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ABSTRACT
A new space settlement video game, High Frontier, is presented in the context of STEM (Science, Technology, Engineering and Math) education. High Frontier is a realistic
simulation that allows learners to explore various STEM topics including analytical dynamics, thermodynamics, ionizing
radiation, the space environment, and SI units. It also encourages engineering thinking, provides practice at problem
solving, and provides a context in which the application of
mathematics has obvious benefits. Finally, High Frontier encourages a positive outlook about humanity’s future, which
may lead players to more engagement with STEM fields and
with society in general.
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1.

INTRODUCTION

The importance of STEM (Science, Technology, Engineering, and Math) disciplines in education has become widely
recognized in recent years. Here we briefly review the reasons for this emphasis on STEM, and why games are an
important medium for addressing this need. We then introduce the High Frontier space settlement simulation game,
and in the rest of the paper, explain how this video game in
particular helps enhance STEM education.
As a side note, the Rhode Island School of Design has been
advocating the addition of an “A” for Art to STEM, making
STEAM [1]. While we recognize the importantance of art
and design in its own right, and this field is crucial to the
making of High Frontier, the game itself is better positioned
to support the original STEM fields, so that will be our focus
in this paper.

1.1

The Importance of STEM

A variety of studies, summarized by the STEM Education
Coalition [7], indicate that the employment outlook is sub-

stantially better for graduates in STEM fields than in nonSTEM fields. For example, in 2009 the average annual wage
for STEM occupations in the U.S. was $77,880, compared
to $43,460 for non-STEM applications. Moreover, unemployment among new graduates with bachelor’s degrees in
STEM fields is half that of graduates in non-STEM fields.
Growth in STEM jobs over the last decade has been three
times as fast as growth in non-STEM jobs.
Despite this draw, surveys show that only 45% of high school
graduates in 2011 were prepared for college work in math,
and only 30% were adequately prepared in science [7]. Moreover, though the United States has historically been a leader
in STEM fields, interest among students has been waning;
less than 28% of high school freshmen declare an interest in
a STEM-related field, and over half of those will lose that
interest by the time they graduate [8].
As the time available in school is limited, parents and educators may look for opportunities to enhance their children’s
or students’ STEM educations outside the classroom.

1.2

Games as a Medium

Video games have become a major form of mass media. Recent estimates are that 59% of Americans play video games,
which is comparable to the number of people who see movies
in a theater (68%), and substantially greater than the number of people who have paid-TV subscriptions (32%) [9].
Among young adults, the percentage is even higher; 81% of
Americans between 18 and 29 years old play video games
[ibid]. And among teens, video game usage can only be
described as ubiquitous, at 97% [12]. Contrary to popular
stereotypes, game players include roughly equal numbers of
males and females.
When looking for ways to reach the public — especially teens
and young adults — the importance of games cannot be
overstated.
This realization has led to a growing subfield of “serious
games” whose primary purpose is something other than entertainment [16]. While High Frontier’s primary purpose
is entertainment, it nonetheless has important benefits for
both teaching STEM principles, and encouraging interest in
STEM fields.

1.3

High Frontier Video Game

High Frontier is a video game currently under development
by a small independent games company, Strout and Sons.
It is a simulation game in which players design, build, and
run orbital space settlements (also sometimes referred to
as space colonies). Space settlements are a special category of space station, characterized by (1) rotation for artificial gravity, (2) an Earth-like internal environment including trees, grass, and open spaces, and (3) large size, housing
anywhere from hundreds to potentially millions of people.
Gameplay in High Frontier cycles through three phases. In
the first, the player makes a new colony design by assembling and configuring parts from a parts library. For example, parts include a cylindrical habitat section, a torusshaped section, solar panels, radiators, docking ports, and
so on. Each of these can be configured within a fairly wide
parameter space, and then assembled in almost any order,
resulting in a large design space to explore.
In the second phase, the player chooses an orbit in which to
build their design. Each orbit has di↵erent characteristics
impacting energy balance, cost of materials, etc. Currently
only cislunar (i.e., near the Earth and Moon) orbits are implemented, but when the game is finished it will include a
large number of orbits around the solar system, including
the outer planets.
In the third phase, players will go inside the colony and
manage it at the city level. Activities in this phase will include laying transportation lines, defining zones where various types of buildings can be built, and managing municipal
services. The goal in this phase is to grow the population
and economy within the settlement, and then use the resulting revenue to fund the next settlement, which may be

