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Reform movements generally urge schools and informal science institutions to create productive partnerships
and a variety of learning experiences that result in a more coherent and robust foundation to support the
development of scientific and environmental literacy for youth. In this paper we use STEM learning ecosystems
and cultural-historical activity theory (CHAT) as theoretical lenses to understand how informal/formal
partnerships succeed or fail. One feature of CHAT salient for such understanding how partnerships among
different systems come to be (or not be) is that of knotworking, and we use this idea and its components and
processes in our work as key in the development and maintenance of successful partnerships between formal and
informal science education entities. We share two formal/informal partnership stories to illustrate knotworking
components which are present or absent and from which we can draw principles about those elements which are
critical for successful partnerships to be established and maintained in the service of supporting meaningful

scientific and environmental literacy.
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INTRODUCTION

Problem Statement

As is widely acknowledged, science learning is not
restricted to what unfolds formally within the walls of K-12
schools and universities; rather, such learning also occurs in
informal, non-school spaces, such as parks, museums, and
backyards (see, for example, Schweingruber & Fenichel, 2010).
This recognition has led, over the years, to increasingly
frequent calls about the importance of promoting partnerships
between science learning institutions (e.g., Dillon & Wong,
2025; Hofstein & Rosenfeld, 1996; National Research Council
[NRC], 2009). Such calls generally urge for a bridging of the gap
between formal and informal learning: for schools and
informal science institutions to create productive
partnerships, and for a variety of learning experiences in
science that result in a more coherent and robust foundation
to support the development of science literacy for youth (see,
for example, Penuel et al., 2016). These calls also encourage
careful investigation of the efficacy of such partnerships. In

the United States, since the publication of A framework for K-
12 science education (NRC, 2012) and the adoption by many
states of the next generation science standards, scholars have
pointed out that informal-formal partnerships could help
address the ambitious science learning goals set out in these
documents (NRC, 2015). Informal science education
experiences, which take place in settings such as nature
centers, museums, zoos, and aquaria, have the potential to
supplement classroom science education, creating a richer
STEM learning ecosystem (SLE) (NRC, 2015).

A hallmark of our ongoing work has been the goal of
addressing calls for more STEM partnership research by
investigating what factors make partnerships productive and
sustainable, considering these partnerships through a lens of
SLEs, and using this theoretical lens to guide the development
of interview questions, which we presented to informal science
educators. In our ongoing analyses, we also made use of
cultural-historical activity theory (CHAT) to understand the
mechanics of such partnerships better. In this paper, we use
our work to propose how SLEs and CHAT might elucidate some
of the factors that must be at work in order to support the
development and maintenance of partnerships that are both
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Figure 1. Two interacting activity systems in CHAT (adapted from Engestrom, 2001)

healthy and productive and which serve all of the stakeholders
in such partnerships well--in short, partnerships which are
effective and sustainable. In the sections that follow, we
unpack each of these theoretical ideas before turning our
attention to the ways in which they assist in our understanding
of how partnerships succeed or fail.

STEM Learning Ecosystems

Interest and participation in STEM have been on the
decline for several decades (e.g., Steidtmann et al., 2023).
Related to this phenomenon is the fact that it has been
recognized for some time that one of the reasons that students
do not feel a connection with science or pursue advanced
coursework or careers in STEM disciplines is the consequence
of their negative experiences with science as schoolchildren.
Despite our recognition that STEM learning occurs in contexts
outside of school as well as inside the classroom, a particular
conundrum is that learning that occurs in these different
settings settings are typically disconnected with respect to
how content, practices, and identity are addressed,
particularly with regard to expectations for student
engagement with science phenomena in these different
contexts. As a result, therefore, opportunities to deepen
scientific understanding are not typically leveraged. This has
led researchers to argue that we ought to approach science
learning in a broader, more inclusive and more unifying way,
and to focus not only on the many different settings in which
such learning takes place, but also on the different timeframes
within which learning unfolds. This approach to learning is
often referred to as an SLE (see, for example, Allen et al., 2020;
Wade-Jaimes et al., 2023). This concept draws on similarities
to the complexity and interconnectedness of biological
ecosystems and suggests that STEM learning is also a complex
relational system (Hecht & Crowley, 2020). SLEs also evolve
over time and thus have a history, and a responsiveness to the
human and social history of a learning ecosystem can make the
difference between a context that provides powerful and
supportive learning opportunities and one that does not (see
Bevan & Dillon, 2010; Bevan et al., 2018). Thus, it is important
to understand the various contexts in which students might
encounter STEM phenomena and learning opportunities and
understand how partnership work between institutions

located in both the formal and informal spaces might reach
more young people and provide more pathways to STEM
participation (Shaby et al., 2021).

