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The robotics based Elementary Engineering Curriculum – used by students in this study – and other similar projects have

the potential to increase the STEM pipeline but elementary engineering is not well-understood. Research is needed to

understand how to teach engineering to students as their cognitive, motor, and social skills rapidly develop in elementary

school. The authors conducted a cross-sectional case study of six grade 2 and six grade 6 elementary robotics students in

the context of established K-6 elementary robotics curriculum. Students were videotaped doing an open-ended

engineering task based on LEGO robotics using talk-aloud and clinical interview techniques. The engineering design

processes were analyzed and compared. Significant differences were found in final projects and engineering design process

related to the complexity of the ride they tried to build and the key skills and structural knowledge they brought to the task.

Seven key factors identified consisted of three cognitive skills of cognitive flexibility, causal reasoning, and planning

ability, three domain specific process skills of application of mathematics and science, engineering design process skills,

and design principles of stability, scale, and the structural knowledge they had of LEGO robotics, most pointedly, LEGO

connection knowledge. Implications of these findings for teachers are given.
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1. Introduction

Educational robotics is an activity that, by nature,

integrates science, mathematics, technology, and

creativity. These specific affordances make
robotics an especially attractive educational tech-

nology for engaging students in the engineering

design process [1–3]. In the Next Generation

Science Standards [4], the importance of the engi-

neering design process for student learning is

emphasized by its inclusion as a core discipline in

science, with the design of solutions as a core

practice of science, and the interdependence of
science, technology, and engineering listed as a

core cross cutting concept.

While the significance of engineering design for

learning in K-12 education is emphasized in

national standards, research related to young ele-

mentary students learning in engineering is sparse.

While Bers has produced robust research focused

on pre-school children’s understanding of pro-
gramming using robotics [5–7], we have less

research focused on student learning through the

actual physical design of robotics devices. The

design phase of a robotic device is a constituent

aspect of robotics activity [8]. It is in the design

phase of activity that students contend, through

intuition and direct feedback, with scientific (e.g.,

physics), mathematical (e.g., geometry and estima-

tion) and technological (e.g., placement of sensors

for optimal functioning) ideas [8, 9]. Therefore,
designing robotics devices is a strong learning

activity for children [1, 10].

The study reported here focuses on student

learning of engineering in the elementary grades

through design of a robotic device. The study took

place in a school that features a robotics based

elementary engineering curriculum for students

for grades K-6. This curriculum [11] was developed
from a constructionist perspective [12] and allows

students the opportunity to engage in engineering

design with robotics materials. The goal of this

research is to understand how elementary aged

students engage in the engineering design process

in order to improve curricular offerings and peda-

gogical practices to further support student learn-

ing. The paper is organized in the following fashion:
first we define the engineering design process and

review empirical studies related to student learning

while engaged in engineering design processes –

these studies, necessarily, draw on research with

older students as there is a dearth of studies at the

elementary level. Next, we discuss the role of

particular cognitive aspects of engaging in the

engineering design process as theorized from
research findings including: (1) cognitive flexibility;

(2) planning; and (3) causal reasoning. Then we

present our research question and the methods we

used to address our research question. Finally, we

present our research results and discussion, limita-
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tions of the study, and suggestions for future

research.

2. Background

2.1 Engineering Design Process Models

The engineering design process is an example of a

general problem-solving process in the specific

context of engineering. Engineering is defined as

‘‘the work of designing and creating large structures

(such as roads and bridges) or new products or
systems by using scientific methods.’’ [13]. The

application of mathematics and science to create

something new to meet a human need is also a

common definition of engineering [2]. Furthermore,

engineering problems are defined by the inclusion of

constraints. For example, safety and manufactur-

ing cost limits are common engineering constraints

[14]. In summary, we see that engineers integrate
many fields in a creative but rigorous way.

One way to understand children’s engineering

skills is to characterize their engagement with the

various stages defined by engineering design pro-

cess models. There are a variety of design process

models that can be used study of elementary

robotics students. One typical engineering design

process (EDP) model is shown in Fig. 1 [15].
For the purposes of this study, an engineering

design process model based on observable beha-

viors, both visual and verbal, is the most useful for

considering the totality of the process for robotics

students. Our model is strongly based on existing

models [6, 14, 15] but includes details specific to

robotics tasks such as breaking out the prototype

construction phase into programming and build-
ing. Since our model is foundational to our data

analysis, we present it in the methods section

further below.

2.2 K-12 Engineering Design Process (EDP)

Research

As noted earlier, little research on the engineering

design process has been done with younger stu-

dents. One exception are early studies byRoden [16,

17] who showed that very young children’s colla-

borative problem solving strategies change over

time. Other K-12 EDP researchers have found
that actual design processes differ in practice from

theorized, idealized, linear models [18–21]. Welch

[19] found that grade seven students evaluated their

design much more frequently than the theorized

EDP model would predict, tried one idea at a time

instead of evaluating alternatives, and preferred

three-dimensional materials to two-dimensional

sketches. Johnsey [20] found that grade three stu-
dents jumped into making their designs prema-

turely.

A study by Crismond [18] revealed – in a com-

parison between high school students and adult

engineers – that only adult expert designers use

general design principles and made connections to

science concepts to help their design process. The

general design principles were ‘‘rules of thumb for
good design’’ [18, p. 796] that connected the

abstract to the concrete. In the realm of elementary

engineering, these could be the design principles of

scale, symmetry, and stability. Symmetry, in parti-

cular, has been noted as an important design aspect

of building for children [22]. Crismond concluded

that teachers must scaffold design tasks to help

students make the connections between the con-
crete and the abstract. This study hopes to help

teachers understand the cognitive aspects of engi-

neering learning that lead to the ability to make

design connections.

