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ABSTRACT
Expertise-centric citizen science games (ECCSGs) can be powerful
tools for crowdsourcing scientific knowledge production. However, to be effective these games must train their players on how
to become experts, which is difficult in practice. In this study, we
investigated the path to expertise and the barriers involved by interviewing players of three ECCSGs: Foldit, Eterna, and Eyewire.
We then applied reflexive thematic analysis to generate themes of
their experiences and produce a model of expertise and its barriers.
We found expertise is constructed through a cycle of exploratory
and social learning but prevented by instructional design issues.
Moreover, exploration is slowed by a lack of polish to the game
artifact, and social learning is disrupted by a lack of clear communication. Based on our analysis we make several recommendations
for CSG developers, including: collaborating with professionals of
required skill sets; providing social features and feedback systems;
and improving scientific communication.

CCS CONCEPTS
• Human-centered computing → Empirical studies in interaction design; Interaction design theory, concepts and paradigms; User
centered design; • Applied computing → Collaborative learning.
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INTRODUCTION

Citizen science games (CSGs) can be a powerful tool for crowdsourcing scientific advancements [38]. Yet, for them to succeed, they
must effectively train their players in how to play. This is especially
true for expertise-centric CSGs (ECCSGs) — a recent term coined by
Keep [97] — such as Foldit [40] and Eterna [156]. In these games,
citizen scientists achieve a complementary domain expertise which
provides novel expertise to the scientific domain experts [97]. Contrast this with data-centric [97] projects such as iNaturalist [133],
Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from permissions@acm.org.
CHI2022, April 30 – May 6 2022, New Orleans, LA
© 2022 Association for Computing Machinery.
ACM ISBN 978-1-4503-9157-3/22/04. . . $15.00
https://doi.org/10.1145/3491102.3517541

Seth Cooper

se.cooper@northeastern.edu
Northeastern University
Boston, Massachusetts, USA
a platform where citizen scientists contribute images and image
labels rather than human computation and creativity. Data-centric
CSGs include Phylo and Borderlands Science [192], games which
require little training or expertise before players can make meaningful contributions. In these games, the scientific problem being
worked on is not a challenging task, but challenging in the sheer
amount of data that needs human processing. Expertise-centric
games, on the other hand, take months to years of play to fully
understand the domain enough to make meaningful contributions,
such as protein and RNA design and virtual neuron reconstruction
— the tasks of Foldit, Eterna, and Eyewire respectively [40, 156, 178].
The value of CSGs is therefore twofold. The first value regards
socially accessible science, “providing the public with access to important and challenging problems facing science and society” [180].
This includes not only being able to physically access opportunities
to contribute to science, but cognitive access (understanding why
they are able to contribute and how their contribution is important)
and social access (making contributions a socially acceptable, and
even encouraged, activity to engage in). The second value is practicality for scientific advancement: empowering citizens to solve
these challenging problems which could otherwise take decades
of scientific effort. Depending on how one classifies contributions,
this can take several forms, as discussed below in subsection 2.1 and
Table 1. Of note, the unique contribution of ECCSGs is in solving
complex problems and providing explanations for how they are
solved.
Toward this goal, ECCSGs attempt to capture the motivational
powers of collaboration, competition, and gamification [16, 43, 88,
91, 153, 177, 194]. Although this model is theoretically sound, effective development of an ECCSG requires enabling the players to
gain this complementary domain expertise. In practice, this is very,
very difficult.
Why? What are the barriers to expertise, what are the challenges that players face when they are onboarded into one of these
CSGs? This is the research question of the current study, which
tries to identify “breakdowns” [86, 87] in CSG onboarding, defined
by Sharples as “observable critical incidents where a learner is
struggling with the technology, asking for help, or appears to be
labouring under a clear misunderstanding” [166, p. 10]. While some
breakdowns can lead to learning, others can lead to catastrophic
disengagement [87]. Therefore, a better understanding of which
kinds of breakdowns are occurring in ECCSG onboarding — and
how — is important to supporting players’ expertise development
for solving scientific challenges.
To speak plainly about why this work is important, supporting
expertise in ECCSGs can lead to greater quantity and quality of
scientific data for research in fields like protein and RNA design.
More broadly, by understanding expertise development we may
be able to gain new insights into how to train learners in new
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domains for which little to no training materials have yet been
developed. And on the other hand, a failure to deliver effective
training to ECCSG participants would risk these games failing to
draw in an audience, potentially leading to widespread distrust and
abandonment of the citizen science gaming model entirely.
Therefore, we examine the research question “What is the path
to expertise in ECCSGs and what are the major barriers along that
path?” This is achieved through interviews with ECCSG players of
Foldit, Eterna, and Eyewire about their skills and experiences, and
we explore the data using a deductive and constructionist application of reflexive thematic analysis [20, 21]. In doing so, we attempt
to identify the golden path1 to expertise in ECCSGs and any barriers
along that path. More generally, the study of ECCSGs provides key
insights into the design of game-based learning, crowdsourcing,
and community knowledge construction. Although we list most
recommendations in Table 3 as specific to ECCSGs, many of the
principles can serve as inspiration for educational games, serious
games, and other citizen science projects.
The primary contribution of this paper is a model of the path
to expertise in ECCSGs and barriers along that path. We find that
the path to expertise is a cycle of exploratory learning and social
learning. The three dominant barriers to this cycle are missing instruction, missing polish, and missing communication. Specifically,
new players struggle to understand how to interact with the game
and the broader, holistic research loop of how gameplay and science
connect. Then, frictions with the user interface, technology, and
gameplay slow or hinder exploratory learning. And finally, several communication barriers prevent the social learning that would
otherwise ameliorate these other failings, including inaccessible
and infrequent scientific communication, and the gatekeeping of
community content creation.
Based on these findings, we provide recommendations for CSG
developers, for example collaborating with professionals of complementary skill sets in community management, UI/UX, software
development, game design, instructional design, and science journalism. We further recommend providing social features in and
outside of the game, teaching the big picture first, and improving
scientific communication with the players, among other recommendations listed in Table 3. However, in discussing these potential
or partial solutions, we also note broader complications with the
ECCSG model, such as their lack of financial sustainability and
the accessibility issues to participation brought on by requiring
expertise.

2 BACKGROUND
2.1 Citizen Science and Related Terms
Let us briefly define and contextualize citizen science.2 Citizen
science is a subset of public participation in scientific research. This
superset also contains crowdsourcing and community-based natural
resource management, among others [54, 80, 167]. There are many
working definitions of citizen science, which largely describe public
volunteer efforts toward scientific work [54]. For the purpose of
1 In

the games industry (and other user-centric industries), a golden path is the sequencing of activities leading to the perceived ideal experience or optimal outcome
[181].
2 Also called community science in response to concerns about the exclusionary criterion of “citizen” [123].
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this article, we focus on “science-oriented virtual projects” [28, 196],
wherein volunteers participate in goal-oriented scientific activities
mediated by information and communications technology.
With respect to the contributions provided by a given citizen
science project, there are many typologies which categorize contribution models. These include, among others: Brabham’s crowdsourcing typology [19], Schrier’s knowledge games typology [162],
Rafner et al.’s framework of citizen science tasks [151], and Wiggins
& Crowston’s citizen science typology [196]. For the purpose of
this article, we define contributions by four components: volunteer
action, data origin, project output, and research goal. For example,
in Galaxy Zoo [61] volunteers classify images of galaxies (action)
from telescope imagery (data origin) which creates a database of
classified galaxies (project output) for further scientific research on
galaxies (research goal). Citizen science projects can have a variety
of non-exclusive research goals, ranging from education, to environmental science, to community impact, and more [196]. However,
to define the scope of ECCSGs, we exclude goals and focus only on
volunteer action, data origin, and project output. See Table 1 for
our classification of CSG contribution models.
In this table, data collection from the “environment” includes
everything external to the volunteer. Data from the volunteer refers
to citizen psych-science [90], described in subsection 2.4. For the
data origins of expertise-centric projects, “provided” means provided by the researchers (e.g., in Quantum Moves, there are specific
problems to solve), “selected” means that the volunteers have flexibility in how they choose or solve the provided problems (e.g., in
Foldit and Eterna, players design structures to solve a problem), and
“made” means that volunteers create their own problems within the
project’s domain. Although no projects to our knowledge focus on
this type of data origin, one example comes from Eterna in which a
player used the game to produce their own scientific research [142].
Also note that this typology is not comprehensive and excludes
less relevant (to ECCSGs) contribution models such as volunteer
computing.
For more details on the typologies and classifications of citizen
science, crowdsourcing, and public participation in research, we
refer to previous literature that has already thoroughly explored
this topic [28, 54, 75, 196]. Meanwhile, let us assume that — for
this article — citizen science is the process of volunteers engaging
virtually in scientific research, and that ECCSGs have the unique
affordance of engaging volunteers in scientific problem solving. In
our case, this happens by means of playing citizen science games
(CSGs). However, we first explore why the “game” aspect is critical,
and specifically how players experience games.

2.2

Player Experience in Games

Before there were CSGs there were games, and scholars needed
to understand how players experience them. To this, much work has
examined how players engage with games [30, 52, 82, 160, 173, 195]
and what makes games playable [46, 105, 134, 138]. Within the
realm of player experiences, the field of game-based learning focuses specifically on how players learn from games — often regarding games as constructionist learning environments [48, 68]. As
instructional tools, games offer experiential learning via a range
of mechanisms including active and discovery learning, forming
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Classification
Volunteer action
Data origin
Project output

Expertise-centric cit. sci.
Data-centric cit. sci.
Problem solving
Data analysis
Data collection
Provided
Selected
Made
Provided
Environment
Volunteer
Dataset or trained algorithm or strategy learnDataset or trained algorithm
ing (generally or about this problem)
Example Quantum Moves
Foldit
Eterna
Galaxy Zoo
iNaturalist
Sea Hero Quest
Table 1: A typology of citizen science input/output structures for situating CSG and ECCSG contributions. ECCSGs can
uniquely contribute information about how humans solve problems, either generally or specific to the domain of study. See
the above text in Section 2.1 for definitions of data origin.

affinity groups, cycles of expertise, well-ordered problems, and
simplifying conditions [64, 66, 68, 154].
Yet, there are still times when players don’t connect with a
game, when the game-user interaction breaks down. Iacovides et
al. [86, 87] explored this phenomenon and identified three types of
breakdowns: Action (failure to execute an in-game action), Understanding (failure to figure out what to do), and Involvement (failure
to engage, such as from boredom or frustration). They further found
that macro-level expectations of the game were informed by prior
experience, other players, and the wider community. Moreover,
continued involvement (at the micro-level) depends on meeting
expectations, both internal to the game (such as in-game rewards)
and externally (such as the price to purchase the game). Lastly, a
key factor for involvement is the experience of agency, which is
reduced if players do not believe that they have a meaningful impact within the game world. So players can experience breakdowns
when their expectations are not met or they don’t perceive their
agentic influence on the game.
Zooming back out, breakdowns are one type of friction along a
player’s path to expertise in a game. Expertise, in short, occurs when
an individual “chunks” their knowledge into cognitive schemata in
order to process information quicker and easier [113, 148, 163]. This
has the added effect of experts seeing and representing problems
differently from novices, because experts rely on structural rather
than surface features for problem-solving [29, 31]. Within games,
researchers have studied expertise in depth, from what players learn
[51, 59] to how they learn [81, 83, 158] to how to figure out what
they learn [176]. Yet, ECCSGs are a separate domain entirely and
an interesting but unexplored niche for understanding expertise in
games. But first, what are CSGs, and why do we care?

