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Abstract

Virtual learning environments have the potential to support students’ development of
design skills in engineering education. However, few approaches exist for modeling and
measuring design learning as it emerges in authentic practices, which often includes col-
laboration. This study merges learning sciences research with engineering design education
to develop an approach for modeling and measuring design thinking. I propose a connected
design rationale model which identifies relationships among design moves and rationale.
Results from a qualitative examination of how professional engineers make connections
among moves and rationales were used as the foundation to examine students in virtual
internships. Using digital collaborative chat data and Epistemic Network Analysis (ENA),
the discourse networks of students who had high and low scores in the virtual internship
were compared to the discourse patterns of professional engineers to determine if measur-
ing connected design rationale reveals meaningful differences between expert and novice
design thinking. The results show a significant difference between high and low-perform-
ing students in terms of their patterns of connections and that high-performing students in
the virtual internship made connections that were more like experts than low-performing
students. Results suggest that a connected design rationale model distinguishes between
experts and novices in meaningful ways and can be a robust approach for research in learn-
ing sciences and engineering education.

Keywords Engineering education - Virtual internships - Discourse analysis - Qualitative
analysis - Expert-novice

Introduction

Due to the techno-industrial changes of this century, engineers in training need to develop
the skills to optimize solutions and design products more than ever before. The field of
engineering education has embraced this challenge of educating the new-century engineer
and has made design a more central component of engineering education, offering design
experiences for student engineers early in their academic careers (Atman et al., 2014; Dym
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et al., 2005). One option for effective design learning is through a virtual learning environ-
ment in which student novices interact with authentic tools and experts to learn the ways of
the practice. Such virtual learning spaces have the potential to help students reflect on their
work and develop complex design thinking (Shaffer, 2006; Svarovsky, 2011). However,
measuring and evaluating design learning as it emerges during authentic practices, such
as collaboration in design teams, is a significant issue and there is lack of consensus on an
effective approach (Adams et al., 2011; Bartholomew, 2017).

This study tackles the problem of modeling and measuring design skills by proposing
an approach for measuring design thinking in virtual learning environments. This approach
frames design work as fundamentally requiring two key skills: (1) making appropriate
design moves—actions taken during the design process (Schon, 1983) and (2) providing
explicit design rationale—justifications for chosen design moves (Rittel, 1988). However,
learning a practice, such as engineering design, centers on understanding the connections
among domain-relevant elements rather than isolated skills and knowledge (DiSessa, 1993;
Linn et al., 2013; Shaffer, 2006). Through the integration of learning sciences research with
engineering design education, I propose that one critical piece of measuring design think-
ing centers on the ways in which students understand the connected relationships among
design moves and design rationale. This study describes one approach to modeling and
measuring the connections that learners make when engaging in collaborative design work
in a virtual learning environment.

Theoretical framework
Engineering design practice

Design is the central and defining activity of engineering (Simon, 1996). Schon (1984,
1987, 1988) described the design process as a series of making design moves—actions
taken during the design process to help the designer reach a final solution. These moves
include conducting research on the potential components of a design, modifying a design
drawing, and selecting a component for a product. At times, designers imagine or execute
moves individually, but often times these moves occur in collaboration with others. Similar
to other professions, collaboration in engineering design work involves sharing and devel-
oping ideas through creative exploration. However, collaborative design work uniquely
involves posing questions and proposing answers to multi-dimensional problems with con-
flicting components (Lloyd, 2019). When designers execute moves, either collaboratively
or individually, they generate and “see” new representations of the design, which trans-
forms their understanding of the design scenario (Gero & Kannengiesser, 2008).

McCall and Burge (2016) claim, however, that designers may not always spontaneously
“see” the consequences of a decision or understand why unanticipated consequences exist.
This is especially true of novice or student designers. To support such “seeing” and the
iterative movement of reflection and action through the design process, designers docu-
ment explicit justifications for their design moves (Rittel, 1988). Whether through spoken
or written language, articulating one’s reasoning may reduce overlooking critical aspects
of a problem, promote understanding connections to other similar problem scenarios, and
facilitate communication among a design team or stakeholders. This notion of design rea-
soning as articulating an argument is now widely known as design rationale. A number
of researchers have suggested design rationale provides the fundamental logic of design
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moves and is the basis for decision-making and actions in engineering and have explored
options for documentation (Lee, 1997; Lee & Lai, 1991; Rockwell et al., 2010).

In engineering education, digital engineering notebooks are used as a way for students
to document their rationale and as a data collection tool for instructors and researchers
(Buchal, 2018; Febrian et al., 2015). For example, Moyne et al. (2018a, b) developed the
Design Evaluation and Feedback Tool (DEFT) to assist students in documenting their
design choices and reasoning. This tool also assisted instructors and researchers in col-
lecting data and evaluating learning. Their findings showed that students relied on their
notebooks to organize their design processes and used them mainly for documentation.
Furthermore, Bergsman (2018) argues notebooks with pre-written scaffolds help students
in understanding what and how to document their design work. These supports can also
guide students to understand that documentation is a complementary practice to making
design moves.

Thus, at its core, engineering design practice centers on two practices: (1) the ability
to make appropriate design moves, meaning knowing how and when to take appropri-
ate actions during the design process, and (2) the ability to use design rationale, meaning
knowing how and when to provide explicit justifications for design moves.

How engineers learn to design

Schon (1987) argues professional practicums offer a space for professionals-in-training to
reflect on their work by engaging in authentic tasks. In undergraduate education, one com-
mon example of practicums is internships in which students engage in design work at engi-
neering companies. Such work-based learning programs give students an opportunity to
work alongside senior practitioners who mentor them through their projects. Students can
experience realistic aspects of design work such as working in teams, communicating with
clients, and iterating through potential solutions. A real-world internship offers students an
opportunity to apply their scientific and technical skills, and learn conflict resolution skills,
how to manage job stress, and the consequences of missing deadlines in the workplace
(Tener et al., 2001). Disadvantages of real-world internships in engineering education are
that the priorities of an internship may be more company-focused than student learning-
focused, that students often need to be advanced in their studies rather than being able to
participate as first-semester freshmen, and that students typically commit all of their time
to the internship and cannot take other classes.