Ill- structured problems that feature manipulable

materials, such as those embedded in open-ended

robotics design tasks, have the potential to help

students develop the cognitive abilities needed to
engage in engineering design. These abilities include

cognitive flexibility [23, 24], planning [25], and

causal reasoning [26]. Levy & Mioduser [27]

showed that complex and advanced cognition

could occur in young children’s interpretation of

robot rules and behaviors, specifically causal rea-

soning. Here, we seek to investigate the nature of

elementary engineering predicted by prior research.
Specifically, we will investigate how cognitive flex-

ibility, planning, and causal reasoning emerge as an

aspect of elementary design process activity. Let us

further define each of these constructs.

2.3 Cognitive Flexibility

Cognitive flexibility has been defined as ‘‘the ability

to consider multiple bits of information or ideas at
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one time and actively switch between them when

engaging in a task’’ [28, p. 26] and, more generally,

as flexible thinking [29]. Cognitive flexibility can be

supported through engagement in ill-structured

problems [24] or when asked to invent new things

[29, 30]. However, cognitive flexibility has been
shown to be developmental, in that younger chil-

dren lack the cognitive flexibility of older children

[24, 28, 31]. For example, in our own prior work, we

observed a phenomenon of ‘‘non-optimal persis-

tence’’ in engineering design tasks for younger

children as opposed to older children. Non-optimal

persistence (or idea fixation) consists of a reluctance

to start over even when it was clear that the original
design idea was not working [14]. We observed this

lack of cognitive flexibility in younger study parti-

cipants (ages 6–7), but not older (ages 11–12).

2.4 Domain Structural Knowledge

Cutting [24] found older students were able to

integrate domain knowledge into their designs

(for example, recognizing the pliability of a pipe
cleaner), while younger children were not. A lack of

domain structural knowledge may be the cause of

non-optimal persistence in children. Jonassen [26,

p. 69] explains structural knowledge this way:

‘‘. . . domain knowledge must be well integrated in
order to support problem solving. The integratedness
of domain knowledge is best described as structural
knowledge.’’

Indeed, Cutting [23, p. 115] concluded, ‘‘that

without this structural knowledge, young children

lacked the flexibility needed to retrieve their knowl-

edge from memory and then coordinate it in order

to solve these tool innovation tasks’’. Non-optimal
persistence then, is related to a lack of structural

knowledge, which, in turn impacts cognitive flex-

ibility.

2.5 Planning

Previous research on the ability of elementary

students to plan while engaged in engineering

tasks is mixed. Some positive results were found
in tightly constrained problems with familiar mate-

rials [32]. However, other studies find that young

students largely skip the planning phase due to

developmental constraints [33, 34]. It is possible

that children can accomplish tasks ahead of pro-

jected developmental milestones in constrained

tasks with familiar materials. This may not be the

case for open-ended engineering challenges where
knowledge transfer must occur. Planning strategies

may also depend on a variety of factors such as the

problem itself, student age, gender, and whether or

not the student has an initial solution to the pro-

blem [32–34].

2.6 Causal Reasoning

Jonassen & Ionas [35] provide a complex model of

causal reasoning and suggest different ways to

support the learning of causal reasoning. In their

model, problem solving and conceptual change

support predictions, implications, inferences, and

explanations, which, in turn, enable causal reason-

ing. Predictions are defined as anticipating an out-
come based on the initial state of a system and

plausible causal relationships. Prediction in the

model is either the scientific method, namely

hypothesis, or forecasting events such as weather

or economic performance. Implication is defined as

the same process as prediction but with more

probabilistic causal relationships. Inference is

further defined as the opposite process as predic-
tion, that is, positing events and initial conditions

based on a final set of conditions and plausible

causal relationships. Explanation is defined as the

ability to describe a system’s components, func-

tions, and causal relationships.

Engineering education provides problem-solving

affordances for learning causal reasoning.

Although we were unable to locate any research
on causal reasoning specifically in the context of

engineering design, all four enablers of causal

reasoning in this model are part of engineering -

predictions, inferences, explanations, and implica-

tions – but prediction and inference are the most

relevant. Engineers predict how a design, process,

or software program will actually function in the

physical world. Inference is used when trouble-
shooting a model to understand why a prototype

did not work, so the design can be improved.

Casual reasoning and causal inference research

typically center on a posteriori evaluation of data to

determine causes. However, engineers make a priori

predictions of the performance of their designed

systems. The predictions may be supported with

simulations, models, and prototypes. In the context
of LEGO robotics, students are expected to design

and then build a prototype with a prediction of

performance in mind and then evaluate the actual

performance with respect to predicted perfor-

mance.

2.7 Research Question

The aim of the study was to gain an understanding

of students’ skills and processes as they undertook

an open-ended engineering challenge at two differ-

ent ages (grade two and grade six) in the context of a

K-6 LEGO robotics program [11] with the long-

term goal of informing the instruction of engineer-
ing for elementary aged children. Our research

question is: what do the EDPs of elementary

students look like and how and why do they

differ? Specifically,
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� Which phases of the engineering design process

do students engage in, when do they do so, and

how frequently do they engage in each phase?

� If the EDPs differ, what explains the differences?

� Why are some students more successful in realiz-

ing their design ideas?

We clearly define our EDP process model in the

methods section (below). In addition, we pay spe-

cial attention to the cognitive factors of cognitive

flexibility, planning, and causal reasoning as indi-
cators of student learning activity and process in the

open-ended design activity.

3. Methods

3.1 Research Design

The research design consists of a comparative,

multiple case study.While the type of data collected

(detailed below) was primarily qualitative in nature,
we utilized a combination of qualitative (thematic

coding) and quantitative methods (primarily fre-

quency counts and durational measurements) to

help analyze these data. Quantifying qualitative

data has a long history in the learning sciences,

starting with Newell & Simon [36] who developed a

protocol analysis for quantifying and characteriz-

ing the type of speech children engage in as they
solve a problem. In their approach, student verba-

lizations were viewed as a window on their thought

processes. Chi [37] discusses the need for quantita-

tive analysis of ‘‘messy’’ data in the learning

sciences. Here, ‘‘messy’’ data is referred to as

‘‘verbal explanations, observations, and videotap-

ing, as well as gestures. One reason for the need to

collect this kind of data is the trend toward studying
complex activities in practice or in the context in

which they occur.’’ [37, p. 271]. Our research

focuses on studying a complex activity in practice:

solving an open-ended engineering challenge.