2.3

Player Experience in Citizen Science Games

As alluded to in the Introduction, CSGs are games wherein players contribute to scientific progress, such as via collecting, providing, labeling, sorting, or analyzing data [130, 197]. CSGs can be
either games or gamified projects, and it’s worth disambiguating
those terms. Although usage varies widely, the most popular definition for gamification in the 2010s comes from Deterding et al.
[49] who define it as “the use of game design elements in non-game
contexts.” What distinguishes a game from a gamified activity includes, among other factors based on one’s choice of definition,
the psychosocial contexts in which the activity is understood [47],
the consequentiality of game actions [94], and the design intent
(whether the activity’s purpose is gamefulness or whether gameful
elements are employed as a strategy toward another goal) [49]. The

gamification of citizen science has arisen from a need to motivate a
wider audience to engage [144]. To this end, much of citizen science
and crowdsourcing has been gamified, and previous literature has
reviewed its usage and effectiveness across the field [127, 128].
Similarly, much research has been done to examine what motivates citizen science players engaging with full-fledged games.
To summarize that body of work succinctly: players are drawn to
CSGs by their previous interests in science, the specific research
topic, curiosity, and a desire to contribute to research [43, 50, 88, 91].
Their continued engagement requires recognition for their contributions, feedback, enjoying the task, proper pacing, and teamwork
[88, 91, 153]. Players are motivated by interactions with others,
community building, intellectual challenge, sharing the same goals
and values with the project, helping others, learning new information, and feeling a sense of belonging with their team [43, 50, 91].
Furthermore, intrinsic motives (e.g., interest in the topic) are critical
for long-term participation, while extrinsic factors (e.g., appealing
software) are better suited for recruitment [9, 56, 79]. Other motivational factors that have been researched, with mixed results,
include narrative [147] and gamification [17, 57, 140]. Studies have
also been done to understand the ways in which participants engage
with citizen science. Scholars identified five profiles of engagement:
loyal, hardworking, persistent, lurking, and visitors [9, 139]. We
expect that only the first three forms of participation gain expertise; however, lowering the barriers described in this work may also
serve to admit lurkers and visitors into further engagement.
Synthesizing these factors, Jennett et al. developed the MotivationLearning-Creativity (MLC) model [91]. Their model describes citizen science participation as initiated by a motivating interest in
science. Then participants learn via participating at the micro- and
macro-levels. Next, participants identify as a member of the community, which finally leads to creative contributions. Both identity and
creativity then reinforce the motivation to participate. As shown
in this study as well, Jennett and her colleagues highlight the importance of social learning, community building, and sharing. Participant learning is notably achieved through contributing, social
interaction, using external resources and project documentation,
and sharing personal creations, and as a result participants gain several learning outcomes including more knowledge on the scientific
topic as well as scientific literacy. The MLC model is echoed in our
findings as we identify expertise as a function of participation and
social learning. Notably, the creativity component of MLC includes
personal creations such as developing helper tools and resources
and discussing ideas. However, we describe in Section 4.4 how there
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are barriers specific to ECCSGs which prevent this creativity from
flourishing.
Despite the great amount of research on motivating participants
through CSGs, only in the last few years has the CSG player’s
experience really been scrutinized. Ponti et al. [140] comparatively
explored the players’ experiences in Galaxy Zoo and Foldit and
found several key themes, including: tensions between knowledge
production and competition, frustrations as a result of gaming
mechanics or practices, and questioning project goals. Eveleigh et
al. [56] investigated the role of ‘dabblers,’ or casual contributors,
in CSGs. Their findings supported Haythornthwaite’s theory that
intrinsically motivated volunteers are more likely to contribute in
depth and form a community [79]. Moreover, their work highlights
the importance of understanding and breaking down barriers to
initial participation, such as by acknowledging contribution efforts,
decreasing boredom, and enabling the players to fit the game around
their existing schedules.
Díaz et al. [50] asked players directly about their game experiences. They found that players struggled to understand the game
(Quantum Moves [92, 115]) and wanted better tutorials; as one
player put it, “Both too simple tutorials and challenging game, too
steep learning curve.” Another expressed a desire for more scientific
clarity, “Explain how the game works, make a link with the part
of physics which it concerns, it was all a bit unclear what [it] is
really all about. It worked for me but have not a clue what you
accomplished with all data that is gathered. The idea to turn to
the public is great, but explain more.” The researchers concluded
that providing tutorials could equip players with a better understanding of the game mechanics and increase participation and
game interest. This desire for better tutorials was also found in
a systematic literature review of citizen science volunteers more
generally [170]. Volunteers asked for better tutorials, claiming that
the help page and tutorials were among the least useful and least
usable features (specifically, for iNaturalist), and several articles
in the review discuss the need for providing tutorials in various
forms.
So now we know what CSGs are, why they’re useful, what motivates players to play them, and a bit on how the games themselves
are experienced. And we also know — in broad strokes — how expertise is gained in games. But what we don’t know is how expertise
is gained in CSGs and, in particular, in ECCSGs where expertise
is a crucial factor of the game’s success and its scientific contributions. The players’ journey to expertise is also an important part
of the accessibility and inclusion of CSGs. We already know from
previous studies that CSGs have participation biases based on age,
gender, and scientific capital — the older Western males already
rooted in scientific culture have much greater access to making
and benefiting from citizen science contributions [171]. If ECCSGs were to introduce an additional cognitive constraint (which
they do), accessibility and inclusion is further restricted. This work
is not just about making learning easier, it’s about the public’s
right to participate in the production and consumption of scientific
knowledge.
In summary, there exists a gap in the literature in the systemic
ways players are hindered or prevented from gaining expertise in
ECCSGs, which is critical to the value of ECCSGs to make scientific
contributions and engage the public in the production, organization,

Miller & Cooper

and circulation of scientific knowledge. This work seeks to empower
CSG developers and their players to identify and overcome these
barriers, lest the frustrations of expertise-centric CSGs disillusion
the public and shy them away from a valuable form of citizen
science.

2.4

ECCSGs

We have been talking about ECCSGs but have not yet discussed
them in detail. The term ECCSG is as recent as 2018, describing
citizen science games whose valuable output is not the problem
being solved but the knowledge of how it was solved so that the
knowledge can be organized, generalized, and shared [97]. For
these games, Keep describes, knowledge sharing and organization
are critical processes that require careful translation between the
volunteer community and professional scientists. Closely related to
ECCSGs is Schrier’s notion of knowledge games, games that “seek
to produce knowledge; solve authentic, applicable problems; or
generate new ideas and possibilities for real-world change” [161].
For the purpose of this work, we define seven criteria of ECCSGs.
This definition is also a contribution of the present work, as ECCSGs have not yet been defined this thoroughly. ECCSGs typically
exhibit at least four of the following seven criteria3 which exist
on a qualitative spectrum (for example, an application can vary in
its gamefulness). Each criterion will be more thoroughly discussed
below.
An ECCSG: (1) is a game or gamified application; (2) requires / develops expertise; (3) makes citizen science contributions; (4) solves
novel problems; (5) produces expertise intentionally; (6) produces
expertise concretely (e.g., by sharing or documenting knowledge);
(7) produces expertise in a new domain of knowledge. Examples
of games and related concepts or genres which meet all or some
of these criteria are summarized in Table 2. This table is by no
means exhaustive or systematically-derived, but captures the most
defining ECCSGs of the genre as well as much of the breadth in
the gaming and citizen science circles which are closely related to
ECCSGs.
Unpacking the ECCSG criteria and related concepts, most notable
comparisons to ECCSGs tend to be games or gamified projects,
including traditional (i.e., data-centric) CSGs,4 citizen psych-science
games,5 and educational gaming.6 For comparison, citizen science
platforms such as Zooniverse [3] and iNaturalist [1] represent areas
of citizen science which are not games, though some projects on
these platforms are ‘gamised’ or gamified [57, 73].
The next two criteria are the most defining for expertise-centric
citizen science games, namely the requirements of expertise and of
citizen science contributions. Citizen science contributions are simple and objective in definition, and the only example listed that does
3 Interestingly,

at the time of writing no ECCSG strongly meets all seven criteria.
as MalariaSpot [120], Project Discovery [111], Forgotten Island [145], Play to
Cure: Genes in Space [35], and Phylo [96]. This category also includes most knowledge
games [162], games with a purpose (GWAPs) [107], human computation games (HCGs)
[93], and crowdsourcing games [120], such as SchoolLife, Specimen, The Restaurant
Game, the SUDAN game, the ESP game, Which English?, Who is the Most Famous?
(cf. [161, 162]), and VerbCorner [78].
5 Citizen psych-science is a branch of citizen science wherein the scientific data of study
is provided by players about themselves [90], such as in Skill Lab: Science Detective
and Sea Hero Quest [85, 137].
6 Including both educational games (such as DragonBox [169]) and gamified learning
(such as Khan Academy [126]).
4 Such
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Foldit,
Eterna
✓
✓

ECCSGs
Eyewire,
Mozak
✓
✓

QM, QM2,
Decodoku
✓
✓

Related Concepts
Cit. PsychEdu.
Sci. Games Gaming
✓
✓
✓

Cit. Sci.
Platforms
ECCSG Criteria
Game or gamified
Varies
Requires/develops
Varies
expertise
Citizen science
✓
✓
✓
✓
✓
✓
contributions
Solves novel
✓
✓
✓
Varies
Varies
Varies
problem
Produces expertise
Partial
Varies
✓
intentionally
Produces expertise
✓
Varies
Varies
✓
concretely
Produces expertise
✓
✓
in novel domain
Table 2: A comparison of some ECCSGs and related concepts, with their relations to the ECCSG criteria. On the left are games
which meet enough criteria to be considered ECCSGs. On the right are concepts and genres closely related to, but distinct from,
ECCSGs. This table is meant to be illustrative rather than exhaustive, in order to provide positive and negative examples for
each ECCSG criterion. Explanations for each row and column are provided in subsection 2.4.

not meet this criterion is educational gaming. For the criterion of
expertise, however, definitions are more nebulous. We operationalize expertise by whether the tasks can be performed competently
with very brief training (one could make a specification, such as
30 minutes, but the threshold is moot — data-centric projects are
learnable on the order of minutes while expertise-centric projects
are learnable on the order of days to years). For example, one of the
tasks of iNaturalist is to record observations of flora and fauna and
guess at their identifications. Although the guesswork may have
elements of expertise, most laypersons can take and submit photos
for meaningful contributions with only minimal instructions for
taking clear shots of the subject and uploading photos. Similarly,
most data-centric CSGs and citizen psych-science games are about
providing and/or labeling data — through various means — which
can be easily taught (e.g., MalariaSpot lists its entire instructions on
one screen [120]; the Sea Hero Quest tutorial takes approximately
four minutes [182]). Eterna, as a counter-example, lists an 84-page
guide [129] among its 46 other player-made guides on the Eterna
wiki [2]. At the time of writing, the Eterna tutorial7 itself contains
118 levels and takes an average player at least 21 hours to complete
(Personal communication, Eterna developer Jonathan Romano, Dec
2, 2021). In this way, expertise is related to access to contribution,
defined by Rafner et al. [151] as “the likelihood that an average lay
person (assuming there are no impediments to participation e.g.
physical, socio-cultural, financial, or technological) would make
a scientific contribution to the project” — thus, we argue that expertise constitutes a cognitive and temporal barrier to access; the
greater the required expertise, the more difficult it is to contribute.
Regarding novel problem solving, this criterion excludes projects
which train expertise for the sake of training (novices, AI, etc.)
7 For

this article, “tutorials” refer only to developer-made or officially recognized
tutorials. Only one CSG known to the authors (Eterna) has player-made tutorials
and they did not significantly impact the themes discussed in this study, though the
concept warrants further investigation.

