepts. In LfU, procedural strategies for sup-
porting and reinforcing incremental learning include
observation, discussion, reflection, and application. New
knowledge informs and empowers students to become
proactive in their own learning.

In its second and third principles, LfU recognizes that
acquisition of knowledge is goal directed and situated. The
realization of gaps in one’s knowledge, perhaps as the
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result of an elicited curiosity or external demand, can be
used as a motivational goal for acquiring new knowledge.
For example, in this study, the Project First approach
allowed students to engage in goal-directed tasks and sit-
uated learning as they develop games by starting with an
overarching goal or concept and then integrating the nec-
essary tools to make the game functional (Webb et al.
2012). The study intervention was designed to encourage
goal-directed tasks as students created games and simula-
tions to learn and apply computational thinking skills,
which are needed for computer science and Information
Communications and Technology (ICT) careers.

In addition to LfU, the constructs of culture and place
are important in this study. Rather than adhering to deficit
theory, teachers and researchers should view students’
culture as an asset upon which to build new knowledge
(Bracey 2013; Leonard et al. 2005). In STEM education, it
is critical to understand the importance of different ways of
knowing and alternative forms of mathematical and sci-
entific activity. Culture is embedded in the natural world
and influences every aspect of our lives. According to
Nieto (2002), culture is “the ever-changing values, tradi-
tions, social and political relationships, and worldview
created and shared by a group of people bound together by
a common history, geographic location, language, social
class, and/or religion and how these are transformed by
those who share them” (p. 53). “Games are inherently
artifacts of culture through which cultural roles, values, and
knowledge bases are transmitted” (Nasir 2005, p. 6). While
not culturally monolithic, such artifacts reflect and repro-
duce culture simultaneously.

In gaming, goal structures are also associated with
maximizing points (Nasir 2005), and in robotics, goals are
associated with movement and carrying out specific tasks.
Students may also engage in communal strategies in these
settings as they learn to harness technology to complete
specific goals. For example, in Arapaho tribal communi-
ties, goal structure can be found in artistic symbols
(Kroeber 1900). The symbols of the Arapaho people can be
classified into representations of abstract ideas, man-made
objects, plants, nature, and animals, including buffalo and
birds, such as the thunder bird, eagle, and crow (Kroeber
1900).

In addition to culture, place contributes to a “multidis-
ciplinary construct...to unearth, transplant, and cross-fer-
tilize perspectives...that can advance theory, research and
practice in education” (Gruenewald 2003, p. 619). The
context in which schools exist (i.e., place) and the supports
(i.e., cultural and social capital) students have, in terms of
access, play a role in educational outcomes (Gruenewald
2003). In this study, we acknowledge the roles of culture
and place to scaffold student learning and increase moti-
vation to participate in STEM/ICT.

@ Springer

Robotics, Digital Gaming, and Computational
Thinking

While STEM encompasses a wide range of disciplines, this
study looked at the potential of engaging youth in three
areas: (a) robotics, (b) digital gaming, and (c) computa-
tional thinking.

Robotics

A growing number of STEM funded programs have turned
to robotics to motivate students’ interest in STEM fields
(Brand et al. 2008; Caron 2010; Ivey and Quam 2009;
Matson et al. 2004). Robotics not only allows students to
learn about STEM concepts but also about STEM’s inter-
disciplinary nature, encouraging students to work collab-
oratively (Yuen et al. 2014). In a study that examined
elementary and middle school students’ participation dur-
ing a summer camp, robotics was found to be highly
engaging as a majority of students exhibited a high number
of on-task behaviors (Yuen et al. 2014). Additionally,
programming robots helps students to engage in science
inquiry as described by Linn and Hsi (2000): (a) science is
made accessible by engaging with physical models;
(b) thinking is made visible through construction and
design principles; (c) students learn from each other
through collaboration; and (d) autonomous learning skills
are developed through self-directed learning. Whether it is
through the engaging process of constructing robots or the
excitement of the competitions, several robotics programs
have resulted in an increase in students’ comfort level with
applications of STEM, development of twenty-first-century
skills, and increased interest in pursuing STEM-related
programs beyond high school (Brand et al. 2008; Caron
2010; Grubbs 2013; Ivey and Quam 2009; Matson et al.
2004).

Robotics may be promoted as a stand-alone subject area
to provide students with the opportunity to learn engi-
neering practices and technology education (Grubbs 2013).
LEGO® robotics, specifically, is widely used in K-8 set-
tings as an authentic and kinesthetic way to improve chil-
dren’s problem-solving skills, reinforcing science
applications and concepts, while building upon informal
learning activities often done at home (Karp and Maloney
2013). Using LEGO® EV3 robotics builds spatial visual-
ization skills as students manipulate LEGO pieces to build
the robot. Other mathematics skills include proportional
reasoning as students calculate wheel rotation and
approximate the distance the robot will travel once it is
programmed (Grubbs 2013). “Not only does the design and
hands-on component of technology stay intact, but students
also enjoy solving a realistic engineering scenario, role
playing...and constructing physical components through an
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open-ended design challenge” (Grubbs 2013, p. 12). In this
pilot study, we were interested in how engagement in
LEGO EV3 robotics activities developed students’ self-
efficacy in technology and their attitudes toward STEM.