Through the coding and quantification of student

activity captured in this ‘‘messy’’ data set, we

created multi-faceted profiles of student

approaches to solving the problem, which then
allowed us to compare performances across stu-

dents.

Twelve elementary students (six second graders

and six sixth graders) took part in the study. The

children worked individually to solve an open-

ended engineering challenge based on age-appro-

priate LEGO robotics kits and craft materials.

These consisted of LEGO WeDo and LEGO
NXTMindstorms kits respectively, with additional

parts from resource kits and craft materials such as

paper, blocks, and markers. All the students started

with the robotics curriculum [11] in Kindergarten,

which uses a mediated learning approach [38]

combining teacher instruction, structured activities,

and open-ended engineering design challenges. All

second and sixth grade research students have been

at the school since kindergarten so they had

robotics for three and seven years respectively.

While we originally theorized that there would be
clear developmental differences between grade two

and grade six students (and perhaps gender differ-

ences due to cultural pressures in older girls), a

preliminary analysis did not support these theories

and these results will be the subject of a future

paper.

Participants were six grade two and six grade six

students. These students were typically developing
and were chosen for their ability to verbalize their

actions to the researcher. Six students identified as

girls and six students identified as boys. There were

3 boys and 3 girls from each grade. The school is a

small, rural elementary school (PK-6) located in

Western Massachusetts with 158 students. The

school is 94.9% white, 19% of students have identi-

fied disabilities, 1.9% are English language learners,
25% are classified as low income [39].

3.2 Data Collection and Types of Data

Students were videotaped to capture their discourse

and building/programming moves. Through a talk-

aloud protocol [40] combined with semi-structured

clinical interview [41, 42] their verbal discourse was
captured. Participants were gently reminded to

talk-aloud if they lapsed into silence. For example,

‘‘Researcher: You’ve decided to split that middle

piece into two parts. What was your thinking

there?’’ The goal was to neutrally ascertain stu-

dents’ thought processes. The discourse, in combi-

nation with the videotape of the building and

programming moves, comprised the main data for
this study. The use of ‘‘careful observation of the

child’s work with ‘concrete’ intellectual objects’’

[42, p. ix] was critical to later analysis of the building

of the engineering prototypes.

The open-ended design challenge given to the

students was to create a safe and fun amusement

park ride. Before students built their amusement

park ride for the main part of the research, they did
a warm-up task. After the warm up task was

completed, students did the main task of indepen-

dently creating a safe and interesting amusement

park ride using the provided, age-appropriate

LEGO robotics kits, and craft materials. See

Appendix E for the actual research prompt. Hard

copy readers can go to https://kidsengineer.com/

?page_id=1836.
For both tasks, participants were videotaped

from the side. The first author took field notes

during the sessions. Other data that helped char-

acterize the designs and triangulate the video data
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were captured including: elapsed time of design

activity, design artifacts, photos of the design in

progress and completed, and the computer pro-

gram developed (if any). In summary, the raw

data for this study consisted of video of the stu-

dent-built designs and a post interview, field notes,
photos of in-progress and completed warm up and

main task builds, and their finished computer pro-

gram.

3.3 Ride Rating Rubric

The student-built designs were first analyzed using a
ride rating rubric (Appendix A). The ride rating

rubric considers two elements: (1) the functionality

of the ride, and (2) the ride originality. These

elements correspond directly to the requirements

from the prompt that the ride be ‘‘safe’’ and

‘‘interesting’’. The originality aspect refers to the

degree to which a child is creating a design based on

their own unique ideas. The functionality aspect
takes into account how well the student met the

requirements as well as the stability, scale, and

symmetry of the ride. These two elements are

judged on a scale of 1 to 4, then averaged. In

addition to the initial ride rating analysis, the raw

video and transcript data were transformed into

derived data that could be further analyzed. The

derived data was classified into engineering design
process (EDP) data and key factors rubric data.

3.4 EDP Data

To analyze the engineering design process (EDP)

data, we developed a model for the different phases

of the EDP (discussed above) shown in Fig. 2.
The specific phases in our EDP models are:

problem definition, planning, researching, building,

rebuilding, programming, reprogramming, evalu-

ating, and sharing out. Each phase is defined as

follows:

PLAN – subject was planning some aspect of their

design, typically verbally.

RESEARCH – researching a problem or possible

solution. Looking for parts was considering

research if it affected major design decisions
before building started. Otherwise, it was con-

sidered part of building.

BUILD/REBUILD – normal building or rebuild-

ing, which includes looking for parts unless the

looking for parts was part of researching the

feasibility of a potential design.

PROGRAM/RE-PROGRAM – programming or

reprogramming the robot.
EVALUATE – evaluate by testing the prototype

physically, by visual inspection, or by evaluating

the whole system typically by running the pro-

gram.

There were two EDP codes that were not planned

but were added. SHARE-OUT and PROBLEM-

SCOPING (for the full EDP Code Book, see

Appendix B). Problem scoping is defined by

Atman et al. (2008) ‘‘as the stage of the design

process during which designers explore the relevant
issues and set the boundaries of the problem they

will continue to solve’’ (p. 235), and is presented as

problem definition in our model. We basically

defined PROBLEM-SCOPING as asking clarify-

ing questions about the design problem. The pro-

blem, although open-ended, was very well defined

so there were a very small number of problem

scoping instances observed. These instances were
coded but not analyzed since they were so few in

number (nine short instances in six subjects). It was

anticipated that the SHARE-OUT of the project
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would occur in the post-make (after the build)

interview and would not be coded. However, a

few students did significant, unprompted sharing

out in the form of post-make drawing so these

instances were coded and analyzed.