While SLEs provides some valuable insights into the kinds
of elements that are important in supporting STEM learning,
it does have some limitations as a lens on the questions we
were asking in our work. First, it does not provide the kind of
nuanced view that might help to explain the complexity of
decision-making accomplished through constant and iterative
negotiations of goals, values, and expertise. Also, SLE does not
reveal the ways in which individuals work to create a
combination of learning opportunities that best serve both the
organizations and the young people they serve. Furthermore,
SLE has a more ahistorical structure, and as such it does not
account for the importance of cultural/historical factors or
events that shape current collective practice. CHAT appears to
provide a more nuanced lens in this regard, and we turn to a
brief overview of this next.

Cultural-Historical Activity Theory

CHAT is a theoretical framework proposed by Engestrom
(1999) to account for the learning which occurs between a
minimum of two systems and which results in new knowledge
being produced through these interactions. CHAT is an
expansion of Leont’ev’s activity theory, which considers a
single activity system to be made up of six components: the
subject of a human activity, the object, the broader
community, the division of labor within that activity system,
the explicit and implicit rules, and the mediating artifacts
(Engestrom, 2001). These constitute the “nouns” or features of
such systems. In the third generation of CHAT, activity theory
is taken one step further by considering more than one
interacting activity system (Figure 1).

In CHAT, the complex interactions between systems are
explicitly considered. In fact, Engestrom (2001) suggests that
the most learning occurs in times of tension arising from a
“conflict of motives” (Engestrom, 2017, p. 359) and resulting
in a process he calls expansive learning. He considers this to
be the creation of new knowledge (in contrast to someone
acquiring already existing knowledge), and such a perspective
suggests that at its most basic level, no true experts exist
within interacting systems and all are learners.
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One feature of CHAT that seems particularly salient for
understanding how partnerships among different systems
come to be (or not be) is that of knotworking. Knotworking
refers to the process by which knowledge is co-created when
two activity systems come together purposefully in
collaboration to solve a novel problem or intersect when a
problem arises (Engestrom, 2001). In the section that follows,
we unpack this process a bit more.

A Closer Look at Knotworking

What was once presented by Engestrom (1999) as a largely
theoretical construct, knotworking has since been applied in a
variety of contexts in an effort to account for and to predict the
kinds of negotiations which must take place, both initially and
in an ongoing way, in order for that partnership to be
productive — that is, to be beneficial to all parties involved. It
has been used by scholars and practitioners alike to account
for the work done in a partnership in such contexts as diverse
as specific-use building construction (such as schools and
community centers, e.g., Kerosuo, 2018), healthcare (such as
physician education, e.g., Elmberger et al., 2020), patient care
teamwork (Colvin, 2017; Varpio & Teunissen, 2020), and K-12
education (such as teacher professional development, e.g.,
Andrews, 2022). In our work, we use the idea of knotworking
as a key feature in the development and maintenance of
another kind of partnership, which also involves complex
relationships and goals, successful partnerships between
different science education entities, both formal and informal.

As noted earlier, knotworking is critical in situations where
no single entity within a partnership system possesses the
expertise to solve the emerging problem on its own, and it is
not uncommon for disagreements or tension to arise. As a core
feature of CHAT, this idea of learning through conflict is a
valued and named process that is extremely important when
two organizations with different goals, histories, and cultures
work together.

As tension and conflict are negotiated, the subjects of
participating activity systems may evolve and learn to
collaborate through shared practices in response to novel
problems in a process called co-configuration (Engestrom,
2004). “Co-configuration requires flexible ‘knotworking’ in
which no single actor has the sole, fixed authority”
(Engestrom, 2004, p. 13). Learning through co-configuration
occurs between and within “loosely interconnected activity
systems and organizations ... representing different traditions,
domains of expertise, and social languages” (Engestrom, 2004,
p. 16). In other words, as different organizations with different
goals, norms, and histories work together to solve a problem,
co-configuration occurs as they learn to collaborate and
develop some shared practices or merge some existing
practices. It does not occur when one partner has authority
over the other or tries to force the other to adopt their
practices.