One alternative approach to the real-world internship experience is for researchers and
instructors to design virtual internship experiences for students. Such learning environ-
ments, when designed to be simulations of internships, prioritize student learning of core
design competencies, offer opportunities for students to participate in workplace experi-
ences early in their undergraduate program, and can be time-constrained to fit within a
class. The design of simulated and authentic learning environments can be approached in
different ways. Hod and Sagy (2019) claim that there are two approaches to school-based
authentic learning designs: simulations in which students use developmentally appropri-
ate versions of the tools and practices of the authentic culture and hybrid designs in which
students interact with a simulation and with practitioners where the purpose is to advance
both the students and the practitioners learning or interests. In the design of simulations,
they suggest considering three different cultures at play: (1) the current culture contains the
cultural practices within the authentically-designed classroom, (2) the authentic culture of
the profession that the instructor or designer wants the students to enculturate; and (3) the
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intended culture that is the instructor or designer’s vision or imagined world of that authen-
tic culture. Findings from their review revealed that the combination of current classroom
culture and the intended culture resulted in varying activities and interactions for students.

From a research standpoint, virtual simulations are advantageous because every student
action in the simulation can be logged and organized in a central database. This form of
data collection provides an opportunity for rich analysis of student design learning at a
larger scale than with traditional studies.

Modeling design thinking

Given its complexity as it emerges in real-world and virtual practice, measuring design
thinking is a challenge (Adams et al., 2011; Bartholomew, 2017). Learning sciences
research suggests that complex thinking is characterized not by isolated pieces of knowl-
edge and skill but by the organization of and relationships among domain-relevant knowl-
edge and skills (DiSessa, 1993; Linn et al., 2013). Shaffer (2006) has characterized com-
plex thinking in terms of a connected epistemic frame: ways of knowing, doing, and being
that are linked together that are unique to a particular professional culture such as engi-
neering (Arastoopour et al., 2016), urban planning (Bagley & Shaffer, 2009), and journal-
ism (Hatfield, 2015). Identifying with a professional culture means acquiring a particular
Discourse (with a capital D)—the ways people talk, read, write, understand, believe, act,
and interact that are socially meaningful (Gee, 2011). An epistemic frame, then, is a formal
configuration of the Discourse exhibited by those acculturated into a practice. Developing
an epistemic frame as a learner means understanding and enacting the relationships among
Discourse elements that are characteristic of the community, and thus developing expertise
related to ways of knowing, being, and doing within a practice.

In this view, learning the practice of engineering design is not a stepwise procedure of
accumulating skills, nor is it merely making moves and providing rationale. Rather, learn-
ing how to do design involves recognizing which design moves are linked to which ration-
ale and the complex web of relationships among moves and rationale in design problems.
I identify this web of relationships as a connected design rationale (Arastoopour Irgens,
2017).

Skilled designers exhibit a connected design rationale when they reflect on a problem
and implement and justify the appropriate moves to develop a solution. For instance, if an
undergraduate engineering student is designing handlebars for a bicycle, his or her design
process can be represented as in Fig. 1 in which some moves and rationale are connected
and some are not. In this scenario, the student makes two initial moves: gathering informa-
tion and documenting the design process. The student justifies documenting the process
and gathering information because it will help to better understand the problem. In this
example, these two moves may have occurred independently of one another, meaning that
the student did not relate these moves to one another. However, the justification of bet-
ter understanding the problem is connected to each of these moves because the student
has provided this rationale for both of these moves and thus, has identified a relationship
among this rationale and these two moves. Once these two moves are enacted and the stu-
dent has a better understanding of the problem, two new potential moves arise: taking a
vote among team members or conducting experimental tests to choose a material. Docu-
menting the design process and better understanding the problem are both linked to con-
ducting experimental tests because the student has realized that understanding the problem
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Fig. 1 Example of a student’s connected design rationale in a bicycle handlebar design project at one
instant in time. Circles represent design moves and rectangles represent rationales. Solid lines represented
enacted moves and dotted lines represent imagined or suggested moves

will be further accomplished by conducting experimental tests and that documenting the
process should continue when the team conducts such tests.

Ultimately, the team decides to conduct experimental tests and subsequently continue
to document the process because these moves have three linked justifications: that experi-
mental testing using a simulation will help the team narrow down their material choices,
that it is more economical than other approaches, and that the simulation will help verify
critical properties of each material. The other option of taking a vote to determine which
material to use was not enacted because there was not a strong enough rationale to enact
such a move. The next move would then be to choose the composite material and once
again gather more information about the problem. This example reveals a short part of
one skilled engineering student’s design process as a series of interconnected enacted and
imagined moves and rationales as a student team designs a product.

Measuring design learning

Prior work has demonstrated that connections among discourse elements can be modeled
in terms of a network using Epistemic Network Analysis (ENA), a tool for visualizing and
measuring complex thinking and learning (Shaffer, 2017; Shaffer & Ruis, 2017). In the
context of design thinking and learning, ENA can measure connected design rationale by
modeling a person’s network of moves and rationale that have been articulated as discourse
either through written documents, conversations, or actions. ENA accomplishes this by
measuring the co-occurrences of discourse elements and representing them in weighted
network models. Furthermore, ENA enables researchers to compare networks both visually
and through summary statistics that reflect the weighted structure of connections. Thus,
researchers can use ENA to not only model discourse networks, but also quantitatively
compare the discourse networks of various individuals and groups of people.

Because of these affordances, ENA has been used to compare the epistemic frames
of mentors and learners (Nash & Shaffer, 2011), the epistemic frames of students in

@ Springer



566 G. Arastoopour Irgens

classrooms and practicums (Hatfield, 2015), and in dozens of other learning scenarios (see
Eagan et al., 2019). More relatedly, ENA has been used to model engineering design think-
ing by measuring the quality of discourse among students during the design process (Aras-
toopour et al., 2014, 2016).

