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ABSTRACT 
Aim/Purpose Bioengineering is a burgeoning interdisciplinary learning domain that could in-

spire the imaginations of  elementary aged children but is not traditionally taught 
to this age group for reasons unrelated to student ability. This pilot study pre-
sents the BacToMars videogame and accompanying curricular intervention, de-
signed to introduce children (aged 7-11) to foundational concepts of  bioengi-
neering and to the interdisciplinary nature of  scientific endeavors. 

Background This pilot study explores the bioengineering-related learning outcomes and atti-
tudes of  children after engaging with the BacToMars game and curriculum in-
tervention. 

Methodology This study drew on prior findings in game-based learning and applied them to a 
videogame designed to connect microbiology with Constructionist microworlds. 
An experimental comparison showed the learning and engagement affordances 
of  integrating this videogame into a mixed-media bioengineering curriculum. 
Elementary-aged children (N = 17) participated in a 9-hour learning interven-
tion, with one group of  n = 8 children receiving the BacToMars videogame and 
the other group (n = 9) receiving traditional learning activities on the same con-
tent. Pre- and post-surveys and interview data were collected from both groups. 
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Contribution This paper contributes to education research on children’s ability to meaningful-
ly engage with abstract concepts at the intersection of  science and engineering 
through bioengineering education, and to design research on developing educa-
tional technology for introducing bioengineering content to elementary school 
children. 

Findings Children in both groups showed improved knowledge and attitudes related to 
bioengineering. Children who used BacToMars showed slightly stronger per-
formance on game-specific concepts, while children in the control condition 
showed slightly higher generalized knowledge of  bioengineering concepts. 

Recommendations  
for Practitioners 

Practitioners should consider bioengineering as a domain for meaningful, inter-
disciplinary learning in elementary education. 

Recommendation  
for Researchers  

Design researchers should develop playful ways to introduce bioengineering 
concepts accurately and to engage children’s imaginations and problem-solving 
skills. Education researchers should further investigate developmentally appro-
priate ways to introduce bioengineering in elementary education.  

Impact on Society BacToMars introduces a meaningful scenario to contextualize complex con-
cepts at the intersection of  science and engineering, and to engage children in 
real-world, interdisciplinary problem solving.  

Future Research Future research should explore BacToMars and bioengineering curricula for 
elementary-aged children in larger samples, with longer intervention times.  

Keywords biological engineering, elementary school, videogames 

 

INTRODUCTION 
The fields of  biology and engineering have become a driving force in today’s world, inspiring innova-
tion in medicine, agriculture, energy, and space travel. The intersection of  these two fields, known as 
bioengineering, is a unique interdisciplinary domain that is motivated by the novel ways it combines sci-
ence and technology to address critical real-world problems. For example, bioengineers may create 
innovative medical devices, design new pharmaceutical drugs, or even develop environment-friendly 
fuels and power sources.  

Despite the widespread impact of  bioengineering in the United States, a typical elementary natural 
science curriculum does not include emerging domains of  knowledge like bioengineering that cut 
across disciplinary boundaries (National Research Council, 2007; Rampey, Dion, & Donahue, 2009). 
There are many potential reasons for not including biological engineering in the current elementary 
school curriculum, including uncertainty about students’ ability to understand bioengineering con-
cepts. However, recent research has shown that children are able to master foundational concepts of  
emerging science, engineering, and technology concepts much earlier than previously believed (Bers, 
2018; Greenfield, 2015). This suggests that, in practice, children might not be currently exploring 
bioengineering because of  challenges in implementation, such as teacher attitudes and preparedness 
and a lack of  consensus about the best practices for introducing bioengineering in early elementary 
(Johnson, Peters-Burton, & Moore, 2015; Kafai et al., 2017; Stieler-Hunt & Jones, 2015). This is a 
missed opportunity, as the exciting and unanswered questions at the center of  real-world bioengi-
neering represent a rich way to engage elementary students in STEAM (Science, Technology, Engi-
neering, Liberal Arts and Mathematics) explorations that tap into existing foundational disciplinary 
standards for their age range. Curricular interventions in 21st century domains may be especially ben-
eficial to minorities and girls, who are underrepresented in STEAM fields as adults due in part to 
long-standing bias in more established disciplines (Corbett & Hill, 2015). 
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Research on human-computer interaction over the past two decades has shown that new technolo-
gies can be used to foster a developmentally appropriate and playful introduction to science and en-
gineering, beginning in the early childhood years (Bers, 2018; Okerlund et al., 2016; Strawhacker & 
Bers, 2015; Sullivan, Strawhacker, & Bers, 2017).  Pioneering work on bringing bioengineering into 
K-12 classrooms, such as Kafai et al.’s (2017) biomakerlab interventions and Kuldell, Bernstein, In-
gram, and Hart’s (2015) BioBuilder curriculum resources have shown early promise for bioengineer-
ing education in high school settings. Additionally, recent research initiatives about game-based learn-
ing by groups such as the Digital Games Research Association (http://www.digra.org/) and the Seri-
ous Games Network (http://seriousgamesnet.eu/) have demonstrated the benefits of  videogames 
for engaging children and youth in rich, novel classroom learning experiences (de Freitas, 2006a, 
2006b). Prior research has explored best teaching practices for integrating science-themed video-
games into learning settings (Sandford, Ulicsak, Facer, & Rudd, 2006; Stieler-Hunt & Jones, 2015), as 
well as identifying elementary students’ attitudes regarding science-themed games (Kao, Galas, & 
Kafai, 2005). However, little research has been done to explore students’ learning outcomes after a 
videogame-integrated curriculum, or to control for the videogame as a factor in these learning out-
comes. The current study is designed to explore these questions and, thus, to contribute to the grow-
ing number of  game-based tools and resources specifically focused on introducing pre-high school 
students to foundational concepts of  bioengineering.  

The BacToMars videogame (Loparev, Sullivan, et al., 2017), which we evaluate in this paper, allows 
users to take on the role of  a scientist on a space mission to Mars. In the game, they must grow re-
sources to survive out of  genetic material from natural resources found on Mars and in their ship. 
The goal is to create a launch pad and build a rocket ship to return to Earth, while simultaneously 
creating enough water, food, and air to survive the harsh Martian environment. BacToMars was de-
signed to inspire the next generation of  innovators and scientists by exposing elementary-aged chil-
dren to foundational bioengineering concepts and address the gap in educational bioengineering 
games for this age range. In addition to introducing children to concepts of  science and technology, 
the game was also designed to foster the development of  age-appropriate reading comprehension, 
mathematics skills, creative problem-solving, and collaboration. 

The pilot-study presented here evaluates the impact of  the BacToMars videogame on early elemen-
tary school children’s attitudes and interest in science as well as their knowledge of  foundational bio-
logical engineering concepts. Additionally, this pilot study also investigates how enjoyable the game 
experience was for participants. 