Digital Gaming

Using games effectively during instruction encourages
students to actively participate in their own learning
(Bremner 2013). A variety of gaming strategies have been
employed such as game design and programming (Webb
et al. 2012), mobile games (Koutromanos and Avraamidou
2014), online games (Paraskeva et al. 2010), and game
authoring tools (Robertson and Howells 2008). Studies
related to gaming have demonstrated development of a
more positive attitude and motivation toward mathematics
(Ke 2008; Kebritchi et al. 2010). Ke (2008) conducted a
study that explored the effect of using a series of web-
based games called ASTRA EAGLE on cognitive mathe-
matics accomplishment, metacognitive awareness, and
favorable attitudes toward mathematics among elementary
students in Pennsylvania. Results revealed that children
showed considerable improvement in regard to developing
positive attitudes toward learning mathematics through
gaming.

Digital game playing has also been used successfully to
teach mathematics problem-solving (Chang et al. 2012)
and can be used as a social practice to support the devel-
opment of “strategic thinking, planning, communication,
application of numbers, negotiating skills, group decision-
making, and data-handling” (Li 2010, p. 429). Incorpo-
rating computer games in the mathematics classroom has
been shown to lead to favorable attitudes toward learning
mathematics and to increases in mathematics achievement
and student success. In this pilot study, we were interested
in how game design and gaming developed children’s self-
efficacy in technology, STEM attitudes/STEM careers, and
computational thinking.

Computational Thinking

While there is no standard definition of CT, this paper uses
the International Society for Technology in Education
(ISTE) definition: CT is a problem-solving process that
includes formulating problems; logical organization of
analysis of data; representation of data through abstrac-
tions; identifying and automating solutions through algo-
rithmic thinking; analyzing and implementing possible
solutions; and generalizing and transferring the problem-
solving process (Barr et al. 2011; Ioannidou et al. 2011;
Wing 2006).

Multiple initiatives have explored the use of games to
improve student learning and CT (Li 2010), including the

Scalable Game Design (SGD) project (Repenning et al.
2010; Webb et al. 2012). The SGD curriculum, which
involves the use of instructional units to support game
design and science simulations, has been shown to increase
student transfer and address equity. For example, 64 % of
girls and 69 % of minority students expressed high interest
in game design (Repenning et al. 2010; Webb et al. 2012).
Moreover, SGD uses an innovative way to measure com-
putational thinking by analyzing students’ games and
simulations once they are uploaded to a video arcade.
Students’ thinking is compared to a basic game model to
determine how it is similar or different from the model.
Thus, generalization, learning transfer, and adaptive rea-
soning are measured. In this pilot study, students’ games
were influenced by the type of implementation teachers
used, such as tutorials or holistic games (also known as
Project First (Webb et al. 2012)).

The Research Study

This pilot study was conducted to inform the research
community how the use of LEGO® EV3 robotics and
Scalable Game Design software influenced rural and
indigenous students’ self-efficacy in technology, interest in
STEM/STEM careers, and computational thinking skills
during regular, before- and/or after-school settings. Addi-
tionally, the researchers examined how students infused
elements of culture and place into the artifacts they
developed.

The following research questions guided the researchers
in this study of the three intervention configurations:

1. How did student participants’ self-efficacy in technol-
ogy change after engaging in the pilot study, and how
did their self-efficacy differ by type of instruction: (1)
gaming only and (2) robotics/gaming?

2. How did student participants’ attitude toward STEM/
STEM careers change after engaging in the pilot
study?

3. What computational thinking strategies did student
participants demonstrate during computer-based game
design?

An additional question beyond the interventions posed
was as follows:

4. How do students infuse place and culture in their
gaming and robotics artifacts?

Context

Student participants used LEGO® EV3 robotics kits and
SGD  software—AgentSheets (two-dimensional) and
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AgentCubes (three-dimensional)—to engage in computa-
tional thinking. LEGO® robotics kits contain a robot (also
known as a brick), sensors, regular LEGO® pieces, and
wheels that can be put together. MINDSTORMS® software
allows students to download programming commands to
make the robot move and play musical scores. Agent-
Sheets/AgentCubes are object-based programming envi-
ronments that are tailored for middle-grade students to
design computer games. They can be used to explore
various areas in computing, as evidenced by the variety of
games and simulations that can be easily developed (i.e.,
Maze Craze, Pac Man, Frogger, and Journey).

