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To better serve the evolving needs of society through responsible design, we must better educate the next generation of

engineers to continue innovating and advancing technological solutions for the betterment of humanity. Wake Forest

Engineering was built on the mission to Educate the Whole Engineer with a vision for our graduates to make positive

societal impact (For Humanity). In educating the whole engineer, we must recognize that the complexities of engineering

practice involve not only technical domains of learning (e.g., technical engineering knowledge, processes and thinking,

fundamental principles, advanced technological methods and tools, prototyping, testing) but also non-technical domains

of learning (e.g., collaboration and teamwork, engagement with stakeholders, effective communication, project manage-

ment, ethical decision making, entrepreneurial mindset, professionalism, character development, etc.). The closest we

come to engineering practice within undergraduate education is capstone design project experiences typically found in the

senior year. Like engineering practice, engineering design involves not only technical domains of learning (e.g., design

process and thinking, design principles, designmethods and tools, prototyping, testing) but also non-technical domains of

learning (e.g., collaboration and teamwork, engagement with stakeholders, effective communication, project manage-

ment, ethical decision making, entrepreneurial mindset, etc.). It is thus imperative for engineering educators to use

appropriate pedagogical approaches to prepare engineering graduates for the complexities associated with real-world

engineering practice and this can happen during capstone design experiences. Because both technical and non-technical

domains of learning involve cognitive development for the learner, this paper connects engineering design, in the context of

capstone design experiences, with a cognitive learning theory that is appropriate for engineering practice and engineering

education – cognitive apprenticeship. The purpose of this paper is to reflect on the appropriateness of cognitive

apprenticeship as a model to support pedagogical approaches and innovations in engineering design education via

capstone design experiences. Applied to both technical and non-technical domains of learning within capstone design at

Wake Forest University, we have discovered that cognitive apprenticeship can offer a meaningful way to develop and

reflect on pedagogical features that can support engineering student development. Cognitive apprenticeship is grounded

on six phases of learning – modeling, coaching, scaffolding, articulation, reflection, and exploration – and all these phases

are important to the learning complexities of engineering design.While capstone design facultymaybe better at scaffolding

and articulation, we found that improvements could be made in regard to modeling, coaching, reflection, and exploration

so that students can better cultivate engineering design competencies as well as entrepreneurial mindset and character

development. We also found that while capstone design faculty may be more innately prepared to cultivate engineering

design competencies and team effectiveness, more intentionality is needed with competencies like entrepreneurial mindset

and character development. Knowledge gains atWake Forest Engineering have significant potential for transferability to

other engineering programs. Many opportunities for future work (research, pedagogy, and assessment) exist.

Keywords: capstone design; cognitive apprenticeship; coaching; engineering design; character; entrepreneurial mindset; educate the
whole engineer

1. Introduction

Engineering design is required in the education of

engineering students and the engineering design

mindset (i.e. multiple viable solutions and multiple

paths to a viable solution, collaborative approach

to developing technical solutions), in contrast to

the more traditional ‘one correct solution and

individualistic’ approach of engineering science

courses, is essential to professional engineering

practice. In fact, engineering design is distinctly

defining of the engineering profession and dis-

tinctly defining in the work of engineers. It is thus

not a surprise that ABET accreditation requires all
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engineering programs to prepare engineering grad-

uates with knowledge and skills pertinent to engi-

neering design. Fig. 1 provides the definition of

engineering design according to ABET [1]. In

addition to engineering graduates being able ‘‘to

apply engineering design to produce solutions that
meet specified needs with consideration of public

health, safety, and welfare, as well as global,

cultural, social, environmental, and economic fac-

tors’’ (ABET Student Outcome 2) [1], all ABET

accredited engineering programs are required to

offer culminating design experiences within their

undergraduate education. Most often, these culmi-

nating engineering design experiences, also known
as capstone design experiences, are offered as one

or two semester experiences during the senior year

of undergraduate education. These culminating

engineering design experiences are required by

ABET to be project-driven, team-based, design

focused, culminating (in terms of supporting the

translation of knowledge gained in years one to

four) and helping engineering programs bridge the
gaps between classroom learning and professional

practice. As an example, students are expected to

identify and apply engineering codes, standards,

and regulations that are appropriate for their

design to ensure its relevance within a real-world

context. In addition to technical constraints and

requirements, students are also expected to take

into consideration social, environmental, eco-

nomic, and legal matters. The value and impor-

tance of capstone design experiences are well-

documented in the engineering education literature

[2, 3].

The complexity of learning associated with cap-

stone design experiences are also documented
because such learning is atypical to the more

traditional one-correct solution problems often

seen in engineering classrooms [4–8]. Real-world

or workplace engineering problems are ill-struc-

tured and complex because there are conflicting

goals from stakeholders, there are multiple correct

solutions and even multiple solution paths, there

are both engineering and non-engineering stan-
dards and constraints, there are collaborative

experiences, and even multiple forms of problem

representation [4]. Thus, from a cognitive perspec-

tive, engineering design is a problem-solving

experience that requires constraints, requirements,

and stakeholder needs to be well understood before

making critical decisions that will be embodied in

an engineering solution that is not dictated by one
correct solution nor one correct path to get to a

solution. The complexity associated with engineer-

ing design continues to be a focus of investigation

for engineering education and educational psychol-

ogy researchers. Because of this complexity, which

brings both technical and social factors and con-

straints, we broaden ABET’s definition of engi-

neering design – Fig. 2.
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Fig. 1. ABET’S Definition of Engineering Design [1].

Fig. 2.Wake Forest Engineering’s Definition of Engineering Design. This definition is inspired by both ABET definition (Fig. 1) and the
WFUMission of Pro Humanitate (for humanity). The lighter wording makes visible the humanistic elements added.



Because capstone design experiences innately

and most often represent the most complex projects

and problem solving in undergraduate engineering

student experiences, it is vitally important that

engineering educators use appropriate pedagogies

to support project-based, design-focused, team-
based learning that adheres to the highest engineer-

ing and ethical standards of practice. We do believe

that the project-based, cognitive-rich nature of

capstone design is conducive to cognitive appren-

ticeship. This paper thus represents an investigation

on the use of cognitive apprenticeship theory and

pedagogical strategies to teach capstone design

within a brand-new engineering program at Wake
Forest University. To the best of our knowledge,

this is the first publication that bridges cognitive

apprenticeship to capstone design education within

engineering. Conceptually, others have pointed to

the value of cognitive apprenticeship within engi-

neering design [9, 10 p. 12], but this is the first in

depth publication showing use of the learning

theory as a pedagogical framework within capstone
design. The findings herein have the potential to

inform engineering educators worldwide. The

added value of this paper is that it offers insights

into the use of cognitive apprenticeship theory

across both technical and non-technical domains

of learning associated with engineering education

and engineering design..

2. Cognitive Apprenticeship Theory

The term cognitive apprenticeship describes both a

theoretical model and pedagogical approach that

experts can use to aid in the instruction of novice

learners. First coined by Collins, Brown, and

Newman in 1987 [11], cognitive apprenticeship

has been applied across various professions and

trades to support teaching and learning. Whereas

traditional apprenticeship learning is an on-site,

reality-based training that involves an expert
demonstrating and observing a less-skilled person

or learner to achieve specific tasks or goals, cogni-

tive apprenticeship learning places greater focus on

developing mental models and metacognitive skills

while recognizing that many cognitive skills lear-

ners must acquire are not fully observable.

Cognitive apprenticeship learning theory con-

sists of four dimensions – content, methods, sequen-
cing, and sociology [11, 12]. Content refers to the

different types of knowledge necessary for expertise

and mastery over a specific topic or domain.Meth-

ods refer to the different teaching methods that are

the core of cognitive apprenticeship designed to aid

students in the acquisition of the skills necessary to

learn effectively [12].Methods also refer to designed

learning experiences that provide opportunities to
observe and engage learning strategies. Sequencing

involves structuring materials and assignments

appropriately to ensure the student novice feels

supported during skill acquisition [12]. Sociology

refers to the environment in which the novice learns

from the expert(s) [12]. During an apprenticeship,

this often entails peer learning and active commu-

nity participation. Often underappreciated but cri-
tical to success, focusing on sociology can increase

student learning, confidence, andmotivation. These

four dimensions can be segmented into six pedago-

gical stages: modeling, coaching, scaffolding, articu-

lation, reflection, and exploration (Fig. 3).Modeling,

Educating the Whole Engineer at Wake Forest Engineering 1509

Fig. 3. The six stages of cognitive apprenticeship theory. Adopted from [11].



coaching, and scaffolding are often associated with

traditional apprenticeship learning, while articula-

tion, reflection, and exploration are linked to higher-

order cognitive learning processes. All six phases

are relevant to engineering practice, engineering

education, and capstone design learning goals.
The six stages of apprenticeship learning, Fig. 3,

track a novice learner’s progression from observer

to proficiency [11, 12]. The use of modeling allows

an expert to explicitly demonstrate tasks. For

example, an expert may work through the deriva-

tion of a solution to demonstrate procedural knowl-

edge. Coaching allows the expert to provide

constructive feedback both during and after a
learning experience or assignment. Scaffolding pro-

vides both experts and novice a structured environ-

ment in which to teach and learn. Articulation

enables the novice to articulate their reasoning

and decision-making processes within specific

domains. Reflection enables the novice to compare

their own solutions and decision-making processes

with those of peers and, eventually, the expert.
Exploration is arguably the most crucial strategy

as it encourages the novice to set and pursue

independent subgoals within their own area(s) of

interest. Collectively, these strategies enable the

novice to apply their learned skills and experiences

to realistic problems [11–13].