In the following sections, we will briefly summarize relevant research on bioengineering and game-
based learning in elementary education. Following this, we will describe the design elements and 
game-play of  the BacToMars videogame in detail, as well as the method and structure of  the experi-
mental bioengineering curricular interventions. Results from the intervention will be outlined, focus-
ing on children’s learning and engagement outcomes, which will then be discussed and situated with-
in existing research. Finally, limitations of  the current study and recommendations for future work 
will be discussed and the paper will conclude with a reflection about the impact of  this work for the 
field of  bioengineering education and game-based learning in the elementary years.  

LITERATURE REVIEW 
In this research summary, we first define bioengineering and describe several real-world applications 
and challenges in that field. Then, we highlight the potential for bioengineering to emerge as a cross-
cutting, 21st century educational domain for pre-high school education. We next turn to game-based 
learning as a promising medium to engage children in novel, abstract STEAM domains and summa-
rize current research on best practices and design principles for implementing game-based curricula. 
Finally, we summarize existing digital games and prototypes to introduce pre-high school learners to 
bioengineering and discuss the theoretical underpinnings for pursuing this new kind of  educational 
tool.  

http://www.digra.org/
http://seriousgamesnet.eu/
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BIOENGINEERING  
Biological engineering is an emerging interdisciplinary STEAM (Science, Technology, Engineering, 
Arts and Mathematics) field that unites practices of  engineering with materials and methods from 
biology to solve real-world challenges (Weiss, 2001). Specifically, bioengineering draws upon the en-
gineering principles of  modularity (the idea that processes or systems can be subdivided into discrete 
components), standardization (the process of  conforming objects or processes to measurable stand-
ards), and abstraction (the idea that implementation details can be organized into a layered hierarchy 
so that engineers can focus on a design challenge in one layer while ignoring other layers). These 
principles are then applied to the design of  living organisms with new characteristics (Endy, 2005). 
Biological engineers design new organisms (such as bacteria) in order to solve problems in areas such 
as medicine, energy, and agriculture (Keasling, 2006).  

Since 2003, the International Genetically Engineered Machine (iGEM) Foundation (www.igem.org) 
has worked to standardize biological materials for biologically-designed solutions to pressing medical, 
environmental, or agricultural issues. Their Registry of  Standard Biological Parts contains over 
20,000 “BioBricks,” discrete genetic parts that can be snipped and joined to create DNA sequences 
for novel organisms (Shetty, Endy, & Knight, 2008; Smolke, 2009). For example, synthetic biologists 
have used genetically engineered solutions to clean plastic pollution in oceans (Zewe, 2016), improve 
the nutritional value of  staple crops (Planta, Xiang, Leustek, & Messing, 2017) and even to save a 
human infant from a life-threatening congenital disease (Reardon, 2015). 

Another real-world challenge that bioengineers are currently exploring is the use of  synthetic biology 
for sustaining extended space travel (Menezes, Cumbers, Hogan, & Arkin, 2014). Manned missions 
to Mars are inherently expensive and dangerous and critical resources may become less wasteful and 
even sustainable through new uses of  synthetic biology (Menezes et al., 2014). Technologies are be-
ing explored to aid in generating food and fuel, managing water and gas systems, and even manufac-
turing equipment on Mars. This cutting-edge application of  bioengineering is the inspiration for the 
BacToMars videogame described in this paper.  

BIOENGINEERING IN ELEMENTARY SCHOOL 
The recent boom in educational technology has proven that even children as young as age 5-7 years 
can master foundational concepts of  novel and emerging STEAM fields (Bers 2018; Clements & 
Samara, 2003). Research has shown that from both an economic and a developmental standpoint, 
educational interventions beginning in early childhood and the elementary school years are associated 
with lower costs and stronger, more durable effects than interventions that begin later in childhood 
(Reynolds, Temple, Robertson, & Mann, 2001). Additionally, we know that women and minorities are 
still underrepresented in many STEAM fields (Hill, Corbett, & St. Rose, 2010). Prior work demon-
strates the importance of  piquing the interest of  girls and minorities during their formative early 
childhood years before stereotypes regarding these traditionally masculine fields are ingrained in later 
years (Metz, 2007; Steele, 1997; Sullivan & Bers, 2016). Therefore, it is critical to target interventions 
and design tools for engaging younger children in exploring STEAM concepts.  

Currently, few resources refer to biological engineering as a curricular theme for students younger 
than high-school age (Johri & Olds, 2014; Linsenmeier, 2003). Natural sciences curricula in the US 
do not touch on microbiology until high school and synthetic biology is reserved for higher educa-
tion (Next Generation Science Standards [NGSS], 2013; National Research Council, 2007).  Despite 
this, bioengineering is a unique way to engage children in real-world challenges that require integrated 
learning across STEAM domains. Additionally, many of  the powerful ideas of  bioengineering are 
accessible for young children based on other concepts already taught in traditional elementary curric-
ula. For example, according to the Next Generation Science Standards (a K–12 science content 
standards framework developed collaboratively by the National Research Council [NRC], the Nation-
al Science Teachers Association [NSTA], the American Association for the Advancement of  Science 
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[AAAS] in the US) (NGSS, 2013), 3rd graders in the US are expected to understand that living organ-
isms like plants and animals inherit traits from their parents (Standard 3-LS3 Heredity: Inheritance 
and Variation of  Traits), that these organisms have unique life cycles (Standard 3-LS1 From mole-
cules to Organisms: Structures and Processes) and that engineers solve human problems by weighing 
the consequences of  various solutions and choosing the best course of  action (Standard 3-5-ETS1 
Engineering Design). All of  these concepts are foundational to the field of  bioengineering (Kuldell 
et al., 2015).  

More research is needed to understand elementary student’s ability to meaningfully engage with 
foundational concepts specific to bioengineering. The current study aims to address this gap in the 
empirical research literature. 

GAME-BASED LEARNING 
Game-based learning is an exciting education trend because games are now being designed and used 
to maximize learner engagement, motivation, and curiosity – areas that are lacking in traditional 
school structures in the US and abroad (Joan Ganz Cooney Center, 2016; Sandford et al., 2006). Re-
searchers argue that problem solving in educational virtual environments is similar to applying the 
scientific method to a new challenge and that it requires creativity and imagination as well as concen-
tration (de Freitas, 2006a; Hoffman, 2009). Key elements of  effectively-designed learning games in-
clude a narrative story-line to engage players, customizable avatars to support immersion in the game, 
game realism, a sense of  challenge, and exploratory play approaches that give players a sense of  con-
trol (de Freitas, 2006a). The main challenge outlined in games-based learning research is a lack of  
understanding of  best teaching practices and student learning outcomes for game-based curricular 
interventions (de Freitas, 2006a). The BacToMars videogame used in this study was designed with 
these elements in mind, including customizable avatars and a story-based game structure, and is in-
tended to be collaborative, open-ended, and based on real-world scenarios. 

