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Abstract
Making activities and environments have been shown to foster the development of computational thinking (CT) skills for
students in science, technology, engineering, and math (STEM) subject areas. To properly cultivate CT skills and the related
dispositions, educators must understand students’ needs and build awareness of how CT informs a deeper understanding of the
academic content area. BAssessing Computational Thinking inMaker Activities^ (ACTMA) is a design-based research study that
developed a curricular unit around physics, making, and CT. The project in this paper studied how instructors could use formative
assessment to uncover students’ prior knowledge and improve their use of CT. This study aims to provide a qualitative analysis of
one lesson in the unit implementation of an informal makerspace environment that strived to be culturally responsive. The study
examined Bmoments of notice,^ or instances where formative assessment could guide students’ understanding of CT. We found
elements in the establishment of a classroom culture that can generate a continual use of informal formative assessment between
instructors and students. This culture includes using materials in conjunction with the promotion of CTconcepts and dispositions,
focusing on drawing for understanding, the practice of debugging, and fluidity of roles in the learning space.
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Maker movement

Makerspaces

The recent rally around the concept of computational thinking
(CT) is an opportunity to be more intentional about the integra-
tion of science, technology, engineering, and math (STEM). As
Martin (2018) stated, CT is the Bconnecting tissue^ between
computer science and disciplinary knowledge. Computation

has become so intertwined with the work of STEM
(Henderson et al. 2007) that it is nearly impossible to do re-
search or solve practical problems in any scientific or engineer-
ing discipline without the ability to think computationally.
Seeing CT as an integral part of the integration of STEM, the
Next Generation Science Standards (NGSS) has placed it as
one of its key practices (BUsingmathematics and computational
thinking^). Students need to develop CT skills as part of the
NGSS focus on deeper understanding of key scientific concepts
and their relevance to students’ lives (NGSS Lead States,
2013). It is imperative that all students are given the opportunity
to develop CT skills.

As CT is the process that students need to understand to
fully participate in STEM, it is important to develop activities
to help students carry out this process. A number of studies
introduced students to CT mostly through programming skills
(e.g., Tarkan et al. 2010; Touretzky et al. 2013; Kazimoglu
et al. 2012). But, programming is only a part of CT. Some
researchers have turned to the maker movement for a more
integrated approach to develop CT skills and dispositions
(e.g., Basawapatna et al. 2010; Denner et al. 2012; Wolz
et al. 2011; Brennan and Resnick 2012; Brady et al. 2016).
Making involves developing an idea into a tangible artifact.
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Makerspaces, where making happens in community, are built
upon the dispositions that enhance CT, such as perseverance,
tolerance for ambiguity, communication, and collaboration
(International Society for Technology in Education and
Computer Science Teachers Association 2011). Because
makerspaces have roots in the hackerspace culture, computing
and technology play a key role in problem solving and product
development (Cavalcanti 2013). The iterative CT process of
Use-Modify-Create (Lee et al. 2011) mirrors the kind of
hacking that one would find in makerspaces. Making also
has the potential to give students agency over their own learn-
ing and develops their understanding of concepts through new
materials, tools, and methods (Herold 2016).

Makerspaces have the potential to provide a context of CT in
STEM that fits into Bransford, Brown, andCocking’s description
of an effective learning environment (1999), an interconnected
system of knowledge-centered, learner-centered, community-
centered, and assessment-centered perspectives. Knowledge-
centered environments help students become knowledgeable by
understanding a domain so well that they can transfer their skills
to varied contexts (Bruner 1981; Collins et al. 1988).
Makerspaces can be knowledge-centered, in which students
Bpractice^ as active learners as if they were professionals in a
field working directly with materials. Making supports youth in
learning STEM content and practices, situating their learning for
them to feel they are part of a community of practice even as
novices (Lave and Wenger 1991) and developing their identities
as people in STEM. This engagement results in sustained prac-
tices in STEM and CT, as students enthusiastically return to
explore ways to better build their projects. The maker’s iterative
process can help students progressively make meaning of certain
concepts, as well as being a type of scaffolding in the gradual
development of skills and practices (Kolodner et al. 2003).