Prior academic studies have showcased the effec-

tiveness of cognitive apprenticeship as a theoretical
foundation for learning models and as a practical

foundation for growth [13–22]. Woolley et al.

demonstrated that the cognitive apprenticeship

model provides a useful framework for cultivating

problem-solving skills, while noting that the model

requires significant resource investment [20].

Robust assessment is essential for gauging faculty

and student expertise as well as student perfor-
mance during the apprenticeship learning experi-

ence [18].

Cognitive apprenticeship has previously been

applied to engineering education and medical edu-

cation [20–24]. One such study concluded that,

compared to traditional teaching methods, the

applied cognitive apprenticeship model is more

likely to equip civil engineering students with
applicable professional skills that are relevant to

authentic work environments. The students in this

study were receptive to the course design and found

the approach useful for learning, with some stu-

dents requesting the design be applied to other

courses. A notable challenge that the study

designers faced was getting students to actively

engage in classroom work as traditional courses
often involved a lecturer and passive participation

from the students instead of the active learning

inherent in the cognitive apprenticeship model.

The study concluded that the applied cognitive

apprenticeship model is more likely to leave stu-

dents with long term skills relevant to workplace

environments. A study of STEM doctoral students

who used the cognitive apprenticeship framework

to improve their technical skills found it was gen-
erally effective but required earnest participation

and deliberate action from novice and expert alike

[22]. Similarly, another research team developed a

study to analyze the effectiveness of the cognitive

apprenticeship approach for a mathematical mod-

eling and problem-solving course [24]. The student

response was positive, with some study participants

calling the experience the most important of their
educational career. The cognitive apprenticeship

approach has also been found to increase both

long-term content retention and short-term student

satisfaction, as instructor and student interactions

are often more personal and stimulating [25].

Cognitive apprenticeships allow novice learners

to frame interesting problems and take initiative to

explore independently. By applying the theory and
framework to capstone senior design, the benefits

and shortcomings of the theory can be examined to

provide a greater understanding of the model as it

applies to engineering students. The outcomes of

this study can be broadly applied to similar engi-

neering programs.

3. Capstone Design at Wake Forest
Engineering

Wake Forest Engineering welcomed its inaugural

class in August 2017 and launched its capstone

design experience during the 2020–2021 academic

year [26]. With a program mission to Educate the

Whole Engineer and committed to the university
mission of Pro Humanitate (For Humanity), Wake

Forest Engineering provides an interdisciplinary

and integrated engineering education (BSEngineer-

ing degree) focused on technical breadth and depth

as well as personal and professional development.

A commitment to project-based and experiential

learning in every course enables ethical reasoning,

social responsibility, inclusive and collaborative
learning, technical communication, entrepreneurial

thinking, team and project management, self-dis-

covery, and self-development. Capstone design

represents the embodiment of all these learning

domains and the third run of capstone design is

the primary context for this paper. More details

about Wake Forest Engineering and the integrated

curriculum are provided in previous publications
[27].

The capstone design experience at Wake Forest

Engineering includes a three-course sequence that

totals 9 credit hours: Capstone Design I (EGR 313,
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1 credit), Capstone Design II (EGR 314, 4 credits),

and Capstone Design III (EGR 315, 4 credits).

Learning outcomes for each of these courses are

mapped to ABET Student Outcomes 1 through 7,

which build upon prior design learning and prior

design projects starting in year one of the engineer-
ing curriculum and spanning all four years. Learn-

ing goals for capstone courses are culminating and

developmental offering students an opportunity to

apply what they have learned prior but also challen-

ging them to advance their design knowledge and

thinking, communication skills, project and team

management, reasoning and decision-making skills,

engage with more diverse stakeholders, connect
design thinking to personal and professional

growth, etc. In capstone, as compared to design

projects earlier in the curriculum, the expectations

are higher because the design projects are more

complex and more ill-structured. Some of the over-

arching learning outcomes include:

1. Understand the engineering design process

and apply it iteratively to a real-world chal-

lenge in understanding decisions that engi-

neers make across various phases of the

design process.

2. Demonstrate customization of the engineering

design process to meet the needs of one’s

capstone design project and one’s capstone
design team.

3. Demonstrate effective application of diverse

engineering knowledge, methods, and tools to

support and justify decisions within the cap-

stone design project.

4. Apply design thinking towards self-discovery

of one’s personal and professional goals and

planning of one’s future.
5. Identify capstone design project ideas

informed by self-discovery and design think-

ing principles.

6. Demonstrate an ability to summarize and

communicate project progress in various for-

mats.

7. Demonstrate ethical reasoning and virtuous

decisionmaking towards engineering practice.
8. Demonstrate effectiveness as a team member

and agility in learning (and seeking new

knowledge) to supporting the needs of one’s

capstone design project and one’s capstone

design team.

9. Demonstrate effectiveness in oral presenta-

tions and soliciting feedback from external

stakeholders (e.g., Design Review Panel) in
support of one’s capstone design project and

one’s capstone team.

10. Demonstrate effectiveness in project manage-

ment and team management.

11. Demonstrate individual professional develop-

ment toward career readiness.

Our pedagogical vision in teaching these engi-

neering design courses is to enable mastery learning

through directed and non-directed, group-based

and independent, simple and complex, structured

and unstructured, problem-based learning experi-

ences to incrementally expose and reiterate the

design process. Our overarching goal is to teach
our students to be effective, adaptive, and ethical

problem solvers.

In our three capstone design courses (EGR 313,

314, 315), there are several topics that are covered to

advance students’ engineering design knowledge

and skills which also apply to diverse problem-

solving contexts and experiences (i.e. workplace,

team management, project management, etc.).
Topics that are developmentally integrated in the

upper-level design courses include:

(a) Engineering Design Process and Advanced

Design Methods (related primarily to ABET

Student Outcomes 1, 2, and 6) – To advance

students’ engineering design knowledge, we

introduce them to principles and methods

such as Design for X, Embodiment Design

and Evaluation, the Theory of Inventive Pro-

blem Solving (TRIZ), Failure Modes and
Effects Analysis, User-centered Design, and

Intellectual Property & Patents. Other topics

and assignments include configuration design,

mathematical modeling, prototyping, testing,

economic analysis, environmental impact ana-

lysis, social impact analysis.

(b) Technical Communication Skills (related pri-

marily to ABET Student Outcome 3) – To
advance students’ written and oral communi-

cations skills, we cover several relevant topics

including technical writing style and form,

presentation delivery, personal communication

styles, presentation slide design, project pro-

gress reporting, resume updates, cover letters,

and personal statements, design report writing,

and design presentations.
(c) Team and ProjectManagement (related primar-

ily to ABET Student Outcome 5) – To prepare

students to enter the workforce as effective

teammates and team leaders, we target team

building, collaborative excellence through

shared leadership, self and peer evaluation,

Agile project management, and conflict

engagement.
(d) Personal Values and Purpose, Ethical Character

and Leadership (related primarily to ABET

Student Outcomes 4 and 7) – To advance

students’ ethical awareness and understanding,

we expose them to learning topics and case

Educating the Whole Engineer at Wake Forest Engineering 1511



studies with ethical implications and ask them

to complete assignments related to ethics in a

virtuous or legal perspective.

During the first semester (EGR 313 – spring of

junior year), students learn fundamental concepts

related to the four-phase design process they will be

utilizing senior year. Students gain hands-on

experience by applying the four-phase design pro-

cess (Fig. 4) to a real-world challenge, practicing

critical tasks such as defining and scoping pro-
blems, developing system requirements, generating

concepts, evaluating, and selecting concepts, and

effectively rendering their work.

During their senior year in EGR 314 and EGR

315, students work in groups of four to five with one

or more faculty coaches. Students build upon pre-

vious design courses while integrating knowledge

and skills gained across the curriculum. At the
beginning of the fall semester (EGR 314), each

student conducts a series of feasibility analyses

and selects the top four projects of interest. The

capstone instructors finalize projects and form

student teams. From that point, the students work

through a four-phase design process (Fig. 4), which

includes (1) Discovery Design (aka problem dis-

covery), (2) Conceptual Design, (3) Embodiment
Design and (4) Detailed Design. Although there are

many engineering design processes used across

diverse sectors of engineering practice, we

employed this four-phase design process at Wake

Forest Engineering to facilitate the learning in the

capstone design course sequence (EGR 313, EGR

314, and EGR 315). Students learn this 4-phase

process in EGR 313 and proceed to put it to use in

EGR 314 and EGR 315. Discovery Design (phase

1) and Conceptual Design (phase 2) are of focus in

EGR 314, and Embodiment Design (phase 3) and

Detailed Design (phase 4) are of focus in EGR 315.

This 4-phase Design Process is iterative and serves
as a roadmap for capstone teams, who are able to

customize the steps within each phase to support

project progress. One teammay spend two weeks to

progress through Discovery Design, while another

four weeks. This flexibility enables a team to plan

within each phase to determine the strategies and

methods to employ in best supporting the project

goals. As teams progress through the 4-phase
Design Process, they consult the faculty coaches

to develop a detailed plan of progressing through

each design phase. As students begin work on their

projects, the instructional team devotes 30–75 min-

utes each week to provide students with essential

design concepts, methods, and tools. Teams in time

progress to a more independent work schedule and

coordination with the capstone instructors and
faculty coaches on a periodic basis.

Various models of experts (e.g., faculty, industry

experts, graduate students, peers) have been used

with the Wake Forest Engineering capstone model

andmore will be discussed in later sections. We also

utilize a collaborative ‘‘Design Review’’ process

wherein students can interact with technical experts

in fields related to their specific projects. Students
work on capstone projects collaboratively with the

faculty instructors, as well as their faculty coaches

and technical experts. Each of these groups plays a

key supporting role for the projects, as described

herein and are essential for the modeling, coaching,

and scaffolding stages of the cognitive apprentice-

ship model.