Overview of Study and Research Questions

This study is grounded in a connected design rationale framework for modeling a learn-
er’s connected understanding among design moves and rationale in design practice. The
analysis investigates how engineering professionals make connections among moves and
rationale in their interactions with interns in a real-world company internship program and
identifies several common patterns of connections. These patterns of connections from the
real-world internship were then identified in engineering student digital data from a virtual
internship program, Nephrotex. ENA was used to measure connected design rationale by
building discourse networks of students’ group conversations and a rubric was developed
to measure students’ individual notebook entries, which served as an outcome measure.
Based on the individual outcome measure, networks were divided into high and low per-
forming groups and were compared to the discourse patterns of experts from the real-world
internship to determine the validity of using ENA to measure and model connected design
rationale.

The research questions in this study are [RQ 1] How do expert engineers make connec-
tions among moves and rationale in a professional real-world internship setting? [RQ 2]
Are there differences in how low-performing and high-performing students make connec-
tions among moves and rationale in a virtual internship? [RQ 3] How do low-performing
and high-performing students’ connections among moves and rationale in a virtual intern-
ship compare to expert engineers’ in a real-world setting?

Real-world internship study
Methods

In a prior study, ethnographic data from two expert engineers and four interns was collected
over the course of three months from an internship program at an engineering company,
GammaCorp, that primarily designs, produces, and distributes high-pressure hydraulics
(Arastoopour & Shaffer, 2015). In this prior work, I used the method of epistemography,
an ethnographic analysis of a professional practicum through the lens of epistemic frames
(Bagley & Shaffer, 2010; Hatfield & Shaffer, 2010). This approach focuses on collecting
and analyzing data about the participant structures of reflection during the learning pro-
cess and the epistemological underpinnings of the professional culture that support such
structures.

Using the results from this prior epistemography work, as well as interviews, field notes,
and recorded observational data, a grounded theory approach was used (Glaser & Strauss,
1967; Strauss & Corbin, 1994, 1998) to develop a set of qualitative categories, or codes,
representing specific design moves and rationale (Table 1). These codes served as a basis
for the coding scheme in the virtual internship in order to connect to an authentic pro-
fessional learning environment. In a grounded approach, two core macro-categories were
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identified: moves and justifications. Justifications was used in place of rationale because
during the grounded analysis, I discovered that the predominant rationale used was to pro-
vide justifications for design moves. Particular forms of moves and justifications were iden-
tified through an open coding procedure, and an initial set of codes were developed. After
several analytic iterations of removing, adding, and combining codes until I felt saturation
was reached, a coding scheme consisting of six codes categorizing moves and justifications
that emerged from the discourse was finalized. Each utterance in the interview and obser-
vational data was coded for these six codes. Then, I conducted axial coding (Strauss &
Corbin, 1998) in which I analyzed connections among the codes and generated a descrip-
tive story using the coded data that focused on connections among moves and rationale.

Results: a qualitative analysis of expert engineers

This section addresses RQ 1: How do expert engineers make connections among moves
and rationale in a professional real-world internship setting? The examination of the real-
world engineering internship focused on two participants: Warren (white, male) and Zara
(white, female), who were engineers with 15 and 10-years’ experience at the company,
respectively. Warren and Zara were chosen because they interacted with and mentored the
student interns most often compared to other employees who were observed. The analysis
illustrates the patterns of connections expert engineers made among moves and rationale
during conversations with interns, and during interviews with a researcher by providing
examples from Warren’s and Zara’s discourse. The most common pattern in the engineers’
discourse were specific to the domain of design, such as making design decisions in order
to meet performance parameters and making design decisions based on the customer’s
preferences.

Analysis of Warren’s discourse

Throughout the internship program, interns received tasks from the coordinator and lead
engineer, Warren, who gave them preliminary information to start the task. In one instance,
Warren, guided Brian, an intern, through the design task of a customized tow cart that
would house a variety of tools.

When Brian met with Warren to receive guidance on the tow cart design, Warren
explained that Brian had to design the cart using a CAD drawing tool. Warren suggested
that instead of trying to design the final product, Brian should first “have the really basic
design done before getting into too many specifics.” After the meeting, Brian returned to
his desk to work on designing the tow cart and began by reviewing the sketches that he and
Warren had made. After experimenting with the CAD tool for several days, Brian discov-
ered which pieces he could mount together and how they would fit collectively.

Once Brian had a preliminary design, Warren and other engineers met with him to pro-
vide more detailed feedback on the design. After reviewing Brian’s design, Warren iden-
tified some issues. Warren explained that “they [the customer] want this design pump...
with all these full controls and... they want storage for these hoses. And they want to be
able to lift and drive it around the shipyard.” However, in Brian’s design, the orientation
of the pump resulted in “all these hoses are sticking out in different ways,” which blocked
the customer’s access to the controls on the cart. Warren made connections across moves
and rationale when he specified that “the pump had to be oriented a certain way (move of
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making design decisions) to have the customer operate everything on this tow cart standing
from one point (rationale based on the customer requests).” The design did not meet some
of the performance requirements or customer requests and the engineers asked that Brian
make several changes and present the design to them once the changes had been made.

When the researcher interviewed Warren about giving feedback to the interns on their
design projects, he explained, “We [need to] ask, what is the application? What is the cus-
tomer looking for? (rationale of customer requests) And then look to make sure the design
meets those requirements (rationale of performance parameters)... Be it building tooling
or something for the production line (move of making design decisions).”

Warren continued to explain that successful interns at GammaCorp asked many ques-
tions. He said, “It [asking questions] (the move of asking questions) kind of makes them
[the interns] step back and rethink that they need to explain or reiterate: here’s what I
understand you’re looking for (rationale of effective communication).” It was important to
ask questions and have effective communication so that interns did not, as Warren put it,
“spend all that time and effort on something that’s not needed or wanted.”

The excerpts above illustrate the context within which Warren made connections and
highlighted some of the most common connections that were made. For example, Warren
often connected the move of asking questions with the rationale of communication and jus-
tified design moves based on customer requests and the performance of the product.

Analysis of Zara’s discourse

In this next example, Zara, the expert engineer, worked on a quote for a hydraulic cylinder
with Alice, the intern. The interaction between Alice and Zara was initiated when Alice
approached Zara’s desk and asked for help.