bigger and better than the last.
High Frontier is a science-based simulation game which makes
use of real physics (and other disciplines, such as medicine)
as much as possible. So, while the primary purpose of the
game is entertainment, it has substantial value for enhancing
STEM education, as described below.

2.

PEDAGOGIC METHOD

The High Frontier game includes the simulation of a number
of real physical e↵ects. Interaction with the game will help
learners gain deeper understanding of physical principles in
two ways.

2.1

Experimentation

First, the game allows players to perform experiments, testing the e↵ects of di↵erent parameters on the behavior of
the simulation. While these experiments could be deliberate, either self-motivated or led by a teacher, in many cases
these experiments are likely to be informal, carried out in
the course of trying to design better space habitats. By either method, the student will over time gain an “intuitive”
(experience-based) understanding of the underlying principles. For example, a player may notice that when they increase the depth of soil in a habitat section, the radiation
levels for that section are reduced. By watching the radiation level change as they increase or decrease the soil, they
can get an intuitive feel for the e↵ect of this material on
ionizing radiation (particularly if the player summons the
radiation info panel, as shown in Figure 1). This might
lead to a hypothesis that the radiation levels are inversely
proportional to soil depth. That hypothesis could then be
tested by taking observations at a variety of soil depths, and

Figure 1: High Frontier screen shot showing the radiation info panel.

Figure 2: High Frontier screen shot showing the shielding info panel.
attempting a linear fit to the data.

2.2

Direct Explanation

Second, the design mode of the game includes several layers
of additional information, generally accessed by clicking on
an “info” button identified by a question mark or warning
symbol. These information panels provide background information about the physical principle involved, as well as
more detail about the particular values in the user’s design
and how these were derived.
Continuing the example in the previous section, a player
may quickly realize that soil alone is not enough to explain
the shielding e↵ect, as even when soil is reduced to zero, the
radiation levels inside the habitat are still lower than those
outside. Clicking the info button next to the “Total Shielding” read-out provides the necessary background information (any mass acts as shielding) and a detailed break-down
of the shielding mass in the currently selected part. (See
Figure 2.) These values update in real time as the player
continues to manipulate the parameters of the design.
These two methods of conveying the material are synergistic:
a learner whose curiosity is piqued by experimental results
can delve deeper for more information on the topic, while a
learner who first reads the background information can form
hypotheses to be tested experimentally.

3.

STEM TOPICS COVERED

In this section, we examine some of the specific physical
principles conveyed by the High Frontier game.

3.1

Analytical dynamics

Analytical dynamics (sometimes known as kinetics) is the
branch of physics concerned with the motion of bodies. Orbital space settlements are composed of a collection of primarily rigid bodies, some of them filled with fluid, and some
of them rotating. The motion of rotating bodies is somewhat more complex than that of masses that simply translate through space; while the resistance of an object to linear
acceleration (i.e., its inertia) is described by a single value
(its mass), an object’s resistance to a change in rotation
is described by three moments of inertia, which depend on
both the mass and the shape of the object.
These moments of inertia are important because they determine whether an object can spin stably indefinitely, even in
the presence of energy loss, or whether it will instead tumble
and start rotating about a di↵erent axis.
High Frontier calculates and displays the three moments of
inertia for the selected habitat part, or the entire design as
a whole. These are shown with the correct units, and an
estimate of how stable the resulting design will be. When
the design is built, an energy loss mechanism is simulated to
drive the system towards its lowest-energy state. Depending
on the moments of inertia, this may be tumbling end over
end, which would be disasterous for a real space colony. For
the player, then, dynamic stability is not merely an academic
subject, but an important factor to consider in making a
successful design.