Faculty Instructors serve many roles throughout
the design process. One of the main roles is to

deliver content to students that supplement and

supports student learning throughout the capstone

design course sequence. Regarding the design pro-

ject itself, capstone instructors serve as the main

point of contact for project process details, and they

are available to discuss various aspects of the

project and to provide feedback to teams.
Faculty Lead Technical Coaches serve as the

closest faculty technical expert for an individual

team. The students meet weekly or biweekly with

their lead faculty technical coach as a source of

information when making design decisions and

determining directions for their projects. Frequent

meetings between faculty coaches and project teams

will ensure that more meaningful insights can be
offered to the team. Faculty coaches also periodi-

cally provide feedback to the instructors on the

overall progress of their teams.
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Fig. 4. Four phase design process followed within the Wake
Forest Engineering capstone experience. This four-phase design
process was developed by the lead author who served as the lead
capstone coordinator of the inaugural years of capstone design at
Wake Forest Engineering.



Technical Experts may include faculty instruc-

tors, other faculty coaches, clients, or external

experts with knowledge of the project’s subject

area. The primary role of the technical experts is

to participate in design reviews where they will offer

feedback on current progress, provide critical per-
spectives on engineering practice within their area

of expertise, and suggest future directions for the

team. Depending upon the availability of the tech-

nical experts, they may be open to additional

conversations in the time between the design

reviews.

The integration of the four-phase design process

mapped to the six stages of cognitive apprenticeship
is illustrated in Fig. 5. This is an overarching visual

illustrating how students are guided iteratively

through the design process and the six stages of

cognitive development. Students receive formative

feedback at checkpoints for each design phase that

require students to conduct design reviews, write

design reports, and perform teaming assessments.

The faculty instructors provide design resources,
regularly check-in with teams, and administer addi-

tional assignments to guide students through each

design phase. Students receive periodic feedback

from technical experts, faculty technical coaches,

and faculty instructors through design reviews,

design reports, and teaming assessments, completed

at the conclusion of each design phase. The instruc-

tors also carefully assess all deliverables and deter-

mine grades. Technical experts and lead faculty

coaches attend all four design reviews and provide

feedback and follow-on technical support. Students

are expected to ask their panelists targeted ques-

tions that will advance their project and implement

the panelists’ feedback. All teams submit the most
current version of their design report on pre-deter-

mined dates, but teams can emphasize the phases

that are most relevant to them and are expected to

revisit and revise earlier work as needed.

During EGR 314, students are focused on the

first two stages of the design process: Problem

Discovery and Conceptual Design. Throughout

the Problem Discovery phase, teams focus on
understanding the problem and defining require-

ments that will guide them to a successful design.

Understanding the problem involves tasks such as

literature reviews, interviewing stakeholders, obser-

ving users, benchmarking current solutions, and

analyzing relevant codes and standards. All these

factors are combined to generate targeted system

requirements that can be used throughout the
remainder of the design process. At this point,

students have their first of four design reviews.

This information sharing session involves a short

(�15-minute presentation) delivered by the student

team, followed by a longer (�45 minute) question

and feedback session between the students, faculty

coaches, and technical experts.

Once the problem discovery phase is completed,
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Fig. 5. The four-phase design process of the Wake Forest Engineering capstone courses (EGR 313, 314, 315) are
mapped to the six stages of cognitive apprenticeship.



students move on to the Conceptual Design phase

(EGR 314), where they spend time generating

numerous concepts using a variety of methods,

such as concept maps, functional modeling, mor-

phological matrices, benchmarking, etc. Teams

then systematically evaluate and select the most
viable concepts using tools such as Pugh charts,

weighted decisions matrices and proof of concept

prototyping. Students can systematically generate

and evaluate concepts by considering the system

requirements that were generated within the Pro-

blem Discovery phase. Once again, students par-

take in a design review at the end of this phase to

ensure that they have made appropriate decisions
during the conceptualization process. This also

allows teams to ensure that their chosen concept

aligns with the desires of their client before moving

to the embodiment design phase in EGR 315.

Within the embodiment design phase (EGR 315),

students focus on translating rough concepts into

preliminary prototypes. This process requires stu-

dents to rely on their engineering fundamentals
when making decisions about factors such as com-

ponent selection, material selection, dimensioning,

etc. To make these decisions, students utilize a

combination of engineering calculations, numerical

simulations, material property tables, CAD soft-

ware and more. Once critical decisions have been

made, students move on to preliminary prototyping

and testing. At this stage, teams are focused on
validating the performance of their system relative

to their system requirements and determining areas

for improvement. The iterative nature of this test-

ing, evaluating, and refinement process leads

directly into the Detailed Design phase. During

the Detailed Design phase (EGR 315), students

are focused on improving the quality of their

prototypes and moving towards a finalized version
of their design. This process involves several stages

of testing and refinement, consideration of com-

mercialization potential and overall validation of

the design. This stage of the process again relies on

the system requirements, wherein teams can base

their testing and evaluation on the requirements

that were established back in the Problem Discov-

ery Phase. In the end, we look for teams to thor-
oughly document the performance of their designs

and provide a summary of project progress and

what future steps could look like.

It is important to note that iteration is the central

tenet of this framework, as it is with many design

frameworks. While the stages are presented linearly

in the context of the capstone course sequence, this

does not imply that they cannot be revisited as the
design evolves. This iteration and reflection is

expected and is intentionally built into the scaffold-

ing of the design reviews.

Via design process content, rubrics, report tem-

plates, etc., there are clear expectations and require-

ments for our students to document and justify the

design process and the steps used in completing

their capstone projects. In preparing students for

the workplace and engineering practice, this is a
standard in which we strongly believe. We also

encourage our students, where applicable, to

apply engineering standards in executing their cap-

stone projects. Towards this goal, a section in the

final design report specifically requires that cap-

stone teams identify engineering standards that

apply to their project and describe how these

standards were utilized to govern their design pro-
cess.

Design Reviews are critical in real-world engi-

neering practice and critical to capstone design as

well. Design Reviews serve as key opportunities for

the capstone design student team to showcase their

progress and solicit feedback from experts and key

project stakeholders. Each capstone team has 3 to 5

Design Review Panelists, comprised of subject-
matter experts and key stakeholders (e.g., clients,

users, etc.). At least one Capstone Coach (Capstone

Instructors) is a member of this panel. Each seme-

ster, in EGR 314 and EGR 315, a minimum of two

Design Reviews must be conducted by each cap-

stone team. The design review process is essential to

the articulation stage of cognitive apprenticeship.

This is also a reflective process and provides an
authentic opportunity for coaching from the design

review panel. The composition of the Design

Review Panel can evolve as the project needs to

evolve in order to ensure that student teams are

receiving relevant feedback regarding aspects of

their project (e.g., concept generation, prototyping,

etc.). The Design Review Panel serves as a ‘‘sound-

ing board’’ for students to ask questions and get
technical expertise on the direction of their projects

and help identify knowledge gaps and areas of

improvement for future Design Reviews.

Over the course of envisioning and delivering the

WFUEngineering capstone design experience three

times, we have adjusted each year informed by our

own observations as faculty coaches, student feed-

back, and evaluating students’ work products. It is
important to note that the first cohort launched into

capstone design amid the Covid pandemic. For the

first cohort, EGR 314 (fall 2020) was fully remote

and back in person for EGR 315 (spring 2021).

4. Cognitive Apprenticeship: Engineering
Design Process, Methods, and Tools

In this section, we reflect on the Wake Forest

Engineering capstone design experience leveraging

the six phases of cognitive apprenticeship. We

Olga Pierrakos et al.1514



support the narrative with observations and student

assessments.

4.1 MODELING: Engineering Design Process,

Methods, and Tools

A variety of experts and strategies were used to

model for students learning that is relevant to

capstone design projects. Related to cognitive activ-

ities like the use of design methods, instructors

provided examples of using specific design methods

to guide students through the design process. As

one example, students were asked to use morpho-

logical matrices to generate concepts that aligned
with system requirements. Thus, this was a design

method to support ideation, concept generation,

and eventually concept selection. Other examples of

faculty modeling design methods involved mathe-

matical and computational modeling using subject-

specific tools, failure modes analysis, stakeholder

analysis, system requirement generation, etc. Using

examples generated by experts (in this case faculty),
students could witness and experience how key

design activities and methods can support the

iterative design process and engineering decisions.

During year one, capstone instructors modeled the

use of many design methods during class sessions,

pre-recorded videos made available to students,

and within assignments. From year one to year

two to year three, this level of modeling (capstone
instructors modeling the appropriate use of design

methods) decreased because students wanted more

autonomy to work on the capstone project. By year

three, very little modeling was done by capstone

instructors during class time and pre-recorded

videos and resources were made available to stu-

dents. As a result, we observed a decrease in student

performance pertinent to the appropriate use of
design methods and evidenced in their design deci-

sions (Table 1). The challenge that students faced in

this stage of the cognitive apprenticeship model is

taking a worked-out example and translating the

method or tool to their specific capstone project.

We discovered that not all capstone teams effec-

tively used such methods to support their project

progress. Some teams struggled to connect elements
of the design methods to their specific project, and

this disconnect was further exacerbated by not

having faculty fully aligned with understanding

the design methods and the value such methods

have to structure design decisions for novice learn-

ing.