When working together, Zara showed Alice a previously completed quote as a model
and explained the rationale behind using specific quote forms: “Because this is so different
from anything that we usually have, it’s not standard... I’'m going to show you an example
of one that Warren [the other expert engineer] did.” After opening Warren’s quote to use
as an example, Zara explained to Alice the similarities between the current quote and War-
ren’s quote.

Alice nodded through the explanation, and then confirmed her next steps by asking
another question: “Okay, so I fill this out, send it to custom products and then, I dig up
all these prints for the cylinder?” Zara nodded her head, and Alice asked, “You said the
plunger and the base and all the mounting were...?”.

Zara answered Alice’s question (the move of asking questions) and explained that
Alice would have to use a custom form for those two parts: “the plunger and base are all
custom... otherwise they are pretty much a standard cylinder,” (move of making design
choices) and then provided a rationale based on the performance and design of the prod-
uct: “because of the way they mount to the steel structure itself. Otherwise, they are pretty
much a standard cylinder” (rationale of performance parameters).

When the researcher interviewed Zara about her interactions with Alice, Zara discussed
the importance of the move of asking questions: “The thing is being confident in your abil-
ities and being comfortable with asking questions (move of asking questions) because engi-
neering is not necessarily about knowing the answers... [it’s about] being able to figure out
or verify that they’re going to provide what the customer is actually looking for” (rational
of customer requests).

@ Springer



570 G. Arastoopour Irgens

These excerpts above illustrate the context in which Zara made a variety of connections
among moves and rationale. In the examples above, she made connections between the
move of asking questions and the rationale of communication, and also justified design
moves based on customer requests and the performance of the product.

Virtual internship study
Methods
Setting

Nephrotex is an 8-week long engineering virtual internship program in which students
role-played as interns at a fictional biomedical engineering design company (Chesler et al.,
2013, 2015). Students worked on teams to design dialyzers for hemodialysis machines.
Research investigations, design activities, and team interactions all took place through the
web platform that supported the internship (Fig. 2). Students began by logging into the
company website, which included a fictional email and chat interface. Acting as interns,
they sent and received emails to and from their supervisor (a pre-scripted character) and
used the chat window for instant messaging with other team members and their design
advisor (an instructor who live chatted with students).

Interns received emails from their supervisor in the simulation who asked them to com-
plete tasks. Some of the tasks were prescriptive in nature. For example, in the first few days
of the internship interns were asked to read provided documents on the physical princi-
ples of hemodialysis and membrane diffusion and summarize their research in their note-
books. Students were required to write a notebook entry at the completion of every activity.
Supervisors specified criteria for each notebook entry via email. For the notebook analyzed
in this study, the criteria were that students (1) listed five prototypes, (2) provided a justi-
fication for each prototype as to why it was chosen, and (3) identified which stakeholders
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Fig.2 Nephrotex simulated company portal interface, including a research report, data analysis tool, and
chat window
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would accept the prototype. This was a standardized grading procedure that all design
advisors followed. After students submitted their notebook entry, design advisors assessed
the notebook entry and provided feedback. If a student met the criteria, they were allowed
to continue to the next activity. They received an email from the boss acknowledging their
accomplishments and identifying the next task. If a student did not meet the criteria, they
were asked to revise the notebook entry and were not allowed to move on to the next task.

As interns gained knowledge about hemodialysis membranes, they engaged with more
open-ended, collaborative tasks centered on choosing specifications from a list of pre-
defined selections for their design membrane prototype. During this process, they devel-
oped hypotheses based on their research, tested these hypotheses in the provided design
space, and analyzed the results. Interns were also asked to meet multiple internal consult-
ants’ requests as closely as possible. The challenging aspect of this design problem was
that the consultants’ concerns were often in conflict with one another (e.g., as biocompat-
ibility increases, cost also increases), and so the interns addressed and justified tradeoffs
associated with their proposed design solution. Based on their research, they selected pro-
totypes by combining different selections and parameter levels. Then, interns submitted
their prototypes to a virtual testing lab and received performance results for each device.
During the final days of the internship, students presented their final device design and jus-
tified their design decisions to the class and instructor.

Participants and data collection

Participants were first-year undergraduate engineering students ranging from ages 18-20.
Students were enrolled in an introductory engineering course in which they participated
in Nephrotex. Data were collected in two forms: (1) chat logs from teams of students from
one activity in the program and (2) each student’s engineering notebook entries from the
end of that same activity. This activity was chosen because it was the main design activity
in which students collaborated on a design prototype in their groups. The chat logs were
analyzed for connected design rationale and the notebooks provided evidence of their indi-
vidual design performance, which was the basis for separating students into two groups—
low and high-performing.

The data were collected from nine instances of Nephrotex. All nine instances ranged
from seven to eight weeks long and contained five teams of three to five students each, for
a total of 65 teams and 314 students overall. All participants were first-year biomedical
engineering majors and were selected to be in this study because their instructors indi-
cated an interest in implementing Nephrotex into their course curriculum. The self-identi-
fied gender and racial demographics of the students were 70% male and 30% female; 73%
White, 12% Asian, 7% Hispanic, 3% Other or Prefer not to respond, 1% Black, and 1%
American Indian. These numbers are fairly consistent with the demographics of engineer-
ing bachelor degrees awarded in the U.S.: 79% male, 21% female; 62% White, 14% Asian,
11% Hispanic, 4% unknown, 4% Black, and 4% other (Yoder, 2017).

Segmentation and coding

Chat logs from the virtual internship were segmented by utterance—every time someone
sent a response in a chat conversation. The coding scheme that was developed from the
real-world internship was adapted for use in the internship analysis. Although the activi-
ties and participant structures in the real-world internship were not identical to the virtual
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internship, the adaptation was done to align as best as possible with an existing, real-world
professional culture. For example, in the real-world setting, interns often worked individu-
ally on projects, but in the virtual internships, students often worked collaboratively. How-
ever, the coding scheme was developed to identify common engineering design moves and
rationale at the intersection of the two research settings. The goal of aligning a real-world
culture to an educational simulation for design or research purposes is not to duplicate
what exists in the professional culture, but rather to create developmentally appropriate
tasks that can fit within the constraints of an educational setting (Hod & Sagy, 2019).