In the robotics context, the first task students learned
was to put basic LEGO® EV3 pieces together to make a
robot, such as a simple two-wheeled rover (see Fig. 1).
Then they learned how to use simple code using the
MINDSTORM® software to move the robot (see Fig. 2).
This required choosing a movement programming block
and setting the speed and number of rotations (see “Ap-
pendix 1: robotics worksheet” for sample worksheet).
Once students understood how many rotations it took for
the robot to move specific distances, they altered the pro-
gram to turn the robot left and right. Later, the students
learned to use sensors, such as color and touch, that enable
robots to move along a specific color-coded path and to
move, turn, or stop when an obstacle is detected. Thus,
students were able to create road maps for the robot to
travel and worked on challenging tasks for the robot to
perform (see Fig. 3). Culminating activities included
learning to write advanced code that allowed the robot to
play music, drop a ball in a cup, or traverse an obstacle
course.

In the gaming context, SGD provided students with a
robust curriculum to learn computational thinking patterns
(Webb et al., 2012). The key components of an Agent-
Sheets/AgentCubes program are agents, which are static or
dynamic objects (see Fig. 4), and worksheets or game

Fig. 1 Student demonstrating two-wheeled rover (Hiawatha School)
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fields divided into a rectangular array of cells upon which
agents are placed. Agents include player-controlled
dynamic agents or avatars, artificial intelligent (Al) friends
and foes, and scenery such as rocks or roads. Users pro-
gram the agents’ behaviors, such as movement, response to
other objects, or communication with other agents.

In this study, students learned how to program two
different types of games: Maze Craze and Frogger. The
goal of a maze game is to create a worksheet with a starting
point and an end target along with a set of obstacles for the
agent to encounter between the starting point and the goal.
Other agents, such as antagonists, are also programmed to
move in order to prevent the primary agent (i.e., protago-
nists) from reaching the goal. The program consists of a set
of rules, each of which describes what the protagonist
should do when a certain key is pressed (e.g., the right
arrow key) and other conditions hold. For instance, the
conditions may prevent the agent from moving through a
wall. After creating a worksheet, students were presented
with a variety of programming challenges, such as dis-
playing the game score, and diffusion and hill climbing
(which can be used to imbue the antagonists with rudi-
mentary Al).

Methodology

To evaluate the efficacy of the interventions, a 3-year,
counter-balanced, quasi-experimental research design was
developed to examine changes in middle school students’
self-efficacy in technology, attitudes toward STEM/
STEM careers, and computational thinking strategies.
Quantitative data alone do not totally explain changes or
the lack thereof among student participants. Thus, mixed
methods were used to collect data in this study. Teachers
focused on robotics, gaming, or a combination of
robotics/gaming to test the treatment variables in formal
classroom settings and informal before and afterschool
clubs. However, as a pilot study, the duration of each
configuration was not controlled to explore different
delivery models. Moreover, there were too few students
to analyze data in the robotics only environment. Thus,
we could not isolate the robotics treatment variable
during this pilot study.

Sample

In the tradition of Creswell (1998), thick descriptions about
the school setting and the classroom environment were
employed to understand the learning context. Initially,
teachers from Title 1 schools were recruited to participate
in this study, which focused on underserved and
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Fig. 3 American Indian students’ robotics road map (Big Ridge
School)

Fig. 4 Sample agent from the Frogger game

underrepresented students in Wyoming. Teachers from
non-Title 1 schools were also invited to participate once a
critical mass of Title 1 schools was reached. Teachers
agreed to facilitate instruction before, during, and/or after
school for 60 contact hours. In most cases, clubs met
2-4 days per week for 1-2 hours each day and instruction
lasted for 6-10 weeks. In some cases, two or more teachers
worked together to facilitate learning in clubs where there
were more students.

Fifth- through eighth-grade students were recruited from
eight schools in Wyoming. Students from diverse back-
grounds were recruited on a first-come first-serve basis at
pilot schools and were informed that their participation was
voluntary. Two of the eight schools were reservation
schools. Reservation schools were included because
research on American Indian students is sparse, and these
schools provided an opportunity for the researchers to learn
more about how to engage this underrepresented popula-
tion in culturally specific STEM education. Twenty
American Indian students agreed to participate in this
study. A few of these student participants attended rural
schools, but the majority attended one of two reservation
schools: Big Ridge or Hiawatha (pseudonyms). The
remaining students in the study attended one of six rural
schools: Anderson, Custer, Dillworth, Evans, Franklin, or
Gable (see Table 1).