4.2 COACHING: Engineering Design Process,

Methods, and Tools

Coaching, which is the process of experts making

observations of novices and offering feedback, has

been critical for the WFU Engineering capstone

design experience. As described previously, we

have used an elaborate coaching model within

WFU Engineering capstone design to support

learning and offer capstone teams considerable

feedback. During year one, one capstone faculty

coachwas assigned to each team to support them in
navigating the design process. During year two and

three, one lead technical faculty coach was assigned

to each team to do this same role. The challenge

that arose is that although the lead technical faculty

coaches had subject-matter expertise with the tech-

nical aspects of the project, many of them lacked

knowledge and experience with the intricacies of

mentoring teams through customized design pro-
cesses, using design methods appropriately, and

helping students build connections between

design process, tools, and application. The fre-

quency of meeting with the lead technical coaches

has varied over the years. During year one, it was a

requirement that the capstone teams meet with

their lead technical coach weekly or biweekly to

provide a progress update, discuss the upcoming
priorities, and discuss hurdles the team is facing.

During year two and three, these regular meetings

with coaches changed to becoming check-in and

check-out sessions at the start and end of each of

the four design phases. This resulted in capstone

teams having more autonomy and less frequent

meetings with some coaches happening. During

year two, an attempt was made to designate
‘‘area’’ coaches. As an example, we have one

coach that served as the ‘‘documentation coach’’

and who met with every team to provide them

feedback on their documentation. Another exam-

ple being a ‘‘prototyping coach’’ who met with each

team prior to starting prototyping to ensure that

each team had a prototyping plan in place, under-

stood safety requirements, had adequate access and
training to facilities and equipment, and had a clear

purpose to the prototyping and testing work. These

‘‘area’’ coaches supported all the capstone teams in

a systematic manner, and we saw good perfor-

mance amongst the students. The one challenge

with ‘‘area’’ coaches is that a disconnect could

often arise between the feedback provided by the

‘‘area’’ coach and the lead technical faculty coach.
Coordination would be essential amongst the coa-

ches. Coaching has also played a critical role

during the four design reviews (two per semester)

during the senior year. We have learned that it is

not trivial who is part of the design review process.

During year one, we intentionally invited engineer-

ing faculty, subject-matter experts, industry engi-

neers, and even ‘‘users’’ to be part of the design
review process. This level of expert diversity and

depth of expertise was immensely impactful to the

capstone teams and the diverse feedback students
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received forced them to consider many perspectives

that they would not have naturally been aware of.

During year two and three, the design review panels

were comprised of mostly engineering faculty and

very few external experts. The impact of this

change had both positive and negative effects. It
was certainly easier to manage a smaller team of

design review panelists and this was a positive, but

it also removed essential expertise that external

experts offered. As an example, an industry or

practicing engineer often identified other areas of

feedback compared to the engineering faculty.

How this impacted student teams is that the feed-

back they received was now less diverse and less
inclusive of industry practices.

4.3 SCAFFOLDING: Engineering Design Process,

Methods, and Tools

Scaffolding involves experts supporting novices

(i.e., students) with slowly removing support so as

to allow students to work more independently.
Scaffolding within WFU Engineering took place

with design reports, design reviews, and prototyping

each semester. Design report submissions within

the capstone curriculum are scaffolded such that

students slowly work through a complete template

of sections to be completed, receiving feedback

repeatedly on their drafts as they go through their

project. Formal design review presentations are
conducted twice per semester to provide thorough

updates to their coaches, ask targeted questions of

technical coaches, and receive feedback on their

progress and project decisions. Prototypes are gra-

dually built up with repeated technical feedback

starting with a proof-of-concept model and build-

ing up through Alpha and Beta phases, providing

structure at each step for students to demonstrate
prototype function before refinement is conducted.

Scaffolding is also taking place with adding formal

and informal checkpoints throughout the semester

and across the span of the year. Feedback and

learning is supporting through scaffolding by all

coaches involved. Scaffolding is also promoted by

making course deliverables and deadlines visible to

students at the beginning of each semester to
provide a transparent pathway. Tiered scaffolding

is also happening in a developmental nature. As an

example, the fall semester (EGR 314) has tended to

include more assignments and checkpoints com-

pared to spring semester (where less scaffolding is

provided). This intentional scaffolding offers stu-

dents an opportunity to fully understand expecta-

tions and new content in the fall semester and
operate more independently in the spring semester.

While coaches still meet with their capstone teams

in the spring semester, the teams start to operate

with more autonomy.

4.4 ARTICULATION: Engineering Design

Process, Methods, and Tools

Articulation involves the process of an expert(s)

promoting the novice learner to articulate her/his

understanding, reasoning, decision making, etc.

Within WFU Engineering, articulation happens

most prominently during progress meetings with

coaches, during design reviews (two per semester),
and in critical reviews of design documentation

(e.g., progress meetings, demo sessions, etc.).

While progress meetings with coaches have varied

over the course of the past three years at WFU

Engineering, effective progress meetings with coa-

ches are an informalmechanism to observe students

articulate their reasoning and justification of deci-

sions. During year one, capstone coaches were
required to have progress meetings weekly in the

fall semester and biweekly in the spring semester.

Student teams were expected to follow a consistent

framework to share progress, upcoming priorities

and deadlines, as well as dealing with obstacles.

Year two and three, teams were given more auton-

omy in determining the frequency of progress meet-

ings with coaches and this autonomy did not always
benefit the project and team (and reflected in the

performance results of Table 1). In general, and

independent of the frequency of these progress

meetings, technical coaches aim to understand

how students are reasoning through the decisions

they are making and focus on pointing students in

the right direction without explicitly directing them.

During these meetings, students articulate their
progress and plans in some technical detail, includ-

ing technical diagrams or testing plans. Such infor-

mal and ungraded documentation supports

capstone teams’ cognitive learning and develop-

ment. Regarding design reviews, articulation of

reasoning, understanding, and decision making

was made visible to a broader panel of experts

(beyond just the faculty coach) when students
presented their project progress. This broader

panel of experts often validated the observations

and feedback of the faculty coach and served as a

significant accountability step to empower the cap-

stone teams to address the shortcomings that they

were noticing for themselves and the shortcomings

that the experts made visible to the teams. Design

reviews have been a mainstay of the WFU Engi-
neering capstone experience since year one and

continue to be a significant learning activity. The

design reviews are ideally suited to make visible to

capstone coaches how the team is progressing

through the project, how the team is making

decisions, how well they can justify the decisions,

how they are managing the team and project, etc.

The practice of students developing and delivering
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these design reviews and reports allows students to

step back and consider the bigger picture of their

project and may prevent them from getting caught

in the minutia of their project. Feedback during

design reviews becomes an opportunity for cap-

stone teams to refocus, rescope, rethink decisions,
and reset priorities (as evidenced by the iterative

approach illustrated in Fig. 5). Critical review of

design reports also offers an opportunity to assess

the cognitive reasoning of capstone teams. During

year one, both capstone faculty coaches and the

lead technical coach reviewed the design reports,

but the amount of coordination became cumber-

some and the misalignment of feedback from these
two coaches became frustrating for students.

During year two and year three, one capstone

faculty coach reviewed all the design reports to

offer teams consistent feedback. There are pros

and cons to each of these models, but one thing is

clear: technical documentation can reveal miscon-

ceptions, inappropriate reasoning, and unclear jus-

tifications in ways that oral presentations (e.g.,
design reviews and progress meetings) cannot

always capture. Thus, it is advisable to have experts

review diverse forms of communication (oral, writ-

ten, prototypes) to effectively support students with

articulation.

4.5 REFLECTION: Engineering Design Process,

Methods, and Tools

Reflection allows the novice learner to compare

their processes with those of experts. Design reviews

which have been described previously offer an

opportunity for students to hear from diverse

experts how they are reasoning through the project

and hear advise on other strategies to use in deliver-

ing a solution. Year one of WFU Engineering
capstone design brought together a diverse team

of experts to serve on the design review panels. As

noted above, faculty experts combined with sub-

ject-matter experts, industry engineers, and other

relevant stakeholders diversified the perspective

and the feedback that student teams received.

During year one, several reflection assignments

supported students in reflecting on the feedback
they received. As an example, during year one,

teams were expected to document and summarize

feedback received by experts on their design review

panels and document meetings with relevant stake-

holders. This type of reflection not only built

accountability for the team, but it also enabled

deeper reflection and synthesis of expert advice.

Teams and faculty coaches could come back to
this documented synthesis and reflection to deter-

mine project priorities, leverage new strategies and

methods to make project progress, and use new

resources or knowledge to make decisions. During

years two and three, this level of reflection was not

required (in the form of a course assignment), but

some capstone faculty coaches continued the prac-

tice informally. We believe that there are more

opportunities to support this cognitive phase

within capstone design. Demonstrating more expli-
citly how experts problem solve effectively and

allowing students to reflect on such processes is

significant. What can be difficult in a typical engi-

neering undergraduate department is having

faculty who have practiced engineering and who

themselves have experience with design processes,

design methods, and design tools. Such experiences

are essential.

4.6 EXPLORATION: Engineering Design

Process, Methods, and Tools

Exploration involves the experts encouraging the

novice learners to solve problems on their own. In

fact, we have intentionally built inmore exploration

within capstone design from year one to year two
and three. Students, in course evaluation surveys,

voiced a desire to have more autonomy and thus we

adjusted coaching and scaffolding to support

exploration. From fall to spring semester, many

faculty coaches shift their coaching style to further

support exploration and to enable teams to solve

their own problems. This is exemplified by teams

initiating prototyping and testing plans, refining
system requirements and prioritizing them, realign-

ing on design decisions, etc. There are some areas

(e.g., codes and standards, testing techniques, etc.)

that are inherently difficult for students to know

and be aware of and this requires coaching and

scaffolding. Teams are asked to make their work

visible and to show drafts of their work before

getting formal sign-off to proceed to the next step.
This is an important procedure for teams to grasp

and a process that challenges many teams, espe-

cially those ones who are not comfortable and lack

confidence to showcase their draft work to receive

feedback. Teams engage with their faculty coaches

and technical experts throughout the prototyping

stages of their project, gaining experience prototyp-

ing through physical models and/or software in line
with their project needs. Project groups who require

physical models are trained on the necessary equip-

ment at the Wake Forest Engineering Innovation

Studio or relate to a local partner with the appro-

priate expertise. Lectures throughout the latter two

design phases, embodiment, and detailed design,

include prototyping thinking and considerations,

where students learn design considerations such as
rapid prototyping tools, workflow, tolerancing, and

tool kerf. Student teams are encouraged to share

their early models and prototypes to faculty and

engage in conversations with faculty and technical
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experts about how they are considering solving

their design challenges, with the goal of shaping

student design thinking to more effectively and

elegantly problem solve. Special consideration

must be provided to teams with software compo-

nents being part of prototypes.