Makerspaces can be learner-centered, i.e., culturally re-
sponsive to young people and their identities in STEM.
Researchers showed that employing the iterative cycle of a
design process, often used in makerspaces, can help elicit
prior knowledge as well as misconceptions (Kolodner et al.
2003). Blikstein (2013) noted how, especially in low-income
schools, many students had experience with hands-on projects
because they had family or friends that had manual labor jobs,
but that this experience was disconnected from their school
life. Valuing prior knowledge and funds of knowledge (Moll
et al. 1992) can help students redefine their communities and
their own identities (Chávez and Soep 2005; Esteban-Guitart
and Moll 2014), especially in the areas of STEM, making
them realize what they are capable of (Fields and King
2014). By funds of knowledge, we are referring to the histor-
ical accumulation of abilities, information, assets, and ways of
interacting that cultures build (Vélez-Ibáñez and Greenberg
1992).

Makerspaces are generally community-centered and at-
tached to a growing and strong culture, which can help

students feel as though they belong to an academic commu-
nity (Farrington et al. 2012), and can make feedback useful
and non-threatening. Maintaining this kind of community is
central to the maker movement (Litts 2015). Whether a stu-
dent is in a room of other students working on related projects,
or in a makerspace with experts, or working alone in their
room but interacting with making groups online, they are op-
erating within a community. What is most important in
makerspaces is neither the space nor the equipment, but how
they foster learning and agency by encouraging inquiry
through collaboration. Makers are identified as having a cul-
ture, and the keys to the advancement of this culture are learn-
ing and working with others (Tierney 2015).

Formative Assessments in Makerspace

Assessments are needed to measure learning outcomes. The
introduction of assessments into a making environment, how-
ever, can be somewhat controversial. Making is built on the
constructionist ideas of learning through making (Harel and
Papert 1991) and any type of assessment, while a student is
making and working towards her own end is an interruption
(Martinez and Stager 2013). Consequently, structured activi-
ties and lessons conflict with the go-at-your-own-pace ethos
of the makerspace. However, assessment is necessary to assist
the student in determining what they know (learner-centered),
what they need to know (knowledge-centered), how they can
share what they have learned (community-centered), and ob-
jectives that align with constructionism. Makerspaces can be
assessment-centered, if informal, observational formative
feedback is part of the culture, provided throughout the pro-
cess, and assisting in the progress of the project, providing
students with opportunities to revise their thinking and under-
standing. The goal is for students to gain metacognitive abil-
ities like CT for better understanding beyond mere fact mem-
orization (Bransford et al. 1999).

Formative assessments guide and advance learning as it is
happening, as opposed to summative assessments, which are
useful in determining what students have learned for use be-
yond the classroom (National Research Council 2014). Cowie
and Bell (1999) define formative assessment as Bthe process
used by teachers and students to recognize and respond to
students learning in order to enhance that learning, during
the learning.^ Formative assessments can be classified into
formal and informal practices (e.g., Furtak and Ruiz-Primo
2007; Shavelson et al. 2008). Formal formative assessment
involves providing evidence about students’ learning by gath-
ering data, taking time to analyze and interpret the data, and
then planning actions based on the analysis. Examples of for-
mal formative assessments are the worksheets or short writing
assignments a teacher may ask students to do in class.
Informal formative assessment is evidence of learning
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generated during daily activities, where the teacher elicits in-
formation from the student, reacts in the moment to that infor-
mation, and then uses that information immediately to shape
the lesson. They are conversational and embedded in the
classroom discussion.

If effectively implemented, formative assessments that are
closely aligned and integrated with instruction and their re-
sults can help guide teaching decisions. For students to devel-
op CT skills, or any strategic processing skills, they need to be
aware of when to use the skills and how to use them in situ.
Instructors can provide feedback to students about how they
can improve their own learning, and students adjust accord-
ingly (Black and Wiliam 2009). In this way, formative assess-
ment can improve content learning as well as metacognitive
understanding. Implemented effectively, formative assess-
ment guides students in understanding learning objectives,
and what strategies they need to learn the content to meet that
objective (Heritage 2010). As such, formative assessment sets
the stage for the development of metacognitive skills (Nicol
andMacfarlane-Dick 2006; Hudesman et al. 2013). Assessing
what metacognitive understanding and performance students
bring to the classroom provides a foundation for new knowl-
edge (Winne 1995). Such strategies can be practiced in con-
text for students to understand their importance and power
(Schoenfeld 2016). By engaging in formative assessment to
highlight the CT skills being used in the moment, teachers can
encourage students to reflect on the usefulness of those strat-
egies and how they work with their individual learning path to
improve their CT skills.