3.5 Key Factors Rubric Data

The other type of derived data is the key factors

rubric data. The key factors rubric (Appendix C)

focused on what we theorized (and later verified)

were the most significant aspects of the student
activity that occurred. The key factors were

needed because our original hunch that develop-

ment (that is, age) would explain EDP timeline and

ride rating differences did not seem to be the case

(see Fig. 3). The key factors can be grouped into

cognitive skills, EDP skills. and domain structural

knowledge.

Along with the intended built complexity
(explained in the next section), the seven key factors

explained the differing EDP timelines and differing

ride ratings we observed in the subjects. The seven

key factors were found theoretically from the lit-

erature, theorized from our own experience as

robotics teacher and robotics researcher respec-

tively, and from the research data. We noted

important and repeated observations of phenom-

enon when viewing the video, reviewing notated
transcripts, and considering the final model rides.

We observed the apparent importance of LEGO

experience and the EDP process, we observed

successful and less successful designs, and we

included the most significant predicted and

observed factors from the literature as verified by

the analysis below. Table 1 summarizes each key

factor: their category, origin, and definition.
In summary, our key factors rubric included

three types: (1) domain specific process skills related

to knowledge of engineering and design – applica-

tion of math and/or science in problem solving,
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Table 1. Key Factor Summary Table

Key Factor Type Origin Definition/More info

Application of math
and science

Engineering domain
specific process skills

Literature/experience Ability to apply math and science to engineering
problem

EDP knowledge Literature/experience Knowledge of and utilization of the engineering
design process

Design principles Emerged from study
data

Rules of thumb. In the LEGO robotics context,
stability, symmetry, and scale

Causal reasoning Cognitive skills Literature Ability to see cause and effect. Consists of
predictions, implications, inferences, and
explanations

Planning Literature Formulation of a program of action to achieve an
end

Cognitive flexibility Literature Ability to consider multiple bits of information or
ideas at one time and actively switch between them
when engaging in a task

Structural Knowledge NA Emerged from study
data

Integrated schema of domain knowledge



knowledge of the engineering design process, and

knowledge of design principles of scale, symmetry,

and stability; (2) students’ use of cognitive skills –

cognitive flexibility, planning, causal reasoning;

and (3) LEGO structural knowledge (e.g., knowl-

edge of pieces, connecting techniques, etc.).

3.6 Build Complexity

Intended build complexity emerged as an important

factor that had not been coded explicitly but had a

basis in the theoretical framework, previous

research, and our experience as robotics teacher

and robotics researcher. In the context of open-
ended design problems such as the amusement park

ride task studied here, students choose what they

wanted to build, which defined the intended build

complexity. We include the word intended to reflect

the complexity of the ride students intended and not

just a teacher post facto judgement of how complex

the ride turned out to be. We made a judgement by

analyzing the video to determine if there was a
significant difference between the stated intended

ride plan and the actual ride. In seven subjects in

this study, there was not. However, one student was

not able to build her intended ride so her intended

ride was much different in complexity from her

actual ride. That case will be discussed in the results

section.

According to Funke [43] and Jonassen [26], the
most relevant aspects of problem (or build) com-

plexity are the structuredness of the problem, the

number of issues, functions, or variables in the

problem, and the degree of connectivity between

the variables. The ride challenge and robotics in

general, depending on what the student chooses to

build, can be high complexity since they are ill

structured, have a high number of variables, func-
tions, and issues, and can have connectivity

between the variables. The build complexity

rubric defines levels of complexity, based on these

definitions and the demands of the task itself. See

Appendix D for these defined levels.

3.7 Data Preparation, Coding and Interrater

Reliability

Eight and a half hours of video sessions were

transcribed, time stamped, and the verbal output

from the talk aloud and clinical interview protocols

[44, 45] was segmented. The purpose of segmenting

is, ‘‘to break the verbal text into units (or segments)

that can be coded with a pre-defined coding

scheme’’ [45, p. 332]. Verbal output was generally

easy to segment because it consisted of short ques-
tion and answer snippets. In this study, there are

two different ‘‘tracks’’ of data: verbal and physical.

Note that similar studies only look at the verbal

output of participants who work in teams [45, 46].

Talk was segmented when there was a change of

speaker. For longer participant text in a transcrip-

tion, talk was broken into additional segments by

long pauses (more than 2 seconds) or clear changes

of topic. Verbal segments were also split into multi-

ple segments during the coding process if there was
an EDP phase transition detected in the middle of a

segment.

Because this study was interested in comparing

individuals and because the physical building is so

important to LEGO robotics, the physical building

and programming activity of each participant were

segmented by the first author with assistance from a

graduate student. By examining the building moves
of a number of participants, a unique physical move

segmenting schemewas developed. Physical activity

descriptors were defined to have a similar level of

atomicity. The lower-level physical activity descrip-

tors ultimately allowed interpretive coding of EDP

phase transitions in combination with verbal

output segments. Therefore, transitions between

EDP phases were determined by both the students’
physical building moves and their verbal output.

For example, if the student stopped building with

the LEGO parts and moved their design to see if it

worked, it was clear that a transition from building

to evaluation had occurred.

Physical activity was transcribed by activity

descriptors such as pointing, gesturing, searching

(for parts), connecting (parts), and moving. When
the physical activity changed, a new timestamp and

descriptor was inserted.

A fully time-stamped and segmented extract of a

transcript is shown below.

[00:07:14] {connecting} Girl 05: I think this is going

to be the last layer, and then I’m going to put the

base through the middle.

[00:07:18] {searching}

[00:07:19] {connecting}

[00:07:23] {moving}

[00:07:24] Girl 05: Wait a second. (Lifts structure)
Researcher: What did you notice?

[00:07:29] Girl 05: It’s uneven.