Trad.
CSGs
✓

rather than for the sake of new knowledge. For example, educational games are not solving new problems but rather teaching
new students about old problems. Similarly, citizen science games
which focus on natural language processing (such as VerbCorner, a
gamification of labeling verb usage in order to improve the existing
VerbNet database [78]) ask players simple questions about natural
language. Although the content of the question may be novel, the
task is not. In Foldit [40], on the other hand, players are designing
novel protein sequences through a system of manual manipulations
unique to Foldit — not even professional biochemistry scientists use
this particular workflow [41, 103], and it is possible for an individual
player to single-handedly design novel proteins.
Most citizen science and citizen psych-science games, however,
fall somewhere in the middle with respect to the novelty of the
problem. Games in these categories are often about contributing
data to a larger dataset in order to collectively solve a novel problem,
such as Phylo’s attempts to solve the Multiple Sequence Alignment
problem [96]. In this way, these games tackle novel problems by
applying machine learning — or sheer amounts of data — to answer
a yet unanswered question, though the novelty of the task itself
varies.
The final three criteria refine the definition of an ECCSG. To our
understanding, there is only one ECCSG to have ever existed which
strongly meets the criterion of producing expertise intentionally:
Decodoku [199]. In Decodoku, researchers explicitly collected no
data except the player strategies via written reports to the scientists
[198, 199]. Unfortunately, Decodoku had a small audience and is
no longer available, which is why it was excluded from the present
study.
Foldit, Eterna, and Quantum Moves (QM) [115] (and its sequel,
Quantum Moves 2 [92]) come the second closest to intentionally
producing expertise. Their intentions are instead in hybrid intelligence, best phrased by Lieberoth et al. [115, p. 222]: “The aim of
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Quantum Moves is to combine the best of both worlds in our gamified human quantum optimization: optimization that is rational
most of the time, but sometimes makes seemingly random errors or
leaps of intuition to rapidly find the sought after solutions.” In this
way, while these games aim to combine human intuition with computational optimization, there is no explicit intention to harness
expertise, for example by codifying player-made strategies with
the intention to design new algorithms, although some literature
touches briefly on the potential to do this [99, 109].
Next, an ECCSG produces expertise concretely, that is to say, in a
way which records the expertise by means of sharing, documenting,
and organizing the knowledge. Although both Decodoku and Quantum Moves seek to understand the problem-solving process, there is
no public evidence of expertise-formation — they are single-player
games, and only the developers have access to the gameplay logs
and player reports [115, 198, 199]. Comparatively, Foldit, Eterna,
and Eyewire are very social games which have extensive playerguides and player-made wikis8 that continuously update the shared
body of knowledge which the players have developed and organized
about how to solve the game’s problems. Importantly, this is the
only ECCSG criterion which distinguishes traditional CSGs, which
can be deeply social projects that encourage domain knowledge
sharing and organization, from citizen psych-science games, which
are inherently about individuals and thus cannot have a similar
body of knowledge [43, 90].
Finally, an ECCSG produces novel expertise. That is, the expertise that the players develop is a new form of expertise, often
complementary to that of the professional scientists who develop
the ECCSG but distinct from the scientists’ domain. As an example,
the Eterna player community has developed an entire vocabulary
around the idea of “boosting,” which is a community-made strategy
(unique to Eterna players) for stabilizing RNA sequence stems with
specific base pair mutations [53]. To employ Gee’s Discourse theory
[65], the players developed a novel Discourse, complete with its
own semiotic domain and highly specific and functional language.
Contrast this with learning about RNA in the first place. Eterna
players must also learn this rather niche knowledge, but details
about nucleotide sequencing, the different types of RNA bases, and
other declarative expertise is also shared with the scientists who
built and run Eterna. In this way, Eterna can be considered a boundary object [112]: an ill-structured set of work arrangements adapted
by two groups cooperating — without a shared definition — as they
move between the object’s identities and forms.
With these seven criteria laid out, readers may be wondering
what types of problems are good candidates for ECCSGs — what
are the inherent aspects of a problem which suggest the affordances
of ECCSGs? We can determine this by reversing our definition and
asking what the affordances are of the ECCSG criteria. Games and
gamification afford, among many other properties, self-containment
(barring manuals, wikis, etc., games are a closed loop), interactivity
(especially system interaction) and motivation to engage in the
activity (even to the extent of obsessive passion) [6, 48, 121, 193].
Expertise affords solving complex problems; citizen science affords
the collaboration of thousands of laypersons and scientists; and so

on. The resulting set of affordances suggests problems which ask a
crowd of players to thoroughly explore a system or problem space
and become scientists and experts in their own right. The resulting
player experience is reminiscent of Alternate Reality Games (ARGs),
which often have incredibly complicated problems and require the
collaboration of thousands of players across the globe [15, 101]
— the difference being that ECCSGs tackle real subject matter. To
phrase succinctly, ECCSGs are best suited to address systemdriven, self-contained, complex problem spaces with many
problems to solve. With these affordances unpacked, we can hypothesize about future ECCSGs that could exist, for example: a
game where players succeed by developing increasingly more efficient machine learning algorithms with novel constraints; a game
about testing novel agricultural techniques in a simulated environment; or the gamification of translating a dead language or dialect
that few people are familiar with.
Now that we have defined ECCSGs, we return to the present
study to understand the barriers to gaining expertise in ECCSGs.

8 See

10 https://eternagame.org/

https://foldit.fandom.com/wiki/Foldit_Wiki, http://eternawiki.org/wiki/index.
php5/Main_Page, and https://wiki.eyewire.org/Main_Page

3

METHODS

Methods were approved by the institutional review board at the
authors’ institution. The three games examined were Foldit9 [40],
Eterna10 [109], and Eyewire11 [178]. As shown in Table 2, there are
only a few games (to our knowledge) currently available meeting
enough criteria to be considered ECCSGs. For the purpose of this
study, we focused on ECCSGs that produce expertise concretely,
since the organization of knowledge is a key component to understanding expertise-formation. This inclusion criteria helped us
become familiar with the games studied and framed experts’ input in a larger body of knowledge, allowing us to better analyze
and thematize results. We also excluded games that are no longer
available, namely Decodoku. A study of games with less concretely
published expertise (Mozak, Quantum Moves, and potentially other
games we are unaware of) is left as future work.

3.1

Descriptions of Games Studied

All three games studied are difficult puzzle games. In Foldit, players
attempt to fold a protein in 3D space via spatial manipulation using
a variety of gameful tools and algorithms such as “wiggle,” a local
optimizer [40]. In Eterna, players edit the base pair sequence of a
2D RNA structure to match a target structure. Both games feature
structure design, sequence mutation, and programmable scripts
that allow custom combinations of actions. In Eyewire, players are
tasked with reconstructing a 3D model of a neuron based on 2D
slices of data from serial electron microscopy images [102]. Their
success is measured based on input from other players and an
initial task-assignment seed from a convolutional neural network
[110, 122].

3.2

Participants and Protocol

Purposive sampling was used to recruit ECCSG players (n=16: 12
Foldit; 3 Eterna; 1 Eyewire) — via game website messaging systems —
from diverse backgrounds of expertise ranging from very novice to
9 https://fold.it/

11 https://eyewire.org/
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Figure 1: Games studied: Foldit (Left), Eyewire (Center), and Eterna (Right). Screenshots taken by the first author.
extremely expert. This size was found to be pragmatically sufficient
(cf. “saturated” [22, 74]), pragmatism being a recent heuristic to
address the problems with defining theoretical saturation as “no
new information” from a qualitative analysis; instead, we let go of
the notion that research would ever lead to a definitive stopping
point and instead stop data collection based on practical constraints
while still ensuring our analysis forms a coherent conceptual model
[22, 119].
The skew toward Foldit exists for three reasons: first, this sample
is proportional to the community size for each game — Foldit’s
active player base is several times that of Eterna’s and Eyewire’s.12
Second, the authors — being Foldit developers ourselves — have
more experience with Foldit and can better analyze player descriptions of expertise. Third, prior literature has more thoroughly investigated Foldit (as a game), so there are more points of reference for
comparison (e.g., [4, 39, 43, 60, 98, 140, 141]). Moreover, our analysis
focused only on phenomena represented across all games, with the
exception of subsection 4.4.3 which has been found previously by
Ponti et al. [140] and is described here for the purpose of connecting
their result to a broader dilemma in ECCSGs.
No other demographic data (e.g., age, gender) were collected.
This was both to protect our participants’ anonymity and because
expertise is not causally linked with these variables. However, some
of our participants have publicly released information about themselves via in-game profile pages, and based on these data we believe
our sample to be an accurate representation of typical CSG populations [44]. Further, we cannot provide clear measures of expertise
because each player’s experiences vary. For example, some players have played on and off for several years and were unable to
recall exactly how much experience they have, in terms of months’
experience or hours played. Instead, we allowed players to selfreport expertise and collected experience reports where available.
We found that players generally self-reported as novices at less
than 2 years of experience, intermediate at 2-5 years of experience,
and expert at more than five years of experience. Therefore, we use
this heuristic combined with self-reports when describing players
quoted in this article. This categorization resulted in 3 novices, 9
intermediates, and 4 experts.
Participants were interviewed online for about an hour in a semistructured format about their play experiences, their skills in the
game, and how they conceptualize those skills. For example, some
12 Estimated

based on media reports of registered players [18, 175, 183], game community activity (e.g., Discord), and personal experiences in each game’s chat room during
the time of writing.

questions asked were “What is the very first skill a player needs to
learn in [game]?” and “How is the process of becoming skilled in
[game] similar and different to becoming skilled in [other games
or other hobbies they feel skilled in]?” Other questions included
asking about the visual cues for expertise, how the player would
hypothetically redo the tutorials with an infinite budget, what they
wish they knew when they first started playing, etc. Participants
were then offered a $15 USD Amazon gift card as remuneration. The
interviews were audio-recorded and then transcribed for further
analysis. In total, 16.2 hours (per participant: M=60.75 minutes,
SD=11.86) of data were collected.

3.3

Analysis

Data were analyzed using reflexive thematic analysis conducted by
the first author in order to take a “Big Q” [100] qualitative approach
to our research question [20, 21]. The use of a fully qualitative research method is required here because: (1) our target population
is small, so quantitative methods would be impractical; (2) positivist measures of expertise across a range of domains (different
games) would struggle to make meaningful comparisons between
domains; and (3) the nature of our research topic (gameplay and
player experience) is strongly subjective. Moreover, we were not
interested in a close analysis of language use (which would suggest
interpretive phenomenological analysis or discourse analysis) or
a post-positivist content analysis (and related “little q” codebook
approaches), and our sample is too small and homogeneous for
grounded theory, making reflexive thematic analysis the optimal
choice for our goals and constraints [23].
The analysis approach was primarily deductive, latent, and constructionist. We theoretically grounded the analysis in constructivist and constructionist theories of learning and play (i.e., games
as constructionist learning environments [48], play as constructing
predictive mental models [5], and games as constructivist affinity
spaces [68, 163]) and aimed to answer our research question: “What
is the path to expertise in ECCSGs and what are the major barriers along that path?” We additionally took a critical orientation
to sense-making, but we included an element of critical realism
in that we were open to the data providing evidence against our
assumption that player experiences are explainable by our theoretical framework. Therefore, we code both for semantic and latent
meaning in order to capture the overt player experiences as well as
how these experiences might be interpreted through our theoretical
lens.
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The analysis occurred in six rounds of iteratively passing through
the data to apply codes, merge codes into themes, and return to
the data to validate and refine themes. As stated above, codes were
both semantic (e.g., “uses Wikipedia”) and latent (e.g., “exploratory
learning”). During the initial coding, all codes were unique and
descriptive. Subsequent rounds of coding then oscillated between
aggregating codes by similarity and verifying the new codes were
still accurate to the original transcription. By the fourth iteration,
codes were aggregated enough to be representable as themes which
were then refined over two additional rounds of analysis. In order to
minimize the effect of the skew toward Foldit’s population, special
attention was given to ensure that themes were grounded in data
from participants of all games and not found only from Foldit
players. Note also that the analyst is himself a Foldit developer;
although this imparts a kind of bias to the research, it also uniquely
positions us to understand the situation from both the player and
developer perspectives. And, as stated earlier, emphasis was placed
on ensuring themes generated were evidenced across all games
to reduce bias toward Foldit. For validation of our methodology
and future research, an audit trail and additional quotations are
provided at: https://osf.io/hn7x2/.13
Finally, after themes had been generated, the participants were
consulted again for transparency — to verify that the results below
accurately represent their beliefs and experiences. This check was
performed in case the researchers had misunderstood or misquoted
the participant, or changed their meaning by taking a quote out of
context; this resulted in one quote being clarified but did not affect
the themes generated.
3.3.1 Reflexivity and Positionality Statement. In recognition of the
sociocultural issues surrounding human-computer interaction research — in this case especially, regarding questions of accessibility
and inclusion to science culture — we believe it is important to
acknowledge the inescapable bias of our personal position from
which we approached our participants and analyzed their data [114].
We come from an affluent Western culture and are immersed in
science and gaming culture, thus giving us a wealth of science capital [7] and biases toward gaming norms. Moreover, we are Foldit
developers ourselves, which influences the way our participants
see us; however, the interviewer approached Foldit participants as
a researcher rather than a developer and encouraged open, critical
feedback.