Research Question

To effectively incorporate CT into a K–12 curriculum, it is
necessary to provide teachers with guidance for how to assess
it (Grover and Pea 2013). As reported by Tang et al. (2018),
most CT-related research assessed the development of CT
skills in computing-related subjects like programming, for
formal classroom contexts, and are designed for summative
purposes. This study examines the use of formative assess-
ment of CT in a physics/engineering unit that integrated mak-
ing activities. In particular, we examined the implementation
of an activity from the unit and how formative assessment was
used with one group of students in a summer program. In this
activity, students were asked to build and diagram electric
circuits and exchange those diagrams with other groups,
who then had to recreate the circuit.

In this paper, we share the observations of the implemen-
tation of the activity in an electricity unit that integrated CT
designed for high school students studying or interested in
physics and engineering. Our goal was to identify points at
which informal formative assessment could elicit CT or help
understand whether CT was happening. Our inquiry was

guided by the research question BWhat kinds of informal for-
mative assessment approaches can facilitate student under-
standing of CT as applied to physics/engineering-based
making?^

Method

Case study

This article presents a single qualitative case study investigat-
ing the implementation of an activity in an electricity unit that
integrated CT designed for high school students studying or
interested in physics and engineering. The method was under-
taken to acquire in-depth understanding of interactions be-
tween students and an instructor in a makerspace environment
(Creswell 2013). We were interested in Bmoments of notice^
where informal formative assessment of CT took place, or
could potentially take place. This is an instrumental case
study, or the study of a case to provide insight into a particular
issue (Stake 1995). The issue, in this instance, is the informal
formative assessment of CT skills in a makerspace
environment.

Setting

The observed case took place at the main branch of the library
located in a largeMidwestern city in the summer of 2016. The
library is accessible by many lines of public transportation,
allowing students from different parts of the city to convene
there. This library also has a large makerspace and is a hub for
training informal educators as makerspace facilitators for the
other branches in the city.

Professional Development for Instructors

The instructors of this study participated in professional de-
velopment that focused on physics concepts, CT, and cultural
responsiveness in learning environments. The professional
development lasted about 12 h and 13 library staff participat-
ed. Although most participants of the professional develop-
ment led makerspaces, the library staff had varied experiences
with physics. They were given a refresher course on electric-
ity, circuits, and magnets. The professional development fo-
cused on process-based CT concepts as described by
Csizmadia et al. (2015) (decomposition, pattern recognition,
abstraction, algorithm design, evaluation) and the dispositions
proposed by ISTE&CSTA (2011) (e.g., confidence in dealing
with complexity, persistence in working with difficult prob-
lems, ability to communicate and work with others to achieve
a common goal or solution). The professional development
focused on these two definitions of CT because of their clarity,
accessibility, and overlap with the work instructors are often
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already doing. Library staff completed activities that helped
them understand the concepts in terms of CT, using examples
that they would find relevant to their lives (e.g., For decom-
position, BHowwould you plan a party?What are the different
problems that make up this one event?^; For pattern recogni-
tion, paying attention to repeated actions they take every
morning to get to school or work, BWhat is your daily routine
when you go to school/work?^; For algorithm design, follow-
ing a recipe, BHow do you cook your favorite food? Can you
describe the procedure so that others can replicate it?^). The
focus on relevance was also part of the professional develop-
ment on cultural responsiveness in learning environments.
Participants discussed culturally responsiveness in terms of
flexibility in collaborative and individual learning spaces that
encourage play and failure, integrating the students’ lives and
culture, connecting students to resources within and outside of
the classroom, and using inclusive teaching techniques. These
inclusive teaching techniques include incorporative diverse
learning styles, holding high expectations, and continually
assessing student understanding, and scaffolding learning
based on that assessment (Ladson-Billings 1995; Sleeter
2012).

After the professional development, three library staff
members were able to attend the summer academy for our
study and they acted as mentors for students, assisting the lead
instructor of the summer academy.

Curriculum Unit: Physics and Engineering in Everyday
Life

Our study was conducted in a 9-day summer academy held in
the public library. The arc of the unit of the summer academy
was intended to enhance the integration between the physics
content and CT. The unit began with basic circuitry, including
series and parallel circuits, then moved onto e-textiles, Makey
Makeys, and then culminated with Arduinos. Aside from ac-
tivities to reinforce the understanding of content through mak-
ing, the unit included formal formative assessment activities
(worksheets and notebook reflections), as well as team build-
ing activities to encourage community development through
content review. The goal of the unit is to expose students to
CT problem-solving skills as they progress from completing
simpler electricity prompts (that do not use computers) to
more complex and open-ended projects using the Makey
Makey and Arduino—tools that demonstrate what is possible
with CT in combining their physics learning in the hardware
and computing learning in the software. Each activity is meant
to spiral the learning back to previous concepts, but with more
depth at each point. In other words, as Bruner (1960) sug-
gested, subjects were taught at levels of gradually increasing
difficulty, spiraling to more and more complex ideas.