3.2

Thermodynamics

Thermodynamics is the branch of physics concerned with
energy, heat, and temperature. In space the primary factors
a↵ecting the temperature of an object are (1) insolation,

or absorbed sunlight; (2) any additional energy dissipated
inside the object; (3) radiation of energy into space; and (4)
insulation. These factors are all simulated in High Frontier
to produce the temperature of the space settlement.
In design mode, the player can adjust some of these factors and see how the resulting temperature changes. For
example, adding more soil or shielding increases the temperature, since these also act as insulation. Radiators are
large panels oriented edge-on to the sun; increasing these
reduces the temperature of the habitat, since they increase
the surface area available for radiating energy away, without
significantly increasing the amount of sunlight absorbed.
These principles apply to any object in space, from small
spacecraft to whole planets. As players come to understand
how these four e↵ects combine to produce the temperature
of their settlement designs, they will be better equipped to
understand things like the greenhouse e↵ect on planets, or
why the Apollo 13 spacecraft got so cold.

3.3

Ionizing Radiation

Ionizing radiation refers to energy or particles that carry
enough energy to free electrons from atoms or molecules.
These ionized atoms or molecules can have detrimental medical e↵ects over time, and so are of particular importance
to space settlement. Ionizing radiation can include highfrequency electromagnetic rays, but those are trivially stopped
by a small amount of shielding, so for our purposes we focus
on energetic particles.

There are two main sources of energetic particle radiation in
space: solar particles, which come from the sun (either directly or trapped in a planetary magentic field), and cosmic
rays, which come from all directions from interstellar space.
Of the two, cosmic rays have much higher energy and are
more difficult to stop, but solar particles are much more
numerous, especially during the occasional “solar storm.”
High Frontier includes a sophisticated model of the amount
and type of radiation present in various orbits, and how these
particles are attenuated by shielding. This model is based
on NASA’s OLTARIS tool [5] as well as original sources in
the literature [2][3][14]. The e↵ect of shielding is nonlinear,
because a small amount of shielding will block low-energy
particles, but cause secondary radiation (i.e. additional radiation caused by collisions from the incident particles) from
high-energy particles. All this is modeled in the game, and
background information is provided to explain about the
types of radiation and their e↵ects.

3.4

The Space Environment

The term “space” is generally used to refer to anywhere beyond the Earth’s atmosphere, but of course that encompasses a wide variety of environments. High Frontier currently includes six di↵erent cislunar orbits, including lowEarth orbit, several high orbits around the Earth, and one
low lunar orbit; see Figure 3.
These orbits vary in three important ways. First, an orbit
close to a planet or Moon will receive shielding from cosmic

Figure 3: High Frontier screen shot showing currently available orbits.

rays coming from that direction. But at the same time, a
nearby planet or moon will block sunlight. This can be a
net benefit or not, depending on how much the settlement
depends on solar power for energy and on insolation to keep
warm. Finally, the deeper an orbit is within a planet’s magnetosphere, the more it is shielded from cosmic rays, which
are the most difficult type of radiation to block. (See section
4.2 for more on this point.)
As a result, players of High Frontier will quickly learn to stop
thinking of “space” as a single place, and instead internalize
the realization that space is a broad category that includes
many di↵erent environments.

3.5

Units

Many di↵erent physical quantities are presented in High
Frontier, for example, the mass of various components of the
station, the internal volume of a habitat section, or power
produced and consumed. These quantities are always presented with the associated units. SI (metric) units are used
throughout, with the exception of radiation equivalent dose,
which uses the American unit “rem.”
To keep the numbers more readable, High Frontier automatically switches to the most convenient common larger
unit. For example, power may be displayed as W (watts),
kW (kilowatts), or MW (megawatts). Players will become
familiar with these standard prefixes in the course of the
game.

4.

NOVEL RESULTS

Work on the High Frontier simulation led to some novel
results with applicability to real-world space settlement design. These relate to stability, radiation shielding, and the
benefits of building a settlement in low-Earth orbit.