4

RESULTS

The results of the analysis are shown visually in Figure 2. The
path to expertise was found to be a cycle of exploratory learning
followed by social learning with three major barriers along that
route: onboarding and continual learning carry the instructional
barrier of Missing Instruction, then exploratory learning is hindered
by a host of game-related barriers wherein Missing Polish causes
friction with the game interactions, and finally social learning is
blocked by Missing Communication, the sociocultural barriers. The
remainder of this section unpacks each of the four themes (path
and three barriers) in subsections.
13 For

privacy, please contact the first author for access to anonymized transcripts.
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4.1

The Path to Expertise is Social and
Exploratory

One major question of this research was “What is the path to expertise in ECCSGs?” This question is perhaps answered most succinctly
by P11:
It’s a combination of, like, messing around and
then looking it up somewhere else and asking
somebody.14 (P11, Foldit, Intermediate)
In this way, player learning is both constructionist and constructivist. They first explore, constructing their own mental models,
and then exchange tangible artifacts (i.e., puzzles and solutions)
and ideas as a community, building a collective knowledge base
which iteratively informs further exploration. Notably, as shown in
Figure 2, the order is important. Players highlight that in this cycle
of explore-discuss, experimentation comes before learning in order
for the problem space to become meaningful:
I have to struggle with it before it has any meaning to me to look it up online. Like I could just
look it up online, go, oh, look at the perfect thing.
But it doesn’t have as much meaning to me unless I sit there and poke at it for half an hour and
then look it up. (P5, Foldit, Novice)
Compare this to Schwartz’s and Bransford’s “time for telling”
[164], the notion that students require the time and space to discover
a problem and its significance before being told the solution(s).
In line with constructivist learning, players are grappling with a
problem before being ready to understand ways to solve it. They are
experimenting and engaging in trial-and-error discovery learning.
P9 (Foldit, Expert) describes she would “consciously set goals for
myself... I was actively experimenting with stuff... I was ... actively
chasing this knowledge.”
However, the “time for telling” approach works best as guided discovery or scaffolded inquiry, rather than unconstrained discovery
[25, 34, 164]. What the players described was very much unconstrained, unguided, and unscaffolded, suggesting that the value of
experiential learning may be an artifact of the currently available
guidance for players. “Most of the expertise that you need to operate
the game do not appear in the tutorial,” says P13 (Eyewire, Intermediate). “They are gained from experience and trial-and-error.”
In this way, the game effectively forces players to learn by experimentation because no other option is provided. If the game were
better scaffolded through carefully crafted instructional design (e.g.,
following Quintana et al.’s scaffolding framework [149]), would this
learning path still be relevant? Minecraft, for example, began with
a similarly unguided social-exploratory onboarding experience, but
as its Education Edition has grown in popularity, there are now
over 600 guided lesson plans for teaching Minecraft and teaching
with Minecraft [11, 106].
Complementing the exploratory, the other half of the path to
expertise was social. Across all three games, players consistently
emphasized the role of social learning as deeply embedded in their
path to expertise. P3 (Foldit, Expert) emphasized socialization, team
connections, and community as fundamental to his experiences. As
one example, he praises the asynchronous cooperation of being able
14 Some

quotations are abridged for readability.
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Figure 2: A visual representation of the main themes generated from the reflexive thematic analysis. The path to expertise is a
cycle of exploratory and social learning with three barriers: Missing Instruction, Missing Polish, and Missing Communication.
Icons licensed under Creative Commons from the Noun Project: Social by Adrien Coquet; iterate by Justin Blake; brick wall
by Bakunetsu Kaito.
to “hand off” his work in the evening to a teammate halfway around
the world who was just waking up and could continue his efforts.
Additionally, the community acts as a collective source of knowledge and motivation. “There’s a community of veterans that you’re
stepping into who can share information and encouragement,” says
P9 (Foldit, Expert).
This constructivist learning is bolstered by several forms of peer
learning that the players described, including peer modeling, peer
tutoring, and peer assessment [71, 179]. Through this social engagement, players form lasting relationships with each other that
extend beyond aspects of teaching and learning:
[The process of gaining expertise] more and more
relates to how it connects to players that eventually helped. And what’s most important to me
was the people I eventually found that, you know,
that you build a relationship with and you build
trust in and you really respect around the issues
of science. (P14, Eterna, Intermediate)
To use the language of Gee’s Discourse analysis [65], these tight
relationships eventually become portals to the semiotic social space
or affinity space [67] — in other words, player relationships create
entry points into connecting with scientific issues and assimilating
into such a community. While the game generates the explorable
space, veteran players act as portals for new players to enter and
assimilate into that space.
To summarize, the path to expertise is currently a cycle of experimenting and discovering via social learning and the use of paratexts
[37] such as guides and wikis to “look it up” (P5 and P11). There

are several noteworthy comparisons between this and Jennett et
al.’s MLC model of engagement and participation [91].
Jennett et al. use the language of “micro” and “macro” tasks (calling back the Gaming Involvement and Informal Learning framework [89] and the Player Involvement Model [27]) to speak of
the in-game, moment-to-moment play as the micro-involvement
and the external, surrounding, or off-line activities as the macroinvolvement. Using this language, then, we claim that expertise is
a cycle of micro and macro involvement in that order: interactions
with the game itself (Gee’s “generator” [67]) triggers interest in
socializing and the use of paratexts external to the game (“portals”).
Engaging externally then informs later play, giving the player newfound language and ideas for interaction, and thus placing the media
object itself at the center of this “big D” Discourse [69]. Jennett et
al. observed this learning as well, though not with the sequential
distinction we place on it now: they found that participants learn by
the micro-involvement of contributing and the macro-involvements
of interacting with others, using external resources and project documentation (paratexts), and sharing personal creations (such as
creating their own guides) [91].
However, neither halves of this cycle speak to why players engage with the game. Although — as noted in Section 2 — much is
known about CSG motivations, we sought to verify if these motivations hold true in the context of expertise-centric play. Based on
player input, we argue that engagement has dual drivers: the scientific value and self-gain. This expands on previous work, which
describes the motivations of “altruistic factors” (e.g., [43, 150]) or
“personally-focused reasons” (e.g. [8, 155]) [9, p. 247], to specify that
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something from each of these motivation categories is required for
continued play.
Some players began play for the scientific contributions; others
began for themselves, such as for entertaining gameplay or personal
learning. But for those who have reached expertise, it becomes clear
that both motivations are required for expertise: one needs to be
invested both in the science and their own benefit to continue
playing:
The chance to both do hard puzzles and contribute to science. It’s really what got me interested and what has kept me interested. (P9, Foldit,
Expert)
Although not a requirement, the most common form of self-gain
was intellectual challenge:
I’ve been looking for something intellectually
challenging to get involved with that I find interesting... I have a pretty strong science background
from college that I never really used but I’m a bit
of a science geek. So that was very exciting: the
idea of designing RNAs and having them synthesized and tested in a lab was very exciting. (P16,
Eterna, Intermediate)
Most likely, the skew toward intellectual challenge is because
all existing ECCSGs fall within the puzzle genre. This may not
generalize, since there is nothing in the definition of ECCSGs which
requires them to be puzzle games. This finding is consistent with
previous research on the motivations in CSGs which state that
players are drawn into CSGs by their previous interests in science,
the specific research topic, curiosity, and a desire to contribute to
research, and their continued engagement is dependent on intrinsic
enjoyment, proper pacing, teamwork, community, and intellectual
challenge [43, 88, 91, 177].
Another key aspect in the path to expertise is the development of
what Goodwin refers to as a “professional vision” [72]. This is not
a new finding, as Ponti et al. [141] discovered this several years ago
in Foldit. However, the present study confirms that expert players
of all three games studied describe recognition, both of the problem
space and solution space, as a critical skill of expertise and a factor
of decision-making. Some Foldit players describe this professional
vision as an aesthetic intuition:
I call it a protein aesthetic. I think after you play
with it for a long time, you get a sense of what
looks good. Y’know when we chat with each other
in group, we’ll say “that looks beautiful.” And
what we mean is it conforms to how we have
come [to know how] proteins [look] when they’re
correctly folded. (P3, Foldit, Expert)
In fact, this professional vision is so ingrained, so intuitive, that
participants struggled to talk about their expertise and learning
process, which is perhaps an obvious finding for researchers familiar with cognitive task analysis (CTA). As CTA researcher Clark
writes, “experts don’t know what [others] don’t know,” in other
words, experts significantly distort or omit details of their own
expertise without specialized knowledge probing [33]. P12 (Foldit,
Intermediate) says that they “can’t really put into words what makes
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a well-designed protein.” P7 (Foldit, Intermediate) describes it as
feeling like he is a neural network and not being able to describe
his own weights and biases: “It’s intuition for me. It’s more just like
deep understanding... I don’t know, I’m describing how to, to do
2+2 is 4, it’s strange.”
Novice ECCSG players also recognize that this intuition is one
of the core elements of expertise in the game:
The peak performance play is when you know
that something is in the wrong place or in the
wrong shape and you can try to impose your will
into the game. (P8, Foldit, Novice)
Moreover, our study confirms that this phenomenon extends
beyond Foldit. Eyewire and Eterna players also described having a
professional vision, using much the same language as Foldit players.
P13 (Eyewire, Intermediate) says that working with difficult data
in Eyewire involves “knowing how a cell is supposed to look.”
Similar to other domains of expertise, we observe that ECCSG
experts “see” the domain space differently, using unconscious structural heuristics to guide problem-solving [29, 31]. Identifying this
professional vision is critical in light of Keep’s philosophy on ECCSGs: because the value of these games is the expertise itself, rather
than the problems solved by expert players, it is absolutely necessary that developers provide support for documenting, sharing, and
organizing their expertise [97]. Without developer assistance, players will struggle to articulate their own learning and knowledge.
Even in successful examples of social learning in games, much of
the knowledge is “impenetrable” without first spending time submerging oneself in the game experience and the online community
[172].
4.1.1 The Role of Science Knowledge. Because ECCSGs involve
scientific domain knowledge, we also sought to explore how knowledge of the relevant scientific topic connects with expertise in the
game. Is it a barrier to expertise, a necessary component on the
path to expertise, or something entirely tangential and parallel to
game expertise? Interestingly, we found that the role of science
knowledge was different for each participant. This may signal that
there is another theme to be explored here as future work. Given
our sparsity of data, we draw no substantial conclusions, but offer
several perspectives. These perspectives can be seen as forming a
spectrum, from science having no connection to the game to the
two being integrally linked. The first perspective, offered in thirdperson, is that the science is irrelevant, most players simply want
to play a game:
Our current two labs we have going on are very
science heavy and I think there’s some players
who don’t like that. I think the majority of players, they like having that wall there. “Just give
me a game to play.” And... They want us, they
want the advanced players and the developers to
create the definitions, to understand the science
and create the definitions and say “here, we need
you to solve this as a puzzle.” And, having too
much science involved, they don’t want to read it.
They don’t want to read it. They come on to have
fun for an hour. They don’t want to be reading
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about science, they don’t want to be reading. So I
think there’s an ongoing debate about how much
science to provide to most players, whether they
want it or not. Whether they need it or not. And I
don’t know what direction it’s going to go in and
which is best. (P16, Eterna, Intermediate)
The second perspective is that the science is important, but actively learning the science is not necessary because it’s intrinsically
embedded into the gameplay:
[Learning the science] kind of just happens naturally because the metagame in Foldit is inextricably linked to the actual physical science of
good protein folding. (P1, Foldit, Intermediate)
The third perspective is that you don’t need to learn the science
to play, but you do need to learn it to play well:
It was said that basically you don’t have to know
anything about organic chemistry or, you know,
or molecular chemistry... in order to do these. And
my answer to that would be, yes, that’s true. But
if you want to do those puzzles and do well at
those puzzles, I believe that you really have to
know something. I mean, to me, it’s like, sort of
like playing chess. You know, anyone can learn
the rules and move the pieces [but] to be an expert
chess player, you know, it’s going to take years
and years of studying. And so I feel honestly that
a person who has taken chemistry courses or biology courses or whatever, you know, I think that
they’re probably in a much better position to do
those puzzles. (P6, Foldit, Novice)
Finally, the fourth perspective is that the science is critical to
motivating play, and in fact the most difficult part of onboarding:
I think I struggled the most with my own knowledge and to get the knowledge I have now, this
was the hardest part, I think. And if I wouldn’t
be interested in protein design or biochemistry,
I don’t know if I would have kept playing... Be
interested and get the knowledge, that was the
hardest part, I think. (P10, Foldit, Intermediate)
Despite this open question of whether all players need to learn
the science, it seems that at least some players need to know the
science so that there can be a bridge in communication between
scientists and players. P16 (Eterna, Intermediate) describes another
player who “is invaluable because he is a player and he understands
the player perspective, but he also understands a lot of the science,
and the scientists, and how they think.” Player-scientist communication will be further unpacked in Section 4.4 as participants describe
how science jargon is one of the major barriers to understanding
their contributions and how to play.
This finding is most easily interpreted through Harteveld’s Triadic Game Design framework, which posits that serious games
are a confluence of three interconnected components: reality (e.g.,
protein design for Foldit), meaning (in ECCSGs, learning and scientific contribution), and play [77]. The value of this model is that
it allows us to view design issues as problems within each ‘world’
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(“tensions”) and at the intersections between them (“dilemmas”).
Specifically, the role of scientific knowledge is offered here as a
‘trilemma’ of ECCSGs, a tension from the interplay of all three
aspects of citizen science gaming. What role does science knowledge play within the game, and how can scientists and developers
teach it? It is clear that the scientific topic is, in some way, connected to the gameplay. But is it a requirement, a distraction, or
altogether parallel? The answer is most likely that it plays different
roles for different players, depending on their prior knowledge and
interests. And if so, how can scientists and developers handle the
science differentially for each player? This paradigm would seem
to require CSGs to both teach the science effectively and let it go
ignored should the player choose. Currently, neither goal seems to
be satisfied, given player frustrations from each side.
To summarize, we found that the path to expertise is: (1) built on
constructionist (exploratory) and constructivist (social) learning,
(2) requires both motivations from scientific contribution and selfgain, and (3) involves the development of a professional vision;
points 1 and 2 are novel contributions of this study while point 3
is a confirmation and extension of previous work [141]. With the
path to expertise defined, we generated three themes to identify the
barriers along that path. The first barrier encountered is Missing
Instruction as the players are onboarded. Then they experience the
friction of Missing Polish while exploring the game and the barriers
of Missing Communication while seeking social assistance.