It became obvious very early that the studywould

have to account for the frequent occurrence of

overlapping and different verbal and physical

EDP phases. For example, a student could be

building and talking about their plan for what

comes next at the same time. To address this

issue, we chose to represent each phase indepen-

dently and exactly capture the overlapping phases.
From the data, we created custom error X-axis bars

that show the duration of the phase and any overlap

with another phase, an example of which is pre-

sented in Fig. 4. Note the overlapping share and

research phases that start around 0:02:13.
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Multiple coding passes were made to ensure

consistent and complete application of EDP codes

and the various rubrics used in this study. A second

coder was used to refine the coding dictionary and
rubrics. After an initial training period, twenty

percent of the EDP data and the factors rubric

data were coded by the first author and a second

coder, over 80% (83.3% and 87.13% respectively)

intercoder reliability was achieved using Krippen-

dorff’s alpha [47, 48]. The 80% threshold was the

same (or better than) similar studies with college

level engineering students [49]. For the ride rating
rubric which requires robotics teaching experience

to holistically evaluate, 63% reliability was

achieved. There were no systemic rating errors in

any specific direction on the ride rating, so the

preliminary results do not appear to be in error. A

total of 312 pages of coded transcripts were pro-

duced.

See below for an extract of a coded transcript.
The EDP codes (in square brackets) were placed

directly after the timestamps and the factors EDP-

related notes were placed at the end of each segment

for clarity. Simultaneous EDP phases were indi-

cated with a ‘‘2:’’ before the EDP phase code. The

building moves, as well as the discourse, were

transcribed and inserted using curly brackets imme-

diately after the timestamps.

[00:17:01] {connecting} [BUILD-REBUILD]

[00:17:03] [2:EVALUATE-VERBAL] Boy 05: I put

this on backwards.

[00:17:04] {moving} [EVALUATE-PHYSICAL]
[00:17:05] [2:END]

[00:17:07] [BUILD-REBUILD]

[00:17:14] {moving}

[00:17:15] {connecting} Researcher: I notice you’re

keeping your design so that it’s usually the same

thing on the other side, all the time.

[00:17:32] {gesturing} [EVALUATE-VERBAL]

Boy 05: Yeah, so it’s not off balance. If it’s off
balance, it has more likely to tip over.

Two programs were developed in the Python

programming language [50] to extract the time-
stamps and codes from the transcripts. The two

programs were a code scanner and a code extractor.

The code scanner checked for valid codes and

common errors. When coding errors were detected

in either program, they were corrected and re-

checked. The error detection improved the validity

of the data and the reliability of the results. The

main code files were then imported into Microsoft
Excel. Once the data were imported into Microsoft

Excel, a number of different types of visualizations

were produced including EDP timelines presenting

in the results section.

3.8 Data Analysis

The analysis looked at the frequency and distribu-

tion of events in the EDP timelines of the twelve
students. This methodology is called inductive con-

trastive analysis [51]. Patterns were searched for in

the EDP timelines of students. A similar approach

has been used in studies of the design process of

undergraduate students [47, 51, 54] and in novice/

expert engineering studies [18]. As an example,

Atman[52] found what was considered an ideal

EDP timeline shape by looking at EDP timelines
of expert practitioners and undergraduate engineer-

ing students.

The first step was to again look for patterns in

EDP timelines of the students by the key factors

such as domain structural knowledge, causal rea-
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soning (CR), cognitive flexibility (CF), and quanti-

fied in the key factors rubric (Appendix C). The

EDP timelines were labeled with the key factors
described above and sorted by each key factor in

turn to see if patterns emerged. An example of the

visualization created for this purpose is shown in

Fig. 5.

When a pattern did emerge, the key factors rubric

(Appendix C) was used to help quantify these

factors for each design and design process, and

appropriate visualizations (shown next) were cre-

ated to show the relationships between the key

factors and ride ratings.

4. Presentation and Discussion

4.1 Key Factors

Each of the 12 students’ video recorded design

sessions were analyzed using the ride rating rubric

and the key factors rubric. In Table 2, we present

the results for each student along all of the elements

on the key factors rubric and the ride rating. We
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averaged the overall rating scores on the key factors

rubric and created a combined ranking under an

overall category we have called Tools. Tools refers

to the overall tools each student brought to the task,
which turned out to be a mix of structural knowl-

edge, engineering design process factors, and cog-

nitive skills. Next, we provide the build complexity

and the overall ride rating for each students’ design.

We now present the individual key factor ratings

by overall ride rating to establish the importance of

each and discuss each key factor in turn.

4.1.1 Key Factors by Ride Rating

We begin by reviewing the overall tools rating.

There appears to be a relationship between the

overall tools the students brought to the task and

the final design ride rating (see Fig. 6), which shows

the validity of the seven key factors in explaining the

overall ability of students to realize their design
ideas. We observed that the greater the use of

overall tools in designing, building, and testing the

ride, the better the ride rating. Note that the key

factor ratings were converted to numbers for direct

comparison to the four-point ride rating as follows:

high (4) medium (2.7), and low (1.3).

Although the sample sizes in this study were not

large enough for statistical analysis, graphs were
used to support the validity and reliability of

observed relationships. In other words, the graphs

supported our ideas on what we observed (along

with other qualitative methods such as video ana-

lysis, rubric ratings, and reviewing of field notes).

Let’s look at each key factor individually.

4.1.2 LEGO Structural Knowledge

Domain specific knowledge about LEGO connec-

tion techniques emerged from the study as a key

factor in the ability of students to realize their

design ideas especially as the build complexity

increased in some of the grade six designs. Recall

that structural knowledge refers to awell-integrated

and organized knowledge base in a specific domain.
While the relationship to final ride rating does not

appear to be as strong as the overall tools rating, it

still appears to be a significant factor (see Fig. 7).

Some students who had low structural knowledge

compensated with other strengths (Boy 8 and Girl

9, for example).