The activity this study focused on took place one third of
the way through the unit. Before this activity, students had

already learned the basics of circuits and how to diagram a
circuit. For this study, we observed the activity on the third
day of the summer program, after students learned how to
make a basic circuit, parallel and series of circuits, and learned
about circuit diagrams. Nineteen students, ages ranging from
13 to 18, participated in the program, and they were seated at
five different tables, four or five to a table. An experienced
library staff led the summer academy, and he also participated
in the development of the maker activities. Each of the five
tables had a mentor, who assisted the students. Thementors all
participated in the professional development described above.

Each day before this study, students took part in team build-
ing activities to warm up for the day. Students were also con-
tinually encouraged to use their notebook to record their ideas
and what they learned, as well as draw the simple, series, and
parallel circuits they had built. A mentor was seated at each
table, and there was a lead instructor that directed the activity.
The lead instructor placed on all of the tables a collection of
alligator clips and components (light bulbs, LEDs, buzzers,
switches, and buttons), as well as batteries. He asked the stu-
dents to work in groups to create a circuit that included at least
one instance of a parallel circuit and used more than two
components. The instructor advised the students that they
could make any kind of circuit they liked, as long as it met
the requirements. Students were asked to draw their circuits in
their notebooks.

After 25min of building the circuit, the lead instructor gave
the students 5 min to draw out the schematic of a circuit they
built on a large post-it note. They then passed the schematic
they drew to the next group. At that point, the students had
10 min to recreate the circuit from the schematic they were
given. All of the groups traveled together from table to table to
compare the recreated circuit to the original. Students from the
original group tested the recreated circuits to determine wheth-
er they accurately reproduced the original circuit. At the end of
each group interaction, a short discussion took place. If stu-
dents made a mistake when drawing on the large post-it, they
were instructed to use masking tape to correct the mistake,
instead of starting all over, so they could reflect and discuss
what they had drawn incorrectly.

For the purpose of this study, one table was selected and
explored in more depth and detail. The research was focused
on a table of four students who identified as female and the
mentor that workedwith them. Three of the students identified
as Latinx/Hispanic and the other as Asian. The mentor iden-
tified as Latinx/Hispanic and male. One student would occa-
sionally speak to the mentor in Spanish, but he consistently
responded in English. This table was selected because the
mentor had a more interactive approach than the other table
mentors that let the students solve problems more on their
own. In addition, this mentor had working experience with
electronics in makerspaces; therefore, he was more familiar
with the content than other table mentors.
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Data Collection

We collected multiple sources of data including student engi-
neering notebooks, field observations, photographs, and video
and audio recordings of the events surrounding the activities to
flesh out a rich description of the learning experience (Creswell
2013). Student notebooks were photocopied. The first author,
who attended the whole process of activity development and
professional development, sat with the group, closely observ-
ing the interactions, writing descriptive notes, and taking pic-
tures. The team recorded audio and video of the table.

Data Analysis

Specifically, the team focused on coding and analyzing
Bmoments of notice,^ meaningful points in the activities
where students have an opportunity to demonstrate CT skills
based on formal and informal formative assessment. We
classified key CT constructs that were applied in the
activities. These constructs included the concepts of
Csizmadia et al. (2015) and the dispositions proposed by
ISTE & CSTA (2011). We also coded for the conditions and
practices that reflected cultural responsiveness (Ladson-
Billings 1995; Sleeter 2012).

The researchers discussed initial observations in-person
during debriefings, immediately after the activities took place,
and then in-phone meetings after more in-depth analysis. To
improve descriptive validity, we used a triangulation of the
observation notes, video, and audio. Triangulation is a process
providing cross-validation of qualitative data, which allows
researchers to compare information and to determine findings
and confirmation of data (Ma and Norwich 2007). We used
the observation notes as the primary source, with video and
audio to double check the accuracy and provide exact
transcripts.

To reduce the effects of researcher biases on the interpreta-
tions of the findings, the first and second authors independent-
ly reviewed and coded the observation notes. They then
looked across these cases for patterns that seemed to emerge
and created memos. They specifically focused on moments of
formal and informal formative assessment, as well as class-
room conditions and practices. Through this process, the team
developed broad themes on the implementation of informal
formative assessment in making environments.