One hundred and twenty-four students assented and
had parent consent to participate in the pilot study.
Observation and attendance records show 101 students
completed the study, but only 76 students completed both
pre- and post-surveys. However, fewer students were
included in analysis for each research question because of
missing data and outliers (see Table 2). A large enough
sample was available to disaggregate data to answer
question one (self-efficacy in technology) as an entire
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Table 1 Schools and students

by type of school and type of Schools Type of school Type of treatment # of st'udents in
analytic sample

treatment

Hiawatha Reservation Robotics only (R) 4

Big ridge* Reservation Gaming only (G)

Gable® Rural Gaming only (G) 28

Anderson® Rural Robotics/gaming (R/G) 7

Custer Rural Robotics/gaming (R/G) 1

Dillworth Rural Robotics/gaming (R/G) 11

Evans Rural Robotics/gaming (R/G) 9

Franklin® Rural Robotics/gaming (R/G) 13

Total students 76

# Schools included in G only and R/G analysis
Table 2 Number of students by research question
Student participants ~ #Program start ~ #Program end  #Analytic sample  #In RQla  #In RQlb  #In RQ2  #In RQ3  #In RQ4
Total students 124 101 76 68 49 69 5 5

Table 3 Number of students by race/ethnicity and gender

Student demographics #Analytic sample

Race/ethnicity
Asian-American 1
Hispanic/Latino 8
Native American 6
White 55
Two or more races 6
Gender
Female 28
Male 48
Total students 76

group and by type of instruction (i.e., robotics/gaming and
gaming only). To answer research question two (STEM
attitude/career), data were not disaggregated by type of
instruction because we were interested in how students’
attitudes toward STEM changed as an entire group. While
more students had games that could have been analyzed
to answer research questions three (CT strategies) and
four (use of culture and place in gaming), only five focal
students’ games were selected for analysis due to space
limitations in this paper.

Of the 76 students who completed pre- and post-surveys,
21 were minorities (including six Native American stu-
dents) (see Table 3). Forty-eight students were males, and
28 were females. All of the students were from rural
communities.
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Data Sources and Instrumentation

Quantitative data sources included a self-efficacy survey and
a STEM attitude and career survey, which students com-
pleted on a pre—post basis. The Self-Efficacy in Technology
and Science instrument (SETS) developed by Ketelhut
(2010) was adapted for use in the pilot study. Self-efficacy as
defined by Bandura (1977) is the belief that one can suc-
cessfully perform specific tasks, such as solving mathematics
problems. We used the SETS to measure change in students’
self-efficacy on three subscales: videogaming (8 items),
computer gaming (5 items), and using the computer to solve
problems (5 items). Videogaming refers to games that utilize
a video monitor and a joystick, such as a television screen
and controls used in current Wii U and Xbox games. Com-
puter games are games played on a computer using key-
strokes or a mouse. Cronbach’s alpha was used to rate
reliability on the SETS; alphas were 0.93 for videogaming
and 0.84 for computer gaming, which are in the very good to
excellentrange (DeVellis 1991). Using the computer to solve
problems (later referred to as computer use) referenced stu-
dents’ use of spreadsheets and other computer tools, such as
built in calculators and algorithms, to solve non-routine
problems. Cronbach’s alpha was 0.79 for this subscale,
which is in the acceptable range. Respondents rated the items
using a 5-point Likert scale that ranged from 1 (strongly
disagree) to 5 (strongly agree). Some of the items were
negatively worded and, therefore, were reversed for scoring.

The student attitudes toward STEM survey developed
by the Friday Institute (2012) consisted of three subscales:
mathematics (8 items), science (9 items), and engineering/
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technology (9 items). Cronbach’s alpha coefficients were in
the acceptable range (¢ > 0.83) on the scales developed by
the Friday Institute (2012). The STEM attitude subscales
used a 5-point Likert scale that ranged from 1 (strongly
disagree) to 5 (strongly agree). Some of the items were
negatively worded and, therefore, were reversed for scor-
ing. The future careers subscale was adapted and included
in the survey as well. The future STEM careers subscale
used a 4-point Likert scale to rate items (1: not interested at
all; 2: not so interested; 3: interested; and 4: very inter-
ested). However, there is no Cronbach’s alpha to determine
the reliability of this subscale.

Qualitative data sources included field notes, screenshots,
computer files, and photographs of student work and arti-
facts. Field notes were recorded during site visits to before or
afterschool clubs as well as regular classrooms. The work
samples of five focal students (four males and one female)
were selected to show how computational thinking was
demonstrated during game design. A rubric was created for
this study to measure computational thinking using the ISTE
definition as criteria (see “Appendix 2: computational
thinking rubric”).

In addition to computational thinking skills, students’
use of indigenous culture, pop culture, and knowledge of
off-shelf games were rated to evaluate game designs for
creativity. The assumption was that student voice and
choice in game design are critical to improving CT skills
and increasing participation among females and underrep-
resented minority students in STEM/ICT.

Multiple raters practiced rating student work by
examining screenshots, reviewing the code, and playing
the students’ games. After reviewing several games,
interrater reliability was established at 86%. Students
received ratings of 1 for emerging, 2 for moderate, and 3
for substantive evidence of CT based on their ability to
formulate the problem (i.e., set up the game with appro-
priate agents), use abstraction (i.e., create a unique game
with novel agents), engage in logical thinking (i.e., allow
the agent to move randomly on the worksheet to score
points), etc.