Knotworking also is not a ‘one-and-done’ process. Rather,
it is “a longitudinal process in which ‘knots’ are formed,
dissolved, and reformed as the ‘object’ is co-configured time
and time again” (Engestrom, 2001, p. 973). The metaphor of
knots being tied and untied allows for consideration of each
partner as an otherwise separate entity (rope), coming
together with another as they collaborate (tie and untie

different types of knots). Knotworking also requires “rapid
negotiation and improvisation with constantly changing
configurations of partners” (Engestrom, 2001, p. 973). Most of
all, this process requires that each partner organization
recognizes the unique knowledge/skills/resources that the
other partner(s) bring to the table, along with the value of
making use of these unique contributions to ensure a
successful outcome with respect to the problem(s) they have
jointly identified as the target of their work together. If the
knotworking is effective, partners can develop agency
(Andrews, 2024) and this can lead to the kind of resilience that
allows them to respond to challenges in meaningful,
productive, and often innovative ways.

Elmberger et al. (2020) have studied knotworking in the
context of a healthcare system and have described three
components of knotworking that occur in a cyclical, iterative
process. These are negotiation, reconceptualization, and
reconciliation. Negotiation is the process of mediating and
aligning the goals and practices of the systems. Within a
partnership, negotiation includes conversations around goals,
norms, and practices of the partner organizations and how
these will be addressed, especially if they are in conflict. This
would likely happen at the beginning of a partnership, but
goals may also need to be renegotiated within this iterative
process. Reconceptualization is the testing and adjusting of
innovation, as well as working through tensions and conflicts
that arise. As partners create new innovative programming,
there are likely going to need to be adjustments, and this
process of reconceptualization requires good communication
and compromise between organizations.  Finally,
reconciliation is the step that occurs when equilibrium is
reached, tensions and conflicts are temporarily solved, but this
does not mean the work is finished. Reconciliation is creating
a plan for iterative work with no fixed endpoint in sight. In
Figure 2, we provide a visual representation of knotworking,
representing both the partner components (people, mediating
tools, and norms & rules) and processes (negotiation,
reconceptualization, and reconciliation).

Knotworking produces something new in the center of the
intertwining partners; in the case of STEM learning
partnerships, this is the new program created by two disparate
organizations coming together in a new way. Just like a crochet
scarf is made from a series of knots, a new partnership is also
made from a series of interactions. We also represent the
different aspects of each partner organization as the “plies”
within each partner “rope.” Yarn or rope with more plies is
stronger; the strength of each partner system exists in its
complexity.

STORIES OF KNOTWORKING

We next share two illustrative stories constructed from
interviews we conducted with informal science educators
whose organizations were involved in STEM partnership work;
we use these to illustrate the usefulness of knotworking —
either by the presence or absence of their component parts —
as a lens through which to examine the conditions necessary
for the successful development of STEM education
partnerships.
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Figure 2. Visual representation of knotworking (created by the authors)

Story 1. A Nature Center and a Boxing Gym

Liam, worked as an interpreter for a nature center. The
partnership in question was between this nature center
(partner 1) and a local boxing gym (partner 2) that together
sponsored an after-school program (mediating tool). Despite
being a partnership between two very different organizations
with different goals, Liam expressed great pride in the success
of the program and explained that through intentional
collaborative efforts, the two organizations have each been
able to accomplish their distinct goals. The nature center had
both experiential educational goals as well as nature
conservation goals (norms & rules), wishing to encourage
people to “experience and celebrate nature in a way that
benefits them and that benefits nature.” By introducing people
to the natural world and fostering care for it, something they
accomplished through regular programming focused on
exploration and appreciation of nature (mediating tool), the
nature center’s leadership hoped that such caring would
translate into practices that would encourage stewardship and
benefit environmental conservation.