Videogame-supported classroom education has emerged as a new way to engage learners in novel 
STEAM domains. Stieler-Hunt and Jones (2015) examined the practices of  elementary educators 
who successfully used games to support classroom learning, including games related to life-sciences 
curricula. Effective teachers considered student motivations while playing a game and questioned 
how they could cultivate peer relationships and inspire out-of-game engagement with learning con-
tent. For example, researchers observed a classroom of  Australian students (aged 11-12 years) whose 
teacher used a videogame about oceans to initiate a month-long investigation of  aquatic habitats, 
marine cartography, and extension activities initiated by the students, such as paintings and group 
dances inspired by sea-creatures. Stieler-Hunt and Jones (2015) emphasized the importance of  out-
of-game curricular support, as well as carefully selecting games that provide collaborative, open-
ended experiences that connect to real-world challenges. Kao et al. (2005) explored the difference 
between a multi-user and a single-user game-based learning environment to teach science concepts 
of  epidemiology to sixth-grade students. They developed two similar virtual environments, one sin-
gle-user (players could interact with computerized agents) and one multi-user (players could interact 
with other live players in the game). Sixth-graders explored the games and rated their experiences. 
Although children enjoyed both games, the single-player seemed more educational to them and the 
multi-player offered more opportunity for collaboration and a sense of  belonging in a community. 
Additionally, this study confirmed prior findings that constructing a personalized avatar spurred 
deeper involvement in the virtual world (de Freitas, 2006a, 2006b; Kao et al., 2005).  

These examples demonstrate the potential of  collaborative videogames to support elementary stu-
dents’ engagement and learning. This study addresses de Freitas’ (2006a) call to extend the empirical 
research on learning outcomes and best practices for game-based learning in a science-themed cur-
ricular intervention. Based on prior research, we incorporated collaborative multiplayer modes and 
rich out-of-game experiences to support learning with the BacToMars videogame. By comparing two 
identical learning interventions and experimentally manipulating which intervention included the vid-
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eogame, we further explored the unique contribution of  an educational videogame to support stu-
dents’ engagement and learning.  

BIOENGINEERING TOOLS FOR CHILDREN 
Several games exist to engage youth with biological engineering concepts, including Spore 
(www.spore.com), Hero.Coli (www.herocoli.com) and Nancrafter (Barone et al., 2015). However, few 
games offer opportunities for players to use bio-design in creative ways to address open-ended prob-
lems. Some museum exhibition including e.pixel (Tech Museum of  Innovation, 2014) and TrapIt! 
(Lee et al., 2015), allow young participants to observe and interact with live bacterial cells. The bi-
odesignstudio exhibit in the Tech Museum of  Innovation introduces visitors to foundational con-
cepts of  biological engineering such as inherited traits, using biological parts to design biological con-
cepts and methods for building biological systems (Tech Museum of  Innovation, 2016). However, 
few exhibits allow children to engage with biological design in creative ways to solve problems. Syn-
Flo (Okerlund et al., 2016) is a museum exhibit that allows visitors, including children, to engage in a 
simulation of  a synthetic biology experiment in which bacterial cells are engineered to detect and 
report the presence of  environmental toxins. BacPack (Loparev, Westendorf, et al., 2017) is a muse-
um exhibit that engages visitors of  all ages in the design of  bacterial cells that could help astronauts 
to produce required products (e.g., oxygen, water, nutrients, biomass) from resources available on 
Mars (e.g., CO, soil, and “astronauts’ poop”). Both SynFlo and BacPack utilize tangible interaction 
(Shaer & Hornecker, 2008) to attract visitors to collaborate in a playful bio-design activity. 

These interactive museum installations inspired the development of  the videogame BacToMars (Lo-
parev, Sullivan, et al., 2017), which offers a novel and exciting storyline (humans living on Mars) to 
contextualize STEAM concepts and demonstrates a real-world application for the concepts and skills 
that players must learn. The choice to use a digital environment for this tool is rooted in theories of  
Constructionism (Papert, 1980). Papert (1980) used the term “microworlds” to describe a discrete 
environment where everything will conform to the rules a child sets. These worlds, he argued, are 
fertile ground for children to cultivate ideas, test hypotheses, and construct new artifacts based on 
that learning. BacToMars is a videogame designed by the authors to leverage the creative opportuni-
ties of  a microworld, by combining the practices of  engineering design to the construction of  helpful 
living organisms. In this way, BacToMars creates a micro-biology-world, where users can construct 
knowledge about biological engineering (Papert, 1980). The goal of  BacToMars is for players to help 
a team of  astronaut scientists survive on Mars by engineering bacteria that consumes resources avail-
able on Mars (carbon dioxide, sunlight, soil, and poop) to produce necessities to survive, such as wa-
ter, air, and food. The unique storyline of  BacToMars allows children to see direct impacts of  choic-
es made in the microworld on the human scientists living on Mars, who need biologically-engineered 
bacteria that produce oxygen, nutrients, water, and materials. This allows children to explore chal-
lenges that scientists face in the real world and design solutions intended to help people and promote 
scientific endeavors such as space travel. 

BACTOMARS VIDEOGAME 

BACKGROUND 
The BacToMars videogame was designed for this study by the Wellesley College Human Computer 
Interaction (HCI) Lab and the Tufts University DevTech Research Group (Loparev, Sullivan, et al., 
2017). BacToMars is based the interactive museum exhibit BacPack that was designed by the Welles-
ley HCI Lab (Loparev, Westendorf, et al., 2017). Results from an evaluation of  the exhibit in the mu-
seum showed that visitors (adults and children) collaboratively tinkered and experimented with the 
exhibit. Observations of  visitor interactions and a series of  debriefing questions revealed evidence of  
learning and inquiry. The BacPack exhibit provided an example of  how digital interfaces can be used 
to promote collaborative, interactive learning about bioengineering.  
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BacToMars draws on the basic premise of  the BacPack museum exhibit but offers prolonged interac-
tions for an audience of  elementary children (2nd through 5th grade) through a web-based platform 
that can be easily accessed with a computer or tablet. The choice to design for this population was 
because the evaluation of  BacPack in the museum demonstrated that children within this age range 
were able to engage and enjoy the exhibit while learning bioengineering concepts (Loparev, Westen-
dorf, et al., 2017). BacPack was designed to address the following learning goals: introducing the 
basic concepts of  genetics, with a focus on what genes are; facilitating the design of  genetic pro-
grams that include input and output and where output from one program could serve as input to a 
different program; introducing the foundations of  biological engineering;  using methods and follow-
ing a concrete process to build things that solve real-world problems; demonstrating the principles of  
abstraction and modularity (genes with documented functionality are used as standard biological 
parts and are combined to create new biological systems); and engaging players in creative problem-
solving of  critical challenges related to survival on Mars (Loparev, Westendorf, et al., 2017). 