Data Analyses

The T statistic was used to compare pre—post scores on the
SETS and STEM attitude/career surveys. While students
were nested in schools, we do not report the adjusted
standard mean error because of the small number of stu-
dents included in the pre—post analyses. An analysis of
covariance (ANCOVA) was also conducted to compare
post-survey scores on each of the SETS constructs (i.e.,
videogaming, computer gaming, and computer use) by
treatment type (gaming only and robotics/gaming). The CT
rubric was used to rate five focal students’ game designs.

These students’ artifacts were representative of the gaming
and robotics/gaming-only environments.

Results

To answer the first two research questions, the results of the
SETS survey and the STEM attitude/career survey are
presented. To address the third and fourth research ques-
tions, qualitative data are provided to show how students’
computational thinking (CT) strategies were evident in
students’ artifacts. Since games are cultural products, they
were also evaluated for use of culture (e.g., indigenous
culture, pop culture, music, voiceover, and current off-shelf
games or images) in addition to CT.

Self-Efficacy in Technology and Science

Pre—post SETS survey scores are presented as aggregated
data in Table 4. Results of a paired ¢ test on each construct
reveal no significant differences on videogaming and
computer gaming. While there was a slight decline in
scores, students’ maintained positive self-efficacy on
videogaming and computer gaming after engaging in the
intervention, regardless of the type of instruction. On the
contrary, scores on computer use declined significantly
from pre- to post-survey (¢t = 2.074, p = .042). In future
years, we will engage students in focus group interviews to
explore positive and negative changes in beliefs as it relates
to using computers to solve problems. Focus group ques-
tions would also illuminate students’ efficacy beliefs about
videogaming and computer gaming. According to Ketelhut
(2010), videogaming scores are positively correlated with
the amount of time spent videogaming.

In order to learn more about the influence that the type
of setting may have had on self-efficacy in technology, we
conducted an ANCOVA to determine whether there were
significant differences by type of instruction. Only students
who completed the paper version of the pre—post tests were
included in this analysis (n = 49). The data were disag-
gregated into two groups: gaming only (n =29) and
robotics/gaming (n = 20). The dependent variable was the
post-survey and the pre-survey was used as the covariate.
Results of the ANCOVA show significant main effects on
the videogaming construct by group: F(1, 28) = 2.471,
p = 015 (effect size: r* = 0.63). Student participants’
self-efficacy scores on videogaming (construct 1) for the
robotics/gaming group increased significantly from pre to
post. When data on computer gaming (construct 2) and
computer use (construct 3) were compared by type of
instruction, the results of the ANCOVA were not signifi-
cant. However, descriptive data reveal that scores dropped
across all constructs in the gaming-only group, but
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Table 4 Comparison of pre—

post self-efficacy technology Self-efficacy constructs ~ Pre-score ~ SD Std. mean error  Post-score ~ SD Std. mean error
constructs (n = 68) Videogaming 3.93 082  0.10 391 095 012
Computer gaming 3.82 0.76  0.09 3.74 090 0.11
computer use 4.01 0.74  0.09 3.79% 094 0.11
*p <0.05
:f;?:; ssclc:;[::%)fs}tz);l;)i E(;St_ Group (n=49) Number of students Pre-survey mean SD Post-survey SD
instruction Videogaming
Group 1 (G) 29 3.79 0.92 3.75 0.93
Group 2 (R/G) 20 3.68 0.62 4.14%* 0.82
Computer gaming
Group 1 (G) 29 3.57 0.77 3.43 0.88
Group 2 (R/G) 20 4.02 0.73 4.02 0.73
Computer use
Group 1 (G) 29 4.06 0.71 3.61 0.88
Group 2 (R/G) 20 4.17 0.64 4.32 0.68
*p <0.05

increased or remained the same for the robotics/gaming
group (see Table 5). We will determine whether this trend
continues in study Years 2 and 3.

STEM Attitudes and Future STEM Careers

The attitudes toward STEM scale developed by the Friday
Institute (2012) was used to examine changes in students’
attitudes toward STEM and future STEM careers. The
subscales related to the STEM disciplines reveal that stu-
dent attitudes were more positive in mathematics and
engineering/technology before than after the study (see
Table 6). Attitudes toward science was the only STEM
domain that increased during this pilot study. However,
there were no significant differences between pre—post
scores on STEM attitude or interest in STEM careers for
the overall group.

Computational Thinking Skills

Samples of sixth-grade students’ game designs in settings
where teachers used the tutorials resembled the traditional
model for Frogger games. A screenshot of the Frogger
game created by Larry (pseudonym) is shown in Fig. 5. He
used a frog and trucks as agents while the worksheet
included grass and water as obstacles for the frog to nav-
igate. The code needed to produce a Frogger game similar
to Larry’s game is shown in Fig. 6.

