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Invention education is an emerging field that shows promise for fostering
equitable student engagement, especially related to disciplines of science,
technology, engineering, arts, and mathematics (STEAM), in both classroom
and informal learning. A central concept for practitioners, researchers, and
evaluators, student engagement connects with academic, socioemotional,
career, and civic success. Nonetheless, more work is needed to ensure more
equitable approaches to educational design for student engagement, especially
with youth of one or more minoritized identity markers (e.g., Black, Brown, or
Indigenous youth; female or non-binary youth; youth from lower socioeconomic
statuses; etc.). This Curriculum, Instruction, and Pedagogy article describes
six iterations of educational designs for invention education with grades 6-8
classes and camps. Three of the iterations revised the same curriculum for
grade 7 classes (N ~ 160 students/year), and the other three iterations involved
similar yet distinct curricula for grades 6—-8 camps (N ~ 25 students/year). Taking
a cultural psychology approach to design-based research, we conducted a
phenomenological mixed-methods study for convergence. That is, we iteratively
refined educational designs within given microcultures, and we sought to better
understand participants’ lived experiences. We share evidence of high affective,
behavioral, and cognitive engagement, within and between both individual
and social levels, alongside development of self-efficacy with respect to ability
beliefs and anxiety management. With a few exceptions, our findings suggest
equitable participation of youth. These findings we connect with educational
design considerations, including individual vs. social supports, explicit attention
to youths' hobbies and peer-inventors, and formative assessment that broadens
response scales and gradations of challenge. Our work supports a more nuanced
and socially-situated six-dimensional framework for student engagement,
expanding upon commonly-used three-and four-dimensional models.
We conclude with local and transferrable implications, towards the main goal
of fostering equitable student engagement in science and engineering through
invention education.
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1 Introduction: background and
rationale

User-and activity-centered design, including invention education,
can foster meaningful learning experiences in science, technology,
engineering, arts, and mathematics (STEAM; National Science and
Technology Council, 2018; Bevan et al., 2019; Invention Education
Research  Group, 2019). Such transdisciplinary, project-based
curriculum can be powerful for both in-school-time and out-of-
school-time contexts, especially through partnerships of local,
regional, and national organizations (Bevan et al., 2010; Njoo et al.,
2018; Fraser et al., 2021). It can be challenging to design curriculum
and evaluate interventions across contexts for student outcomes
related to interest, identity, academic performance, and career
attainment; however, student engagement has shown potential in
linking a variety of topics of interest to communities, policy makers,
and practitioners (Bell et al., 2019; Sneider and Allen, 2019; Reschly
and Christenson, 2022; Radil et al., 2023). In particular, more work is
needed to adapt curricula from primarily out-of-school-time contexts,
for in-school-time implementations, and to ensure equitable
engagement across identity markers such as race and ethnicity, gender,
socioeconomic class, linguistic repertoire, (dis)ability, and more (Cho
et al., 2013; Fraser et al., 2021; Pérez-Salas et al., 2021; Galindo et al.,
2022; Reschly and Christenson, 2022).

We share understandings from over 5years in a community-
practice-research partnership based in Mills City,' a semi-urban city
in the Northeast US. The partnership included members from Boston
College, the Lemelson-MIT Program, and Mills City (including local
businesses, professional organizations, and Mills City Public Schools).
For in-school-time classes and out-of-school-time camps and clubs,
we co-designed and co-created learning environments with middle-
school youth, who engaged in user-and activity-centered design
through invention projects. The classes and camps in particular have
included youth of one or more populations historically marginalized
from participation in STEAM. We hope that in sharing our
understandings we will join a broader conversation about co-designing
formal, informal, and hybrid environments—as well as connections
and transitions between these models—an especially important
conversation during times of increased remote and hybrid learning
(Allen et al.,, 2020; Fraser et al., 2021). Though engagement may
manifest in different ways over time and space, it remains a key
and outcome of academic, civic, and

predictor career,

personal importance.

2 Pedagogical frameworks, principles,
and standards

Our pedagogical approach leverages the flexibility of invention
education to vary emphasis on disciplines of science, technology,
engineering, arts, and mathematics (STEAM; Bevan et al., 2019). For
example, our in-school-time interventions tend to prioritize per
practitioner needs, while still providing opportunities for youth to
leverage their interests in technology, engineering, arts, and

1 AllK-12 city, district, educator, school, and youth names are pseudonymes.
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mathematics, as described in the Learning Environments section
below. On the other hand, our out-of-school-time interventions take
a more pluridisciplinary approach (Hofstetter, 2012), wherein no
discipline dominates the others. In these ways, invention education
has provided a versatile framework that can promote in- and out-of-
school-time learning, as well as synergies between them (Bevan
etal., 2010).