BACTOMARS GAMEPLAY 
The goal of  BacToMars is for players to help a team of  astronauts scientists to survive on Mars. 
These astronauts traveled to Mars to conduct research on the planet, but a dust storm destroyed their 
spaceship and supplies so that they must rebuild their supplies from scratch. Players assume the role 
of  a scientist and choose their character representation at the beginning of  the game (see Figure 1). 
A female game character (a biological engineer astronaut named Pam) teaches the players how to 
help the astronauts by engineering bacteria that consumes resources available on Mars (carbon diox-
ide, sunlight, soil, and poop) to produce products needed by the astronauts (see Figure 2). Products 
include basic needs such as oxygen, water, and nutrients, as well as materials such as biomass and fuel 
and metal. Once the players help the astronauts to sustain their basic needs, they proceed to produce 
products that the astronauts need in order to build a rocket ship to return to earth. Players accom-
plish these goals through bio-design and bioengineering methods – they select modular BioBricks 
(i.e., genes) that tell bacteria how to use resources to make products, combine them into a genetic 
program, and insert the program into plasmids so that a colony of  engineered bacteria grow and are 
released to the Martian environment. 

  

 
Figure 1: Character selection screen at the beginning of  the game.  

Children choose their face, hair style and hair color and enter their name. 
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Figure 2: The first level of  BacToMars, with on-screen scaffolding instructions  

to show players how to place genes.  

In the game, players must discover which combinations of  BioBricks yield the highest amount of  
product. Figure 2 depicts the BacToMars screen. The bottom of  the screen shows the workbench 
with the player’s character representation and score on the bottom right, the resource and product 
genes in the center, and the plasmid for their gene program on the right. The top half  of  the screen 
shows the biodome, where players see the team of  astronauts and scientists, the output of  their re-
source and product combination, and current levels of  their products. Players can receive infor-
mation from Pam by clicking on her character at the top of  the screen. Players are then led through 
this process of  discovery with a series of  scaffolding levels that slowly introduce the resource and 
product BioBricks available to them. Figure 3 depicts all resource and product genes available in the 
game. Players start by creating oxygen, the most essential product for survival, and work their way 
through until they’ve also created water and nutrients. Players are then introduced to biomass, a 
product that can also be used as an efficient resource. Once players successfully create and use bio-
mass, the collaborative element (multiplayer phase) of  the game begins.  

 
Figure 3: Resource and product combinations in the BacToMars videogame 
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Players work together to use metal and fuel, along with other products, to build their rocketship, as 
shown in Figure 4. In this level, players can use the natural resources on Mars to create metal and 
fuel, which the astronauts then use to build their rocket ship. Players can see what their team mem-
bers are making by looking at the character representations along the edge of  the workstation. 
Gameplay ends when the rocketship is complete and players receive feedback that outlines which 
resources and products they used and how that compared to the team (see Figure 5). During the 
game, players receive feedback on how well they combined BioBricks. Additionally, the astronauts tell 
the players what they need to create inside thought bubbles - these start out green, but if  they are 
ignored they turn to yellow, then red, as time goes on (see Figure 2). After completing the entire 
game cycle, children should have a rich understanding about the challenges of  space travel and the 
ways that bioengineering can aid astronauts. 

 
Figure 4: The final level of  BacToMars.  

 
Figure 5: The final screen of  BacToMars, where players receive feedback  

on the resources and products they used and how that compares to their team. 
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BACTOMARS IMPLEMENTATION 
The game is implemented as a multiplayer game in Javascript using the Phaser.IO game engine and is 
available online as a single-player game, together with all scaffolding material, videos and mini games, 
in the following url: http://cs.wellesley.edu/~bac2mars/games/BacPackTablet_multiplayer/public/ 

Although the game itself  has many educational features, the context of  gameplay is important for 
children’s understanding of  the learning content (Stieler-Hunt & Jones, 2015). Children in our study 
experienced the game as part of  an intensive exploration of  space travel and bioengineering which is 
described in the next section.  

METHODS 
Inspired by successful game-based learning initiatives (e.g., those mentioned in Stieler-Hunt & Jones, 
2015), we developed an experimental curriculum to accompany the BacToMars videogame, involving 
a range of  media besides the videogame (e.g., minigames, videos, off-screen books, and games) to 
support learning. These curricular choices will be described in this section. In the current study, we 
explored the efficacy of  this mixed-media, interactive curriculum to engage children in learning about 
bioengineering. In order to understand the unique learning affordances of  the BacToMars game, a 
control curriculum was also developed that involved all of  the same support technologies and activi-
ties, but excluded the videogame. Like Kao et al. (2005), we explored children’s attitudes after single- 
vs multi-user play experiences about collaborative and individual play experiences. We also explored 
children’s bioengineering learning outcomes to determine the educational effectiveness of  the Bac-
ToMars game and curriculum. Based on prior research, we hypothesized that the videogame-enriched 
curriculum would show higher student satisfaction and similar learning outcomes to the non-
videogame intervention.   

Mixed method (qualitative and quantitative) data collection measures were employed in order to an-
swer the following research questions: 

1. How does the BacToMars videogame impact children’s attitudes towards science? 

2. How does the BacToMars videogame impact children’s knowledge of  foundational bioengi-
neering content? 

Children entering second through fifth grade were recruited to participate in a 3-day (3 hours each 
day, for a total of  9 hours) bioengineering-themed summer program held at Tufts University free of  
charge. Children were divided into 2 groups: Group 1 received a bioengineering curriculum that in-
cluded the BacToMars videogame, and Group 2 (a control) received a nearly identical curriculum that 
did not include the BacToMars videogame. Children’s attitudes and knowledge were assessed using 
pre and post surveys and interviews.  

SAMPLE 
N = 17 children entering 2nd through 5th grade participated in the program. Based on the children’s 
self-identification, there were n = 10 girls and n = 7 boys in this study (see Table 1 and Figures 6-7). 
Nearly all the participating children reported that they attend public schools in the greater Boston 
area, with n=15 children coming from public schools and n = 2 children coming from private 
schools.  

http://cs.wellesley.edu/~bac2mars/games/BacPackTablet_multiplayer/public/
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Table 1: Participant demographics in each group 

Group Sample size Grade Gender 
1 (Videogame) 8 63% 3rd 

38% 4th 

 

38% Male 
63% Female 

2 (Control) 9 45% 2nd 
22% 3rd 
11% 4th 
22% 5th  

 

44% Male 
56% Female 

Total 17 
 

27% 2nd 
47% 3rd 
27% 4th 
13% 5th 

41% Male 
59% Female 

 

 

 

 
Figure 6. Grade distribution of  children in 

the experimental condition  
(videogame group). 

Figure 7. Grade distribution of  children in 
control condition  

(non-videogame group) 

Children were assigned to Group 1 (videogame intervention) or Group 2 (control) based on their 
availability and schedule. Group 1 had n = 8 children while Group 2 had n = 9 children. 

INTERVENTIONS 
All children in the sample engaged in a 9-hour bioengineering-themed intervention. Before and after 
the intervention, children’s knowledge and attitudes about bioengineering were assessed. In order to 
identify the effect of  the BacToMars videogame, children were assigned to either an experimental 
group (Group 1) or control group (Group 2) and engaged in a very similar learning intervention in 
both settings. Both groups explored off-screen games, stories and group activities as well as educa-
tional videos about bioengineering and “mini-games” designed for this study. However, only Group 1 
played with the BacToMars videogame, an educational technology videogame designed to teach bio-
engineering concepts. Following, we describe the interventions and assessment instrument. 