In contrast, the boxing gym had very different goals for the
students with whom they worked. Liam explained that in
discussion with boxing gym staff (people), they learned that the
gym staff’s goals were to increase graduation rates for their
participants and to provide them with new experiences as well
as opportunities for physical activity, with a particular focus
on health (norms & rules). Although the goals of these partner
organizations were quite distinct when the partnership began,
through collaboration, they were able to create programming
that converged by having students in outdoor spaces, making
movement in and around that space a regular feature, and
incorporating direct engagement with nature (mediating tools);
as a result, the partnership has not only continued but has
grown and flourished over several years.

This does not mean that there were no tensions to work
through, especially in the early days of the partnership.
Something that was extremely important in the beginning was
developing trust. The staff at the boxing gym told Liam that
they had worked with many different community partners in
the past, some of which had been productive collaborators and
some which had withdrawn or not even shown up after initial

agreements had been made. Their priority was that students
have consistency, specifically consistent adults present in
their lives, with an emphasis on continuity of relationships
with other organizations. Thus the interpreters at the nature
center had to earn staff’s trust by being consistently present
and listening to the needs of students and staff. This meant the
nature center had to become more flexible with regard to
several of their established expectations. More specifically, for
example, maintaining high graduation rates was a primary
goal of the afterschool program, which meant that if a student
was behind academically, they were not allowed to participate
in the nature center activities. They also told the nature center
interpreters that setting high expectations for students and
being firm in these was a norm for their organization. Nature
center education most often is more experiential and utilizes
free choice learning, so Liam and the other interpreters had to
identify common ground with the staff at the boxing gym and
take on some of the boxing gym’s norms, particularly since
they were conducting programming within the gym’s physical
space. This partnership began its fourth semester at the time
the interview took place.

Both partners have benefited greatly from this partnership.
Through this work, the nature center has been able to reach a
larger group of students, many of whom had never visited the
center before, even though it is located close by; they have now
visited the center as a group at least once each semester. And
the afterschool program at the boxing gym has not only
maintained the high graduation rates that it is known for but
has also been able to provide new experiences for their
participants.

This partnership exemplifies some of the key components
of the knotworking process in important ways. In terms of
negotiation, the boxing gym and the nature center had strong
and clear communication from the beginning of their
partnership. They took the time to discuss their unique goals
and express a willingness to compromise, but at the same time
were able to reinforce those aspects of programming they felt
were core to their mission and thus were important to retain.
In addition, they engaged in shared decision-making, meaning
that neither partner had the “last say” or seemed to have more
power over the other. Both partners were able to incorporate
unique aspects of their own programs to create something
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new. Similarly, they had co-ownership over the programming.
The educators in both spaces had a voice in programming and
took on some of the norms held by their partner and as a result
were able to create something even more powerful for learners.

In terms of reconceptualization, Liam and the boxing gym
staff had come together multiple times to discuss how things
were going and to revisit topics of discussion. Because
programming took place at the boxing gym location, the
nature center did have to compromise more in the beginning
to align with the rules and norms of the boxing gym, the main
example of which was that students were not allowed to
participate if they were behind academically. However, Liam
noted that “we’ve talked about different ways that maybe we
can work around that,” and he said this interview served as a
good reminder to check in about it again with the boxing gym
staff. The partnership has been marked by ongoing and open
communication and a willingness to renegotiate action and to
work through tension, a reflection of reconciliation.

Story 2. A Nature Center and Local School

Coral, also a nature center interpreter, held the position of
assistant education director at a Midwest nature center, which
had an ongoing partnership with a local school in which they
provided nature education programming. The partnership
began when, several years previously, the school reached out
to the nature center with a desire to do programming that
would bring one grade of the school to the center while the
teachers stayed back and dealt with administrative tasks. Coral
believed that a large part of the success was because the school
had already bought into the idea. Coral began working just
before the start of a new school year and had several meetings
with school administrators to discuss the goals of the
partnership.

As school started I was introduced to the principal and the
STEM coordinator and in that time they kind of explained what
they’ve done in the past with [the school], and explained what
they wanted to do in the future, and we had a probably a series
of 4 or 5, like small, introductory meetings ... I met with the
principal alone. I met with the STEM teacher alone. I met with
them both together. And we just kind of brainstormed ideas.