4.1

Stability Benefit of Inverted Endcaps

The potential energy of a spinning object depends on the
axis around which it is rotating. In general terms, the
lowest-energy state is obtained when as much of the object’s
mass is as far away from the spin axis as possible. Since an
object will naturally reach its lowest-energy state over time,
this is a crucial consideration for a space settlement, where
the spin axis determines the direction of artificial gravity.
A 2007 space settlement design paper [10] describes a cylindrical space colony (Kalpana One), with an emphasis on
dynamic stability. The authors wrote: “The best case, in
terms of stability, would be flat endcaps; anything else is
going to move more mass away from the X and Y axes,
while not moving any further away from the Z axis, and
thus make stability worse (except perhaps concave endcaps,
which may make sense but are not considered here).”
Using High Frontier, we replicated the results of the paper,
but then went further, exploring the concave endcaps which
had not been considered before. It turns out that these
provide a dramatic benefit: using concave endcaps allows us
to stretch a cylinder with a radius of 250 m from 285 m long
to 575 m long, while still maintaining rotational stability.
That’s a little more than twice as long, and increases the
living space from 0.45km2 to 0.9km2 . (See [15] for details.)

To our knowledge, concave endcaps have never been included in published space settlement designs, but the benefit
is so great that it seems likely to be a standard feature in
the future for any cylindrical settlement.

4.2

Shielding Requirements in Free Space

A 1975 design study estimated that 4.5 tons per square meter of total shielding would suffice to reduce radiation dosage
to the medically acceptable level of 0.5 rem/year [6]. This
was for a free-space orbit, outside Earth’s magnetosphere
and distant from both the Moon and Earth. This is a widely
cited figure which has informed many space settlement designs since.
Regrettably, research into radiation and shielding requirements for the High Frontier simulation revealed that this
figure is too small by about a factor of two. It takes closer
to 10 tons of shielding to reduce radiation levels to that
dosage in free space, based on modern radiation simulation
tools such as OLTARIS [5]. Shielding is a major contributor to mass, and thus cost, of an orbital settlement, so this
factor of two is quite important.

4.3

Advantages of Low-Earth Orbit

Early studies in the 1970s assumed that the best place to
build a space settlement was in a high Earth orbit, and more
specifically, the L4 or L5 points, which are in the Moon’s
orbit but ahead or behind it by 60 degrees. These points
are gravitationally stable, and relatively easy to reach (in
terms of energy) from the Moon. Again, most subsequent
space colony designs accepted this choice without detailed
examination.
However, the radiation research that led to the realization
(described in the previous section) that high orbits require
more shielding than previously assumed, also found that
low-Earth orbit (LEO) is comparatively benign. In fact, a
habitat in LEO is almost completely protected from cosmic
rays by the Earth’s magnetic field, and receives substantial
protection from solar particles as well.
The result is that a space habitat in LEO needs little to no
radiation shielding at all, depending on the target dosage
chosen and the amount of soil within the colony. This greatly
reduces the overall mass (thus cost) of the colony, and makes
LEO a very attractive location for early-stage space settlement. In turn, this leads towards a heavier reliance on materials from Earth, rather than from the Moon or asteroids. It
has other economic implications as well, since a settlement
in LEO is far more easily reached for tourism and other
Earth-based commerce, but not well sited for supporting lunar operations.
These insights contributed to a recent paper on the topic [11].

5.

“SOFT" BENEFITS

Previous sections of this paper covered some of the specific
scientific principles and facts which a student may learn from
High Frontier. In this section, we discuss more nebulous,
but nonetheless important, benefits that may obtain from
playing the game.

5.1

Engineering

The term “engineering thinking” is sometimes used to describe the way engineers view and solve problems. Engineering is result-driven and focused on finding the optimal
solution to a problem, even in the presence of imperfect
knowledge and conflicting constraints [13].
This way of thinking applies not only to those who pursue
engineering as a career. Problems arise in any domain —
business, medicine, finance, science, etc. — and those who
have internalized the techniques of engineering analysis and
synthesis will be better equipped to find solutions.
The High Frontier game, particularly in the “design” and
“build” phases, is a realistic engineering exercise. Players
must balance conflicting constraints of gravity level, rotation
speed, radiation shielding, mass, and so on to find an optimal
design for their own purposes. The game is patient and
encourages experimentation, but successful players will learn
to engineer solutions to the problems they encounter.