Because a high volume of data was obtained from students’ chat logs (26,867 utter-
ances), an automated coding algorithm was used to code the chats (Cai et al., 2019; Eagan
et al., 2017) and the statistic rho was used to determine whether the inter-rater reliability
statistic of Cohen’s kappa conducted on the sample could be generalized to the remainder
of the dataset (Shaffer, 2017). The inter-rater reliability results for the virtual internship
chat logs show that all pairwise agreements among rater one, rater two, and the automated
algorithm had rho values of less than .05, which means the kappa statistic from the coded
sample can be generalized to the entire dataset (Table 2). Cohen’s kappa values ranged
from .71 to 1.0.

Epistemic network analysis

ENA (Shaffer, 2017; Shaffer & Ruis, 2017) was used to measure the development of
connections that engineers and interns made between design moves and justifications as
defined by the coding scheme. ENA measures the connections between discourse elements,
or codes, by quantifying the co-occurrence of those elements within a defined stanza. Stan-
zas are collections of utterances such that the utterances within a stanza are assumed to be
closely related topically. Once the size of a stanza is identified, for any two codes, their
strength of association is computed based on the frequency of their co-occurrence within
each stanza in the discourse. Because the virtual internship discourse data were in the form
of chat conversations, a moving stanza window model was used (Siebert-Evenstone et al.,
2017). In this approach, co-occurrences are identified within one person’s utterance and
between that person’s utterance and others in the conversation within a specified window
segment. This window slides along the chat data and accumulates co-occurrences of codes
for each person within their own utterance and between their utterance and other utterances
that occurred before their own within the given window segment.

Table2 Cohen’s Kappa among rater 1, rater 2, and the computer for virtual internships chat codes

Code Rater 1 & Rater 2 & Rater 1 & rater 2
computer computer

J.Customer & Consultant Requests O1%* 91%* 1.0%%*
J.Performance Parameters & Requirements .80** J15% T1E
J.Communication B2 19%* 80#*
M.Experimental Testing .86%* 3% 5%k

M.Making Design Choices 84* J73% 88

M.Asking Questions 89F* B7H* 98

J indicates design justification code; M indicates design move code. * indicates rho < .05; ** indicates rho
< .0l
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In this study, ENA was used to sum each student’s sliding windows and visualize each
student’s discourse as a weighted node-link network representation. To analyze several net-
works at one time, this study also used an alternative ENA representation in which the cen-
troid (center of mass) of each network is calculated and plotted in a fixed two-dimensional
space that is mathematically created by conducting a multi-dimensional scaling routine.
Before the multi-dimensional scaling was performed, the data were sphere-normalized so
that students with more discussion are not weighted more heavily than people who have
less discussion but still used the same configuration of connections in their discourse. A
t-test was used to determine if there were statistically significant differences between the
centroids of high and low performing groups. Shaffer and Ruis (2017) discuss the math-
ematics ENA in more detail.

Notebook entries

Notebook entries that students completed at the end of the activity were analyzed to assess
individual design performance in the virtual internship. These notebook entries served
as formative assessments of the previous activity. However, the assessment criteria used
by design advisors during the implementation lacked depth and validity and thus, in this
study, a new rubric was developed and used to assess students’ design thinking. The note-
books contained pre-determined sections, “List of five prototypes” and “Justifications
for the selection of five prototypes,” which were used to segment the notebook data for
coding. The assignment prompt, which was an email from the supervisor, is shown in the
Appendix.

A variation of the Delphi method (Dalkey, 1969; Skulmoski et al., 2007) was used to
develop a rubric for the quality of student entries to support the validity of the rubric. For
this study, two domain experts—an engineering educator and a professional engineer—
examined the notebooks and developed a rubric that identified high quality design work
(Table 3). The two experts then met with me to discuss and clarify the rubric. The use of
scoring rubrics in engineering design education have been shown to be effective in terms
of improving inter-reliability and providing well-defined criteria for assessing individual
engineering design skills (Bailey & Szabo, 2006). Moreover, for validity and reliability
purposes it is important to have multiple judges with expertise in engineering design and
education score student artifacts and compare (Bartholomew, 2017; Bartholomew et al.,
2018).

After the rubric was developed, the two experts and one researcher coded a sample
of 48 notebook entries using this rubric. Then, the researcher developed an automated
coding algorithm to code the remainder of the notebooks. To assess the validity of the
rubric, inter-rater reliability was measured using Intraclass correlation (ICC). The inter-
rater reliability results for the notebook entries showed that the average ICC metric for a
two-way multi-rater agreement was .75 with a 95% confidence interval from .64 to .83 (F
(47,142)=13, p<.001).

The median score of the notebook entries was calculated and used to classify students as
high and low-performing. If a student received a notebook score equal to or higher than the
median score of 4, then they were identified as high-performing and if a student received
a notebook score lower than the median score of 4, then they were identified as low-per-
forming, which resulted in 120 low-performing students and 194 high-performing students.

Tacobucci et al. (2015) claim this approach of a “median split” is appropriate when
focusing on group differences, such as low and high performing students in this study.
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However, to support the use of a median split, researchers should provide empirical evi-
dence and justification. In this study, students with a score of 4 were included in the high
group because (1) not including them would ignore a large number of the students and the
power in this study would be greatly reduced, (2) putting them in the low group would
cause the data to be more unevenly split than putting them in the high group, and (3) an
empirical test was conducted to show that the ENA results do not significantly change
when students are grouped into a high (scores=5, 6, 7, 8; n=77), medium (score=4;
n=117), and low (scores=0, 1, 2, 3; n=120) group. The results of the test showed that
there were no significant differences between the medium (M =.08, SD=.58) and high
M=.12, SD=.61) groups’ mean centroids (t(157)=.50, p>.05; d=.07), but there were
significant differences between the medium and low M =— .15, SD=.46) groups’ mean
centroids (t(220)=3.32, p<.05; d=.43) and the high and low groups’ mean centroids
(t(130)=3.33, p<.05; d=.52). Thus, the medium and high were combined together into
one group labeled as “high” (n=194) and the low group remained “low” (n=120).