Although the partnership was ongoing, Coral felt that more
of the teacher and administrative needs of the school, rather
than the students’ needs, were being addressed. Large
numbers of students at a time meant that the nature of the
experience for students was recreational rather than
educational. Coral believed one reason for this was that
teachers’ schedules were so bound by testing, but also the fact
that Coral and the nature center were not always aware of the
school’s testing schedule, which impacted programming
several times. Staff at the nature center expressed that they
would like to be more of a supplement to students’ science
learning, but their perception was that the school viewed the
programming they provided as more of an engaging distraction
or reward for their students around testing time. In addition,
the schedule that the school provided for the nature center’s
activities has four classes rotating through their programming
in 90 minutes. Coral shared the concern that this did not really
give them time to do anything meaningful with the students,
but that the teachers and administrators of the school
preferred this schedule because it aligned with their current

school schedule and did not require any shuffling of class
schedules or curriculum, which was convenient for teachers.
During the interview, Coral also shared that after limited
success with email communication, they were planning an in-
person meeting to re-evaluate the program in the hopes of
“giving students the time to actually do activities and to learn
and experience stuff”, providing an opportunity for both
partners to now engage in some knotworking, making their
goals and reasoning clear, as it seems the reluctance to address
any conflict led to a partnership that was not meeting
everyone’s needs.

With respect to the ways in which knotworking has been
present as part of the partnership process in this case, the
nature center was still struggling with negotiations related to
having their own goals met through the partnership. Because
their rules & norms were not apparent to the school partner,
they were unable to engage in effective knotworking. It is
interesting to note that the interview was conducted several
days before the nature center and school leadership were
scheduled to meet in order to articulate their respective goals,
rules, and norms, and to hopefully enter into negotiations
about how these respective priorities could be met through a
reconceptualization of the existing partnership.

DISCUSSION AND CONTRIBUTION

The calls for STEM partnerships have created opportunities
for organizations to collaborate in creating new, innovative
opportunities for STEM learning in multiple contexts. These
partnerships also have the potential to offset the insufficient
time spent on science, especially in elementary schools, and
declining student interest in STEM (Steidtmann et al., 2023).
They also have the potential to supplement classroom science
education and to create a richer science learning ecosystem
(NRC, 2015). Thus, research on STEM partnerships is vital as a
way to provide guidelines for their development and
sustainability. In this paper, we offer CHAT as a lens for such
research efforts. This lens provides scholars with a tool that
affords a roadmap as well as a set of guidelines for exploring
both the development and maintenance of such partnerships.

In our empirical work (e.g., Richmond et al., 2024), we
found that successful partnerships contain eight fundamental
elements: access to resources, good communication,
flexibility, trust, time to engage in the partnership, aligned
goals, buy-in from stakeholders, and building positive
relationships. While these may appear obvious, many
partnerships lack one or more of them, and the field would be
advanced by understanding more deeply . struggle to reach
those goals. This demands a deeper understanding of how it is
that partnerships stumble. CHAT appears to us to be a useful
theoretical tool for making sense of both successes and
failures. This theoretical framework provides a language for
talking about how institutional cultures develop and how
similarities/differences in these cultures can be navigated
among SLE partners and a successful partnership established
and maintained. More specifically, knotworking has allowed us
to dig deeper into the relationships between organizations,
giving us a framework with which to theorize what specific
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aspects of communication might be key to creating the most
successful STEM partnerships.

SLEs is a multi-site, complex idea of how people learn
science in a large variety of contexts. In larger partnerships
across multiple sites, knotworking could help us understand
the complexity of the interactions that occur between these
sites and can provide a framework that can be used to build
collaboration among partners. As the two stories illustrate, a
partnership marked by meaningful knotworking through
negotiation, reconceptualization, and reconciliation enabled
educators at the nature center and the boxing gym to advocate
for their own disparate objectives while also maintaining open
lines of communication and flexibility that allowed the
partnership to flourish. In contrast, the partnership between
the nature center and an elementary school was at a stage
where knotworking might have served as a timely and effective
way to move that relationship forward in order to increase the
probability of success for each of the partners involved. As
funding in both informal and formal education spheres has
been precariously positioned in recent years, it becomes even
more critical that we understand how to foster successful
STEM partnerships that have demonstrable, powerful, and
long-lasting outcomes on science engagement and literacy for
all stakeholders. We hope that this paper encourages further
research using knotworking to analyze the efficacy of such
partnerships to support the development of STEM literacy
across learners’ lives.
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