Findings

After the assigned mentor suggested the students start with a
simple circuit and build onto it, the students decided on incor-
porating a single pole double throw switch (SPDT) into their
circuit. SPDTs have three terminals: one common pin and two
pins which alternate their connection to the common pins. By
exploring with the mentor to understand how the switch

worked, the students created a circuit that lit an LED or an
incandescent bulb (depending on how the switch was thrown).
They drew the iterations of their circuits in their notebooks
and then on the large post-it for another group to recreate. The
other group had difficulty connecting the power correctly on
the circuit in their recreation, but the original creators of the
circuit helped them correct the problem. When it came time to
recreating another group’s circuit (a parallel circuit with two
different switches to control an LED or an incandescent bulb),
the students did so with much less input from the mentor than
when they were creating their initial circuit.

In the study, we observed the activity highlight how the
Bransford et al. (1999) perspectives on learning environments
can structure informal formative assessment of CT. We ob-
served four key approaches to informal formative assessment
for CT: (a) using materials in conjunction with the promotion
of CT concepts and dispositions, (b) focusing on drawing for
understanding, (c) the practice of debugging, and (d) fluidity
of roles.

Using Materials in Conjunction with the Promotion of CT
Concepts and Dispositions

The Bmoments of notice^ for informal formative assessment
were most apparent when the mentor used CT language while
interacting with materials in the making of the circuit. Once
they were ready to build onto their simple circuit, the mentor
asked the students what all of their Bvariables^ were,
prompting them to physically categorize their power source,
switches, buttons, lights, and buzzers into groups on the table.
Additionally, by asking what Bend result^ the students
wanted, he made them consider what they wanted their output
to be as they were determining their input.

Mentor: If that’s your first circuit, how can you make it a
little more complicated? How can you change it? What
if you use one of the other emitters, how would that
work? What different … You have a power source,
you have the wires, right? You also have these, ah …
controllers here. What controllers do you have? You
have this and this and this. Is that it? And you have a
couple of those. So these are your two choices. You only
1 type of battery. What kind of end results do you have?
For like?
Student 1: You mean… like right now the light is pretty
dim.
Mentor: So right now, you have a bulb, what else can
you be using instead of a bulb as well… get all of your
variables.
Student 3: This
Mentor: An LED? What else do you have?
Student 3: Where’s the positive?
Mentor: Positive is the right side
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Student 3: So then you connect the positive here.
Mentor: That’s right. Do you have anything else besides
that? So you have the switches for controlling, you wire
for connecting, you can only have one type of battery.
Student 1 starts taking apart simple circuit and adding
LED. It doesn’t light up.
Student 2: You need more battery for that light.
Student 3 and Student 4 take apart the circuit they were
building to give Student 1 and Student 2 more batteries.

Although the students were struggling with understanding
how the SPDT worked, they continued playing with it as the
mentor encouraged them to try different connections (Fig. 1).
He asked the students where they saw Bpatterns^ to determine
how the connections should be made, as they connected the
different contacts with power and current switching.
Eventually, they understood how the switch worked by recog-
nizing the patterns of whether the LED or light bulb was lit
depending on how they made the connections and how the
switch was thrown. The mentor also asked the students to
Btrace^ the circuit, gesturing along the circuit to each of the
different components, in order to understand the current’s
path. He did not do it here, but he could have used the term
Bdebugging^ to describe their process.

Mentor: No, see right now you’re just going in a loop.
See? It comes out here and just goes right back around to
here [gestures along the circuit].
Student 1: Yeah, but now right there, no ...
Mentor: No, you’re right. At this moment here. Now,
can you get that one to light up? Oh, I see why. Do you
guys see why? Trace the … So follow this power right
here [gestures along circuit] to see where it goes. Oh you
guys moved it back. Okay, I’m reverting it back to
where you guys had it a moment ago. So this is a pos-
itive and it goes out. Someone follow this line, so you
understand [Student 1 gestures along the circuit]. Now,

look at the switch. You saw this earlier. So can you try to
guess what happened earlier. So earlier when you had it
like this, you could turn on that light. And when you put
it over here, you can do it again. But when you put it
over here, they wouldn’t light.
Student 1: The polarity?
Mentor: It’s not about polarity, actually. I’m going to put
it back to how you had it a moment ago and see if you
guys can break it down again. Remember this one here
is the one with the power.
Student 2: What if we do this?
Mentor: Close, but now you have the exact same thing
happening as earlier. Hm. It’s actually not working now.
I think that it’s just that the contact is weak. Is this an
LED? It looks a little burned out. Are you sure your
polarity is correct?
Student 1: Negative … put it the other way around
Student 3: [Gestures]
Mentor: Are they touching each other?
[it works]
Student 1: Ah!