4.7 OTHER OBSERVATIONS: Engineering

Design Process, Methods, and Tools

From course evaluation results, we discovered that

students highly valued (1) interactions with faculty
coaches over any classroom lecture or pre-recorded

video, (2) interactions with technical experts and

relevant stakeholders, (3) design reviews with a

diverse set of experts, and (4) appreciated detailed

feedback on design reports, design reviews, and

one-on-one meetings with coaches. Similarly, we

discovered that students wanted more customized

coaching that was project specific over generic
lectures and methods. The challenge this presented

though was that not all faculty coaches were famil-

iar with the design tools and methods of the class so

disconnect and misalignment became visible and

this even impacted student performance.

Although not inclusive of all areas of student

learning and student performance, Table 1 show-

cases how students performed across key areas of

problem solving, design process, design methods,

prototyping, stakeholder engagement, decision

making impacts, and testing. As many capstone

design experiences are integral to ABET accredita-

tion procedures, the performance metrics (column
1) map to the ABET Student Outcomes 1, 2, 4, and

6. The shaded cells reflect areas where performance

decreased from year one to year two. In part, even

while more rigorous study design and assessment

would be needed, we can attribute some of these

performance changes to the changes wemade to the

structure of the experience from year one to year

two. As an example, because expert modeling as a
cognitive phase decreased from year one to year

two, as did the number of scaffolded assignments to

support design methods, we observed that student

performance across performance areas of Student

Outcomes 1, 2, and 6 also decreased. In some cases,

the performance changes were not high or signifi-

cant, but overall, a general pattern is important to

note. In other learning areas, because the coaching
model was enhanced, we saw areas of increased

performance (e.g., stakeholder engagement and

understanding the impacts of decisions). Future

work to connect student learning and the cognitive
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Table 1. Student performance over the first two runs ofWFUEngineering across key areas of learning. Percentages are associatedwith the
number of teams who attained the performance indicator. Shaded cells reflect decreased performance from year one to two

Performance Indicators
Year 1
(10 Teams)

Year 2
(11 Teams)

Effective Use of Engineering, Science, and Math Principles (ABET SO1 related)

Identify appropriate engineering, science, and math principles 100% 100%

Formulate appropriate engineering, science, and math formulas or models 100% 91%

Apply appropriate engineering, science, and math principles, calculations, & models 100% 73%

Effective Use of Engineering Design Process, Principles, Considerations (ABET SO2 related)

Effective use of the engineering design process 100% 82%

Consider alternative solutions to meet design specifications 100% 91%

Select concepts to embody the design specifications 100% 91%

Consider appropriate technical factors 90% 73%

Consider appropriate sociocultural factors 100% 100%

Consider appropriate economic factors 100% 91%

Consider appropriate environmental factors 100% 100%

Use appropriate methods and tools to produce an alpha or beta prototype 90% 91%

Appropriate use of codes and standards 90% 82%

Effective Engagement with Stakeholders and Impacts of Decisions (ABET SO4 related)

Identify and engage with relevant stakeholders 100% 100%

Understand ethical implications of design decisions to stakeholders 100% 100%

Recognize appropriate sociocultural impacts to inform decision making 100% 100%

Recognize appropriate economic impacts to inform decision making 80% 82%

Recognize appropriate environmental impacts to inform decision making 100% 100%

Effective Testing, Experimentation, Analysis, and Conclusions (ABET SO6 related)

Develop appropriate testing plans and procedures to evaluate system performance 90% 64%

Conduct appropriate testing plans and procedures to evaluate system performance 90% 82%

Analyze data from testing and interpret appropriately to inform design decisions 90% 91%

Use engineering judgment to draw conclusions that inform next steps 90% 82%



phase of the apprentice model would be needed to

make stronger conclusions.

5. Cognitive Apprenticeship: Team
Effectiveness and Project Management

Capstone design programs typically emphasize

technical and design knowledge and skills, but

professional success is enabled by effective team-

work and communication, interpersonal fluency,

cultural competence, self-mastery, and a learning

orientation. Cognitive apprenticeship supports

deep engagement of non-technical learning goals
by challenging team members to surface their

thinking for collaborative analysis, articulation,

and/or reflection. During the past three years of

capstone design at Wake Forest, the instructional

team designated a Team Strength Coach who, with

input from the instructional team, designed, imple-

mented, and iterated on instructional content and

pedagogical strategies to support learning domains
associated with team effectiveness and project man-

agement. Agile project management training and

strategies were offered to the capstone teams as

were strategies for team effectiveness. Importantly,

development and application processes are inten-

tionally aligned with the design and character

aspects of the course to provide a coherent experi-

ence for student teams as they gain expertise and
independence across two semesters of immersive

capstone project work and learning. The progres-

sively empowering mentor-apprentice learning

exchanges that characterize cognitive apprentice-

ship have demonstrated value across individual and

team contexts.

Because strength-based approaches have demon-

strated efficacy for higher education [28], profes-
sional development applications [29], and even

engineering education [30–31], Wake Forest Engi-

neering has adopted a strength-based framework

for teaching team effectiveness and project manage-

ment that we call GRIP Strength due to foci on

goals, roles, interactions, and planning (GRIP).

The term Team Strength is used here, as it is in

our courses, to encapsulate learning related to
effective teamwork and project management.

Wake Forest Engineering’s GRIP Strength Frame-

work is adapted from established industry practices

and designed to enable collaborative strength,

motivate prosocial action, and encourage creative

exploration [32]. General Electric (GE) provided

the ‘‘source code’’ for our approach based on its

long-term emphasis on collaborative productivity,
employee character, and its engagement of appren-

ticeship training. Indeed, GE was one of the first

large engineering companies to embrace appren-

ticeships. In the early 1990’s, CEO Jack Walsh

ushered in the Change Acceleration Process

(CAP), which GE and many subsequent adopters

use to this day. Numerous high quality educational

tools have emerged from CAP over the years,

including a multipurpose rubric based on the

GRIP Model of Team Effectiveness [33] which
GE has continued to use for team assessment and

improvement across the company [34].

5.1 MODELING: Team Effectiveness and Project

Management

During first semester of capstone, the Team

Strength Coach regularly used modeling as a
demonstrative tool. The short classroom lectures

that framed essential collaborative practices

stemmed from industry standards, faculty experi-

ence, and feedback from previous students. Suc-

cessful teamwork and project management are

enabled by productive communication, expectation

setting, mutual accountability, and conflict engage-

ment. For instance, good communication is mod-
eled through active listening, questioning, and

immediate feedback in team coaching sessions.

Expectation setting and accountability are modeled

through faculty conscientiousness as well as clear

and consistent team expectations adherent to the

GRIP Strength Framework (Table 2). The impor-

tance and innovative potential of conflict engage-

ment is modeled by prioritizing and establishing
norms of trust and transparency in faculty-student

and faculty-team communication. Engineering

faculty and external technical experts also played

critical roles in modeling effective teamwork and

communication. The collaborative co-teaching

model allowed students to experience a diversity

of expertise presented in a cooperative format.

5.2 COACHING: Team Effectiveness and Project

Management

Coaching strategies characterized by instructor

observation and formative feedback have demon-

strated utility across many higher education con-

texts [35, 36]. As noted earlier, instructional

coaching is a core driver of the WFU Engineering

capstone design experience. Rather than providing
direct answers, instructors often use open-ended

questions, hints, and feedback to encourage teams

to think critically and find their own solutions. This

approach empowers students to take ownership of

their work while developing problem-solving skills.

Teams are encouraged to adopt a growth mindset

by embracing the learning process and perceiving

challenges as opportunities for creative innovation.
This approach helped students develop resilience

and perseverance when faced with setbacks. To

facilitate self-awareness and encourage teams to

take responsibility for their own learning, coaches
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employed Agile tools that compelled teams to

periodically reflect on their progress and identify

areas for improvement. Twice per semester, the

Team Strength coach conducted a rubric-based

assessment of team performance across the eight

GRIP Strength domains in Table 2. Teammates
had ample time to review their feedback internally

prior to sharing reactions and development goals

with the Team Strength coach in scheduled ses-

sions. In the interest of cultivating trust and engage-

ment, both written and oral feedback targeted

accessible improvement goals and highlighted

strengths as well as development opportunities.

Teams were advised early and often that interper-
sonal conflict is inevitable and can often catalyze

creativity and innovation when engaged earnestly

and openly. Team working agreements were recog-

nized for their ability to render shared expectations

and recognized standards for collaboration,

accountability, communication, and conflict.

Although such activities were not favored by the

students and for some regarded as a distraction
from more important project work, most teams

discovered that the quality of their working agree-

ments depended on the quality of their interactive

process. Coaches provided feedback to these work-

ing agreements and could also provide one-on-one

feedback to individual students as appropriate and

as needed.

5.3 SCAFFOLDING: Team Effectiveness and

Project Management

Scaffolding was important to support team effec-
tiveness and project management. A year-long

design project can feel complex and overwhelming,

and preparing a detailed task backlog at the begin-

ning of each design phase (Fig. 4) helped teams

break down project goals into manageable tasks.