Our specific approach to invention education includes principles
of the Lemelson-MIT JV InvenTeams Program, which strives to
“cultivate new ways of thinking and develop technical skills,” especially
for grades 7-10 youth “with limited access to hands-on STEM
enrichment activities” (Massachusetts Institute of Technology (MIT),
2016, p. P4). The “TV” stands for “Junior Varsity;,” positioning the
program as a stepping-stone to the “Varsity” program for youth in
grades 9-12. Each of the curriculum units has a main project, as well
as a follow-up activity for free-choice inventing. Within each unit, all
sessions conclude with a self-assessment, in which youth reflect on
their development of self-efficacy in science, user-and activity-
centered design/engineering, and inventing. Overall, the program
considers (technological) inventing to be the creation of a “useful and
unique” contrivance, which can potentially be patented and produced
in large quantities through entrepreneurship.

Each unit includes the Types of Team Members framework,
developed by the Lemelson-MIT JV InvenTeams program. Youth self-
identify with four roles: Doodler (of sketches, diagrams, etc.),
Organizer (of materials, tasks, and persons); Talker (within and
between teams, as well as with community members); and Tinkerer
(with materials, supplies, prototypes, and final products). Table 1 has
enacted curricula, relevant

a summary of including

pedagogical standards.

3 Learning environments: six iterations
with classes and camps

3.1 Mills City

Mills City is situated on the traditional lands of the Massachusett
and Pawtucket peoples. These first inhabitants were displaced by
colonists first for farmland, then for mills during the US Industrial
Revolution, and most recently by offices for businesses and housing
for both immigrant and gentrifying populations. The present-day
population is diverse in terms of race/ethnicity, gender, cultural and
linguistic background, national origin, and socioeconomic status.
Thus, Mills City in many ways is a microcosm of past and current life
in what is currently called the US (See Table 2 for rounded racial/
ethnic data; additional details are in Supplementary material).

3.2 Partners

Though our work centers on middle-school youth, it also includes
high-schoolers as “counselors”; in-service educators as “teachers,”
“co-advisors,” or “co-facilitators” (of classes, clubs, and camps,
respectively); curriculum designers for creation and modification of
curricula, along with some co-facilitation; university-based
researchers as “participant-observers” who work at the intersection of
research and practice; school-district leaders who ensure alignment

frontiersin.org
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TABLE 1 Summary of designed learning experiences.

Setting

Curri-

Invention

NGSS

Selected

CCSS

10.3389/feduc.2024.1287521

Prominent

Meaningful

culum | product(s) @ disciplinary performance  interdisciplinary @ STEAM beneficiaries
core ideas expectations = connections* interdisciplinary
(DCls)* (PEs) connections*
MS-LS1-4. Use Producing tentative
argument ... to representations (e.g.,
support an scale models); exploring
LS1.A: Structure explanation for how materiality (e.g., clay
and function characteristic animal models, undyed plastic
Common core:
Shoe outsoles + PSI.A: Structure behaviors and molds, and dyed plastic
February RST.6-8.1 Basketball players;
Shoe Soles | free-choice and properties of | specialized plant casts)
2017 camp RIL6.8 dancers; runners
invention matter structures affect the
WHST.6-8.1
PS1.B: Chemical probability of
reactions successful
reproduction of
animals and plants,
respectively.
Electronic Engaging multiple
. MS-PS2-3. Ask L .
Feb Noi musical modalities (e.g., sight,
ebruar oise i
Y instruments + questions about data sound/music, touch/ Musicians
2018 camp | Makers . to determine the Common core: o
free-choice PS2.B: Types of vibration)
. . factors that affect RST.6-8.1
invention interactions
the strength of MP2
Electronic door i Finding relevance (to Pets (birds, dogs,
February electrical and
U Control + free-choice X beneficiaries) snakes); younger
2019 camp magnetic forces.
invention siblings
Autumn MS-PS3-3. Appl: Engaging in critical Survivors of
PS3.A: Definitions el sagime
2017 class scientific principles reviews (moderated by disasters and/or
of energy d c her)
to design, construct, ommon core: teacher ower outages,
e | o | Shoomze | PSS d . device that | RST.6-8.3 Hold . I . h
ill Out and test a device that .6-8. olding commitments to especially wit
2018 class insulating device | Conservation of ¢ P Y
either minimizes or | WHST.6-8.7 standards of the field (i.e, | temperature-
Autumn energy and
. maximizes thermal thermodynamics) sensitive medicine
energy transfer
2019 class & energy transfer. in rural areas