4.2

Missing Instruction (The Instructional
Barriers)

As described in the previous section, although the path to expertise
was found to be social and exploratory, this may be because the
games themselves were insufficient at providing instruction. Perhaps the largest barrier of all, participants described an incredibly
steep learning curve for all three games, which is likely an important factor in player retention and churn. This steep learning curve
comes in part from a lack of guidance (see also, unclear gameplay
in Section 4.3):
You had no advice from any tips or stuff like this,
how to start... with a long strand of amino acids?
Yeah, just “Go for it. Build a protein.” And I didn’t
know where to start, how to improve a structure,
what was a stable structure for a given [sequence
of] amino acids. (P10, Foldit, Intermediate)
Not only is the learning curve steep, it also tends to be long. P2
(Foldit, Expert) claims the average duration required to understand
Foldit is two years. If the learning curve in practice is anywhere
close to this length, then learning how to play the game is creating
a significant lag for scientific progress in ECCSGs. One Eterna
player describes in detail how the tutorials were simultaneously
too difficult and unhelpful — so much so that she felt at first as if
the developers were intentionally trying to gate-keep players from
contributing to the science of the game:
It was very difficult. There [were] a lot of concepts
to learn, and I found I did best by doing an hour a
day. I didn’t know any of the concepts, so I had to
learn it all and let it sink in. So I had to learn the
concepts. It’s a lot to learn to take in — and you
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have to learn ’em, there’s no other way around it.
You just have to learn ’em. And then several of the
puzzles, the tutorial[s] were really too hard and
there wasn’t any benefit to ’em. They were, I felt
they were more challenging the critical thinking
skills and trying to see, well, are you actually
smart enough to solve all these hard puzzles or
else we’re not going to let you in. So to me... they
made it challenging on purpose to try to reach
the people who were really smart. Some of the
puzzles were really hard. It took a couple, several
hours to figure out. And I think they’re going to
change that, so I don’t think that’s the intention...
So I felt some of the puzzles were too hard for
no reason. But. I learned what I needed to learn
in the puzzle and the puzzle progression. But it
took me [[pause]] 40 to 80 hours, somewhere in
there, a long time, and there’s very few people
who would dedicate that kind of time to learn
the concepts if we’re playing a game. And I try
to tell them that... They never really believe me. I
think they think it’s much faster, the progression,
than it is. (P16, Eterna, Intermediate)

seems “constrained,” “closed and uncertain,” and lacking Galaxy
Zoo’s spirit of belonging and collective contribution.
In addition to the entry barrier, ECCSGs fail to provide feedback
on the players’ work and overall progress. This challenge was clear
in all three games, which require creative and complex solutions but
do little to help the player iterate and improve their work. “At some
point... I just can’t advance any further,” says P6 (Foldit, Novice), “I
just have no idea of what to do at this point.”
Instructional design theory suggests that both cognitive and
corrective feedback is critical to learning [188]. Moreover, nearly
by definition games require feedback to complete the user-system
interaction loop by providing a “quantifiable outcome” [159]. Although these games have some feedback, it is insufficient for the
player to make meaningful behavioral adjustments, thus calling
into question whether the player can be gamefully attached to the
outcome at all [94]. As P1 (Foldit, Intermediate) describes, “Foldit
will grade you quantitatively, but it won’t grade you qualitatively.
And that’s huge. I think that’s huge. You’d need other players to
help you out there.” Because the game fails to give feedback, players
need to seek it out from each other. This can add social pressures,
especially for novices who are not yet comfortable engaging with
the community. P8 elaborates on this tension of wanting more thorough feedback but being afraid of judgment and criticism from the
community:

The other point that P16 makes is that players expect the learning curve to be shorter. Indeed, if the road to making scientific
contributions is gated with such a steep, long learning curve, then
ECCSGs raise the question of who is allowed to contribute to and
benefit from scientific knowledge production [97]. One case study
on the citizen science project Supernova Hunters, for example, created a bias of participation based on when datasets were released for
volunteer effort [171]. In this way, project logistics may accidentally
create accessibility barriers for those with less time or availability to
contribute. Similarly, the skill barrier of ECCSGs forces volunteers
to deeply engage to be allowed to participate, despite the fact that
most members of the public don’t have the resources to commit to
such a deep engagement [97]. Participation biases strongly toward
older (68% over the age of 40) males (as much as 78% in Foldit) from
Western countries, as found in a survey paper by Curtis [44]. She
also notes that many citizen science projects are biased toward appealing to participants with more science capital [7], or cultural and
social capital related to science, such as scientific literacy, consumption of science-related media, and more opportunities to engage
with science culture.
Given the required expertise of ECCSGs, there are two ways to
lower this skill barrier: either the projects must recruit only volunteers with existing expertise (see The Argus Project [62] and
The Polymath Project [42]) or make expertise accessible to all volunteers in a just and inclusive way. The latter approach may be
why data-centric CSGs are designed to have a low skill floor —
by reducing the skill barrier, the project becomes more accessible
[97]. Ponti et al. similarly compare Galaxy Zoo, which emphasizes
equality, to Foldit, which emphasizes meritocracy [140]. Their analysis of forum posts suggests that a project’s framing can shape the
community’s ideals of science and views toward participation and
accessibility, notably highlighting the community sense that Foldit

...You don’t want to, like, put yourself on blast
[i.e., embarrass yourself] ... go on the Discord
server and say, “hey look at this thing that I created.” Where it’s a lot easier to passively absorb
[other community interactions and community
content]. I just sort of observe what other people
succeeded with and just try to passively copy that
off rather than sort of opening yourself up to...
“Well, no, that’s not the best way to do it.” ... You
know, you have to sort to put yourself out there in
order to receive feedback in the first place where
you could just say, “well, I could just avoid that
all together.” (P8, Foldit, Novice)
Not only is there a lack of feedback on the player’s attempts
at solving a puzzle, there is also a lack of feedback on what these
solutions mean in the broader context of scientific contributions.
P9 (Foldit, Expert) notes that one of the common questions they
see from players is: “am I really contributing?” As will be elaborated in Section 4.3, this connects to an unclear and often opaque
loop between gameplay and scientific progress. Because there is
no in-game feedback on scientific contributions, and rarely any
external feedback on broader scientific achievements, players have
no indication as to whether they are helping, which is one of the
critical motivators for retention [91]. The motivational impact of
scientific feedback and recognition was also found by Eveleigh et
al. [56]. As one of their participants describes, “I lost motivation
to continue contributing information because I was not sure how
useful my input was.” Indeed, based on Juul’s definition of a game
[94], players must be attached to the outcome: are CSGs still a game
if the outcome is never made known to the player?
This issue also speaks to the broader problem of instruction: a
lack of clarity on the elements and goals of the game. Part of why
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the learning curve is so steep is that the tutorials fail to answer
“What am I looking at?” and “Why am I doing this?”.
I’m not sure how this simulation relates to actually putting stuff in a jar and adding whatever.
Like I said, I don’t quite know. I’m sure there’s
a whole complicated process where they can actually make these molecules in real life. But it
seems very far away from the game. (P5, Foldit,
Novice)
Although these are citizen science games, the actual science is
disconnected from the game itself. As noted in previous work on
breakdowns, involvement in a game requires the player to believe
they are making a meaningful impact on the game world [86, 87].
When applied to citizen science games, the scope of the game world
extends beyond the game to a real scientific laboratory. We can thus
infer that player involvement further requires the belief of making
a meaningful real-world impact. A lack of feedback on what the
player is doing and how it relates in-game score and progress to
real-world progress is therefore detrimental to the player’s sense
of involvement. The game elements, without context, become extraneous:
When I started playing Foldit, I just saw a score,
but I didn’t know what the score was... In the
tutorials you see, OK, if you turn this amino acid
to the right you get a higher score. But why? This
was not so clear for me. (P10, Foldit, Intermediate)
When scientists are able to provide meaningful feedback, it is
met with joy from the players. During the COVID-19 pandemic,
Foldit released several puzzles related to the novel coronavirus
and provided extra feedback on lab results regarding them. P9 was
delighted by this and describes how she wishes scientific feedback
always came that often:
I’m frustrated by how slow science is... [Interviewer: Slow in what way?] To hear any results.
Every time [Foldit] posts a video or a blog or anything that says “These solutions look good, here’s
some problems with those.” I love that. Like “Oh,
finally. Thank you! I needed some feedback,” you
know, and I think that, I think the community
would thrive on just as much of that as you guys
would give us. The fact that the Coronavirus feedback is coming so soon after the puzzle closes is
fabulous. I love that. I wish that would always
happen. (P9, Foldit, Expert)
In addition to a high entry barrier and lack of feedback, there is
a throughline running across both of these: the instruction of these
games is missing the bigger picture. The tutorials teach the “micro
tasks” but leave unanswered questions of “what am I looking at?
And what are the little goals that go with looking at those things?”
As P9 (Foldit, Expert) explains, “When you’re in the tutorials, you
have no idea what the macro tasks are.”
The utterance of a “macro task” suggests that the best theoretical
lens for understanding this player’s experience lies in instructional
design, specifically Reigeluth’s elaboration theory, which posits
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that teaching is more effective when focus is given to the highlevel concept between periods of elaboration on sub-concepts [154].
Similarly, van Merriënboer’s Four-Component Instructional Design
(4C/ID) model [185–190] gives focus to whole tasks, or the “macro”
tasks that P9 describes. The 4C/ID model in particular is designed
for complex learning, befitting ECCSG domains. Thus, according to
P9, Foldit fails to stress the importance of whole tasks, teaching only
basic controls through part-task practice and never orienting the
player to the actual scientific challenges that they will be expected
to complete. Indeed, whole-task-oriented approaches appear to be
far more effective (for cognitively complex skills like ECCSGs) than
the isolating alternative [116, 187].
Finally, for intermediate players the biggest barrier is that these
games fail to teach key concepts required for expert play. While the
tutorials may adequately cover some basic control schemes, they
fail to introduce advanced concepts that are considered integral
for actually solving scientifically meaningful challenges. Combined
with the barriers to social learning discussed in Section 4.4, this
results in significant difficulties during intermediate onboarding.
[The tutorials] are pretty [[pause]] light. They
don’t... go into any great detail. They pretty much
show you what the basic controls do, and then
throw you in the deep end. (P13, Eyewire, Intermediate)
Earlier in conversation, P13 had explained that “Most of the skills
that you actually use... the harder skills are not even attempted to
be taught.” Instead, he says, knowledge of these skills is gained
through trial-and-error. P13’s phrasing “then [they] throw you in
the deep end” is also echoed by Eterna players, who note that there
are no tutorials for the scientific challenges of the game. “The initial
tutorial to learn basic skills to get access to the labs is quite good,”
says P16 (Eterna, Intermediate), “but after that, once you’re in the
labs there are no more tutorials.”
On top of leaving out important concepts, the tutorials sometimes leave in extraneous concepts. P1 (Foldit, Intermediate) notes
that Foldit’s tutorial “...misses the mark in a lot of ways, I think. It
teaches a lot of different tools that aren’t really used in the normal
metagame. And then the things that you do need to know, you more
or less have to figure out from other players.” Again, across these
statements, we see the thread of social and exploratory learning as
a fallback when the games fail to provide adequate instruction. If
we look for instructional principles which might explain these frustrations, we see that Cognitive Load Theory — a commonly used
theory in games research (e.g., [84, 95]) — identifies the extraneous
concepts (tools not used in normal circumstances) left in tutorials
as added cognitive load which increases mental effort and reduces
learning efficiency [174].
Thus, ECCSG onboarding suffers from four types of missing
instruction: a high entry skill barrier, a lack of sufficient feedback,
a failure to explain the bigger picture, and a failure to teach all
necessary concepts for intermediate to expert play. Although these
problems are largely present for only the onboarding, the failure
to teach intermediate and expert concepts remains an issue well
into expert play, and the lack of sufficient feedback is a constant
barrier throughout a player’s journey to expertise. This is why the
barrier of Missing Instruction has been placed on the on-ramp to
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the cycle of expertise in Figure 2: it is both an onboarding issue and
a persistent barrier throughout the player’s journey.
These failings are explainable by common instructional design
principles [154, 174, 189]. As will be summarized in Table 3, ECCSG
development teams can mitigate this barrier by collaborating with
professional instructional designers, professional game designers,
and expert players to provide effective and enjoyable tutorials that
include in-depth feedback systems and a focus on the macro tasks,
core gameplay loop, and contribution framework.