Boy 5 and Girl 5 had extensive LEGO connector

knowledge and also possessed meta knowledge
about how the various LEGO connection techni-

ques were related to each other. This structural and

domain knowledge helped them design their highly

rated and highly complex rides. Some of the stu-

dents needed more structural knowledge to be

successful. While the curriculum used in this study

[11] identifies key WeDo connector parts, addi-

tional work is needed tomap connection techniques
and when to use them. For example, many students

in this study lacked the knowledge that to make an

axle move a beam, a cross to cross connection

is needed. (Interested readers can refer to the
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bottommiddle LEGO part of eFigure 2 (see https://

kidsengineer.com/?page_id=1836 for all eFigures)).

Once connector pairings are mapped to their func-

tions, activities need to be developed to help stu-
dents understand which connectors might work –

domain knowledge – and also gain structural

knowledge of the relationship between the different

connectors.

In addition to structural knowledge, three engi-

neering design process skills emerged as critical to

the development of a quality design for students in

this study: the application of mathematics and
science to engineering, the application of the

design principles of symmetry, scale, and stability,

and the engineering design process knowledge.

4.1.3 Application of Mathematics and Science

Some builders were able to apply mathematics and

science to their designs successfully, which is com-

monly defined as being integral to engineering [2].

We found that the correlation with ride rating is not
quite as strong as the other factors (interested

readers can refer to eFigure 3). This makes sense

as not all rides at the elementary level require the

application of mathematics or science to a signifi-

cant degree. However, it remains an integral aspect

of engineering to teach to younger students [2, 18].

Girl 5, the strongest builder in the study, did

applymathematics and science to her design both in
counting beam holes to find the middle and in using

gearing up. She did need some teacher scaffolding,

in the form of a neutral question, to figure out how

to apply between gearing up. The first author had to

re-state Girl 5’s previous statement about gearing

up (namely, that the smaller gear rotates faster)

before she could correctly apply science knowledge

to her design. This is consistent with other research
that teacher scaffolding is needed to help students

apply science in design problems [18, 53, 54].

4.1.4 Design Principles

Students with the highest rated designs and design

processes attended to and understood certain

design principles: stability, symmetry and, to a

lesser extent, scale (interested readers can refer to

eFigure 4). There is a high correlation between ride
rating and the use of design principles. One excep-

tion is Boy 6, who chose a low complexity build

despite having some key strengths (such as writing a

complex program). His particular build did not

require design principles to work.

Students such as Girl 8 frequently cited and

applied these design principles, while other builders

who had difficulty realizing their design ideas such
as Girl 3 did not. This indicates that learning

activities should be created that teach these princi-

ples to students, especially symmetry and stability.

These activities should include the structural

knowledge that symmetrical structures tend to be

stable, as evidenced by the use of connecting beams

in multiple places. Boy 4 was able to articulate

concerns about stability and symmetry explicitly,
in both cases, showing use of engineering design

principles. (Note that symmetry typically results in

more stable structures, so the two design principles

are related.)
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[00:10:50] Boy 04: I’m going to do it to both sides

again.

Researcher: It looks like everything is the same on

both sides with your design.Why do you do that?

[00:11:02] Boy 04: So, it’s not like . . . if there is a car

going on it, it could turn one way instead of the
other, but I wanted it to be one way. It just works

better, I think.

[00:27:45] Boy 04: I’ll just put this on this one too, so

it’s a little more stable.

4.1.5 EDP Process Skills

Most students had good knowledge of the engineer-

ing design process itself. 10 were rated medium or

high. (Interested readers can refer to eFigure 5).

Presumably this came from their exposure to the

engineering design process due to yearly robotics
units starting in kindergarten. In some cases, having

a strong EDP compensated for less reliance on

cognitive skills. Both Boy 8 and Girl 3 are examples

of this. Students with advanced EDP skills exhib-

ited subskills such as: systemic testing (Girl 5),

control of variables (Girl 5), troubleshooting tactics

(Girl 4, Girl 5, and Boy 5) and, in general, a good

balance of time spent in different EDP phases, most
notably upfront planning and research (Boy 5, Boy

8, and Girl 8). While students showed good EDP

overall, instructions in specific techniques such as

control of variables or domain specific trouble-

shooting tactics would further benefit students.

4.1.6 Causal Reasoning

Cognitive skills emerged as playing a key role in this

study. As we hypothesized, causal reasoning - in the

form of predicting the effects of design decisions –

and inference – in the form of inferring what went

wrongwhen testing –were key factors in the EDP of
students (interested readers see eFigure 6). The

most successful and advanced builders (Girl 5,

Boy 5, and Girl 8, for example) had strong causal

reasoning skills as measured by the key factors

rubric. Skill in prediction increased the likelihood

of making productive design decisions more often

than students with less developed causal reasoning

skills. Good inference skills allowed faster determi-
nation of non-productive design decisions so they

could be corrected. Boy 5 had very good prediction

skills. In this example, he decides to use a gear piece

as a connector to both hold the seat assemblies

together and turn the swings. He also predicts that

an extension is needed so the rider would not hit the

structure.

[00:44:31] Boy 05: I would need to add a gear.

Researcher: Oh, gear. What’s the gear do?

[00:44:40] Boy 05: It would turn the swings.

[00:45:17] Boy 05: I think these are going to be the

swings. I might have to add an extension, because

when this turns, if the swings were here, the

person would hit, or it might go just barely by. . .

His successful predictions saved him time and

effort and also worked well. (Interested readers can

see eFigure 7 for a picture of the gear and how it was

used.)

We found that, in many cases, it was hard to

determine if an incorrect prediction was a result of
lack of structural knowledge or lack or causal

reasoning or both. For example, if the motor is

not connected to receive power, did the student not

have the knowledge to understand that it needed to

be connected or did they have the knowledge but

did not have the causal reasoning abilities required

to use that knowledge? One interesting example of

this was Boy 8, who put themotor on the seat rather
than on a tower type structure.

Boy 8 did not predict that the cord would become

tangled even though it seemed obvious to the adult

researcher. Note that if there is missing domain

knowledge, there is no way that the student can

create structural knowledge, which, by definition,

integrates different domain knowledge. Again, this

could also be interpreted as a lack of causal reason-
ing skills.