Both conditions: Traditional and technological learning activities 
In both groups, daily activities were structured around a lesson theme related to foundational bioen-
gineering concepts (see Tables 2 and 3 below). These topics included natural resources on both Earth 
and Mars, DNA and how engineers can reprogram it, and the types of  genetic materials (i.e., “prod-
uct genes” and “resource genes”) that bioengineers can use when creating new biological solutions. 
Both groups explored the same concepts in the same relative order. Activities consisted of  a mix of  
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open-ended activities, such as free-building a construction using LEGO bricks; semi-structured activ-
ities, like a trivia game about natural resources; and guided activities, such as reading from an infor-
mational picture book about microbiology (see Figures 8-10). Children played trivia games to practice 
relevant vocabulary, such as “bioengineering,” “engineering,” and “microbiology,” and explored tools 
of  real microbiologists, such as microscopes, pipettes and petri dishes.  

  

Figure 8. Children played trivia games 
about bioengineering. 

Figure 9. Children used free-play time  
to create models of  the surface of  Mars  

using tablet software. 

 

 
Figure 10. Children created models of  the surface of  Mars using LEGO and craft materials. 

Additionally, children in both groups became familiarized with the images and vocabulary in the of  
the BacToMars game through a series of  instructional videos and mini-games. These were designed 
to introduce children to the story behind the game and to provide background on concepts related to 
Mars, the environment, natural resources, bioengineering, and genetics. The animated videos were 
broken up into three 3-5 minute sessions to provide manageable amounts of  information and were 
narrated by the lead bioengineer game character, Pam. The two minigames came after the first and 
third videos; the first minigame asked children to point to the natural resources on Earth and Mars 
(see Figure 11) and the second involved creating gene combinations to generate a specified product 
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(see Figure 12). These minigames were developed in order to reinforce the most important ideas 
needed during gameplay, such as natural resources available on different planets. Researchers chose to 
include this experience in both weeks because the videos and minigames did not depend on the 
gameplay, and they thoughtfully explained the concepts explored earlier in the lessons in more depth. 

  
Figure 11. The first minigame,  

where players select natural resources  
on Earth and Mars. 

Figure 12. The second minigame,  
where players are asked to create a gene 

combination that will produce water. 

Experimental condition: Playing the BacToMars videogame 
The 3-day bioengineering intervention for Group 1 (n = 8 children) included off-screen games, tan-
gible activities, the BacToMars educational videos and mini-games, and the full BacToMars video-
game (see Table 2). The sessions lasted for 3 hours each day, for a total of  9 hours over the course of  
the 3-day intervention. 

Table 2: Intervention Structure for Group 1 (experimental videogame condition). 
Note. Activities in bold indicate activities that only the Group 1 condition engaged in.  

DAY OF  
INTERVENTION 

BIOLOGICAL ENGINEERING 
TOPIC 

ACTIVITIES 

Day 1 (3 hrs) What are Natural Resources? 
What resources are found on Earth 
and Mars? 
What is the Environment of  Earth 
and Mars? 

Pre-surveys and interviews 
Engineering building activity using 
LEGO bricks 
Vocabulary Discussion: Biology, Engi-
neering, Microbiology 
Trivia game about environmental re-
sources 
Read from a children’s picture book 
about microbiology 
 

Day 2 (3 hrs) What is DNA? 
How do engineers work with DNA 
on Earth and on Mars? 

Videos and mini-games 
Debrief  about content from videos and 
mini-games 
Single-Player BacToMars videogame 
Discussion about DNA and how engi-
neers work with living materials 
 

Day 3 (3 hrs) What are “product genes” and “re-
source genes”? 
What is Microbiology? 

Multi-player BacToMars videogame 
Explore tools of  microbiology (e.g. mi-
croscope, droppers, petri dishes) 
Post-Surveys and Interviews 
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During the three BacToMars videogame sessions, a researcher worked directly with the children, ob-
serving and giving supportive prompts when necessary. For the single-player game, children were 
instructed to choose their character representation and to play the game from the beginning by fol-
lowing the scaffolding prompts. These children played until they reached the end of  the game. For 
the multi-player game, children were broken up into groups of  3-4 and were seated at adjacent com-
puters. They were told that this version of  the game would be collaborative, but they were not told 
when the multi-player portion would begin. Each group played until they collectively finished the 
game. 

Control condition: Student-led discussions and physical games 
Children in the control group engaged in the same lesson plan, but did not explore the videogame. 
Instead of  these activities, researchers planned comparable activities during the same timeslots. On 
day 2, instead of  playing the single-player version of  the videogame, children listened while research-
ers read aloud from a picture book about DNA and genetics. On day 3, instead of  playing the multi-
player version of  the videogame, children played a physical collaborative game that involved printed 
images taken directly from the videogame to reinforce the concept of  using “resource genes” to cre-
ate “product genes.” 

The 3-day bioengineering intervention for Group 2 (n = 9 children) included many of  the same off-
screen games, tangible activities, BacToMars educational videos, and mini-games, but not the full 
BacToMars videogame (see Table 3). The sessions lasted for 3 hours each day, for a total of  9 hours 
over the course of  the 3-day intervention. 

Table 3: Intervention Structure for Group 2 (control non-videogame condition). 
Note. Activities in bold indicate activities that only the Group 2 condition engaged in. 

DAY OF  
INTERVENTION 

BIOLOGICAL ENGINEERING 
TOPIC 

ACTIVITIES 

Day 1 (3 hrs) What are Natural Resources? 
What resources are found on Earth 
and Mars? 
What is the Environment of  Earth 
and Mars? 

Pre-surveys and interviews 
Engineering building activity using 
LEGO bricks 
Vocabulary Discussion: Biology, Engi-
neering, Microbiology 
Trivia game about environmental re-
sources 
Read from a children’s picture book 
about microbiology 

Day 2 (3 hrs) What is DNA? 
How do engineers work with DNA 
on Earth and on Mars? 

Videos and mini-games 
Debrief  about content from videos 
and mini-games 
Discussion about DNA and how engi-
neers work with living materials 
Read from children’s picture book 
about DNA 

Day 3 (3 hrs) What are “product genes” and “re-
source genes”? 
What is Microbiology? 

Physical game with printed images 
of  “product genes” and “resource 
genes” from BacToMars video-
game 
Explore tools of  microbiology (e.g. 
microscope, droppers, petri dishes) 
Post-Surveys and Interviews 
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ASSESSMENT INSTRUMENT 
Before and after the curriculum intervention, children completed a survey that consisted of  easy-to-
read questions and pictures that were completed individually on a computer. The survey addressed 
the following: attitudes and interest toward science, engineering, bioengineering; self-efficacy and 
confidence in science abilities; engineering and bioengineering content knowledge; and feedback and 
opinions of  the games and activities. It consisted of  a combination of  multiple choice, scaled, and 
free-response questions.  