The mentor also used the interaction with the materials as a
way to incorporate language around CT dispositions (ISTE &
CSTA, 2011), continually asking the students as they iterated
on their circuit how they could complicate it more expressing
high expectations, and pushing them to be comfortable with
complicating their circuit, while assessing if they knew what
they could do next. He also asked them, BHow do you guys
feel?^ as they were in the process of recreating the circuit from
the diagram given to them, allowing space for them to express
frustration or confusion. In order to promote effective com-
munication skills and solidify their understanding, he encour-
aged the students to explain how the push button or SPDT
worked to each other, other mentors, and by using gestures.
Using language to challenge, connect emotionally, and elicit
communication created an overlap of an assessment-centered
environment with that of a learner-centered one by paying

Fig. 1 Students working with
single pole double throw switch
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careful attention and being sensitive to the attitudes and beliefs
learners bring to the educational setting, as well as setting high
expectations that are scaffolded along the way (Bransford
et al. 1999).

Focusing on Drawing

The drawings served as a focal point of assessment, moving
the mentor and the students between formal and informal for-
mative assessment. Because the students were asked to draw
their circuits in the previous activities, it became part of their
practice and part of the community norms. They drew every
iteration of the circuit as they developed it without being
prompted, showing their drawings to each other and to the
mentor. They had varying success in conforming to the com-
mon schematic format, with one student drawing the circuit
wires as they were configured in reality, but adjusted her fu-
ture drawings by observing what her peers were doing and
from receiving guidance from the mentor (Fig. 2). The mentor
checked the drawings to ensure comprehension and to discuss
how to draw an SPDT (Fig. 3). Importantly, the abstracted
drawing of the SPDT itself clarified how the switch worked
for the students. By encouraging an externalization of their

thinking through drawing, a learner- and knowledge-
centered environment is promoted concurrently with an
assessment-centered one, clarifying the level of student skill
for the mentor and developing a deeper understanding of the
physics and CT content for the student.

Student 2: Could we just use the switch symbol then?
Mentor: I think you should use this symbol (showing the
SPDT symbol they Googled on a phone) maybe and
draw the 2 paths. It would be a learning for the whole
group if they didn’t do what you did here.
Student 2: El otro?
Mentor: Yeah, it’s single pull as he was saying and dou-
ble throw
Researcher: Wait, why single?
Mentor 1: There is only one power source. Two ends.
Student 2: [Inaudible] es bueno, right?
Mentor: … So there are switches with three positions.
There is one on the left to start this one, there is one in
the middle to turn one off like this this one doesn’t
actually lock there and one on the right to turn the other
one off. There are 3 position switches. This is not one of
them.
Student 2: Both end for two switches
Mentor: You would have a variety of methods for doing
that. If you got more complicated, you could do that so
that it lights up one or the other, that would involve two
more of these switches where one switch controlled
whether it was powered by two switches or one switch,
later down the line.
Student 2: Can I see the picture?
Mentor: Yeah. [shows phone].
[girls busily draw circuit]
Mentor: This thing? (points to Student 2 drawing) You
draw it as one circuit being closed or one being open.
Student 4: Like this?
Mentor: yeah, either this one or this one. They’re both
the same.
Student 2: Like this? [showing her drawing]
Mentor: Yeah, that’s right.

The drawings also provided a point of discussion about
abstraction: Did the students have to draw both batteries?
They agreed that they would draw the batteries for the purpose
of this activity, but the mentor reminded them that it would not
be necessary to do so in professional practice because just the
voltage could be indicated.

In another instance, in order to prepare the students for
whatever schematic they would have to recreate, the mentor
discussed with them how LEDs, buzzers, light bulbs, etc.,
could all be abstracted to being resistors, and that they might
encounter drawings that use only the resistor symbols for a

Fig. 2 Sample student notebook with circuit drawings that evolved over
the activity
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component. The mentor was not explicit about the benefits of
abstraction in computing, but with more intention, an instruc-
tor could use this activity to address the elimination of unnec-
essary details to communicate what is important to the com-
puter and facilitate communication, in order to scale to more
complex operations (National Research Council 2004). These
ideas situate the learning in a real-world context, making it
relevant for a knowledge-centered lens.