There is some evidence to suggest causal reason-

ing and the lack of structural knowledge are sepa-

rate. Girl 4 scored high in causal reasoning and low

in structural knowledge. Girl 9 scored medium in

causal reasoning and low in structural knowledge.

Girl 9, in particular, used good causal reasoning

skills to compensate for low structural knowledge.
As an example of low structural knowledge, she

mixed up the names and functions of the hub and

motor. However, she successfully was able to pre-

dict and plan various build moves as seen in the

example below.

[00:12:00] Girl 09: I’m going to add a few more

white pieces to make it go down a little, maybe

another one of these.

It seems likely that lack of structural knowledge can

appear to be lack of causal reasoning but that they

may, in fact, be two different phenomena.

Causal reasoning is generally considered to be

developmental (Fuson, 1976; Piaget & Inhelder,

1969) and there were more high causal reasoning

sixth graders than second graders. Open-ended
engineering problems appears to be a good activity

type to help develop causal reasoning in the form of

prediction and inference as long as students also

have the required structural knowledge as a basis

for causal reasoning.
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4.1.7 Planning

Planning was another key factor in elementary

student engineering though its importance

depended on a number of other factors. (See

eFigure 8 for the relationship between planning

and the final ride rating for this study). Planning

depends on causal reasoning, specifically, predic-

tion [26]. Most students had a clear planning style,
which can be described as either a serial (Boy 6, Boy

7, Girl 6, Girl 9, Boy 3, Boy 4, andGirl 3) or systems

approach (Boy 8, Girl 8, Boy 5, and Girl 5). Girl 4

had elements of both styles of building.

At 4:36, Girl 3 clearly states the serial building
approach.

Researcher: When you are thinking about your

Ferris wheel do you plan just the first part and

then worry about the rest later or do you have an

idea in your head about what the whole thing is

going to be?

[00:04:36] Girl 03: I usually just start with one thing

and see how it goes.

In the case of Girl 3, who was unable to finish her

ride, the lack of an overall plan before building

caused her major problems getting her subassem-

blies connected later. Her ride, which is similar in
concept to that of Boy 5 and Girl 5, would likely

have been more successful with an overall system

plan. Girl 5 and Boy 5 were able to successfully

build the same ride concept as Girl 3 but had a clear

plan of building a base, tower, rotating seat assem-

bly, and seats in that order. However, there were

many successful serial builders who chose less

complex builds such as Boy 6 and Boy 7. The
implication for teaching is that the teaching of

planning will especially help students with complex

designs and low causal reasoning skills. Note that

having immediate access to the building materials

(LEGO pieces) may encourage a more serial or

tinkering approach as opposed to a more formal

pencil and paper engineering planning and design

approach typical of engineering processes research
at the undergraduate level (Atman et al., 2007).

4.1.8 Cognitive Flexibility

Cognitive flexibility emerged, as predicted from

research, as the final important cognitive skill in

the study. We observed a relationship cognitive

flexibility and the final ride rating with one excep-

tion. Two students – Boy 7 and Boy 8 had low

cognitive flexibility but were able to compensate for
it with strengths in other key process skills or

structural knowledge. (See eFigure 9 for more

detail.).

We think of cognitive flexibility in two ways:

positive and negative. A positive cognitive flexibil-

ity in this context consisted of both being willing to

start over when an idea is not working and in having

many different ideas for a particular problem. A

negative cognitive flexibility was defined as non-

optimal persistence. For example, this manifested

as repeated stability or other issues that the student
would keep repairing without addressing the under-

lying cause. Boy 7, for example, continually tried to

make his ride spin with non-solid LEGO connec-

tion so he had to hand start his ride. Teachers can

aid students showing non-optimal persistence with

encouragement to rethink what they are doing, or

they may be lacking a specific piece of domain

structural knowledge. For example, Boy 7 needed
to know that an axle needs to be inserted into a cross

piece to make a stable connection. Of course,

positive persistence or positive cognitive flexibility

should be encouraged.

4.2 EDP Timeline, Key Factors, and Build

Complexity

Our initial analysis of the data indicated that the

seven key factors in combination with build com-

plexity might explain the very different EDP time-

lines.
Table 3 presents the students work plotted on a

matrix that indicates the level of complexity and the

level of tools they used in creating their design. In

the following section, we present different EDP

timeline and where the individual student lies

along this matrix. In so doing, we demonstrate the

relationship of the engineering design process to the

factors of interest in this study. Indeed, we argue
that the shape and nature of the EDP timeline for

each student was precisely defined by the complex-

ity of the build chosen and the tools they brought to

the task.

Let us begin by discussing the second grader Girl

8 who seemed to have high skills but chose a low

build complexity (see Fig. 8). Girl 8 made a detailed

and accurate drawing of her simple, non-motorized
ride, which is shown as planning. She then built her

ride. Research was not needed, nor was there very

much evaluation. This made sense since she was
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Note that the subjects’ age (second graders bolded) do not
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Build
Complexity
Tools

Low Medium High

Low Boy 3,Girl 6 Boy 8 Girl 3

Medium Boy 4 Girl 4, Boy
7, Boy 6,
Girl 9

High Girl 8 Girl 5, Boy
5



very skilled but chose a very simple design; she

could basically plan it out and build it without

much iteration. In some sense, this might be con-
sidered an idealized EDP, where the plan works out

exactly.

Sixth graders Boy 5 and Girl 5 had very similar

EDP timelines (see Fig. 9). They both chose com-

plex designs and brought high tools (skills) to the

task. Their timelines show a long and dense mix of

EDP phases with significant planning, research,

and evaluation mixing in with the predominant
build cycles. This shows a very productive EDP

with a significant andmeaningful utilization of each

and every EDP phase.