Results: qualitative and quantitative analyses of students

This section addresses RQ 2: Are there differences in how low-performing and high-per-
forming students make connections among moves and rationale in a virtual internship?
To investigate the applicability of connected design rationale to student learning, the same
codes were applied to the discourse available from the virtual engineering internship. Dis-
course was analyzed from one design activity in Nephrotex in which students chatted with
their team members to discuss their research thus far and decided collectively on five pro-
totypes to send to the lab for testing. First, this study presents a qualitative analysis of the
chat discourse of one representative low-performing student, Grace, and one representative
high-performing student, Levi, to provide an in-depth examination of connections among
moves and rationale in the virtual internship. These two students were chosen because their
centroid was located in close proximity to the mean centroid of their respective group.
Thus, these students’ networks were similar to the average network of their group and pro-
vided a representative visualization. Second, a quantitative ENA analysis was performed to
compare high and low-performing students to experts’ patterns of discourse.

Low-performing student: Grace

After individually reading Nephrotex research reports on the various design parameters,
students held a meeting in the online chat tool with their team members to discuss what
they had learned so far and to decide on a batch of five devices to submit to the lab for test-
ing. Grace, a low-performing student, was in a group with four other individuals: David,
Jared, Matthew, and Austin.

At the start of discussion Jared asked, “OK so which prototypes should we use for our
batches?” Austin advocated for one of Grace’s prototypes which used a hydrophilic sur-
factant, which he claimed was the most reliable and the cheapest surfactant choice. David
continued the conversation:

David:  I'm hearing hydrophilic so that sounds like our best bet.

Austin:  but the biological one has a low percentage of blood cell reactivity which is good

Grace: Are you talking about making new prototypes [or] are you still looking at the
already made ones?
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Jared: I think we should stick with the ones that are already made since that would
make it easier.

David and Austin offered suggestions for which surfactant to choose. Grace did not
offer suggestions for a surfactant, but instead asked a clarifying question about whether
the team was making new prototypes. In this excerpt, Grace connected the move of asking
questions: “Are you talking about making new prototypes [or] are you still looking at the
already made ones?” to David’s move of making a design decision and to Austin’s justifica-
tion based on performance parameters.

Later in the discussion, the team decided to use Grace’s previously designed prototype
as one of the devices to submit for testing. Austin asked Grace to explain her reasoning for
choosing 4% carbon nanotube for her device:

Austin:  Reason for going with 4% nanotube?
Grace:  Just because it was the highest percentage that I could see data for and therefore
the highest I could trust 100%

In this moment, Grace connected the rationale of performance parameter: “it was the
highest percentage that I could see data for” to Austin’s move of asking questions. In con-
trast to the previous exchange, Grace answered a question instead of asking a question but
still made connections to the move of asking questions.

Grace’s talk centered on asking clarifying questions and providing direct responses to
questions asked by her team members. Visualizing her talk as a discourse network confirms
this finding (Fig. 3). The connections in her discourse network focused on the move of
asking questions, which she connected to making design decisions and justifications about
communication and performance parameters. The strongest connections in her network are
between the move of asking questions and making design choices and between the move of
asking questions and the justification of performance parameters.

Fig.3 Example of a low-
performing student (Grace)
Discourse network

m_asking_questions T/- m_making_design_choices

oj_ " _requests

" "

j_performance_par 'S_requir m_experimental_testing
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High-performing student: Levi

In contrast to Grace’s discourse network which had a central focus of asking and answering
questions, Levi, a high-performing student, made connections among a variety of moves
and rationale. Levi was on a team with three other individuals: Francesca, Priya, and Lee.
When it was time to start the meeting, Levi initiated the discussion by typing, “Okay eve-
rybody, so we are looking at the prototypes in the FEEDS option under the tools tab.” Levi
continued the discussion:

Levi: So we don’t have to type out all of the explanations for each prototype again,
would you just like to put that notebook in the shared space file and then read each others’
explanations and go from there? I think we might want to choose some of each based on
explanations.

Francesca: how do you do that?

Levi: Go to the "individuals design 5 prototypes Notebook" under the notebook
tab, on the top left of the notebook you should see a box that says "available
in shared space" next to it. Just click that box.

Francesca: okay i did

Levi: Awesome! Okay so we’ll read each other’s justifications and then discuss
prototypes.

Francesca: okay sounds good!

In this excerpt, Levi connected the moves of making design decision: “I think we might
want to choose...” and asking questions: “Would you just like to... read each others’ expla-
nations and go from there?” to the rationale of communicating with his teammates: “So
that we don’t have to type out all the explanations for each prototype again.”

After gaining access to their team members’ notes, Francesca asked if the team should
only choose two different surfactants, biological and steric hindrance:

Francesca: Do you think we should pick either steric or biological for all of them? or
choose some of each?

Francesca: I feel like if we have a lot of different variants we wont have anything to really
compare our results with

Levi: I like the idea of using mainly steric hindrance because it was the most versa-
tile surfactant and voted the best choice by our group previously, but i think
we should try to include at least one prototype using a different surfactant to
test the results of changing a surfactant.

Francesca: okay that sounds good...do you want to do 3 and 2?

Francesca: Want to do the three steric having 1.5% nanotube and then do one vapor, one
dry-jet wet, and one phase?

Levi: Sure, that sounds good if we can find enough similarities between at least
two designs to justify comparing the results of each to each other. Like each
design has a different design that varies by only one factor so we can compare
results.

In this excerpt, Levi connected the moves of making design decisions: “I like the idea of

using mainly steric hindrance...” to the rationale of performance: “because it was the most
versatile surfactant and voted the best by our group previously.” These specific connections
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Fig.4 Example of a high-per-
forming student (Levi) Discourse
network

m_asking_questions @ m_making_design_choices

j_communication ¢ .j customer_consultants\requests

L ‘
j_performance_parameters_requirements m_experimental_testing

were made within his own utterance. However, these statements also connected to Frances-
ca’s previous utterances in which she asked a question about choosing design specifications
and proposed an experimental approach.