Older students in a seventh-grade class also used the
tutorial to create three-dimensional games using
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AgentCubes. However, their use of culture and abstraction
allowed them to deviate from the traditional game model.
The researchers observed the students’ excitement as they
played each other’s games. The screenshots of two students’
games (see Figs. 7, 8) show the abstract nature of the
worksheets and agents, some coding, and the level of com-
plexity involved in creating the games in three dimensions.
Darren made 10 agents, and Angel created 17 agents for his
game. As shown in the screenshots, Angel’s game is more
abstract than Darren’s game. However, Darren made notes to
explain each step in his game. These two games exemplify
the use of procedural knowledge and incremental and goal-
directed learning in game design (Edelson 2001).

The two final screenshots (see Figs. 9, 10) show games
developed by Sher and Max, who were two sixth graders.
They developed games in a setting where students pro-
duced the ideas to make the game first (Project First) and
then learned the associated code without the use of a
tutorial. Sher’s screenshot is typical of the work students
produced in this setting, which resembled the maze rather
than the Frogger game. In this screenshot, the background
of the worksheet is a place setting, which exhibits
abstraction as well as Western culture. The agents con-
sisted of a fairy (protagonist) and picnic baskets that had to
be collected to maximize the score. While no code is vis-
ible, the researchers observed students playing the games
produced in this setting, which kept score, exhibited sound,
and provided a visual display, such as “you won” when the
game ended. The protagonists in both games reflected pop
culture as students used Tinkerbell™ and Mario™ images.
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Table 6 Comparison of pre—post student attitudes toward STEM/STEM careers (n=69)

STEM domain Pre-score SD Std. mean error Post-score SD Std. mean error Gain scores
Mathematics 3.76 0.83 0.10 3.66 0.91 0.11 (0.10)
Science 3.20 0.70 0.09 3.25 0.74 0.09 0.05
Engineering/technology 3.74 0.79 0.10 3.70 0.90 0.11 (0.04)
Future STEM career 2.46 0.58 0.07 2.39 0.63 0.08 0.07

Fig. 5 Larry’s Frogger game
screenshot
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Thus, these games illustrated the use of goal-directed and
situated learning in game design (Edelson, 2001).

Using the CT rubric, students’ games were rated as
emerging (1), moderate (2), or substantial (3) (see Table 7).
The screenshots as well as the programming code and
actual games provided evidence of computational thinking.
While the number of focal students is small, the games
these students produced were similar to other Frogger and
maze games, regardless of the setting.

In addition to CT strategies, digital games were ana-
lyzed for evidence of culture and place. Students in both
tutorial and Project First contexts exhibited a variety of
colors and objects in their games that were markers for
culture or place. For instance, Angel named his protagonist
R2D2, drawing on pop culture (prior to release of Star
Wars Episode VII: The Force Awakens). Darren, an
American Indian student, created a protagonist called
Nighthawk, which drew upon the American Indian culture
of creating birds in artistic representations (Kroeber 1900).

Place was represented in Frogger games by the vehicles
some students chose to create. A pickup truck is a common
marker in rural towns where the study took place. Larry
and Angel used pickup trucks rather than cars as obstacles
for their protagonists to cross the road. Max also used place
as his worksheet consisted of foothills, blue sky, and low
clouds, which are typical in the Rocky Mountain west.
These work samples are examples of how culture and place
were exhibited in game design.

Discussion

The findings of this pilot study informed the researchers
about student outcomes related to participation in robotics
and game design. The results of this study reveal several
important findings. First, student participants’ self-efficacy
on the construct of computer use declined significantly in
this study. Perhaps the learning curve associated with
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Fig. 6 Frogger game
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debugging issues while using Scalable Game Design
affected this result. Questions on the survey included such
items as: “It is hard for me to look for answers to questions
on the Internet” and “Even if I try very hard, I cannot use
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explore this result further by conducting student focus
groups in Years 2 and 3 of the study. When we examined
the constructs of videogaming, computer gaming, and
computer use by type of treatment (gaming only or
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robotics/gaming), students in the robotics/gaming clubs

had significantly higher scores on videogaming. We
believe the excitement of getting a robot to move and
perform a task combined with the creativity associated with
developing a game from scratch influenced this result. This
finding is unique as blending robotics with game design is
innovative and not found in the literature. The findings are
supported by Dierking et al. (2003), Grubbs (2013), and

Yuen et al., (2014) who described robotics as highly
engaging and Ke (2008) and Kebritchi et al. (2010) who
described gaming as motivational. Nevertheless, the
learning environments for robotics and game design, as
single treatment variables, need to be richer. In future
years, professional development will focus on creating
different types of robotics models (e.g., basic car, gyro boy,
and crane) rather than a single robotics design, and teachers
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Table 7 Ratings of focal students’ game design for computational thinking

Student Type of Problem Abstraction Logical Algorithms  Analyzing and Generalizing Use of Average
instruction  formulation thinking implementing and transfer culture rating
Larry Tutorial 2 1 2 1 2 1 1 1.43
Darren  Tutorial 2 1 2 2 3 2 2 2.00
Angel  Tutorial 3 2 2 2 3 2 2 2.29
Sher Project First 2 3 3 3 2 2 2 2.45
Max Project First 3 3 3 3 2 2 2 2.57

Fig. 10 Max’s maze game
screenshot
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will learn how to use and facilitate game design using
different kinds of software.