Sixth grader Girl 3 tried (but could not finish) a

ride idea very similar to Boy 5 and Boy 6 because

she had low tools including low planning. You can

see that she initially had a long period of building

with no research but when her idea was not work-
ing, she then spent a long period of time trying to

plan, research, build, and evaluate. However, she

could never solve the technical problems she

encountered. So, a student who tries to build a

complex design idea without sufficient planning

may not be able to complete their design. Note in

the research setting, the researcher did not provide

help to the student.
A typical, low tools, low complexity EDP time-

line is shown in Fig. 11. While there is some

planning, the sixth grader student (Boy 3) has a

short, build-heavy EDP with little planning and

evaluation. Such students have sufficient tools to

realize their low complexity designs but will need

help from teachers to gain more tools and more

fully utilize the EDP to realize more complex design
ideas.

Second grader Boy 6 showed a typical, medium
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tools, medium complexity EDP (see Fig. 12). Such

students had shorter EDP timelines but did utilize

all phases of the EDP. However, the design time-

lines show much less iteration and are more build

heavy than the high tools, high complexity design

timelines (See Fig. 11).
Exploring the relationship of these EDP time-

lines to students’ tools and build complexity

allows us to understand the relationship of our

seven key factors to student learning in engineer-

ing design. We found that the seven key factors

did make a significant difference in the final ride

success and their EDP. Specifically, the students’

structural knowledge of LEGO, their use of key
cognitive skills critical to the engineering design

process, their use of key domain specific engineer-

ing process skills, the complexity of the chosen

design defined the quality of their final designs,

and the shape of their EDP timelines. What

emerged from the study were four different cases

of tools and complexity (see Fig. 13). Students can

be thought of as being in one of four quadrants.
The arrow shows where we want students to go.

We are not suggesting pushing students to highly

complex designs for their own sake. Sometimes,

simple designs are the best. We do have the goal

that students be able to fully implement and

express their own design ideas, whatever they

are, using the provided materials.
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� High tools, high complexity: some students built

high complexity designs within their current high
tool capabilities (Girl 5 and Boy 5). For these

students with matching high tools and high build

complexity, teachers should continue tomove the

students upward in the direction of the arrow by

pushing for more complex builds by providing

experiences and knowledge needed for continued

growth along this continuum.

� Low Tools, Low Complexity – while students in
this group (Boy 3 and Girl 6) have low tools, they

also choose low complexity builds. While they

succeeded in realizing their design ideas because

their low complexity designed matched their low

tools, they need scaffolding in domain specific

process skills, cognitive skills, and/or structural
knowledge of LEGO connection techniques in

order to successfully build higher complexity

designs.

� High tools, low complexity: some students with

high tools built low complexity designs but could

have done muchmore sophisticated designs (Girl

8, Boy 4). Requiring the use of more components

such as a motor, computer, and sensor would
have increased the complexity enough to make

the task harder for students who have the requi-

site cognitive tools for higher complexity tasks.

For these students, complexity should be high, or
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the problem will be too easy, as we saw with Girl

8, who completed her ride without much failure

or iteration, so she did not truly experience the

full richness of the engineering design process.
� Low tools, high complexity – students in this

group (Girl 3 and Boy 8) need scaffolding in

LEGO connection and other domain specific

skills in order to success building their high

complexity designs. For Girl 3, additional scaf-

folding might have been: sketch out the overall

design first, have her build the tower first, and

provide direct instruction or scaffolding of addi-
tional LEGO connection methods. Structural

knowledge will be improved just by doing

LEGO engineering activities, but students will

also need direct instruction. Many students com-

pensated (Girl 9, Boy 8, and Girl 4, for example)

for low structural knowledge with other strengths

such as high EDP or strong causal reasoning or

cognitive flexibility. In general, we do not recom-
mend suggesting an easier design idea for stu-

dents in this group unless their idea is completely

impractical. That way, the student can feel

empowered to realize their design ideas albeit

with teacher help.

4.3 Limitations of Study

The coding of the engineering design process of

students is an approximation and it is not possible

to be 100% accurate because some building and

verbal moves could be interpreted in different ways.

However, the intercoder reliability results showed

consistent interpretation across multiple students.

Also, students did not always verbalize their think-
ing perfectly. The use of the dual physical track

helped to ameliorate this limitation.

The small sample size of twelve was also a

limitation of this study in terms of being able to

generalize the results. However, the time involved

to segment, code, and process the video was already

substantial and is a limitation of this kind of

research [45]. It was also a challenge to find qualify-
ing, typical students at the small rural school and

the makeup of the students in this small, rural

public school was not typical of many public

schools.

5. Conclusion

Elementary students’ engineering design processes

(EDP) were defined by build complexity and the

overall cognitive tools that students brought to the

task. These tools were found to be structural knowl-

edge of LEGOand a combination of cognitive skills

(casual reasoning, planning ability, and cognitive

flexibility) and domain specific process skills (EDP
process knowledge, application of design principles

of stability, symmetry, and scale, and application of

mathematics and science). Note that three of these -

structural knowledge, EDP process knowledge, and
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design principles – were found in the literature

review as being utilized by experts. Since these

particular factors did not appear to be develop-

mental, this suggests that they could be taught to

students explicitly. Additional research is needed to

determine more accurately the relative importance
of the different factors. Future research studies may

choose to focus on analyzing the efficacy of parti-

cular curricular and pedagogical approaches to

supporting student learning in each of the three

types of approaches identified here: high complex-

ity/low tools; matching complexity and tools; and

low complexity/high tools.

In our experience, elementary engineering based
on LEGO robotics in a K-6 yearly program shows

rich affordances to develop student engineering and

cognitive skills. Indeed, the results found in this

paper seem to extend to middle and high school

students by the first author, who now teaches

middle and high school robotics. This study has

provided significant characterization, insight, and
implications for teaching elementary engineering to

help sustain the natural interest and ability of all

young children to design solutions to overcome the

complex problems of today.

Appendices

See https://kidsengineer.com/?page_id=1836 for
Appendices A to E.
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