5.2

Problem Solving

Problem-solving is a closely related skill; we refer here to a
more general “can do” attitude that comes from successfully
solving many problems over time. High Frontier presents
difficulties which must be overcome; these range from the
initial challenges of designing a settlement that works at
all, to the long-term problems of budget management and
growing the population and economy within each settlement.
These problems are faced within the context of a continuous long-term game. In typical video-game design, challenges are acute and artificial, and force the player to replay
the exact same scenario until they pass the difficulty (which
is, in many cases, based mainly on visual motor skills). In
High Frontier, challenges arise naturally from player-selected
goals in the context of a realistic simulation, and when these
challenges are not met to the player’s satisfaction, the simulation continues nonetheless. This is a closer match to the
challenges of real life, so experience in High Frontier may be
more likely to transfer to e↵ective problem solving in other
domains.

5.3

Applied Math

High Frontier is not primarily designed to teach mathematics, but it does have a great deal of applied math under the
hood. This is obvious to the player in the course of the
game, as various quantities are dynamically updated while
the design is tweaked.
Advanced players are likely to notice some of these mathematical relationships. For example, doubling the radius of
a spinning habitat part causes the e↵ective gravity to double as well; but doubling the spin rate causes the gravity
to increase by a factor of four. In noticing this, the players
are constructing a mental model of the underlying equation.
When they encounter similar equations and concepts in their
academic coursework, they will immediately see how those
concepts can be applied to a problem they care about, e.g.,
the gravity level on a space habitat.
Students learn and retain material better when it is relevant
to them, and math is often a difficult topic for students

to relate to. The enhanced applicability of math for High
Frontier players could therefore have significant benefits for
their math education.

5.4

Positive Future Outlook

We end this section with a benefit that is the most nebulous,
yet quite possibly the most important, of the benefits listed
here: an optimistic view of the future.
Young people are faced with an array of global difficulties:
climate change, terrorism, pollution, war. These could lead
some people to become discouraged about the future, imagining a world of dwindling resources, degrading environment,
and increased violence as humanity fights over the scraps
that are left. This dystopian view could easily lead one to
withdraw and abandon any serious e↵ort to make things
better.
High Frontier portrays a dramatically more optimistic future, and in a very realistic way. Over the course of the
game, humanity spreads peacefully into the solar system,
which is rich in materials and energy. The Earth is portrayed as the origin and most important home of humanity, but in the long term, it is only one of many homes.
Moreover, Earth is protected and healed by moving heavy
industry and resource extraction into space.
Combined with the other skills nurtured by High Frontier,
this will help foster a generation of problem-solvers who see
the difficult problems of today as tractable, and remain engaged and active in building a better future.

6.

DISCUSSION

High Frontier is a video game whose primary, and most obvious, purpose is to entertain. However, it does this in the
context of a realistic simulation of structures that could actually be built within the next century. The realism of the
simulation is particularly evident in physics and math. As
a user plays the game, she will be working with real physical concepts, and through that direct experience, gain an
intuitive grasp of these concepts over time.
Moreover, due to the detail and accuracy of the simulation,
High Frontier can also be used for non-game purposes. For
example, it may be used as a computer-aided design (CAD)
tool for space settlements. It has already been used this way
to assist with a “Kalpana Two” design currently in progress
(Al Globus, personal communication). It is likely to become
a frequently used tool for NASA’s annual space settlement
design contest [4].
Finally, High Frontier encourages a positive, optimistic outlook, where people work together peacefully to overcome
natural obstacles and make a better future. Particularly
when so many video games are based on violence and, if
they protray a future at all, present a dystopian one, the
brighter view of High Frontier may be a welcome counterpoint.
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