The second finding is that attitudes toward STEM/
STEM careers remained constant, indicating there was no
statistically significant change as a result of the study. It is
unclear whether the short duration of the program or data
washout contributed to these results. We will include
females and indigenous students in focus groups in Year 2
to determine how to improve project deliverables and to
ensure that instruments and instruction are appropriate for
their learning styles. In Year 3, we may have large enough
samples to analyze the surveys by gender and race/eth-
nicity to determine the impact of the project on females and
underrepresented minority students.

The third finding relates to the development of compu-
tational thinking. Analyses of the focal students’
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screenshots, code, and actual games are encouraging. Some
students were able to design creative and interesting games
with instructional scaffolding while others followed the
tutorial without much modification. While tutorials were
helpful to younger students and reduced cognitive load, CT
and creativity were less evident when teachers used this
instructional method. Some of the tutorials contained errors
that frustrated some students, while others enjoyed catch-
ing the mistakes. While the use of tutorials was helpful for
teachers and students, in Years 2 and 3 we will recommend
that teachers show students a completed game first and
allow them to play the game before they create one. From
our observations, this Project First pedagogical approach
helped to maintain students’ motivation in spite of
debugging issues because they were eager to see the end
product.
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On the contrary, working only on AgentSheets for
10 weeks caused some students to lose interest regardless
of the pedagogical approach. This was particularly true for
females in the self-contained classrooms. Their participa-
tion in game design during the regular school day was
mandatory because AgentSheets was a required classroom
activity whether they enjoyed it or not. This finding con-
flicts with the findings of Webb et al. (2012), who reported
that female participation was high during the regular school
day. To maintain student motivation, we will encourage
teachers to use a combination of tutorial and scaffolding
approaches to teach game design. Moreover, we will
expand the game design portfolio to include AgentSheets,
AgentCubes, and Scratch (developed by MIT) to help
maintain student interest. We will also submit students’
games to the video arcade, which analyzes students’
computational thinking patterns by comparing their games
to a prototype (Repenning et al. 2010). Furthermore, we
will use focus groups to examine how diverse students
react to robotics and game design components in Year 2
and the combined treatment in Year 3.

Fourth, we found that students were able to infuse some
elements of culture and place into game design (Bracey
2013; Gruenewald 2003; Leonard et al. 2005). Indigenous
students were influenced by Indian culture (e.g., birds and
animals) as well as popular culture (i.e., R2D2). Rural
students used backgrounds indicative of the communities
where they lived. Thus, children drew upon cultural capital
and place to engage in game design. To enhance our
understanding of cultural underpinnings and place, we will
collect a broader sample of student work and conduct
student focus groups to obtain specific explanations from
students’ about how their design principles incorporated
culture and place. If we can use these constructs to main-
tain student interest, we may be able to influence more
positive attitudes toward STEM, self-selection of advanced
STEM coursework, and interest in future STEM careers.

Finally, student attrition was an issue in this pilot study,
particularly among American Indian students. Thirty per-
cent of American Indian students dropped out of the study
compared with 18.5 % of all students. We will work with
reservation teachers, administrators, and families to deter-
mine how to better facilitate the program with this popu-
lation and attend to their cultural needs. Another factor
related to attrition, as reported by teachers, was participa-
tion in sports. In future years, middle school teachers will
be encouraged to run the UGIC program during the sum-
mer (Yuen et al. 2014) or the regular school day (Repen-
ning et al. 2010). Some of the school districts in Wyoming
have technology classes (e.g., Raspberry Pi) in middle
schools that could easily incorporate robotics and game
design. Moreover, we will recruit third and fourth graders
to participate in the study since younger students often

participate in fewer extracurricular activities. Teachers will
also be supported with resources to offer snacks to students
during afterschool clubs.

In summary, the results of this study show students’ self-
efficacy significantly declined on the construct of computer
use. However, students who participated in blended
robotics/gaming clubs had significantly higher self-efficacy
scores on the construct of videogaming. Computational
thinking skills also varied by type of instruction as students
who participated in the Project First method had higher
levels of computational thinking (CT). This finding is
supported by Repenning et al.’s (2010) research on CT. We
believe the high cognitive load of creating a game influ-
enced these results.