NGSS, Next Generation Science Standards (NGSS Lead States, 2013); CCSS, Common Core State Standards for math and English language arts (National Governors Association, 2010); and
STEAM interdisciplinary connections are per “A framework for epistemic practices of the arts and sciences[/STEM]” (Bevan et al., 2019). All curricula included the Disciplinary Core Idea of

“Developing Possible Solutions” (ETS1.B). Also, all curricula promoted transdisciplinary learning through inventing, entrepreneurship, and project-based learning.

TABLE 2 Rounded racial and ethnic data for the two middle schools in
Mills City.

CMS

10% 5% 60% <5% <5% <5% 30%

NMS 10% 5% 25% 5% <5% <5% 55%

Due to rounding, school totals might not be 100%. CMS, Central Middle School; NMS,
Northeast Middle School; Af.-Am., African-American/Black; As., Asian/Asian-American; H,
Hispanic(/Latinx); M-RNH, Multi-Race Non-Hispanic; NA, Native American; NH, Native
Hawaiian; or PI, Pacific Islander; W, White.

with Mills City Public Schools’ district improvement plan; and local
workers and residents who participate in all aspects of programming.
This strong foundation in local communities connects with broader
cultural and professional communities, as detailed below.

3.3 Forming and sustaining partnerships

Our research-practice-community partnership began in
November 2016, when members of the Innovation in Urban Science
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Education (IUSE) lab met members of the Lemelson-MIT Program
(LMIT) at the Massachusetts STEM Summit. The following January
we held a 5h meeting on the Boston College campus, to explore
possible synergies between existing and potential programs. Agendas
were set by IUSE and LMIT leads, but were semi-structured to permit
emergent discussions. The meeting included five, one-hour
sub-meetings: (1) camp learning environments; (2) emergent
multilingual learning; (3) evaluation; (4) standards alignment; and (5)
grant writing. Ultimately we decided that a February Vacation Camp
would be a good starting point for our work together, incorporating
elements of all five 1 h sub-meetings.

After that first meeting, we met roughly for 1 h weekly during the
academic years. Agendas were set by an IUSE lab member who also
was an employee of the partner school-district. Further, we held half-
week winter and summer professional development sessions with
participating teachers, to collaboratively adapt the curriculum for
their student populations. In particular, we considered adaptations to
make the curriculum more accessible to emergent multilingual
learners. This work included specialists in the five categories previously
mentioned, including the After-school STEM Coordinator from Mills
City’s two middle schools; an Associate Professor and a PhD student

frontiersin.org


https://doi.org/10.3389/feduc.2024.1287521
https://www.frontiersin.org/journals/education
https://www.frontiersin.org

Jackson et al.

in language-learning; a PhD student in psychometrics; a PhD student
in curriculum development; and a Professor and a Senior Research
Scientist with grant writing expertise. Also, the IUSE lab manager was
instrumental in facilitating logistics related to meetings, materials,
scheduling, and tasks.

Mindful that this assemblage of personnel might be atypical,
we note that high-school, undergraduate, and Master’s students have
also made valuable contributions on similar projects. In other settings,
department chairs, team leads, curriculum coordinators, or assistant
superintendents might contribute more than was needed in our
partnership. Finally, our connections with business partners have
predominantly been formed through professional organizations, such
as a nearby technology company consortium and a local chapter of the
Society of Hispanic Professional Engineers.

In policy, the district improvement plan includes a specific
priority for science, technology, engineering, and math (STEM) at the
middle school level, as well as more general priorities of additional
learning-time that can be partially realized through partnerships with
external organizations. In practice, the grades 6-8 STEM camps tend
to provide enrichment and extension, allowing students to go both
broader and deeper into topics of interest to them.

The research team from Boston College prioritizes student (re-)
engagement in STEM, particularly for youth from marginalized
populations. The researchers include students spanning grades 13-20,
a lab manager, a senior research scientist (post-doctoral), and a
university Professor, all of whom work towards fostering youths’
confidence, interests, and identities, while developing transferrable
skills of communication, critical thinking, and problem solving.