4.3

Missing Polish (The Game Barriers)

When it comes to promoting expertise, the game itself plays a key
role as the central media artifact that players interact with. At the
superficial level, players interact with the user interface (UI) and
input control scheme. Beyond this gulf of execution is the gulf of
evaluation [132], in this case the game design and gamification
design of the task. Mediating this interaction on all levels is the
technology, i.e., the game as software. Because expertise relies on
exploratory learning, these levels of interaction are the interface
between the player and their experiences in experimenting with
the game. Alone, none of these levels are as obstructive as the instructional barrier; yet, each level of interaction is a frictive surface
that slows, frustrates, and hinders learning and engagement.
The primary problems with the UI in current ECCSGs are a lack
of discoverability and intuitive control. When combined with the
instructional problems described above, this leads to an overwhelmingly difficult entry experience, as the tools one needs to play are
hidden or difficult to navigate. And since viewing the problem is a
critical first step to solving it [125], UI issues create downstream
effects on solving the tasks at hand.
It is so hard to play Foldit if you don’t know how
to kind of manipulate what’s in front of you. And
if you lose the patience to do so, then that’s hard.
(P1, Foldit, Intermediate)
Even compared to other molecular visualization software, Foldit’s
interface is described as “maddening,” requiring “a lot of trial-anderror and frustration” (P4, Foldit, Expert) to get comfortable with
tasks that P4 already knew how to do in other software. Another
player described it as “fighting the UI a lot” (P12, Foldit, Intermediate), speaking directly to this wide gulf of execution. Even in
Eyewire, the most difficult task is manipulating the camera and
correlating between the 2D and 3D views of the game (P13, Eyewire,
Intermediate).
Beyond the UI, there were many problems identified with the
games’ designs and mechanics, to the point where some participants questioned whether they were playing a game at all or simply
scientific software made to seem exciting. The issues that participants raised were clear violations of what are normally considered
heuristics of good game design: non-intuitive gameplay, unclear
goals and scoring, and poor tutorial and level design [45, 46]. For
example, P8 was confused by the core gameplay loop, lacking an understanding of the basic premise of how one is supposed to interact
with the game:
It doesn’t tell you that that’s how it should be
done. So I’m not sure that’s how I’m supposed to
do it. (P8, Foldit, Novice)
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To recall again the work of Iacovides et al., this breakdown of
macro-level understanding inhibits involvement by not meeting
the expectations of gameplay [86, 87]. In fact, the players have very
few expectations. Macro-level expectations are informed by prior
experience, other players, and the wider community [87]. Yet, new
players often have no prior experiences with the niche of CSGs,
and — as detailed below in Section 4.4 — there exist barriers to
social onboarding, which includes expectation-setting. In this way,
players have little precedent and preparation for what to expect
from the game, and this creates friction when the game itself adds
no further explanation.
However, a more common friction was participants describing
a lack of reliability with the gameplay experience. For Foldit, this
took the form of “finicky” tutorial levels:
It was like, I moved a sidechain and I wiggled it
and I got the puzzle. I have no idea how. And you
try the exact same thing. It didn’t work the next
time. You have no idea how it happened. (P12,
Foldit, Intermediate)
For Foldit players, whether they win a level or not with a given
strategy seems up to chance; the game gives no feedback on how
effective their strategy is or how they should improve, creating
breakdowns of both action and understanding without opportunities for breakthroughs that might engage the player [87]. For
Eyewire, this lack of reliability takes the form of skewed scoring
in the gamification system. P13 describes how the AI agent which
assigns tasks can make mistakes that penalize the player:
When I play Eyewire, mistakes made by other
players and the game’s level generator sometimes
negatively impact my score. That is pretty discouraging. So I think the penalty and the scoring
system could use quite a bit of improvement. [The
participant later clarified that the game also severely and disproportionately punishes the player
for “their own silly mistakes.”] (P13, Eyewire, Intermediate)
So not only do players struggle to interact with the game because
of unintuitive controls, undiscoverable interfaces, and unclear gameplay rules, but when they are able to perform an action, the results
are often unpredictable. This violates standard usability heuristics,
such as Nielsen’s principles [131] and the System Usability Scale
[10, 24].
These issues are worsened by several technical difficulties that
exist with these games. Such issues can add frustration and slow
progress, which overall makes the experience more challenging to
engage with. P3 (Foldit, Expert), for example, comments on how
they sometimes wait for hours for the game to process: “You know,
when somebody says, oh, I just did this and it came out like that and
then I try it and, you know, four hours later and I’m still not getting a
result. It’s very frustrating. And I have a good machine.” P5 (Foldit,
Novice) expands on this, noting the ways in which frustration
with technology interacts with the previously described gameplay
confusions: “And if you don’t know what you’re doing and you
poke at something for half an hour and your computer’s running
really slow, you really haven’t made very much progress.”
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These two feelings: confusion and frustration, multiply against
each other as the technical barriers of the game interact with the
design barriers. Compare this to Paavilainen’s modern definition
of playability as functionality, usability, and gameplay [135]. Our
findings map directly to Paavilainen’s model as we have divided
the Missing Polish into usability (UI), gameplay, and technology
(functionality).
The exploratory learning phase of gaining expertise involves
interacting with the game artifact. Yet, interaction involves both
the gulf of execution and the gulf of evaluation through the UI
and the gameplay, both levels mediated by the technology of the
software itself. Frictions with the UI, the gameplay, and the technology can each hinder exploratory learning. These frictions lead to
breakdowns in action, understanding, and eventually involvement
[87].
Each of these frictions can be addressed in turn: ECCSG developers can collaborate with professional UI/UX designers to create
clearer user interfaces; professional software developers can help
optimize performance and reduce bugs; and professional game designers can help develop more intuitive gameplay using industry
principles of tutorial design, level design, and gamification design.

4.4

Missing Communication (The Sociocultural
Barriers)

Lastly, given the social nature of learning for ECCSGs, expertise depends heavily on strong, open communication. However, we found
ECCSG communities largely lacking this communication due to
factors such as a lack of adequate community content, gatekeeping,
jargon, silence from the developers and scientists, and competitive
restraints. These communication barriers prevent social learning,
the second half of the explore-discuss cycle of learning. We examine each of these sociocultural issues in turn, separating them by
player-player communications and player-developer communications.
First, there is not enough high-quality community content to
scaffold learning. Other games, specifically popular commercial
games, have in-depth wikis and dedicated content creators, such as
YouTubers and Twitch streamers. Yet, this community content does
not exist to the same extent for these CSGs, and furthermore there
are gatekeepers and other barriers to enabling players to become
content creators and address this inadequacy. Earlier, we described
Minecraft: Education Edition as having more structured onboarding,
but the commercial version of the game is still taught through a
similar manner to ECCSGs (exploration and social learning).
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nearly no content creators. Furthermore, not only is the quantity
lacking for ECCSGs, but the quality of the content itself is often
poor due to a combination of low-quality recording hardware and
editing software, inexperienced content creators, and complex game
mechanics being discussed.
I’m done trying to find videos... I tried to watch
something on YouTube. I tried to find some videos
and I [found] a few tutorials. I watched them and
they [were] in very, very ugly quality. And a few
of them [were] too complicated for me, who just
started ... playing. (P7, Foldit, Intermediate)
In essence, ECCSGs are following a model of cognitive apprenticeship [36], wherein the professional vision is modeled by content
creators and observed by new members to the affinity space. This
same model has recently become popular on Twitch for domains
such as coding [58] and eSports [70]. Similarly, wikis also provide
a portal into the affinity space and allow learners to co-construct
knowledge as another form of cognitive apprenticeship [200]. Yet,
although ECCSGs are following this practice, they do not have
the same level of organized, published information or archives of
content that more successful domains have. P13 notes this when
comparing Eyewire to the board game Go:
So when I’m learning both Go and Eyewire, I
assemble heuristics and create my decision tree
based on those rules... For Go, is, is an ancient
game and there are quite a few books and, rules of
thumb, heuristic type things that have been developed by a lot of people... For Eyewire, the heuristics aren’t really listed anywhere. (P13, Eyewire,
Intermediate)
On the surface, it seems that both the low quality and quantity of
community content could be attributed simply to a smaller community size. However, upon further investigation, this was not the only
factor — ECCSGs have specific barriers further preventing content
creation. When players were asked why they do not contribute to
creating content themselves, several typical responses were given,
such as a lack of time (not being able to fit it into their schedules).
Yet, two other responses were frequently given which appear to be
unique to expertise-centric games: a sense of inadequacy and a fear
of how the content would be received.
I’m not really a guy that tries to go out and make
videos real quick and edit wikis until I know
that I’m very knowledgeable on what I’m talking
about... Right now, I’m not comfortable with like
showing how I’m playing... And I would not be
comfortable trying to edit the wiki. These guys
[other players] know way too much. (P11, Foldit,
Intermediate15 )

Minecraft is a good example of a game where
you basically learn the game from the wiki or
you watch a YouTuber play it, you know, and you
know, with Foldit, you don’t really have that. You
don’t really have a lot of video content creators
for the game. (P1, Foldit, Intermediate)
With the amount of community content that exists for games
like Minecraft, new players are easily assimilated into the affinity
space of the game through a large number of “portals” (streamers,
YouTubers, wiki guides, etc.) [67]. But, as P1 notes, ECCSGs have