When managed effectively, backlogs enable

detailed task tracking, reprioritization, and work

assignments. Such a practice was designed to help

team members feel less overwhelmed and maintain

confidence in their ability to complete the project
successfully. What was observed over the years is

that capstone teams would not consistently present

their backlogs to their Lead Technical Coach for

feedback. While some teams might present these

backlogs to the Team Strength Coach, their Lead

Technical Coach would not have seen their back-

log. Such disconnects demonstrated how easily

student teams can skip important feedback and
communication steps with technical experts who

can inform project management timelines. As the

teams progressed from semester one to semester

two, particularly for teams who were meeting

project goals and deadlines, coaches scaffolded

project management oversight and allowed teams

to work more independently. From the perspective

of team effectiveness, we discovered that while most
conflicts were resolved internally, a significant min-

ority required faculty facilitation to manage dis-

agreements resolve misalignments and relieve

tension. In most such cases, coaches scaffolded

support over a matter of weeks until teams were

able to (re)take ownership. In rare cases, teams

needed regular support for the duration of the

project to maintain functionality.

5.4 ARTICULATION: Team Effectiveness and

Project Management

A team’s ability to successfully articulate progress

toward GRIP Strength learning goals (see Table 2)

represented a critical competency on the journey

toward independent exploration and innovation.
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Table 2. Team GRIP Strength Framework used by Wake Forest Engineering for capstone design

Team GRIP Strength Framework
Goals, Roles, Interactions & Planning

G Common Purpose: Team is aligned on project goals & shares a vision of the path to success.
Core Strengths: Empathy, Honesty

Pro Humanitate: Team activities are characterized by efforts to better the lives of others.
Core Strengths: Compassion, Service

R Equity & Shared Leadership: Responsibilities are delegated equitably & engaged responsibly.
Core Strengths: Cooperation, Autonomy

Team Agility: Team can adapt to change and meet emergent challenges (functional flexibility).
Core Strengths: Judgement, Creativity

I Interpersonal Dynamics: Team demonstrates effective communication & collaboration.
Core Strengths: Trust, Authenticity

Decision Making: Team decision-making processes are cooperative, thoughtful, and prosocial when possible. Core Strengths:
Practical Wisdom, Humility

P Short-Term Planning: Team maintains effective short-term planning practices & a detailed weekly schedule. Core Strengths:
Diligence, Persistence

Long-Term Planning: Team maintains a long-term schedule including known deadlines, events & milestones. Core Strengths:
Purpose, Perspective



From a Team Strength perspective, articulation is

primarily demonstrated through scheduled coach-

ing sessions, Agile retrospectives, and periodic self

and peer evaluations. During face-to-face meetings,

the Team Strength Coach challenged teams to

reflect on experience and illustrate specific processes
or experiences they associate with good practice.

These sessions also provided regular opportunities

for teammates to share formative feedbackwith one

other, a daunting task for some that takes both time

and trust to establish. Teams also completed peri-

odic retrospectives framed by Agile best-practices

[37]. The points of reflection offered numerous

opportunities for each team and each student to
articulate their own learning and performance in

service of developing a clear action plan to support

continued development. Finally, the CATME

(Comprehensive Assessment of Team Member

Effectiveness) peer and self-assessment [38, 39]

was deployed at three points across the capstone

experience to compel meaningful engagement and

articulation of feedback processes essential to
building team strength. While students did not

want CATME ratings to be used for performance

grading, we discovered that many students appre-

ciated the tool as a means of self and peer evalua-

tion. When faculty coaches were able to debrief

with teams, either in a one-on-one setting or in a

group setting, about team effectiveness, it was well

received.

5.5 REFLECTION: Team Effectiveness and

Project Management

Reflection allows students to compare their pro-

cesses with those of experts. While such compar-

isons are not generally explicit, team strength

exemplars are embedded throughout the capstone
experience in the form of best-practices (as noted in

the previous section), exemplary work from pre-

vious capstone teams, and engagement with profes-

sional practices through readings and videos. One

particularly popular comparative methodology

does exist, however. The recently established tradi-

tion of gathering team strength advice from each

graduating class and passing it on to the next class.
Peer advice has been shown to be a potent moti-

vator among university students [40], and based on

our early returns, it appears that engineering design

is no exception.

5.6 EXPLORATION: Team Effectiveness and

Project Management

Although our coaching model is specifically
designed to encourage teams to resolve internal

challenges independently through mutual trust

and transparency, such autonomy is not truly

expected until the second semester, and teams

always have a straightforward path to faculty

support. Because team effectiveness and project

management are not typically top of mind for

engineering students who tend to prioritize techni-

cal rather than humanistic content [41], indepen-

dent exploration is encouraged through value
propositions that illuminate the importance of

collaborative communication and project manage-

ment skills to professional engineering practice [42].

As demonstrated in the next section, capstone

coaches also target team-specific opportunities to

demonstrate the professional value of personal

strengths like honesty, compassion, and practical

wisdom.

5.7 OTHER OBSERVATIONS: Team

Effectiveness and Project Management

Among the most important lessons we learned

across three years of team strength coaching is the

importance of cultivating student motivation.

During year one, team effectiveness and project
management topics were taught with the expecta-

tion that teams would engage these non-technical

topics with the same vigor applied to technical and

design challenges. In relatively short form, and

despite the fact that collaboration and communica-

tion skills are valued by industry as much as

technical competencies [42, 43], student behavior

demonstrated that team-focused course content
was typically regarded as less important, ‘‘neces-

sary-but-boring,’’ or even superfluous. For this

reason, targeted motivational strategies were devel-

oped and increasingly embedded in apprenticeship

practices during years two and three. Research on

socioemotional aspects of student learning during

cognitive apprenticeships have highlighted the

motivational importance of contextual factors [44]
and student goals [45]. The motivational potential

of specific learning contexts was leveraged by draw-

ing on the students’ common intrinsic desires for

ownership, self-assurance, and professional suc-

cess. For instance, teams were granted higher

degrees of independent control regarding develop-

ment and maintenance of project management

processes. Anecdotal evidence suggests that higher
degrees of ownership and trust do motivate teams

to independently maintain detailed project back-

logs, however, the quality of the project manage-

ment strategies suffered in comparison to teams

who were subjected to more faculty oversight. So,

there may be a trade-off between effort (i.e.. quan-

tity) and effectiveness (i.e. quality). A more success-

ful method of motivating students to engage non-
technical team strength content entailed regular

value-propositions (i.e. pitches) delivered by the

Team Strength Coach. When students understand

the professional desirability and practical value of
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soft skills, the shift in perspective typically leads to

increased engagement and effort.

6. Cognitive Apprenticeship: Character
Cultivation & Entrepreneurial Mindset

In 2018, Wake Forest Engineering joined the Kern

Entrepreneurial Engineering Network (KEEN) as

an institutional partner with a commitment to

integrate an entrepreneurial mindset across the

engineering curriculum. Additionally, in 2019,
Wake Forest Engineering received multi-year fund-

ing to support character education across the engi-

neering curriculum. This unique combination of

entrepreneurial mindset with character education

may seem as two distinct areas of learning, but that

is not how the Wake Forest Engineering capstone

design team saw things. In fact, we believed that

capstone design experiences serve as fertile ground
for both an entrepreneurial mindset and character

development to be embodied. We broadly define

entrepreneurial mindset as learning that supports

positive value creation through curiosity and build-

ing connections [46]. We also broadly define char-

acter development as the process to continuously

advance one’s dispositions towards moral, civic,

performance, and intellectual virtues. Some of our
priorwork serves to offer context to our approach in

linking engineering ethics to character education

and the importance of character education within

capstone design [47–50]. In this section,we reflect on

students’ entrepreneurial and ethical development

leveraging the six phases of cognitive apprentice-

ship. Virtues that our team has identified to be

important to engineering practice, capstone

design, and in developing an entrepreneurial mind-

set are listed in Table 3. This list of virtues is

informed by the Jubilee Center Framework which

categories virtues across four categories – perfor-

mance virtues, intellectual virtues, moral virtues,
and civic virtues [51]. All these virtues culminate

into one integrated virtue – practical wisdom. From

this list, one can imagine that the process of design-

ing an engineering solution for human flourishing

requires (a) purpose to understand the potential

impact to people, (b) empathy to understand the

needs and perspectives of others, (c) curiosity to

explore new ideas, new knowledge, new perspec-
tives, (d) creativity to transcend the existing solu-

tions that might not fully meet the needs of those

most impacted, (e) humility to understand the limits

of one’s knowledge and recognize the importance of

seeking new knowledge and seeking expertise from

others, (f) teamwork to bring diverse expertise in

tackling a problem collaboratively, (g) honesty to

communicate openly and with integrity, (h) courage
to stand up for visible or invisible injustice or to

stand up for values that will benefit others even

when it goes against the traditional norms, etc. We

do not suggest that this list of virtues is all exhaus-

tive, certainly there are other virtues that are impor-

tant to character development and entrepreneurial

mindset. This is simply a start for us.

6.1 MODELING: Character Development and

Entrepreneurial Mindset

The act of modeling entrepreneurial mindset and

character is built into the ethos of Wake Forest
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Table 3. Virtues relevant to the capstone design at Wake Forest Engineering and enabling us to embody character development and
entrepreneurial mindset [52]

Virtues Type [51] Definitions We Adopted

Resilience Performance The capacity to recover quickly from difficulties.