3.4 Educational interventions

In describing the individual interventions, we proceed from
out-of-school-time (OST) to (IST), keeping
chronological order in each.

in-school-time

3.4.1 Shoe Soles for outsoles of shoes (February
vacation week, 2017)

The first camp was February 20-24, 2017, at Central Middle
School in Mills City. Campers worked in teams of between two to four
members, to make shoe sole prototypes in a process that involved
researching, drawing, sculpting, molding, and casting. The camp
culminated in a public Showcase of student work.

We expanded a 14h curriculum?® towards the 26h of camp
activity-time, allowing additional opportunity for free-choice
inventing and for videoconferences with invention professionals (An
agenda for the camp and a list of supplies can be found in the
Supplementary material). A total of 27 campers attended at least 1 day
of camp, with an average of 23 campers per day (4.4 days per camper).
Eleven campers were from races and ethnicities underrepresented in
STEM, and nine self-identified as female.

Camp topics and activities included rapid prototyping (see
Figures 1A,B); biomimicry (i.e., design inspired by organisms);
principles of shoe-sole design; crafting clay models of shoe soles (see

2 https://lemelson.mit.edu/curriculum-invention/jv-inventeams-shoe-soles
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Figure 1D); creating rubber molds; casting from the rubber molds;
activities about professional inventors and the role of empathy in
invention; and planning-time for free-choice inventions. On the final
day, campers presented their prototypes in a public Showcase.
Throughout the week there were generally three or more adult
facilitators and two or more university participant-observers present
at any given time.

3.4.2 Noise Makers for electronic musical
instruments (February vacation week, 2018)

In the second camp, youth worked in teams of between three to
four members, to make electronic musical instruments. The standard
instrument design included a single electromagnet that converted
mechanical vibration of strings into electrical signals (i.e., a single
electrical “pickup”). However, some campers chose 7ot to incorporate
a pickup into their final design, while other campers made double-
pickup designs. The camp culminated in a public Showcase of
student work.

We once again expanded the activities for the additional time-
on-learning, relative to the original curriculum.’ Further, based
on feedback from campers and co-facilitators, we planned for
more time to be devoted to free-choice inventing (about 4.5h in
2018, compared to about 3h in 2017; see Supplementary material
for details). A total of 32 campers attended at least 1 day of camp,
with an average of 26.2 campers per day (4.09 days per camper).
Of the 30 campers who opted-in to the research component of the
camp, 16 were from races/ethnicities underrepresented in STEM
(with three declining to self-identify), 14 self-identified as female,
and nine completed their applications in Haitian Creole
or Spanish.

Camp topics and activities included rapid prototyping; taking apart
headphones and building electromagnets; assembly of speakers;
fabrication of musical instruments (see Figure 1E); a youth-led activity
on empathy; construction of electrical pickups; free-choice inventing; a
videoconference with a drummer-and-inventor and a high-school-age
musical inventor; and creation of informational pamphlets or slideshows.
As in the previous year, campers presented their work in a public
Showecase. Throughout the week there were again usually three or more
adult facilitators and two or more participant-observers.

3.4.3 U Control for electronic doors (February
vacation week, 2019)

In our third camp, youth worked in teams of between three to
four members, to make electronic doors, using electronic prototyping
boards (i.e., “breadboards”; Figures 2A,E) that interfaced with a
three-position switch and a servo motor to open and close doors
made of foamboard (Figure 2B). The curriculum® called for a
61 cm x 46 cm frame with a 30 cm x 30 cm opening (24” x 18” frame
and 12”x12” opening, Figure 2D). However, some campers created
larger or smaller designs. For example, Figure 1F’s design is for a
small pet, and Figure 2C’s is for a younger sibling. The camp again
concluded with a public Showcase.

3 https://lemelson.mit.edu/curriculum-invention/jv-inventeams-noise-makers

4 https://lemelson.mit.edu/curriculum-invention/jv-inventeams-u-control
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FIGURE 1

instruments; (F) U Control for electronic doors.