15 Recall

that intermediate players typically have years of experience. The fact that
they still do not feel able to create content of any kind is striking. This opinion was
expressed by several intermediate players.
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Previous literature has also identified learner confidence as a
barrier to making contributions to community content [117]. Furthermore, a study of Wikipedia found several related factors important in making contributions, including (among others) a sense
of belonging, altruism, attitude, subjective norms, and knowledge
self-efficacy [32]. It seems that in the case of ECCSGs, knowledge
self-efficacy (causing sense of inadequacy) and sense of belonging
(causing fear of reception) are two potentially limiting factors inhibiting the intent to contribute. This is further evidenced by P13
(Eyewire, Intermediate), who said he didn’t make content because
he was “a little worried about stepping on toes,” a sentiment echoed
by another participant who described “Getting to the point where I
knew enough of the players” (P16, Eterna, Intermediate) as a prerequisite to creating community content. To these players, having
a strong social network and the social status associated with it —
i.e., a sense of belonging — appears to be a requirement for creating
content (as well as for extended participation, cf. [9]).
In addition to these two factors, knowledge self-efficacy and
sense of belonging, players can also be pressured by explicit gatekeeping from developers if their contributions are not perceived as
accepted or acceptable:
I’ve thought about reorganizing the Eterna wiki.
But there’s a lot on there and it’s hard to find,
not very well organized... It’s a ton of work, and
I have a feeling, from what I’ve seen, it would
be dismissed... Probably wouldn’t be accepted...
It probably would be wasted time... Probably no
one else would agree on it and it would never
go anywhere... I’ve seen a lot of other players
spend a lot of time creating content and tutorials
and organizing things, and it just gets ignored.
[Interviewer: Does it get ignored by the players
or the developers or both?] The developers. (P16,
Eterna, Intermediate)
We also observed that some of the participants who noted this
gatekeeping were women. A recent study on Wikipedia contributions found a gender bias due to a “vicious circle” of negative
reputation, anonymity, fear, alienation, and rejection [118]. The
authors note that several sociocultural barriers occur both preand post-contribution. A similar set of issues may be occurring in
ECCSG community content contributions as gatekeepers prevent
women from contributing knowledge in these spaces. Recognizing
player contributions is therefore critical for supporting community
content, especially because it speaks directly to the motivations of
players who want to be recognized for their contributions in the
CSG [43, 50, 88, 91].
Our findings regarding social learning relate to the Creativity
component of the MLC model [91]. As Jennett et al. write, online
citizen science learning is “informal, unstructured and social,” and
it follows a virtuous circle: “a volunteer improves her knowledge
and skills by doing the task, sharing this in a community of peers
helps to increase her self-confidence, also increasing her ability to
perform the task and her desire to share ... the community helps
her to become more competent, which will finally enable her to
help newcomers in the community, therefore becoming conscious
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of her learning and more self-confident in both performing the task
and assuming new roles in the community” [91, p. 15]. Yet with
ECCSGs, we found that a lack of knowledge self-efficacy and sense
of belonging inhibit players from sharing back to the community,
thus breaking this cycle and preventing community-based learning.
In fact, it’s possible (though left for future work) that the only
causal factor here is knowledge self-efficacy — that a low sense of
belonging is a symptom rather than cause of this barrier. Indeed,
by definition, most of the differences between ECCSGs and other
citizen science projects is the emphasis of expertise, which is what
appears to be triggering the low knowledge self-efficacy and could
hardly explain the low sense of belonging without other mediating
factors.
Moreover, although it is clear that social learning is a critical
factor, participants expressed dissatisfaction with the current channels of communication. This includes player-player communication,
such as chat channels being too quiet (P4, Foldit, Expert). However,
more often participants discussed issues with the communication
between the players and the science/development team. For example, scientific jargon is a strongly demotivating factor for novice
players:
I try to [follow Foldit news]. But then to a certain
point, you know, [the news post] starts to talk
about things which I just don’t understand. And
then, you know, it just kind of... at that point I
don’t pay much attention. (P6, Foldit, Novice)
Novice players often don’t have the prior knowledge to understand the jargon being used to describe scientific progress. Moreover, this struggle is not restricted to novices — even players with
years of experience feel doubt about engaging with news updates
from the scientists.
[On the subject of when communication breaks
down] The short answer on this is: jargon. They’re
using scientific jargon that we don’t understand...
Players have to ask a lot of questions, because it’s
unclear to us. We have to ask a lot of questions.
And I’m the, I end up being the one who asks a lot
of questions. And I don’t know if that’s because
it’s just not occurring to other people to ask these
questions or they’re embarrassed and don’t want
to look stupid, but. I, and even I at some point
hesitate to ask any more questions because, like,
I’m worried, it’s making me look uninformed...
to be asking too many questions. (P16, Eterna,
Intermediate)
Studies on scientific communication have found that jargon can
reduce perceived and actual understanding and can even affect
scientific interest, information-seeking behavior, and potentially
self-identification with the scientific community [26, 168]. Because
of their deeply-ingrained expertise (and lack of public communication training [136]), scientists may struggle to avoid jargon while
communicating [152] (although some evidence suggests that scientist communication can be a viable alternative when professional
communication is not available [12]). However, this is assuming
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that the scientists communicate at all. In some cases, players are simply disappointed with the frequency and transparency of scientific
updates:
I also am concerned that the science behind the...
We never, we don’t see hardly any results of this
development... They occasionally will come out
once or twice a year and say we mapped this neuron and show a picture or a collection of neurons.
But nobody’s really saying what actually they
are learning from it or what they are trying to
learn from it. (P13, Eyewire, Intermediate)
A lack of communication, especially regarding the outcomes of
player contributions, can be seriously demotivating for players. Yet,
even before players attempt to engage with blog posts and other
updates from the science team (where present), confusions already
arise from the game itself. Players have outstanding confusions
about the citizen science components of ECCSGs and how their
play affects scientific research. The game-science research loop —
the fundamental core of ECCSGs — is not described adequately to
them:
I’m very iffy on what it means to create a solution
in Foldit and then somehow that goes into the
lab... I still don’t really know much about how
that happens. (P11, Foldit, Intermediate)
Given that the premise of CSGs is that anyone can contribute
to scientific progress, one would expect that the game itself would
adequately explain everything the player needs to know about
their contributions; the player shouldn’t need to seek out other
information sources on the contribution model, yet players are
going years without understanding the game they are contributing
to. Similarly, there is little to no feedback to the players about
their performance, so they feel confused about whether they are
making meaningful contributions as they play. “It’s difficult to
tell [that] what you’re doing in the game matters at all...” says P8
(Foldit, Novice). Compare this to the earlier finding that making
meaningful scientific contributions is a core motivating factor for
sticking with an ECCSG. If players cannot understand how their
contributions are meaningful, then they cannot value the game for
making contributions, and so they are much more likely to abandon
the game.
These results agree with the findings of Díaz et al. [50]. For
example, one of their participants said their experience was “Fun
but frustrating, it would be nice to have a better understanding of
how the data helps real life research. Enjoyable game, but I lost
interest due to the perceived disconnect from the science behind
it.”
Scientific communication is difficult, not just in CSGs but in
citizen science more broadly [136, 157] (and, indeed, in all public
communications). For in-depth solutions, we refer to Rüfenacht et
al. [157] who recommend, among other steps, appointing a communications expert to the core team and developing a communication
and dissemination strategy.
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Although we have divided this analysis between player-player
and player-developer communications, all communications are ultimately shaped by the design and development of the project. The
player-player communication barriers — most notably low knowledge self-efficacy and low sense of belonging — are entangled with
the instructional barriers and influenced by the project’s onboarding design. Thus, despite developers not being directly involved in
interplayer communication, they still have the power to moderate,
mediate, and manipulate it.
4.4.3 Tension between open science and secret competition. Notably,
within Foldit only, participants described a tension in the game that
stems from the dynamic of groups (teams) which are both private
and competing.
So people are still reluctant to share certain things
outside of the group setting. So, you know, where,
in group [chat], I might be talking about some
overall strategy about low energy or clash importance, in veteran [a more public chat channel] I
wouldn’t talk about that at all. And, you know,
I’ve had people in veteran say, well, how did you
do that? And my first knee-jerk reaction is to tell
them. And then my second reaction is, well, wait
a minute. You know, that’s something my group
would want to know, but I’m not sure I want to
tell you. And, you know, it’s science so we all
benefit. So why don’t we all do it? So there’s that
tension between the two. (P3, Foldit, Expert)
From a novice perspective, and indeed from the perspective of a
collaboration toward open science, the idea of hiding knowledge
for personal gain is paradoxical to the ECCSG’s mission.
I’m a new player. I would benefit greatly from
new solutions, but I don’t have access because I
might compete with this player and my group
might benefit from theirs... There is some level of
weird sort of friction that’s like, I can’t receive
help from you because you’re on the other group...
There’s such a level of secrecy placed on sharing
solutions that it’s completely unwarranted. (P8,
Foldit, Novice)
This tension was previously identified by Ponti et al. [140], so
our purpose here is only to confirm their work, not to unveil a new
phenomenon. Yet, we highlight it here because it may speak to
a larger tension: the tension between game and science in citizen
science games. Of all dilemmas (in the Triadic Game Design sense
of the word [77]), the tensions between game and science seem
to be most often in conflict for ECCSGs. We speculate this is due
to the lack of specialized persons with both scientific and game
design expertise, as suggested by Prestopnik and Crowston [143].
It is unlikely that these two domains are inherently incompatible;
rather, CSG development teams have historically lacked sufficient
expertise in one or the other. In any case, the takeaway message
from this is to approach competition mechanics with caution, since
competition is the driving force creating secrecy in Foldit.
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In summary, we see several major barriers to social learning
in ECCSGs: small communities, low knowledge self-efficacy, low
sense of belonging, community content gatekeeping, inaccessible
scientific communication, infrequent scientific communication, and
the tensions of competition. The issue of small communities is confounded with other factors that make ECCSGs a niche community,
while the issues of low knowledge self-efficacy, low sense of belonging, and community content gatekeeping (i.e., developer dismissal
of paratext contributions) appear to be unique to ECCSGs and a
novel finding of this work. These barriers may be lowered by making community engagement more accessible, such as by providing
technical and social assistance for creating content and encouraging
forms of engagement that don’t require expert knowledge. The next
two barriers, inaccessible and infrequent scientific communication,
are known problems in the broader fields of citizen science and general science dissemination, and solvable using recommendations
from prior literature, such as regular communication schedules
[136, 152, 157, 168]. Lastly, the tensions between group competition and open science were first identified by Ponti et al. [140]. We
expand on their finding by placing it in the context of a broader
tension between the game and science of citizen science games, as
also seen in Section 4.1.1 on the various ways science knowledge
interplays with game expertise.