Levi made a variety of connections among moves and rationale, focusing on the move
of making design decisions. Visualizing his talk as a discourse network confirms this
finding (Fig. 4). His strongest connections were among making design decisions, asking
questions, and suggesting an experimental approach for testing. Similar to Grace, Levi
connected asking questions to justifications centered on better team communication, but
these connections were not as common as the ones focused on making design choices and
conducting experimental tests. Because Levi’s network more strongly focuses on making
design decisions based on performance parameters, it more closely resembles the discourse
of the expert engineers than Grace’s network.

Network analysis

This section addresses RQ 3: How do low-performing and high-performing students’ con-
nections among moves and rationale in a virtual internship compare to expert engineers’
in a real-world setting?

The analysis was expanded to examine the discourse networks of 314 virtual intern-
ship students and whether high-performing students have patterns of connections more like
those of experts than low-performing students.

First, mean (average) network representations were created for the low and high-per-
forming students. Then, a subtracted network was created between the mean networks of
the high-performing and low-performing students. To create a subtracted network, the
weights of each corresponding link in the two mean networks are subtracted to obtain one
network (Fig. 5). The subtracted network suggests high-performing students had more
strongly weighted connections on average than low-performing students because the largest
weight differences are in favor of the high-performing students, as indicated by the promi-
nence of thick blue lines. These connections were the move of making design decisions
and the move of experimental testing, the move of asking questions and the move of exper-
imental testing, and the move of making design decision and the rationale of customer
requests. In contrast, the low-performing students had smaller weight differences in their
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Fig.5 A subtracted network comparison between high-performing (blue) and low-performing (red) student
discourse networks. This network shows the weight difference between the mean high-performing student
network and the mean low-performing student network. (Color figure online)

favor, as indicated by the thin red lines: the move of asking questions and the rationale of
performance parameter, the move of asking questions and the rationale of communication,
and the move of making design decisions and the rationale of communication. This indi-
cates that low-performing students made slightly more connections among these connec-
tions than high-performing students, but the results more so suggest that low-performing
students are lacking the connections that high-performing students were making.

The analysis of the centroids of the networks confirms and extends these results statisti-
cally (Fig. 6). The results of the multi-dimensional scaling show that the first dimension
(x-axis) accounts for 16.2% of the variance in the data, and the second dimension (y-axis)
accounts for 32.7% of variance in the data. A statistical t-test was conducted on the cen-
troids of high and low performing student networks. High-performing students (M =.10,
SD=.50) had significantly higher discourse network centroids in the x-direction than
low-performing students (M=— .16, SD=.40; t (290.45)=4.98, p<.001) with a moder-
ate effect size (d=.55). Thus, high-performing students focused on connections to perfor-
mance parameter rationale when making design decisions and running experimental tests.
These patterns were similar to those made by experts.
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Fig.6 Virtual internship students’ centroids. Plot shows significant differences between low (red) and high
(blue) outcome virtual internship students on the x-axis. (Color figure online)

Discussion
Connections to the learning sciences and engineering education

Design is a central activity in engineering and, thus, is central to engineering education.
One space for effective design learning is virtual reflective practicums in which student
novices interact with tools and experts to learn the ways of the practice. However, a signifi-
cant issue in virtual design education is how to measure and evaluate design learning as it
emerges in authentic practices. This study proposes one approach for how design learning
can be measured and evaluated in authentic practice during virtual design education.

The results in this study from the real-world internship investigation revealed that
experts made a variety of connections among moves and rationale. Connections made the
most often were specific to the domain of design, such as making design decisions in order
to meet performance parameters and making design decisions based on the customer’s
preferences. Using the same coding scheme of moves and rationale from the real-world
study, the results from the virtual internship investigation showed a significant difference
between high and low-performing students in terms of their patterns of connections. The
networks suggested that high-performing students made connections that were more like
those of experts.
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The analysis of the professional engineer and student discourse in the real-world and
virtual settings respectively showed that all participants made moves (Schon, 1987) and
provided rationale (Rittel, 1988) in some form. In the domain of engineering education,
this study aligns with Atman and colleagues’ (Atman et al., 1999, 2000, 2008) claims that
expert engineers prioritize identifying customer and performance constraints while nov-
ices primarily focus on effective communication and planning. The experts in their study
were professional engineers with an average of 19 years of experience in the field, mostly
white males, and from a variety of engineering disciplines. In the domain of learning sci-
ences, the study’s claims about learning are similar to diSessa (1993)—that expert knowl-
edge systems have more reliable and productive connections among knowledge elements
than novice knowledge systems. The progression from novice to expert occurs through
the reorganization and refinements of connections in the knowledge system. However, the
results suggest that knowledge systems that develop in immersive virtual design learning
environments, such as Nephrotex, also incorporate the ways in which people in the domain
talk, act, and interact that are socially meaningful. Developing expertise requires more than
acquiring knowledge; it requires developing ways of knowing, being, and doing that are
particular to a professional culture and enacting the relationships among Discourse ele-
ments that are characteristic of the community (Shaffer, 2006). In this study, these ideas of
sociocultural learning, specifically in regard to professional cultures, have been applied to
design thinking through the examination of relationships among design moves and ration-
ales to propose a connected design rationale framework.

Connected rationale as a theoretical lens for research and practice

The results in this study provide an example of how a connected design rationale model
measures student design learning in a situated, authentic environment. This is a signifi-
cant contribution to learning sciences and engineering education because, as Atman et al.
(2008, p. 309) argue, “Research exists on engineering students’ knowing and thinking, yet
how it is enabled through discourse and a community of practice is not well understood.”
This study is a step towards the goal of learning more about how the design learning pro-
cess works when co-constructing knowledge in a social environment because it provides
one example of measuring expert and novice design discourse in a connected manne.