Representative photos of Designed Learning Environments. Required safety equipment included safety glasses, latex-free gloves, and close-toed
shoes. (A) Rapid prototyping I: Stands for tablets and/or mobile phones; (B) Rapid prototyping II: “Problem Strips” for common situations; (C) Chill Out
for small, insulating devices; (D) Shoe Soles for outsoles of shoes (clay models; pre-molding and -casting); (E) Noise Makers for electronic musical

Due to a weather delay, we had 24 total hours of activities, or
two fewer than previous years. A total of 31 campers attended at
least 1 day, with an average of 27.8 campers per day (4.48 days per
camper). All campers opted-in to the research component of the
camp, 12 of whom were from races and ethnicities underrepresented
in STEM (with one declining to self-identify), six self-identified as
female, and seven were emergent multilingual campers. We were
concerned by the disparity of female and male campers, a
phenomenon we partially attribute to low interest in the topic,
which was likely exacerbated by culturally and socially gendered
behavior norms, as will be elaborated in the “Successes &
Challenges” section.

Camp activities and topics included rapid prototyping; simple
machines; fabrication of the door and its frame; wiring an electrical
circuit to control a servo motor; free-choice inventing; two
videoconferences (one with an intellectual-property attorney, and the
other with an Assistant Professor of Art); pamphlet-making, with
some specific guidance around procedure-writing; and the
culminating community Showcase.

3.4.4 Chill Out for shoebox-size insulating
devices (autumn semester, 2017-2019)

Our in-school-time partnership is detailed elsewhere (Zhang
2021),
artifacts, alignment to the Next Generation Science Standards,

et al, with a scope-and-sequence, student work

interdisciplinary  connections, safety concerns, classroom

management tips, and material costs (See Supplementary material for
costs of all projects). The student and teacher guides are available

Frontiers in Education

online’, free of charge. In brief, the curriculum involves students
designing and building shoebox-size insulating devices, using
principles of heat transfer (conduction, convection, and radiation),
biomimicry (e.g., of penguins and seals), and thermoelectric effects
(including a Peltier tile for converting electrical energy to thermal
energy). Alongside curriculum-embedded connections like urban heat
islands, students identified needs for everyday lunchboxes, longer-term
food storage, and medical transport, especially in situations where
electrical grid access is scarce (e.g., in rural areas and/or due to natural
disasters). See Figures 1C, 3 for representative photos.

We partnered with both middle schools in Mills City, Northwest
Middle School (NMS) and Central Middle School (CMS). The racial/
ethnic demographics of the two middle schools are shown in Table 2.
CMS has tended to have more multilingual students and families, so
the members of the research team with specialties in language-
learning worked more closely with CMS. On the other hand, research
specialists in science education worked more with NMS.

The racial/ethnic and linguistic (alternatively, raciolinguistic)
dynamics manifested differently across the two schools. For example, at
CMS the in-service educators emphasized the value of literacy-based
activities such as procedure- and patent-writing. At NMS, in-service
educators noticed both US- and internationally-born students making
connections with their ancestors from up to several generations ago (e.g.,
when talking about how their “home cultures” keep things hot or cold).

5 https://lemelson.mit.edu/curriculum-invention/jv-inventeams-chill-out

frontiersin.org


https://doi.org/10.3389/feduc.2024.1287521
https://www.frontiersin.org/journals/education
https://www.frontiersin.org
https://lemelson.mit.edu/curriculum-invention/jv-inventeams-chill-out

Jackson et al.

10.3389/feduc.2024.1287521

FIGURE 2

assembly (breadboard not yet detailed).

Creating Electronic Doors, using Principles of Direct Current (DC) Electricity & Simple Machines. (A) Using an electronic prototyping board
("breadboard”) to include a three-position switch for controlling the door (forward-off-reverse); (B) Close-up photo of servo motor when connected
to metal arm, for increasing torque on the door during opening; (C) Scale of door roughly doubled, relative to the student curriculum guide; (D) Scale
of door when replicating the instructions in the student curriculum guide (see Figure 1F for a reduced-scale door); (E) Camper-drawing of door

In sum, the curriculum showed flexibility in adapting to two very
different school and community contexts within the same city, as
implemented by classroom teachers with researcher-participant support.

g Assessment processes and results to
ate

4.1 Evaluation methodology

To evaluate our interventions, we have mixed qualitative and
quantitative methods to converge towards deeper understandings