5

DISCUSSION

Through interviews with ECCSG players of varying expertise, we
generated four themes to describe the path to expertise and barriers in this path. The first barrier players encounter is Missing
Instruction. Then, as players begin a cycle of exploration and social
learning toward expertise, they encounter the barriers of Missing
Polish and Missing Communication which inhibit their exploratory
and social learning respectively.
The golden path to expertise is social and exploratory. One’s
initial engagement may be driven by an interest in contributing
to science or for personal reasons (such as entertainment or personal learning), but continued engagement depends on both of
these motivations being present simultaneously. Once expertise is
reached, one gains a “professional vision,” or an understanding of
seeing, discussing, and thinking about the game that is shared with
other experts [72, 141]. This reflects the case study of Apolyton University — a player-made online community of Civilization players
[172]. This community’s online discussions of incredibly nuanced
topics and their protocols for novice player onboarding, as Squire
describes, is an exceptional example of knowledge production and
organization, design thinking, and social learning with cognitive
apprenticeship. Squire’s case study demonstrates that game communities are capable of managing extreme expertise. Here too, we see
an exploratory, social approach to gaining expertise and a shared
understanding of that expertise within the community.
As such, for CSG developers to teach in the ways that players learn, we recommend leaning into the social and exploratory
aspects of game-based learning. This can include, for example, social features to better enable inter-player communication, in-game
wikis, and modes of play that encourage and support exploration.
Moreover, we encourage CSG developers to appoint professional
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community managers to maintain the social spaces of their community, as suggested by other citizen science scholars [108, 157, 191].
The first set of barriers on this path is instructional, introduced
by a lack of clear goals and strategies. First and foremost, players
in this study and in prior literature (e.g., [50, 141]) widely agree
that ECCSGs have incredibly steep learning curves on initial entry. Paradoxically, the tutorials are simultaneously too simple and
the gameplay too difficult, namely because the tutorials focus on
micro tasks and basic control schemes without introducing more
advanced, nuanced concepts that are required for standard expert
play.
This design paradigm creates what we will call the “giant’s
staircase,” where difficulty begins flat and trivial and suddenly
spikes to insurmountable heights. With complex games like Foldit,
there may be several such levels of giant’s steps, meaning that even
if you can overcome one giant step, there may be more remaining
between intermediate and expert play, alternating between trivial
and impossible.
The lack of teaching all critical concepts is especially noteworthy
in that these games fail to teach the big picture of what the game is
even about and how playing is contributing to science. By focusing
on the micro tasks, it is not made clear to players what the macro
tasks are and how these skills and tools connect to a broader impact.
Lastly, there is a distinct lack of feedback given to players to help
them improve their play. This is in part due to the qualitative and
unknown nature of scientific contribution, yet there exist current
and potential social and ludic dynamics which can overcome this
challenge and provide feedback, as noted by player suggestions
during the interviews.
Overall, our findings on the instructional barriers of ECCSGs
agree with prior literature on the low efficacy of CSG tutorials and
need for better explanations on the scientific contribution models
[50, 115, 170]. We therefore recommend appointing professional
instructional designers who can create effective training materials
and professional game designers who can make such materials
enjoyable. Moreover, given how important the big picture, core
gameplay loop, and scientific contribution model are to understanding and contributing, it is critical to teach these early and refer to
them often, such as via the “whole-task” approach of 4C/ID [189].
Lastly, for teaching advanced gameplay topics, collaboration with
expert players is important to ensure that expert strategies are
taught and taught well.
The second set of barriers on this path is game-based, introduced
by a lack of polish on the game software itself. Confusions and
frustrations are caused by a disorganized user interface, slow or
aging technology, and unintuitive gameplay. Further, the gamification elements are sometimes in conflict with the scientific goals,
leading players to behave ineffectively. The lack of clarity in goals
may also unintentionally encourage players to play in a way that is
not engaging for them, further defeating the purpose of the CSG.
As shown in prior literature, citizen science technologies often
suffer from poorly designed user interfaces [170] and technical
issues which can reduce participation and data collection [63, 165,
184]. Similarly, historical attempts at gamifying citizen science in
ways that aren’t aligned with scientific goals (e.g., competition)
can lead to disinterest and discontinued participation [57]. Citizen
science games are “system assemblages” of many technologies,
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which requires careful attention toward integrating these systems
in order to support participation and the scientific goals of the
project [146]. We therefore suggest employing professional UI/UX
designers, software developers, and game designers to provide the
necessary polish required for an engaging and operational CSG.
The third set of barriers on this path is sociocultural, introduced
by a lack of open communication. Discourse is limited by incompatible sets of jargon between players and scientists, and restricted by
low knowledge self-efficacy, low sense of belonging, and developer
gatekeeping. Fear of gatekeeping and a sense of inadequate expertise and belonging prevents the creation of community content,
further limiting knowledge sharing. Moreover, players expressed
dissatisfaction with the amount of feedback they receive from scientists and developers. Within Foldit specifically, there is also a
tension between the secretive, competitive gameplay and the overt
goal of open science contributions, as previously noted by Ponti et
al. [140].
These findings agree with recently discovered mechanisms of
community content contributions [32] and scientific jargon [26,
168]. Therefore, we recommend CSG developers provide technical
and social assistance for encouraging community content while
discouraging and preventing gatekeeping. Working with community managers and science journalists can help the team create
and execute a strong communication and dissemination strategy
and become more accessible and transparent in their scientific
communications, as detailed in recent citizen science publications
[136, 157].
We also note the entanglement of these three sets of barriers.
Although each barrier is a distinct cause of problems from a separate design space, together they overlap in symptoms and create
interaction effects. For example, consider Foldit’s “finicky” tutorials.
On the surface, this issue is caused by inconsistent game mechanics or otherwise poor game design. Yet, the issue would not be so
frustrating if the game also provided clear and thorough feedback
or access to high-quality community-made guides to help players
reach the goal. Meanwhile, players are simultaneously struggling
with a complex UI, slow technology, a steep learning curve, etc. In
this way, removing only one of these barriers may not even resolve
the issues, or may resolve one but surface another.
This work supports previous literature on player experiences in
CSGs. As found by Eveleigh et al. [56], we observed that intrinsic
motivation leads to deep engagement, and that initial participation
may be increased by acknowledging contribution efforts and enabling the players to fit the game around their existing schedules.
Like Díaz et al. [50], we found that players thought the tutorials
were too simple and the game too difficult, and that players want
more explanation of the science and the overall goals of the project.
Finally, echoing Skarlatidou et al. [170] and Spiers et al. [171], players expressed desires for better tutorials and larger, more diverse
communities.
Prior research shows that game communities use games to learn
experientially via active and discovery learning, forming affinity
groups, cycles of expertise, well-ordered problems, and simplifying
conditions [64, 66, 68, 154, 172]. In ECCSGs, we respectively saw
exploratory learning, community knowledge building, cycles of
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exploration and social learning, and tutorials which attempt to simplify and order the problem space (despite their failings described
in Section 4.2).
Similarly, our findings are consistent with Jennett et al.’s MLC
model and their barriers to engagement, which included difficult or
boring tasks and lack of time [91]. We found lack of time cited as a
reason for not contributing community content and difficult tasks
to be the primary symptom of instructional failings. These results
are also in agreement with Aristeidou et al.’s factors of participation,
namely lack of time, website usability, fear (of engagement), quality
of contributions, and sense of belonging [9]. Specifically, we found
that low knowledge self-efficacy was a unique factor to ECCSGs
and likely drove fear of engagement and sense of belonging.
The rest of this section places this work in broader contexts and
discusses implications. First, in the broader context of CSGs, to what
extent does expertise matter at all? As suggested by Eveleigh et al.
[56], perhaps some participants don’t want to be experts, only dabblers. However, dabbling appears to be incongruous with ECCSGs.
Unlike data-centric CSGs where contributions are proportional to
effort, ECCSGs have an exponential curve with respect to effort
versus output: a great deal of investment at the beginning of one’s
play will amount to little usable output, but after initial investments
to learn the domain, even a small amount of effort will produce valuable contributions. In this way, as ECCSGs are currently designed,
the effort of dabblers (excluding those with pre-existing expertise)
is better spent elsewhere, such as on data-centric projects.
Next, there is the “elephant in the room” issue noticeably brought
up by our findings — if the solution to many of the barriers to expertise is to hire professionals with varying skill sets, how ought CSG
teams accomplish this with the current state of funding? Typically,
CSGs are funded much like educational technologies via research
labs and government grants [104]. To a lesser extent, they can also
be funded by private donations; and although some citizen science
projects are funded by entrepreneurial sources such as participant
fees and merchandise sales, no CSGs (to our knowledge) employ
that participant-funded model at this time [197]. CSGs therefore
have no sustainable financial model, especially given that research
grants rarely cover long-term project maintenance [104]. Klopfer
et al. [104] posit that educational technologies might look to entrepreneurial incubators and startups to help turn their products
revenue-positive in order to become sustainable, perhaps even
employing a hybrid model where technologies are prototyped via
research grants and polished via entrepreneurial partners. However,
transferring this model to CSGs would raise new ethical questions
if, for example, the ability to contribute to scientific knowledge becomes locked behind paywalls. In short, there is no easy solution to
broadening CSG teams to include a wider array of expertise given
the current financial infrastructure. Instead, we suggest CSG teams
begin investigating these alternative funding sources (exploring
their ethical implications beforehand) and secondly reach out to
experts who may be willing to offer some pro bono assistance.
Our study answers an important research gap: why is ECCSG
onboarding currently insufficient, and in what ways? Specifically,
this work provides two major contributions to this question. First,
we present a model of how expertise is acquired in ECCSGs and
the barriers along that path. This extends previous work on CSGs
with respect to understanding expertise [97], player experiences

Findings and Recommendations

Expected
Generality Contribution

Path to Expertise

Learning is exploratory and social

Broad

Validates [91]

Learning is a cycle: exploratory then social
Improve social learning by adding or improving social features for connecting players both
in-game and through other channels, such as wikis, forums, Discord servers, and community
content. Collaborate with professional community managers. Improve exploratory learning
by adding ludic features which encourage exploration and intelligent trial-and-error.
Motivation requires both meaningful contribution and self-gain
Consider how the game feeds player motivations for contributions to science, entertainment,
and personal learning; provide features to address all of these motivators.
ECCSG players develop a “professional vision”

ECCSGs

Novel, cf. cycles of expertise [66] and
GIIL [89]

CSGs

Extends
[43, 91, 177]

ECCSGs

Extends [141]

Missing Instruction

Entry skill barrier
Collaborate with professional instructional designers and game designers to provide
effective and enjoyable task progressions.
Lack of feedback
Provide social features for in-depth peer-to-peer feedback. Provide dynamic automated
feedback within the game. Provide frequent communication from the scientists regarding
how contributions are being used and the results of scientific analysis.
Part-task approach
Teach the big picture, macro tasks, core gameplay loop, and contribution framework early.
Ends instruction early
Collaborate with expert players to understand and teach the advanced techniques required
for intermediate to expert play.

ECCSGs

Novel

ECCSGs

Novel, cf. [55]

ECCSGs

Novel, cf. [55,
189]
Novel

Missing Polish

Miller & Cooper

Unintuitive UI/UX
Collaborate with professional UI/UX designers to develop clear, organized user interfaces.
Technical issues
Collaborate with professional software developers to optimize performance for typical
usage, especially novice play.

CSGs

Unclear gameplay
Collaborate with professional game designers to develop clear and intuitive gameplay using
industry principles of tutorial and level design.

CSGs

Extends
[50, 134]

Missing Communication
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Low knowledge self-efficacy
Make contributing community content more accessible for all players by providing technical
and social assistance.
Low sense of belonging
Detach perceived game skill from perceived ability to contribute by encouraging other forms
of community content contribution, such as fan art and social events.
Community content gatekeeping
Explicitly address, discourage, and prevent gatekeeping.
Insufficient scientific communication
Provide more details on the scientific topic and acknowledgements/praise of player
contributions with details of how their efforts translate to scientific advance. Invite open
communication. Collaborate with communicators and science journalists to provide clear,
public-facing translations of scientific jargon.
Tensions of competition
Design for collaborative rather than competitive gameplay. Look for and eliminate game
dynamics which encourage secrecy.

ECCSGs

Novel, cf. [76]

ECCSGs

Novel, cf. [13,
14]

ECCSGs

Novel,
cf. [118]
Validates [136,
152, 157, 168]

ECCSGs

CSGs

Broad

Foldit

Extends
[50, 134]
Extends
[50, 134]

Validates [140]

Table 3: A summary of findings and recommendations addressing the issues identified in the reflexive thematic analysis.

[50], and skill acquisition [124] and adds a specific framework for
how skill-based expertise is acquired and the ways in which its
acquisition is hindered. Second, we identify three barriers to expertise and unpack detailed mechanisms of how they interfere with
learning and engagement. With respect to instruction, the mechanisms are: high skill requirements on entry, lack of feedback, lack

of a big picture explanation, and lack of intermediate-to-expert
instruction. With respect to the game artifact, the mechanisms are:
unintuitive and cluttered user interfaces, software issues, and unclear gameplay. With respect to the interpersonal, the mechanisms
are: low knowledge self-efficacy, low sense of belonging, content
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gatekeeping, inaccessible and infrequent scientific communication,
and game-science tensions.
Notice also that — when taken abstractly — only the sociocultural
barriers are specific to the unique science-game model of ECCSGs.
The game-based barriers (poor UI, software, and gameplay) could be
found in any game, and the instructional barriers (poor instructional
design) could be found in learning any topic for which learning
materials do not exist in abundance. Therefore, we expect this work
to be useful as a guide to product refinement for other fields of gamebased learning, such as the iterative development of educational
technologies and serious games.
We provide a summary of our findings in Table 3, noting where
our contributions are novel or extend/validate prior literature. Importantly, because this work is strongly interdisciplinary, many
of our findings can be linked to prior theory in learning sciences.
While we aimed to note as many connections as possible, what we
list as novel contributions is meant to highlight original observations specifically in ECCSGs.
This study is not without limitations. The first and foremost
limitation is a small and mostly homogeneous sample. More evidence is needed to confirm this model, especially in Eyewire and
Eterna. Moreover, despite its potential, there is little evidence to
support generality outside of ECCSGs, which are quite a niche field.
Nevertheless, this exploratory work provides direction for future
research in dismantling the barriers and accessibility issues which
prevent citizens from contributing human computation and creativity toward scientific advancement. As the 21st century continues
to show a need for effective mass cooperation and interpersonal
efforts in a variety of ways, this work contributes toward our understanding of interdisciplinary and complementary expertise in
the example of game players gaining and contributing expertise to
scientific research.
Though this work is meant for ECCSGs, other game-based learning projects may benefit from understanding the barriers to player
learning. Projects which meet any of the expertise-centric criteria — from gamified language learning to game-based algorithm
discovery — can learn from the ECCSG model how to better empower their users’ learning and the ways in which learning and
contributing are suppressed.
What are the takeaways and implications for the future of ECCSGs? Considering the arguments of Keep, it is critical to focus on
improvements to knowledge sharing, knowledge organization, and
discourse translation between players and scientists [97]. Moreover, as discussed in subsection 2.4, this work suggests possible
ideas in the design space of ECCSGs. Any projects needing the
affordances of ECCSG criteria — addressing a system-driven, selfcontained, complex problem space with many problems to solve —
may consider making their project into an ECCSG.
For future work, the next step for improving ECCSGs is to remove
these barriers via design-centered research. A table of recommendations for topics of improvement based on these themes is provided
for CSG developers in Table 3.

6

CONCLUSION

The expertise-centric CSG can be a powerful framework for crowdsourcing scientific advancement, yet in practice they are incredibly
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difficult to design well. For the ECCSG to be effective, it must train
its players in how to become experts. In this study, we interviewed
ECCSG players of Foldit, Eterna, and Eyewire, then applied reflexive
thematic analysis to generate themes of their experiences. The analysis produced a model of expertise in ECCSGs and barriers therein.
The path to expertise was found to be a cycle of exploratory learning — yet hindered by a lack of game polish — and social learning,
hindered by a lack of communication. Entrance to, and repetition
of, this cycle is barred by poor instructional design, nicknamed the
“giant’s staircase.” This work validates and extends several previous
studies on player experiences in CSGs. Based on this work, we
call into question the current financial and participatory models of
CSGs and make recommendations for CSG developers, including
collaborating with professionals of required skill sets, providing
social features and feedback systems, and improving scientific communication.
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