The attitudes portion of  the survey was inspired by the Engineering is Elementary (EiE) Engineering 
and Science Attitudes assessment (Cunningham & Lachapelle, 2010). Engineering is Elementary 
(www.eie.org) is a classroom-tested curriculum that was designed to increase children’s interest in and 
confidence about engineering. In addition to curricula, EiE also designs and researches student as-
sessments (Cunningham, 2009; Cunningham & Hester, 2007). The EiE Engineering and Science At-
titudes Assessment consists of  twenty statements, in which children in third through fifth grade are 
asked to indicate their agreement/disagreement on the five-point Likert scale. Similarly, the survey 
implemented here included Likert-scaled responses that addressed attitudes and confidence.  

Researchers were available to help children with reading questions or understanding the instructions, 
but they did not give any other prompts or assistance to the children with regard to content. 

INTERVIEWS 
In addition to the surveys, children completed one-on-one interviews with a researcher before and 
after curriculum implementation. The interview questions consisted of  open-ended and opinion-
based questions as well as knowledge-based questions. For example, children were asked to provide 
their own definitions of  engineering and bioengineering. They were also asked to reflect on why (or 
if) science is important and how scientists solve problems in the real world. Finally, children were 
given the opportunity to share things they liked and disliked about the activities they completed.  

RESULTS 

DESCRIPTIVE FINDINGS 
The following section presents descriptive findings from the pilot-study evaluation of  the BacToMars 
videogame. Due to the small sample size and pilot-nature of  the tools and curriculum intervention 
used in this study, no analysis for statistical significance was completed. Instead, descriptive statistics 
were calculated and qualitative quotes were examined with the goal of  guiding future work. General 
trends were analyzed, using comparisons between the BacToMars videogame group and the Control 
Group. 

General knowledge and attitudes trends 
In both the Control and the BacToMars groups, children came into the program with a higher level 
of  understanding of  engineering than of  microbiology or bioengineering (see Table 4). Around 75% 
of  all children were able to correctly define the key term “engineering” in the pre-test in a free re-
sponse survey question. Children in both groups increased their ability to define microbiology and 
bioengineering after completing either the control bioengineering curriculum or the BacToMars bio-
engineering curriculum. 

 

http://www.eie.org/
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Table 4: Percent of  Correct Free-Response Definitions 

 ENGINEERING MICROBIOLOGY BIOENGINEERING 

Control Pre 77.80% 22.20% 22.20% 

Control Post 100% 88.90% 77.80% 

BacToMars Pre 75% 0% 12.50% 

BacToMars Post 75% 50% 37.50% 

 

When it came to children’s attitudes, participants in both groups began with a high level of  agree-
ment that they like to study science (mean agreement of  4 in both groups on a scale of  1-5 at the 
pre-test). This makes sense considering the sample was a self-selected group of  children who signed 
up (with their parent’s consent) for a science and engineering themed summer program. Children in 
both conditions increased their belief  that they could be a scientist when they grew up and that they 
have what it takes to be a scientist after participating in this research program (see Table 5). This in-
dicates that the program curriculum, both with and without the BacToMars videogame, had a posi-
tive impact on children’s attitudes and confidence toward science.  

Table 5: Mean Scores on Attitudes Questions Pre and Post 

 I LIKE TO STUDY 
SCIENCE 

I THINK I CAN BE A 
SCIENTIST WHEN I 
GROW UP 

I HAVE WHAT IT 
TAKES TO BE A SCI-
ENTIST 

Control Pre x̅=4.0, std=0.93 x̅=3.89, std=1.36 x̅=3.89, std=1.27 

Control Post x̅=4.22, std=0.83 x̅=4.0, std=1.0 x̅=4.44, std=1.33 

BacToMars Pre x̅=4.0, std=0.75 x̅=3.38, std=1.30 x̅=2.88, std=1.64 

BacToMars Post x̅=4.38, std=1.32 x̅=3.75, std=1.49 x̅=3.5, std=1.51 

Comparing the videogame and control groups 
Children’s responses to knowledge and attitudes questions at the post-test were analyzed in order to 
determine any differences or trends between the BacToMars group and the Control Group. Once 
again, due to small sample size in each group, no significance testing was performed. However, de-
scriptive statistics were calculated in order to look for initial differences.  

As noted above, children in both the BacToMars and the control groups had high mean scores on 
the core attitudes questions including their enjoyment of  studying science, their belief  that they can 
be a scientist when they grow up and their belief  that they have what it takes to be a scientist (See 
Figure 13). This indicates that just engaging in developmentally appropriate science activities was im-
pactful on children’s attitudes toward science. The biggest difference between the two groups was in 
their belief  that they have what it takes to be a scientist, with children in the Control group having a 
higher mean level of  agreement of  4.44 (SD= 1.33) and children in the BacToMars group having a 
mean level of  agreement of  3.5 (SD=1.51). 
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Figure 13. Mean science attitudes at post-test 

In the videogame group, female children showed higher initial agreement with these items than male 
children(regardless of  grade), and all children in this videogame groups showed increases of  0.33-
1.00 point from Pre to Post assessment (see Figure 14). Children in the control group showed a 
slightly different pattern, with males having higher initial scores than females and often showing no 
change from Pre to Post (see Figure 15). Trends in attitude agreement remained consistent regardless 
of  the grade in both groups, with the exception of  the item, “I think I can be a scientist when I grow 
up,” in the control group. Children in 2nd-4th grade showed increased agreement from Pre to Post, 
but males and females in 5th grade showed decreases (see Figure 16). The same pattern was not ob-
served in the videogame group, but that group did not contain any 5th grade children to compare.   

 
 

Figure 14. Responses from male and 
female children in the videogame group  

to the survey question,  
“I like to study science”. 

Figure 15. Responses from male and  
female children in the control group  

to the survey question,  
“I have what it takes to be a scientist”. 
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Figure 16. Pre- and Post-responses from male and female children in the control group to the 

survey question, “I think I can be a scientist when I grow up”, organized by grade. 

When it came to the knowledge multiple choice questions, results show that, in almost all areas, the 
BacToMars group had a higher percentage of  children who answered each multiple-choice question 
correctly (See Figure 17). The one notable area of  difference in this trend was a question that re-
quired identifying the natural resources found on Mars. For this question, only 50% of  the Bac-
ToMars children were able to correctly answer while 88.9% of  the Control group was able to answer 
it correctly. This may be because the Control Group spent more time learning about Mars since they 
did not have to learn gameplay mechanics. 

 
Figure 17. Percent correct on multiple-choice knowledge post-test. 

Finally, children’s answers to the free response definitions were compared between the BacToMars 
intervention and Control groups (See Figure 18). Results show that more children in the Control 
Group were able to correctly provide definitions of  all three key-terms including engineering, micro-
biology, and bioengineering. This was a somewhat surprising finding but it may be due to the fact 
that children in the Control group were able to spend more time with stories, games, and discussions 
that reinforced these definitions since they did not engage in videogame play.   
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Figure 18. Percent correctly defining key terms in free response post-test 

Table 6 shows the aggregate proportion of  actual correct out of  possible correct responses to all 
free-response definitions, organized by grade and gender. The control group had a broader diversity 
of  grades represented and both groups had more females than males. In general, males and females 
in the control group initially showed a higher baseline understanding of  engineering, microbiology, 
and bioengineering. For example, looking only at the 3rd grade males, control males (n = 2) initially 
answered correctly 67% of  the time, compared to BacToMars males (n = 3) who answered correctly 
33% of  the time. The control group showed larger increases in understanding from Pre to Post and 
higher overall understanding after the intervention than the videogame group.  