Critical Thinking Intellectual Being analytical and approaching challenges from multiple perspectives

Teamwork Performance Being collaborative and participative as a group or team member

Curiosity Intellectual Being interested in new ideas, experiences, and people

Creativity Intellectual Thinking of unique ways to solve problems and create new opportunities or products

Purpose Civic Having a sense of meaning beyond oneself

Practical Wisdom Integrated Knowing what the good, right, or best thing is to do given a particular set of
circumstances

Humility Intellectual and
Moral

Having an accurate understanding and acceptance of one’s own intellectual strengths
and limitations

Honesty Moral Telling the truth

Service Civic Working to benefit others

Courage Moral Being willing to engage challenges that are difficult or dangerous

Empathy Moral Putting oneself in other people’s shoes and understanding other points of view

Zest Performance Being enthusiastic

Authenticity Moral Understanding and embracing one’s identity and values in how one lives

Justice Civic Valuing and working for fairness and equality



Engineering. Students witness early in the curricu-

lum engagement with the community and engage-

ment with a wide array of stakeholders that inform

and support professional engineering practice via a

project-based learning curriculum. In the context of

capstone design, authentic projects are sourced
from students, faculty, staff, community partners,

and industry partners. Such action demonstrates to

students the responsibility engineers have to society

and the sense of purpose and service that accom-

panies engineering work. In fact, engagement with

relevant stakeholders is a requirement for all cap-

stone projects and is something that teams are

expected to do throughout the project duration.
Stakeholders include clients, users, subject matter

experts within and beyond engineering, regulatory

experts, context experts, etc. Some stakeholders

might play a role at the onset of the project, while

other stakeholders may be meeting with teams

monthly. The frequency and cadence of stakeholder

engagement is determined by the capstone student

teams and their faculty coaches. Stakeholder
engagement is not only important for the technical

aspects of the design projects, but also important in

promoting an entrepreneurial mindset that is

achieved through curiosity, critical thinking, empa-

thy, creativity, justice, etc. Stakeholder engagement

also promotes students’ focus on identifying and

working on the design requirements that will offer

the most value for those that will be impacted by
their engineering solutions. The capstone faculty

coaches also model entrepreneurial mindset in their

day-to-day interactions with student teams and

model character in the ways that they promote

effective communication, teamwork, and decision-

making. This intentional integration shows itself in

various ways: (1) faculty coaches facilitating meet-

ings with stakeholders (e.g., clients, users, technical
experts, etc.) to ensure appropriate questions are

asked and appropriate understanding of context,

(2) faculty coaches demonstrating to teams techni-

ques that can support value creation (e.g., existing

solutions, benchmarking, finding appropriate sta-

keholders, etc.), (3) experts presenting to the cap-

stone teams to model new methods and approaches

that can inform project work (e.g., engineer entre-
preneurs, legal experts, IP experts, PE licensure

requirements, etc.).

6.2 COACHING: Character Development and

Entrepreneurial Mindset

The diverse team of faculty, staff, and experts that

are integrally involved in the Wake Forest Engi-
neering capstone design experience serve as coaches

for the student teams. These experts challenge the

students teams to think out of the box in ensuring

they have engaged with stakeholders adequately,

understand the problems and identify design

requirements, deliver creative solutions, recognize

misconceptions, etc. Engineering faculty have con-

sistently engaged with the KEEN network, devel-

oped character modules throughout the

curriculum, and have made character education
the focal point of several department meetings.

All capstone faculty coaches are therefore familiar

with these character virtues and committed to

integrating them into the engineering curriculum.

Although coaches do not catch all the issues that a

student team will face, there are opportunities

during weekly faculty coach meetings, design

reviews, informal interactions, and meetings with
stakeholders for the experts to provide guidance,

feedback, and insights. As an example, coaches will

point to conceptual designs lacking creativity, sta-

keholder needs not fully being addressed, expert

feedback from design reviews not fully being

addressed, or teamwork not being transparent and

effective. Coaches truly play a critical role as

evidenced by these examples: (1) faculty coaches
debriefing with the student teams after critical

meetings with stakeholders, (2) faculty coaches

providing feedback and critiques on design deci-

sions and providing feedback to student teams

running meetings with relevant stakeholders.

6.3 SCAFFOLDING: Character Development and

Entrepreneurial Mindset

In line with what has been shared previously,

faculty coaches and other experts support student

teams with some tasks and slowly remove the

support to allow independent work. This is evi-

denced when faculty coaches step away from the

meetings with stakeholders and allow the student

teams to facilitate the meetings and communica-
tion. Scaffolding is also evident when faculty coa-

ches invite student teams to find additional relevant

stakeholders and potential users for feedback and

invite teams to rethink the prioritizing of project

goals. By the second semester of capstone design,

many faculty coaches step back and allow more

autonomy for the student teams even at a cost of

impacting project performance. Such intentionality
truly supports the development of practical wisdom,

humility, critical thinking, and resilience.

6.4 ARTICULATION: Character Development

and Entrepreneurial Mindset

It is a powerful moment to see student teams justify

their decisions with strong reasoning and we often

observe such moments during design reviews and
meetings with faculty coaches. Justifying decisions

and articulating how a team made a decision is not

an inherently easy process for student teams and

does require prompting from the faculty coaches. It
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is a critical step though that reveals gaps and

misconceptions of student teams and even coaches.

Questioning and inquiry are powerful ways to

promote articulation. Effective coaches are doing

this in every interaction with the student team and

effective coaches are also open to learning and
challenging their own misconceptions. These

back-and-forth exchanges are supporting honesty,

humility, and authenticity.

6.5 REFLECTION: Character Development and

Entrepreneurial Mindset

Reaching this phase of cognitive development is not
trivial for capstone teams. Because most teams are

tackling projects that have not been completed

before (i.e. these are novel projects), it is not easy

to create opportunities where students teams can

compare their processes with those of experts.What

we have evolved to do better over the years, but still

developing, is to enable student teams to make their

work and processes visible to other teams. Not only
does this promote camaraderie, but it also allows

teams to see methods, tools, resources, and experts

that one team used over another. This opens up

opportunities for teams to learn from each other.

One strategy that was piloted this past year is to

allow junior engineering students to observe the

senior engineering students during design reviews

and presentations and in some cases to have junior
engineering students support in a small way tasks

that the senior capstone teams need. Regarding the

entrepreneurial mindset, assignments in the first

two years enabled the student teams to develop

commercialization plans and compare such plans

with those of experts. This past year, faculty from

the business and law schools were invited to present

to the teams and showcase business thinking and
legal matters. Students valued these non-technical

perspectives and reflecting on their projects from

the lens of business and law, supporting their

critical thinking and empathy. All in all, this phase

thus continues to be a work in progress.

6.6 EXPLORATION: Character Development and

Entrepreneurial Mindset

This phase of cognitive development can be reached

by some capstone teams. While faculty coaches

promote exploration and students tackling new

problems on their own, many teams do not feel

prepared to do this early in the project.We see more

evidence of this in the second semester of capstone

when teams begin to demonstrate more ownership

and independent thinking with project work. Such
exploration takes courage because it is perceived as

taking risk with a new idea that might cost the team

time and loss of progress in other areas, practical

wisdom to start making decisions that will impact

other design decisions and over project progress,

and creativity to recognize that novelty with a new

direction or a new design feature or a new stake-

holder engagement will impact the performance of

the entire system. The teams that we have observed

reach this phase of cognitive development are the
ones that feel empowered by their lead technical

coach, that have made adequate progress in other

areas of the project, and are innately interested to

explore new directions and ideas.

6.7 OTHER OBSERVATIONS: Character

Development and Entrepreneurial Mindset

As is evident from the examples provided above,

faculty coaches and experts with entrepreneurial

mindset and who model virtuous character are
essential. While steps have been taken to deliver

relevant content, bring relevant experts, and pro-

mote virtuous character and entrepreneurial mind-

set to capstone design, we believe that the lead

technical coaches must model such attributes for

the student teams. Regarding entrepreneurial

efforts, our team is limited by the fact that only a

few engineering faculty have extensive expertise
with commercialization of engineering innovations

and expertise tomove technical ideas to commercial

use. So, while entrepreneurial mindset is promoted,

the coach expertise does not fully exist. It is also

important to note that a one-year capstone experi-

ence is not conducive to making progress with

commercialization.

In regard to character development, Fig. 6 points
to student self-perceptions of growth. Administered

within the second semester course evaluation and

with a high response rate (�90%), students rated the

extent to which they perceived growth across the

specified virtues. The highest rated growth were

performance and intellectual virtues – resilience,

critical thinking, teamwork, curiosity, and creativity.

The second tier of perceived growth were civic and
moral virtues (plus the integrated virtue of practical

wisdom) – purpose, humility, honesty, service, cour-

age, empathy. Justice was the lowest rated growth

area. Such results are in line with other parts of our

curriculum [51] and may not seem surprising to see

that intellectual and performance virtues are prior-

itized over civic and moral virtues for our novice

learners.