Frontiers in Education

of campers’ and counselors’ lived experiences (Creswell and Plano
Clark, 2018; Jackson and Bendiksen, 2020; Jackson and Semerjian,
2020; Zhang et al., 2021). On average, for camps we sourced data
from over 100 daily questionnaires (~20 students/day * 5 days),
around a dozen pre- and post-interviews, and around a
dozen hours of video and audio recordings supplemented with
field notes by in-person observers. For classes, we had several
hundred student questionnaires per year (~160 students * ~3
questionnaires per year); about a dozen each of pre- and post-
interviews; and around a dozen hours of field notes, several
audio and video

of which were supplemented with

recordings. Observation protocols were focused on student
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FIGURE 3
Creating Shoebox-size Insulating Devices, Testing Them in a Contest, and Sharing via Posters. (A) In addition to the primary goal of minimizing
temperature, there were goals and prizes for efficiency, collaboration, and creativity; (B) The control box had minimal insulation; (C) Teams created
boxes with both aesthetics and functionality in mind; (D) Each of four classes had its own “contest”, followed by a cluster-wide competition of the top
performing designs from each class plus two “wild card” entries; (E) Youth created posters for science, engineering, and invention concepts.

engagement and invention practices, in ways that sought to elicit We analyzed quantitative data using t-tests of means if only pre-
qualitative mechanisms of any quantitative changes in and post-questionnaires were available, or analyses of variance
self-efficacy. (ANOVAS) if mid-questionnaires were also available (Field, 2013). For
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qualitative data, we conducted two rounds of coding: first, coding for
processes, emotions, and endogenous or “in vivo” codes; and second,
looking for commonalities or connections through pattern and axial
coding (Miles et al., 2014). Our quantitative scales routinely achieved
reliabilities of between 0.78 and 0.92 for Cronbach’s a, an acceptable
range for the interdisciplinary natures of inventing and STEAM (Field,
2013). For qualitative analyses, we worked in pairs until reaching
interrater reliabilities between 0.85-0.90 or greater, per criteria from
Saldana (2009). Further details are omitted due to space constraints,
yet they are available free-of-charge elsewhere (Jackson and
Bendiksen, 2020; Jackson and Semerjian, 2020; Zhang et al., 2021).

For the purposes of this article, we share some key successes and
challenges below. Across the three in-school-time interventions of one
invention project and the three out-of-school interventions of different
invention projects, some patterns have emerged for student
engagement, along with processes of developing self-efficacy for
science, design, and inventing. Though the long-term nature of our
partnership has enabled us to change some initial challenges into
eventual successes, other challenges still remain.

4.2 Key successes

Overall, the interventions have been successful at engaging
students in affective, behavioral, cognitive, and social ways (Fredricks
et al, 2016; Zhang et al.,, 2021). One major finding is that social
engagement seems to counteract individually-based anxiety, especially
for in-school-time interventions. In one representative quotation,
seventh-grader Daniela stated that ...there was other people working
with me that could help me, and it wasn't really something to get
anxious about” Another key finding is that there was increased
engagement during out-of-school-time implementations compared to
students’ typical experiences in science classes. This difference is
supported by quantitative data, such as the item, “I pay more attention
in vacation camp than I do in school science,” for which responses
averaged 5.5/7 for the entire camp and 5.9/7 for days 2-5, the more
hands-on and project-focused days. Those averages, which met criteria
for normal distribution, indicate a slight to moderate agreement that
students paid more attention in vacation camp, as equal engagement
would have been a score of 4.0/7 on the 1-7 Likert-style scale of
“strongly disagree” to “strongly agree” For finer-grained analyses of
individual students, see Jackson (2022). Though we recognize that
in-school-time and out-of-school-time environments come with
different affordances and limitations (Bevan et al., 2010), we agree with
eighth-grade camper Pedro that in-school-time environments could
benefit from “more freedom” without teachers checking-in “every 5s”

In terms of self-efficacy, we found evidence that students
developed through their conceptions of ability, as well as through their
management of anxiety. Unsurprisingly, the most pronounced
developments are the most closely connected to a given curriculum
unit (e.g., “I can demonstrate heat transfer; “I can apply my
understanding of electromagnetism to build an electric door;” etc.).
On the other hand, we have seen little development related to more
abstract or domain-general skills (e.g., “I can work in MANY different
ways on my own invention project” and “I can work in MANY
different ways as part of an invention team,” etc.). Though the high
turnover rate for our middle-school camps has thus far hampered
efforts to examine possible long-term development of the more
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abstract skills, we are optimistic in part due to findings about self-
efficacy and identity development on high-school invention teams
(Invention Education Research Group, 2019). Perhaps most
importantly, we are encouraged that differences in self-efficacy
development have not widened any gaps with respect to gender or
race/ethnicity, and occasionally have narrowed such gaps.