The Practice of Debugging

The process of debugging also served as a rich source
for informal formative assessment of CT. As an ap-
proach to CT, Csizmadia et al. (2015) describe
debugging as a Bsystematic application of analysis and
evaluation using skills such as testing, tracing, and log-
ical thinking to predict and verify outcomes^ (p. 9).
While the students worked through how the SPDT
worked, the mentor coached them to Bbreak down^ the
circuit and then asked separate questions as they went
through possibilities, targeting polarity, the flow of the
current, or if an LED was burned out. The instance
served as an operationalization of the concept of decom-
position. As they went through recreating the circuit
from the diagram they were given, they broke down
the circuit on their own and conducted step-by-step
analyses when a bulb was not working. Because it
was a group project, debugging served as a generator
for assessment, as they discussed problems amongst
themselves.

Mentor: There you go. Again, your problem is with the
switch. Disconnect everything and rearrange it.

Student 1 tries connecting a wire on a different end of
the SPDT.
Mentor: Pull the switch.
[both lights go off]
Mentor: now, what I was trying to say earlier – take
everything off of it. And look at it again from the begin-
ning. Now, it’s the switch we’re having trouble with, so
look at the switch, study the switch. Do you see a pat-
tern? The power is coming from here. Where should this
one be connected to?
Student 1: This one because then this one controls each
circuit, right?
Mentor: That’s right
Student 1: So then this connects to this and then each
circuit could be … or not.
Mentor: Try it. You haven’t rocked the switch, yet. This
one hasn’t lit up.
Students smile as different bulbs are lit depending on
how the switch is pulled.

Fluidity of Roles

Interestingly, the formative assessment process was not
uni-directional, i.e., assessment did not only take the
shape of mentor assessing the student. Students con-
ducted forms of self-assessment, comparing their draw-
ings with those of their peers when they were unsure,
and then adjusting them accordingly. They also assessed
each other within the group, clarifying positions on the
appropriate direction to arrange the batteries or how to
correctly draw an LED. When analyzing the recreation
by the other group of the circuit they drew, the students
caught the error and explained to the other group of

Fig. 3 Students drawing
schematic for other group to
recreate
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students how they had missed a connection to the pow-
er contact on the SPDT switch.

Lead instructor: Which group was this?
Student 1: Mine.
Lead instructor: How close was this to your original?
Student 1 and Student 2: They’re missing a wire. One
wire.
Student 1: They’re missing the wire that gives it the
power.
Student 5 (from the group that recreated it): You all
gonna change it now?
[Mentor and students laugh]
Student 1 changes the circuit, adding the wire that goes
from the switch to the battery
Lead instructor: Aaaahhh. Ok. So if you look at the
diagram, that’s where the switch is there, and there are
two leads going out. You were very close, though.

Students began eventually assessing the mentor’s under-
standing, asking him if it would not just be easier to move
the switch to a different place on the circuit when they were
recreating the other group’s circuit.

Student 1: We need another button and another ...
Student 2: LED.
Student 1: wouldn’t it be easier if we did that ...
Mentor: It’s on that … you want to follow what’s on
there. Oh yeah, exactly … mm .. is it there?
Student 1: It’s on the positive.
Student 2: Yeah.
Mentor: It’s on both of them, yeah.

They would do this sometimes in Spanish, allowing them
to take communicative control by framing the conversation in
their own language. In other words, there was a culture in
which the idea of formative assessment as a process to en-
hance learning was pervasive and existed in all types of rela-
tionships within the space, without any attention to a supposed
hierarchy. It served as a type of tool that anyone could use to
further understanding, not unlike a ruler or a calculator that
was passed around a classroom, in a very community-centered
way.

Discussion

We observed a making activity and found four key approaches
to informal formative assessment in a making environment
that held promise for developing CT skills and dispositions:
(a) using materials in conjunction with the promotion of CT
concepts and dispositions, (b) focus on drawing for under-
standing, (c) the practice of debugging, and (d) fluidity of

roles. These approaches are centered around the knowledge,
the learner, and the community, allowing for broad integration
in effective making learning environments.

Maker culture has much of its foundation in the ideas of
constructionism (Harel and Papert 1991), which uses artifacts
as Bobjects to think with,^ representations to externalize
knowledge. These artifacts serve as anchors for shared under-
standing when learners congregate around them, build with
them, and then converse about them. Embedding the language
and ideas of CT in the interactions around materials allows for
a more explicit understanding of how to use CT.

Appropriate vocabulary is not indicative of the depth of
understanding (Bell et al. 2001). However, by incorporating
computing language, ideas, and dispositions that were appli-
cable in the making context, the mentor was introducing stu-
dents to the academic community of computing (Lave and
Wenger 1991) and trying to develop a sense of understanding
CT in conjunction with the hands-on work, maintaining a
knowledge-centered approach to the assessment (Greeno
1991).