More pragmatically, a connected design rationale could be a useful theoretical lens for
the future design of learning environments and assessments and in particular, for evaluating
collaborative design activity in virtual environments. Learning objectives and assessments
can be designed to purposefully guide students toward creating a complex web of moves
and rationale when engaging in collaborative design thinking. For example, if one require-
ment is for students to develop a testing plan, an instructor can provide opportunities for
students to provide rationales for such a testing plan either by submitting an engineering
notebook or engaging in discussions with teammates. Consequently, instructors can create
rubrics that do not measure isolated instances of design skills, but rather resemble a web
of connected design rationale consisting of potential moves and justifications that would
constitute various levels of expertise in engineering design work. In this way, instructors
can evaluate the strength of students’ cohesive arguments and how their reasoning mirrors
professional engineering thinking.
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Epistemic network analysis as a tool for measuring design learning

This study also adds to the collection of work which demonstrates the usability of ENA as
a tool to measure connections in discourse and to measure complex thinking (Arastoopour
et al., 2014; Nash & Shaffer, 2011; Svarovsky, 2011). As the results suggest, the key affor-
dances of ENA are its ability to visualize the co-occurrences of qualitative codes through
network representations, analyze a large sample size through centroid representations, and
perform statistical tests to draw quantitative conclusions about connections made in quali-
tative data. Using these features in this study, ENA reproduced and highlighted patterns
of connections among moves and rationale in discourse and modeled a connected design
rationale in a virtual simulation environment.

Although ENA was used specifically as a research tool in this study, Atman et al. (2008)
claim that engineering education research tools may be used as assessment instruments
to help guide instruction if adopted in a useful manner. In the context of virtual learn-
ing environments, ENA may be useful for assessment of complex thinking. Virtual learn-
ing systems tracks large quantities of chat logs, notebooks, and other forms of digital arti-
facts, which would be difficult and time-consuming for educators to assess manually. As a
solution, instructors can use ENA to visualize connections among moves and rationale in
student discourse and interpret models of student learning instead of creating the models
themselves. Such connected design rationale network models can help instructors to better
understand individual and collaborative design practices in their classrooms, which may
result in an instructor’s decision to reconfigure teams, change the pace of the course, or
plan new lessons to facilitate certain patterns of connection-making in students’ discourse
networks.

Some initial work has been conducted adapting ENA for assessment use in the class-
room. Herder et al. (2018) designed a teacher interface embedded within the virtual intern-
ship that displayed real-time connections made by students. Through observations and
interviews with teachers, the researchers discovered that teachers did not use the interface
to assess students very often, although they expressed a desire to use it. Mainly, the infor-
mation presented was too abstract for teachers to interpret while managing their classroom
environments. However, teachers conveyed that the advantage of the ENA models was that
they maintained the complexity of student learning through dynamic network represen-
tations instead of only numeric values. Thus, there are significant challenges that remain
with adapting ENA as a real-time assessment tool for authentic virtual learning, but it is a
promising avenue for further research.

Limitations
There are several limitations in this study. First, this study only examined the discourse

of two professional engineers in the real-world internship environment. The benefit was
in an in-depth qualitative analysis of the two experts’ practices and discourse. However,
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this focus on only two engineers greatly limited the generalizability of the findings. Expert
practices vary across the sub-cultures of professional engineering and among different indi-
viduals. Thus, this study offered one worked example of how a connected design rationale
approach could be used to measure design learning in one specific context but does not
necessarily generalize to other engineering learning scenarios.

Relatedly, the generalizability of this study is also limited because of the demograph-
ics of the student population: mostly white and male. Although the demographics of the
undergraduate population in the virtual internship was fairly representative of all engineer-
ing undergraduates in the U.S., this breakdown suggests that historically dominant Dis-
courses were present and other forms were not accounted for. This limitation is especially
important to identify in the domain of engineering, which has been historically dominated
by white males and has largely excluded men and women of color and white women (Paw-
ley, 2017). In a more recent study, there has been some investigation with this study’s data-
set on women of color’s experiences and discourses within Nephrotex (Arastoopour Irgens,
2019).

In short, the intention of this study is not to propose an absolute measurement of design
learning but rather, to propose one approach for measuring design learning through a con-
nected design rationale lens and using ENA. In future studies, this proposed approach may
be applied across different populations with more nuanced Discourses to explore its limita-
tions and boundaries.

Conclusion

This work proposes innovative and aligned theoretical and methodological approaches for
investigating design thinking and learning. This study merged learning sciences and design
education research by proposing a connected model of design learning that examined the
interactions among moves and rationale during the design process. Beginning with a quali-
tative investigation of real-world engineering design practices, this study identified profes-
sional engineers’ patterns of moves and rationales when mentoring interns. Using these
identified moves and rationales as a grounding for investigating design practices in a vir-
tual internship, the results revealed differences between students and these differences were
associated with an independent outcome measure. The results suggest that a connected
design rationale model distinguishes between levels of expertise in virtual simulation envi-
ronments and can be a useful approach for both learning sciences and engineering educa-
tion research for a better understanding of the development of design thinking—a cognitive
process fundamental to twenty-first century education.

Appendix

See Fig. 7.
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USERNAME,

During today’s work session meet with your project team via chat to choose which designs to
test. Because actually building and testing a filtration membrane is very expensive, we test
early-stage designs with a sophisticated virtual simulator.

As a team, you should select five designs you would like to test. You can choose from among
the prototypes that team members have already created, or you can design new ones based on
your conversation. This should be a meeting with just the interns, but your design advisor will be
present to answer any questions you may have. Remember, the goal of these tests is to figure
out how different design parameters will affect the membrane attributes that Nephrotex's
internal consultants prioritize. Once you agree on 5 designs to test, collect your designs into a
batch in FEEDS.

After you meet and select your designs, each team member should create a notebook entry
including:

1. Alist of each prototype and its specifications
2. Ajustification for each prototype explaining why it was selected for testing
3. An attachment of your team’s batch

Your team needs to submit your notebooks by DUEDATE. Once all team members have
submitted their notebook entries, | will upload your team's 5 designs to the server for testing.
Because many Nephrotex researchers (and a number of our affiliates) use our virtual simulators
to run tests, it may take a day or two to get results back.

Have a productive meeting! Alex

Fig.7 Prompt that was given to Nephrotex students in the design activity for writing in their engineering
notebooks
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