Table 6: Percent of  Correct Free-Response Definitions by Gender and Grade 

Grade 2nd 3rd 4th 5th Total 

 Pre Post Pre Post Pre Post Pre Post Pre Post 

Control 
Female 

22% 
(n=3) 

89% 
(n=3) 

- - 67% 
(n=1) 

100% 
(n=1) 

67% 
(n=1) 

100% 
(n=1) 

40% 
(n=5) 

93% 
(n=5) 

Control 
Male 

0% 
(n=1) 

67% 
(n=1) 

67% 
(n=2) 

100% 
(n=2) 

- - 33% 
(n=1) 

67% 
(n=1) 

41% 
(n=4) 

83% 
(n=4) 

BacToMars 
Female 

- - 17% 
(n=2) 

33% 
(n=2) 

33% 
(n=3) 

67% 
(n=3) 

- - 27% 
(n=5) 

47% 
(n=5) 

BacToMars 
Male 

- - 33% 
(n=3) 

56% 
(n=3) 

- - - - 33% 
(n=3) 

56% 
(n=3) 

INTERVIEW FINDINGS 
Children’s interviews were examined to find examples of  learning, enjoyment, as well as constructive 
ideas for improving the curriculum and game experience. Illustrative quotes are provided here to 
demonstrate children’s opinions in these areas.  

Learning 
Children in both the videogame intervention group and the control group expressed learning a lot 
about the different concepts covered, including Mars, space, biology, engineering, and more. For ex-
ample, one child stated, “I learned a lot about space” (3rd grade boy). Other children were more spe-
cific with the facts that stood out in their memory at the end of  the curriculum. One child said, “I 
learned that there is carbon dioxide on Mars and I always thought there was nothing there” (2nd grade 
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girl). Another child said, “[I learned that] that Mars has soil and sunlight. And that poop is a natural 
resource!” (3rd grade boy). 

Attitudes 
Although attitudes towards bioengineering and science were assessed in the surveys, a few children 
also expressed their attitudes during interviews. For example, one child said that he enjoyed the 
group discussions about bioengineering, because “I love learning” (3rd grade boy). Another child ex-
plained that he would play all of  the games and activities from the sessions “with my best friend, be-
cause me and him really like science and stuff ” (5th grade boy).  

Enjoyment 
Overall, children expressed that they enjoyed the camp experience as well as playing the BacToMars 
videogame. For example, one child said, “I really enjoyed coming to this camp” (4th grade female) 
while another child said, “I had a lot of  fun!” (3rd grade female). 

When it came to the game experience, children in the game intervention group shared their enjoy-
ment of  the BacToMars game. One child explained her enjoyment of  the multiplayer feature by say-
ing that, “[The] BacToMars videogame was really fun and you got the choice to play together with 
other people playing online” (4th grade female). Another child enjoyed learning how to use the natu-
ral resources on Mars to create materials that the astronauts in the game needed. This child ex-
plained, “my favorite part was figuring out how to use natural resources” (3rd grade male). Finally, 
some children expressed that they enjoyed the creativity and open-ended features of  the game. For 
example, one child stated, “[I] liked that you could be creative” (3rd grade male).  

DISCUSSION 

CHILDREN’S LEARNING AND ATTITUDES 
From the results presented above, there are three core propositions: 

1. Children in both groups improved their attitudes and knowledge about bioengineering. 

Bioengineering education is traditionally reserved for high school and college-level education (Lin-
senmeier, 2003). This intervention confirmed the hypotheses of  the research team that children are 
capable of  learning foundational concepts of  bioengineering. Furthermore, on the free-response def-
initions items, children in both groups had high knowledge of  engineering before the interventions, 
but relatively lower knowledge of  microbiology and bioengineering. This is probably because in the 
past decade, engineering education has received an incredible amount of  attention, both from the 
research and the education communities, and learning standards are already in place to support 
teachers in engineering education (Johri & Olds, 2014; NGSS, 2013).  

In addition to improved bioengineering knowledge, children’s attitudes about bioengineering in par-
ticular and about science in general improved from pre- to post-survey. Specifically, children in both 
groups were likely to respond at the end of  the intervention that they like to study science and that 
they believe they could be scientists when they grew up. There were apparent differences related to 
gender among children in the control group with girls showing higher scores post-intervention and 
boys showing little change in initial attitudes – with the exception of  the question about belief  in the 
ability to be a scientist, which showed decreases among 5th graders regardless of  gender. In the vide-
ogame group, girls and boys both showed increases from Pre to Post in positive attitudes about bio-
engineering and science. 

This finding is very positive from the perspective of  curriculum design. The activities chosen in both 
intervention conditions were sufficient to foster positive attitudes about bioengineering and increased 
understanding of  core concepts. In both groups, activities included a mix of  physical play and games, 
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content-specific discussion time and time for exploring reference resources and creating models 
about relevant concepts. These design elements draw on developmentally appropriate practice in 
childhood learning settings, as well as the theoretical framework of  Constructionism, which fore-
fronts a philosophy of  learning-by-doing (Gestwicki, 2013; Papert, 1980). Future work should aim to 
develop a diverse library of  such teaching resources to aid educators hoping to explore bioengineer-
ing with elementary-aged children.  

 

2. Children in the experimental condition reported high enjoyment of  BacToMars, particularly 
the multiplayer version of  the videogame. 

Children’s quotes about the videogame indicate that the game was fun and enjoyable to play and of-
fered chances for creativity and exploration. This suggests that the choice to design the game within 
the framework of  Constructionism was successful (Papert, 1980). 

When the children played the game together, they often helped each other with questions or difficul-
ties and kept each other updated on their progress. Children who asked the researchers questions 
about the game were prompted to ask the other children if  they knew the answer or to observe what 
the other children were doing before the researcher would offer help.  

During the multi-player version of  the game, children were asked on-screen whether they wanted to 
continue playing alone or collaborate with other players; all of  the children expressed great excite-
ment when this screen appeared and encouraged their teammates to choose the multi-player option. 
No child chose to continue playing alone. Once this final collaborative level began, children immedi-
ately began strategizing on how to split the product creation to effectively win the game. The level of  
enjoyment of  the game qualitatively rose after the multi-player portion of  the game began, with one 
child exclaiming “this is so fun working together!” 

The fact that children enjoyed the social and collaborative elements of  the game could indicate that 
there is an element of  the social/play experience that may contribute to children’s knowledge or atti-
tudes. Although prior research has suggested that boys prefer competitive while girls prefer collabo-
rative games (Agosto, 2004), both boys and girls in this study named the collaborative nature of  the 
multiplayer game as their favorite feature. In future work, it might be interesting to see if  a competi-
tive version of  the multiplayer videogame is as successful as the collaborative version in engaging of  
different genders. It is also possible that the collaborative nature of  the game served to increase boys’ 
and girls’ positive attitudes about science. Future work on technology and curriculum design for this 
age range should focus on collaborative problem solving as a means to engage children in meaningful 
bioengineering explorations.   