Working directly with materials in maker environments
serves as a point of student engagement and maintains the
culturally responsive practice of incorporating diverse learn-
ing styles. Being able to abstract the concepts through the act
of drawing engages in these ways as well, but also may reduce
cognitive load (Sweller 1988) and clarifies thinking. Research
has shown that students perform better on near transfer prob-
lems when learning using abstracted diagrams of circuits
(Moreno et al. 2011, 2009; Johnson et al. 2014). The impor-
tance of drawing for understanding has been demonstrated in
computing as well: experienced programmers frequently
Bdoodle^ when provided a new piece of code, drawing dia-
grams and making annotations in order to determine how the
code can function (Lister et al. 2004). More generally, studies
of both experts and novices demonstrate that representing
problems visually facilitates thinking and problem solving
performance (Brenner et al. 1997; Collins and Ferguson
1993; Rittle-Johnson et al. 2001; Zhang 1997). By selecting
tasks and assessments that help expose misconceptions, in-
structors in a knowledge- and learner-centered environment
can better understand where their students are coming from,
and either help them build upon those ideas, or restructure
them (Bell and Purdy 1985; Bransford et al. 1999).
Implementing drawing as part of an environment can serve
to provide students with a tool to facilitate their problem solv-
ing process, make their CT visible, provide a focal point for
formative assessment, and connect their learning with real-
world practices.

The process of debugging as a group allowed for students
to work through their ideas of how electricity works and being
able to articulate that understanding, while demonstrating the
CT concept of decomposition (Csizmadia et al. 2015) and CT
dispositions of persistence in working with difficult problems
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and tolerance for ambiguity (ISTE & CSTA, 2011). Fields
et al. (2016) noticed similar dynamics in their research on
student pairs debugging e-textile artifacts that were intention-
ally faulty. Their research found that the pairing of students
required them to justify what they thought the problem solv-
ing process should be, making their thinking explicit in their
interactions. In addition, they saw that debugging engaged
students in the cycles of observation, hypothesis generation
and testing, and evaluation, a process also found by Sullivan
(2008) when observing students debugging robotics projects.
These cycles dovetail with the teacher elicits response, student
responds, teacher recognizes student response, and teacher
uses student response (ESRU) cycle of informal formative
assessment, in which teachers elicit, students respond, the
teacher recognizes the response, and use student thinking
and engagement during instruction (Furtak and Ruiz-Primo
2007). In other words, the process of debugging allowed for
self-, peer-, and mentor-led formative assessment, as the men-
tor Bdebugged^ student thinking, eliciting from the students
what their understanding was as they struggled with getting
the switch to work properly, evaluating their position, and
redirecting his coaching based on their thinking.

Along these lines, Bell et al. (2001) take the idea of dis-
persed sources of formative assessment and describe it as hav-
ing the potential of being a form of distributed cognition,
socially constructing knowledge, Bthrough collaborative ef-
forts toward shared objectives or by dialogues and challenges
brought about by differences in persons’ perspectives^ (Pea
1993, p. 48). Taking a combined community- and assessment-
centered approach, the entire community learns more effec-
tively if students learn to assess their own work, as well as the
work of their peers, as it is vitally important to metacognition
(Pintrich 2002). Allowing for formative assessment to be gen-
erated from a variety of sources also develops more of a sense
of community and less of a hierarchy, a necessity to build a
culturally responsive environment.

These informal formative assessment approaches show
promise for developing CT skills and dispositions, but the
insights are preliminary. Our study was limited in the number
and diversity of subjects and the length and variety of obser-
vation. More formal research is needed to better understand
these patterns and how to support implementation of these
informal formative assessment approaches in the classroom,
specifically: (a) how differences in professional development
structure and dosage impact the use of CT language while
making; (b) whether establishing consistent informal formal
formative assessments of drawing encourage students to uti-
lize drawing in more diverse contexts in using CT; (c) what
classroom structures encourage a culture of debugging; (d)
determining the impact of consistent team building or other
activities on promoting fluidity of roles in the classroom; and
(e) what kind of impact more formal training in cultural re-
sponsiveness would have on informal formative assessment.

Additionally, more thorough study is necessary to better un-
derstand whether these informal formative assessment ap-
proaches allowed students to grasp CT problem solving skills
and dispositions in non-computing activities and utilize them
effectively when similar computing-based opportunities were
presented. Further detailed and more expansive research are
needed to validate the findings.
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