Limitations

The results of this study are limited to the participants and
settings where the study took place and should not be
generalized to students in other contexts. Major limitations
in this study were student attrition and a low survey
response rate. The attrition rate was 18.5 % since 101
students out of 124 completed the study. However, only 76
students completed pre—post surveys. In some cases, par-
ents did not provide written consent, and in other cases,
students opted out of taking the surveys. This impacted our
ability to calculate the adjusted mean error to account for
students being nested in schools because the number of
students completing pre—post surveys at several schools
was extremely small. As we build trust and relationships
with families and schools, particularly on the Indian
reservation where attrition was 30 %, we expect survey
completion rates to increase as stronger community ties
develop. Another limitation included our inability to
measure self-efficacy in technology and STEM atti-
tude/careers in the robotics only context given the small
number of students who participated in this treatment. The
research design calls for robotics-only and gaming-only
treatments in Year 2 and a combination of robotics/gaming
treatment in Year 3. In future years, we anticipate 400-500
students will participate as we expand to more schools. A
great number of students in the sample will inform the
interpretation of scores by type of instruction. Finally, the
methods employed in this study did not offer opportunities
to determine the participants’ computational thinking
strategies a priori. Nevertheless, given the qualitative nat-
ure of this aspect of the study, we captured the essence of
students’ artifacts. In future years, we will examine a
broader range of student products across multiple school
settings to show how diverse students’ computational
thinking strategies developed.
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Conclusions

Digital gaming has become a popular way for youth and
young adults in the Net Generation as well as younger chil-
dren in the App Generation to spend their time. Popular
games can be played in the home on Wii U and Nintendo
PlayStation. However, schools have been slow to harness
technology to improve student outcomes. Ketelhut (2010)
claims that videogaming, computer gaming, and using the
computer to engage in problem solving enhance students’
self-efficacy in technology and science.

Culture is a critical element in gaming (Barr et al., 2013;
Nasir 2005) and game design. While the products students
made in this study exhibited elements of student culture and
place, using digital games to transmit cultural knowledge has
yet to be studied in depth. We anticipate that focus group
interviews with students who identify as gamers may help us
to understand the influence of culture and place in robotics
and digital gaming. This study contributes to the literature on
blending technology with culture and place. We encourage
teachers to use culturally relevant pedagogy and place-based
education (i.e., students’ culture and place) as springboards
to maintain student interest in STEM education given the
results of this exploratory study.

In terms of promoting a diverse STEM workforce, the State
Department of Workforce Services in Wyoming estimated the
need for 1791 more workers in computer science; 1818 in
installation and repair; and 5589 in architecture and engineering
in this decade (Wyoming Department of Education 2004).
While our goal is to expose diverse students to STEM so that
they may become college STEM majors, many STEM jobs do
not require a college degree but technical training. It is
important to show students multiple pathways to STEM careers
as well as alternative means to making a livable wage. Given
their communal nature, indigenous students may be more
willing to choose STEM careers if they believe the knowledge
is culturally specific and would enhance their community.

This study provided females and underrepresented
minority students with opportunities to develop and
demonstrate STEM content knowledge by programming
robots to complete particular tasks and designing digital
games. Students engaged in scientific processes and co-
constructed knowledge by producing knowledge as opposed
to merely receiving it (Dierking et al. 2003; Ladson-Billings
1995). Thus, students had great potential to increase scien-
tific, mathematical, and technological competencies to
improve computational thinking skills. Our work is ongoing;
we anticipate the results of our second and third study years
will build upon the successful results reported here as we
expand the research from eight schools in five districts to 20
schools in ten districts throughout the state of Wyoming and
to four schools in an urban district in Pennsylvania.
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Appendix 2: Computational thinking rubric

CT components Emerging (1) Moderate (2)  Substantive (3)

Formulating If-then If-then If-then
problems statements statements statements
unclear in create more complex
terms of conditions and agent
problem allow agent moves to more
goals (e.g., to move than one set of
“Can pigs through criteria (e.g., if
fly?”) program you see a ghost
using a and a
single scarecrow
condition move to the
(e.g., if you left and/or up)
see a ghost
move left)
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CT components

Emerging (1)

Moderate (2)

Substantive (3)

Abstraction

Logical
thinking

Using
algorithms

Agent and
background
resemble
tutorial in
Frogger
game

If—then
statements
do not
follow
logical path
(e.g., agent
is stuck and
cannot
move
through the
program)

No evidence
of
algorithmic
use (i.e.,
game
cannot keep
score)

Agent or
background
is non-
traditional
and created
by the
student

If—then
statements
follow
logical path
with some
complexity
(e.g., agent
moves
through the
program but
no real
challenges)

Some
evidence of
algorithm
use (i.e., the
game can
keep score)

Agent and
background
are non-
traditional and
created by the
student

If—then
statements
follow logical
path with more
complexity
(e.g., agent
moves through
program but
can run into
danger)

Evidence of
algorithm use
and final score
(i.e., the games
keeps score
and says “you
won”

Analyzing and  No evidence ~ Some Strong evidence
implementing of the ability evidence of of debugging
solutions to debug the  debugging

program

Generalizing Game Game has Game is not
and problem resembles some similar to
transfer Frogger evidence of Frogger at all

example Frogger but and shows
some creative use of
differences knowledge
transfer

Use of pop No evidence  Some Substantial
gaming of including similarities modeling or
culture elements to current similarities to

from other off-shelf current off-

oft-shelf games shelf games

games with
improvements
and/or
significant
modifications
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