 

3. Experimental condition children scored higher on multiple-choice questions that used imag-
es taken directly from the videogame, while control condition children scored higher on free-
response questions about key terms and vocabulary.  

This finding is interesting, because it highlights the unique achievements of  each group. In the vide-
ogame group, children performed slightly higher on questions related to natural resources on earth, 
the definition of  natural resources, and the definition of  bacteria. In general, the research team at-
tributes this success to the fact that these questions all used images taken direction from the video-
game as responses. A logical explanation is that group 1 children spent more time familiarizing them-
selves with these images and their meanings. An interesting exception to this trend is that the video-
game group performed much lower than control group on a question about natural resources on 
Mars, which was a major feature of  the videogame. This is a surprising finding, but it could be that 
the group 1 children confused concepts of  natural resources and resource genes, or that the small 
sample size resulted in an outsized outlier effect.  
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Looking at the control group, they outperformed the videogame group on open-ended questions 
that required children to define key concepts. This finding seems logical, because this group substi-
tuted BacToMars gameplay on day 2 with a reference picture book about bioengineering concepts 
and on day 3 with a collaborative, conversation-based game about bioengineering. These activities are 
more focused on verbal communication and discussion, which could have better prepared them for 
verbal free-response questions. 

In light of  these findings, the research team concludes that the experimental group demonstrated a 
slightly stronger understanding of  concepts directly addressed in the BacToMars videogame, but that 
their relatively lower performance on open-ended response questions suggests that they may face 
challenges generalizing their learning outside of  the game. In contrast, the control group’s lower mul-
tiple choice averages suggest room for improved mastery over game-specific concepts of  natural re-
sources and bacteria, but their open-response answers show higher general knowledge of  key terms. 
These findings seem to echo results from previous work with the BacPack museum exhibit, in which 
participants who worked with tangible interactive tokens recalled information related to general ge-
netic and bacterial re-engineering, while users who engaged with a multi-touch screen were more like-
ly to recall information related to the Mars example used in the game (Loparev, Westendorf, et al., 
2017). This pattern suggests that there may be a relation between interfaces (screen-based or tangi-
ble) and the type of  learning that participants take away (specific to the game context, or generally 
applicable concepts). Future work on bioengineering educational technologies should consider trans-
fer of  concepts beyond the game environment as part of  the design process. In terms of  design im-
plications, this issue could perhaps be addressed by adding a reflective element to the game design. 
For example, children might keep a “science log” to track their questions as they play, or the game 
could end with a prompt to write a letter to a real astronaut to connect the learning “outside” of  the 
game. Curricular design should seek to support videogame play with discussions, physical games and 
other off-screen connections.   

LIMITATIONS 
A clear limitation of  this study is the small sample size. The number of  children in each group was 
too small to draw conclusions from this sample to the larger population or to run statistical analysis 
on the data. Additionally, the short duration of  the intervention, meaning that children’s learning 
outcomes might not represent true knowledge gains. Despite this, the pilot nature of  this study al-
lows researchers to draw conclusions about implementing the BacToMars game and the bioengineer-
ing curricular interventions. 

FUTURE WORK 
Developers and designers of  educational technology should consider the findings here when creating 
educational solutions. Specifically, children in this study particularly responded to social multiplayer 
features and visual iconography of  the videogame.  

The videogame, videos, and minigames will be further developed based on the results of  this study. 
Several small bugs need to be resolved in the game and the biomass level needs to include further 
scaffolding, as many children had trouble getting past this level without prompting. Some explana-
tions in the videos need to be slightly reworded for clarity.  

Future work in bioengineering education interventions should focus on longer intervention times 
with larger sample sizes to determine lasting educational gains. The improved knowledge and atti-
tudes of  both groups suggest that educators and researchers should investigate bioengineering as a 
potential learning domain for elementary-aged children. Educational technology researchers should 
also investigate the ability of  children to transfer knowledge from technology-specific contexts to 
situations outside of  the digital experience. The field can benefit from design principles that maxim-
ize transferable, generalizable learning. 
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CONCLUSION 
This paper has presented a mixed-method investigation of  a novel videogame, BacToMars and ac-
companying educational intervention designed to introduce N = 17 elementary-aged children to con-
cepts of  biological engineering. The study aimed to identify children’s attitudes and knowledge about 
bioengineering and related sub-disciplines of  engineering and microbiology, using a questionnaire 
and interview both before and after the intervention. Children were assigned to either an experi-
mental (videogame) or a control (non-videogame) condition. After a 3-day (9 hour) intervention, all 
children showed improved understanding and attitudes about bioengineering. Children in the exper-
imental group scored slightly higher on multiple-choice survey questions that corresponded to con-
cepts from the videogame, such as the definition of  bacteria and natural resources. Children in the 
control condition scored slightly higher on free-response questions about the definitions of  key 
terms, such as engineering and microbiology. This suggests that the BacToMars game may be an en-
gaging technological tool to support learning in specific areas of  bioengineering.  

Overall, children in both conditions showed improvements in bioengineering knowledge and atti-
tudes. The findings from the two groups highlight the relative affordances of  a videogame-enriched 
curriculum to increase content knowledge and draw connections to relevant out-of-game knowledge. 
Children were highly engaged and curious while playing the BacToMars game and the multiplayer 
version especially evoked many of  the collaborative, open-ended experiences that Constructionist 
learning tools foster (Papert, 1980). This study confirms prior research, that curricular interventions 
with a mix of  activities and opportunities (e.g., video clips, mini-games, low-tech activities) to engage 
in the content are highly beneficial for learning (Stieler-Hunt & Jones, 2015). Additionally, we have 
also confirmed findings on the benefits of  collaborative multiplayer game-based learning for engag-
ing children (Kao et al., 2005) and extended this to include increased positive attitudes toward the 
game’s learning content. The learning that occurred in the control group proves that videogames are 
not a required feature of  a science-themed curriculum. However, the combination of  in-game and 
out-of-game experiences results in relatively similar levels of  learning, while heightening children’s 
engagement and enjoyment of  the learning process. 

The BacToMars game showed promise as an engaging and fun way to engage children in applied 
concepts of  bioengineering when coupled with a developmentally appropriate curriculum for ele-
mentary-aged children. However, children in each group showed differential learning outcomes. Spe-
cifically, children who played with BacToMars scored higher on multiple-choice questions about spe-
cific concepts related to Mars and bioengineering, while children in a control condition scored higher 
on free-response questions about key terms and vocabulary. Future versions of  BacToMars and other 
educational videogames should focus on developing interface elements to transfer knowledge beyond 
the context of  the game scenarios. Overall, these results are promising for educational applications 
of  bioengineering, a novel field that is just emerging as a potential domain in interdisciplinary 
STEAM curricula for young children.  
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