Over time we have made a revised curriculum, increasing
accessibility through differentiating for (dis)abilities, interests,
modalities, and linguistic registers. In expanding the Chill out problem
framing from a “lunchbox” to an “insulating device,” we created space
for students to generate culturally relevant problems like medicine
transportation and food preservation. For Noise makers, we allowed
two or zero electronic pickups, instead of mandating precisely one
pickup. During U Control, we supported designs that doubled or halved
the expected door-size, including some designs that had doors-within-
doors. In addition to those educational design choices towards
leveraging interest, we did a labor-intensive conversion of the Chill out
curriculum from PDF to Google Doc format, enabling students to use
dictionary, translation, highlighting, and screen-reader tools. For
students sensitive to loud noises, we gave extra space and separately
performed woodworking per their instructions. Some youth with
diagnosed disabilities for processing or executive function required
more frequent check-ins. Finally, in offering summative assessments
like posters, presentations, pamphlets, and video advertisements,
we encouraged the use of colloquial language that nonetheless
addressed canonical science.

4.3 Key challenges

Despite quantitative evidence that gender was not a statistically
significant factor for engagement and self-efficacy (detailed in Jackson
and Bendiksen, 2020), some qualitative findings suggest that more
work is needed to ensure equitable participation with students of all
genders. For example, during the U Control camp for electric doors, a
mixed-gender group had two boys doing most of the tinkering and
two girls doing most of the doodling. In post-interviews, the two girls
expressed a desire for more intra-team talking, which could have been
facilitated by high-school counselors and adult advisors. We have
since adjusted our training sessions to include more pedagogical
knowledge and pedagogical content knowledge, whereas previous
trainings overemphasized content knowledge.

One minor challenge remains survey response rates, especially
during out-of-school-time. In hindsight, we may have been overly
cautious in our efforts to avoid taking too much space for student
questionnaires, especially when trying to preserve a less “school-like”
environment during out-of-school-time. Distributing surveys earlier
in camp days should reduce the number of missed responses due to
students leaving early or hastily. For in-school-time, more streamlined
formats like Google Forms could yield the same information as the
more complicated survey software we have used in the past, whose
advanced features are not necessary for these interventions.

Finally, we still have work to do to support students in considering
inventing as a career option. In pre-/post-measures from in-school-
time interventions, career intentionality towards inventing has either
remained stagnant or decreased. Though in part we can attribute this
to more realistic conceptions of inventing (e.g., disrupting the myth
of “lone wolf” inventors), we could do a better job of showing diverse
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approaches to inventing. One teacher in particular has taken extra
time and energy to ensure that examples include amateur and/or
adolescent inventors, an initiative that she reports has resulted in
increased student engagement during some of the more reading-,
video-, and writing-intensive activities.

5 Practical implications, constraints,
and future plans

5.1 Implications for educational design

Our experiences suggest that educational designers—whether they
work as curriculum specialists, classroom teachers, camp or club
facilitators, or in other roles—could benefit from thinking with a
six-dimensional framework for student engagement, which we believe
to be an improvement upon existing three-and four-dimensional models
(Jackson, 2022; Reschly and Christenson, 2022). Namely, we found that
affective, behavioral, and cognitive engagement are qualitatively different
when approached individually or socially. Specifically, we recommend
individual-affective, individual-behavioral, individual-cognitive, social-
affective, social-behavioral, and social-cognitive dimensions. This is not to
say that categories should be approached exclusively in isolation; rather,
educational design should consider how various dimensions support
each other (Jackson, 2022; Reschly and Christenson, 2022). Recalling an
earlier example, the mixed-gender group members from U Control were
engaged or disengaged in individual-behavioral and individual-affective
senses (i.e., boys consistently excited with tinkering and girls eventually
bored with doodling), yet they were not engaged in social-behavioral or
social-affective ways (i.e., group members neither talking much with
each other nor substantially supporting each other emotionally).
We found that this example and others suggest that invention education
- with its personal relevance and team-based approach—is a particularly

fertile field for exploring the six-dimensional model of
student engagement.
Though it might appear that the out-of-school-time

implementations prioritized engagement and interest at the expense
of conceptual understanding and canonical practices (and vice versa
for in-school-time implementations), we agree with prior work
showing that each setting can and does promote both affective and
cognitive outcomes (Bevan et al., 2010; Sneider and Allen, 2019). For
example, we found that in-school-time learning could foster joy while
mitigating anxiety, and that out-of-school-time learning can promote
deeper cognitive engagement with topics previously explored through
casual hobbies (e.g., deepening concepts of electricity or simple
machines, which were initially approached with toy trains or
furniture-making). In terms of STEAM practices, it is not only
in-school-time that can promote holding commitments to standards of
the field, nor is it only out-of-school-time that can foster more
expansive approaches to learning such as engaging multiple modalities
(Bevan et al., 2019).

In terms of measurement, we recommend that student self-
assessments are expanded both in response scale and in gradations of
challenge (Bandura, 2006). For example, we found that seven-point
scales worked better than five-point scales, which in turn worked
better than our initial three-point scales. Also, we noticed that adding
modifiers like “very” and “many” allowed us to see finer-grained
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changes in students developing self-efficacy (e.g., “I can work very

» «
>

well....” “I can think of many uses...”). Further, these self-assessments
should be given well before the end of a session, as we have found that
many students run out of time or leave a little early, especially during
camps. These self-assessments can aid not only in youths’ personal
reflection and meta-cognition, but also as formative assessments for
educational design and implementation (Bell et al., 2019; Sneider and
Allen, 2019).

Finally, a concern that we anticipated would be important yet
we nonetheless underestimated, is the importance of topics being
high-interest to youth, including what Bevan et al. (2019) call a
STEAM practice of “finding relevance” Though it can be resource-
intensive to update existing curricula for more recency and relevance,
in our experience such investment has been worthwhile. One way to
share the workload, which also adds a diversity of experience, is to
include near-peer youth in the planning process (e.g., high-school
youth as co-designers of interventions for middle-school youth). For
us, it took a full year to establish strong connections between adults
and high-schoolers in terms of co-design, which ultimately proved to
be beneficial for middle-schoolers.

5.2 Constraints and future plans

Moving forward, we plan to design for three-student groups as
much as supplies will allow, despite the four-part Types of Team
Members framework. We believe that such a decision will allow for
both individual responsibility and collective flexibility. Namely, each
teammate will have a primary role alongside a share of the one
undesignated role. We hope that this design consideration will
encourage a firmness yet fluidity in task-sharing, as we saw in
varying degrees during the U Control implementation in particular
(as mentioned in Key successes and Key challenges, and further
detailed in Jackson, 2022). Also, it will enable students to more
deeply engage in the STEAM practice of exploring materiality (Bevan
et al., 2019), as smaller groups will have more physical access
to supplies.

Another change we will make is diversifying the awards or
recognition for in-school-time interventions. While we acknowledge
the general-scientific and standards-specific importance of an
insulating device’s effectiveness (i.e., minimizing temperature change;
NGSS Lead States, 2013), we also seek to encourage sustainability by
awarding prizes or other attention for efficiency (i.e., minimal
temperature change AND minimal and/or sustainable materials use;
Gunckel and Tolbert, 2018). Further recognition could expand to
disciplines related to technological inventing adjacent to the “STEM”
umbrella, such as precision of patent writing (language arts), attention
to sociocultural concerns of users/clients/benefactors (social studies),
and aesthetic appeal (visual arts).

Finally, we plan to extend our work into developing fields like
sustainable chemistry and physical computing. Already we have
piloted units on earth-friendly bioplastics (Green Chemistry) and
microcontroller-connected toys (Toy Design, with BBC micro:bit),
developing or maintaining partnerships with local businesses.
Revisions of the pilot curricula are ready for future camps, and these
new curricula will replace units that stimulated less interest in
past years.
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6 Conclusion

Supported by strong connections amongst community members,
district-level policy-makers, practitioners, researchers, and youth, our
collaboration has resulted in Shoe soles becoming part of the district-
wide 7th grade curriculum; an annual oversubscription to the
February camp; and several units in after-school clubs that we omit
here for conciseness. In addition to these practical contributions in the
emerging field of invention education, our work has contributed to
conceptualizations of student engagement, supporting a new
six-dimensional framework that better harmonizes individual/
psychological and collective/social dynamics. Further, we contribute
to literature on finer-grained analyses of self-efficacy development,
broadening the participant pool and subject areas for self-efficacy
studies (Schunk and DiBenedetto, 2022). As the in-school-time and
out-of-school-time implementations continue to inform each other,
the research-practice-community partnership seems poised to
generate design considerations to foster equitable student engagement
in Mills City and beyond.
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