7. Discussion

Applied to both technical and non-technical
domains of learning within capstone design at

Wake Forest University, we have discovered that

cognitive apprenticeship can offer a meaningful

way to develop and reflect on pedagogical features

that can support engineering student development.
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Accompanied with appropriate learning assess-

ments, which was not the focus of this paper, we

believe that a cognitive apprenticeship model to

capstone design can transform how we educate

and prepare our engineering graduates for the

complexities of real-world engineering practice.
Fig. 7 illustrates how a cognitive apprenticeship

approach can guide teaching teams and educators

at many levels to rethink how cognitive learning

across technical and non-technical domains can be

guided by intentionality. Recognizing the cognitive

stages that need improvement is fundamental for all

bettering ourselves as educators and bettering our

students.
Cognitive apprenticeship is grounded on six

phases of learning – modeling, coaching, scaffold-

ing, articulation, reflection, exploration – and we

discovered that all these phases are important to the

learning complexities of engineering design. Learn-

ing does start with clear understanding and articu-

lation of the learning goals. As a new engineering

program, learning outcomes continue to be a work
in progress, but we are proud of the commitment of

the faculty team to support technical and non-

technical domains of learning in every course. As

evidenced from this paper, our capstone design

experience intentionally bridges engineering

design and engineering science content knowledge

with personal and professional development (e.g.,

teamwork, communication, ethics and character,
project management, entrepreneurial mindset,

etc.). At a high level, Fig. 7 points out that capstone

design faculty may be better at scaffolding and

articulation. Phases of improvement include mod-

eling, coaching, reflection, and exploration so that

students can better cultivate engineering design

competencies as well as entrepreneurial mindset

and character development. We also observe that

while capstone design faculty may be more innately

prepared to cultivate engineering design competen-
cies and team effectiveness, more intentionality is

needed with competencies like entrepreneurial

mindset and character development. These kind of

knowledge gains at Wake Forest Engineering have

significant potential for transferability to other

engineering programs. Many opportunities for

future work (research, pedagogy, and assessment)

exist to Educate the Whole Engineer across techni-
cal and non-technical competency areas [53]. This is

a form of integrative learning [53] that requires

intentionality. The following paragraphs highlight

major take-aways from each of the six phases of

cognitive apprenticeship.

Modeling allows an expert, which in our case

were engineering faculty and external experts, to

demonstrate effective use of tasks, activities, and
decisions. We discovered by engaging a diverse set

of engineering faculty experts and external experts

(e.g., subject-matter, industry, community part-

ners) that it truly takes a village of experts to

effectively model to students both technical and

non-technical domains of learning. While many

engineering programs are not ideally setup to sup-

port such a diversity of engineering and non-engi-
neering experts to support this phase of learning

development, we encourage experts to be sourced

from other units of the university and the commu-

nity. Student teams truly need to see a diversity of
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experts coming together to support the complexity

of learning associated with engineering design.

How the modeling takes place is also not trivial

and requires iteration to determine the appropriate

content, the appropriate methods, the appropriate
sequencing, and the appropriate coaching

approach.

Coaching enables an expert to observe a novice

learner perform a task and to offer feedback and

hints for improvement. Through iteration with

various faculty coaching models, we have discov-

ered that effective coaches use every moment of

interaction with a student team and diverse activ-
ities to offer feedback and support learning devel-

opment. Regular progressmeetings, design reviews,

debrief sessions from meetings with stakeholders,

debriefs from design reviews, and review of design

artifacts all serve as powerful opportunities for

faculty experts to provide feedback to teams on

both technical and non-technical domains of learn-

ing and growth. Design reviews which often involve
external experts (engineers and non-engineers,

industry perspectives and stakeholder perspectives)

further serve as opportunities for learning and

feedback as well. Coaching moments are thus

everywhere, and intentionality is needed to effec-

tively provide student teams feedback. The progres-

sively empowering mentor-apprentice learning

exchanges that characterize cognitive apprentice-
ship have truly demonstrated value across indivi-

dual and team contexts. Because engineering

faculty may come lacking experience with formal

training and professional experience in engineering

design, we have discovered that professional devel-

opment can support effective coaching.

Scaffolding is another critical component of cog-

nitive apprenticeship where experts must find the

right balance between providing structure and

autonomy for different phases of the design project.

We discovered that scaffolding supported mastery

of learning and even promoted learning through

failure. Whereas at the beginning, experts provided
instruction and coaching, by second semester, most

of that support was removed to allow student teams

to work more independently. Reduced structure

allowed students to spend more time working on

the project and more flexibility to apply specific

design tools that are most relevant to their project.

With flexibility and autonomy came failure too and

with that at times less developed prototypes and
final products. This flexibility though was essential

as our team valued process just as much as (if not

more than) the final product. In our approach to

teaching capstone design, we carefully integrated

activities and assessments that emphasized process-

centered learning (e.g., two design reviews per

semester, mid-term reports along with end-of-seme-

ster reports, prototyping checkpoints, backlogs at
the start of each design phase, etc.). We preferred

students to develop a product that represented a

careful and reflective design process as opposed to

one that superficially impressed an outside audience

with a perfectly functioning prototype that did not

effectively meet the user needs. Thus, via scaffold-

ing, which continues to be a work in progress, we

made trade-offs with adding and removing learning
activities and assessments to ensure students are not

only digging into the technical aspects of their

projects, but holistically growing as individuals

and teams through failures too.

Articulation of technical and non-technical learn-

ing within capstone design involved opportunities

where student teams could explicitly share their

understanding, reasoning, and decision making.
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This was most evident during design reviews, which

occurred twice per semester and involved faculty

and external experts, and during meetings with the

coaches. Design reviews were more formal sessions

and meetings with coaches less formal. Whereas the

technical faculty coaches may have targeted stu-
dents’ articulation and reasoning on design deci-

sions (e.g., concept selection, prototyping decisions,

testing protocols, etc.), the team strength coach

supported non-technical domains of learning and

articulation like team effectiveness (e.g., conflicts

arising, clarity of roles and responsibilities, effective

communication) and project management (e.g.,

meeting deadlines as a team, keeping backlogs or
schedules updated, aligning on priorities, etc.).

Synergy amongst the coaches was important. Ide-

ally, the faculty coaches would be equipped to

support both the technical and non-technical

aspects of the capstone design learning experience,

but this has taken a few years to achieve and we are

more intentionally ensuring such integration and

synergy is happening.
Reflection is the act of an expert enabling the

novice learner to compare their processes with

other experts. Some reflection happened via coach-

ing, extensive research being built-in to the process,

and some peer-to-peer comparisons, but as a

brand-new engineering program, reflection may

have been the hardest cognitive learning phase.

Because most of the faculty coaches were inexper-
ienced with capstone design and engineering design

experience, reflection was not easy. Howe et al. [2,

3] have extensively surveyed engineering capstone

design programs and emphasized the importance

of engaging faculty that have industry experience

and who pursue continuing education related to

design practices. We would support this claim on

all fronts for both technical and non-technical
domains of learning. It can indeed be difficult in a

typical engineering undergraduate department to

have faculty who have practiced engineering and

who themselves have experience with design pro-

cesses, methods, and tools in an industry setting.

While many engineering faculty work on transla-

tional research, practicing engineers operate under

different constraints and more often consider the
diverse and complex needs of stakeholders. Reflec-

tion thus can look different under the mentorship

of engineering faculty who do research than practi-

cing engineers in industry. When faculty instruc-

tors and coaches have these knowledge and

experience gaps, incentives should be provided to

encourage continuous learning and professional

development. Junior faculty might feel stretched
thin to pursue such opportunities and one way we

mitigated this was the recruitment and involvement

of external technical mentors (many from industry

or more senior faculty) who have the capacity,

knowledge, and experience to guide students in

targeted areas.

Exploration being the final phase of cognitive

development is the act of an expert encouraging

the novice learner to solve problems on their own.
Formost of our student teams, this took place in the

second semester, but some teams were able to

demonstrate exploration from the start of the

project. Because stakeholder engagement happens

in our engineering program from year one, many of

our capstone teams felt confident to engage with

diverse stakeholders early and explore diverse per-

spectives in scoping the projects. Prototyping, on
the other hand, required most teams to work with

coaches and fabrication experts before exploration

could take place. Thus, we observed that explora-

tion varied for each team and varied depending on

the expertise of the team and the complexity of the

project. Team performance benefitted from faculty

trust and independence.

8. Conclusions

To Educate the Whole Engineer holistically, engi-

neering educators must recognize that both techni-

cal and non-technical domains of learning are

needed within every engineering class to support

the cognitive development of the engineering stu-
dent as the learner or apprentice. This is a must to

prepare them for the complexity of professional

engineering practice. Engineering design plays a

most critical role during undergraduate engineering

education for the authenticity of learning that most

closely mimics professional engineering practice.

Considering the importance of engineering design

to the practice of engineering, it is thus imperative
for engineering educators to use appropriate peda-

gogical approaches to prepare engineering gradu-

ates for the complexities associated with

engineering design projects and ultimately with

the complexities of professional engineering prac-

tice. The complexities of engineering design involve

not only technical domains of learning (e.g., design

process and thinking, design principles, design
methods and tools) but also non-technical domains

of learning (e.g., collaboration and teamwork,

engagement with stakeholders, effective communi-

cation, project management, ethical decision

making, entrepreneurial mindset, professionalism,

character development, etc.). This paper connects

engineering design, in the context of capstone

design experiences, with a cognitive learning
theory that is appropriate for engineering practice

and engineering education – cognitive apprentice-

ship. The purpose of this paper is to reflect on the

appropriateness of cognitive apprenticeship as a
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model to support pedagogical approaches and

innovations in engineering design education via

capstone design experiences, which are required of

all ABET accredited engineering programs in the

US.

We have learned that a cognitive apprenticeship
approach to pedagogically guiding capstone design

experiences in engineering can be fruitful and valu-

able. While some capstone design programs may

measure success based on students’ technical and

design skills, we have found immense value in

supporting students’ personal and professional suc-

cess as well. Just as important as the technical

aspects are to engineering design, so are the non-
technical aspects of interpersonal communication,

ethical reasoning and character development, entre-

preneurial mindset, self-awareness and self-mas-

tery, project and team management, etc. Cognitive

apprenticeship emphasizes deep engagement of

both technical and non-technical learning goals by

challenging team members to surface their thinking

for collaborative impact. Such a framework eluci-
dates the need to value and measure cognitive skills

across technical and non-technical domains.

Instructors should use the cognitive apprenticeship

framework for capstone design course improve-

ment. Also, non-technical learning should be well-

integrated with technical learning throughout cap-

stone design as that is inherent in professional

practice and will help us graduate well-functioning

engineering graduates.Within capstone design con-

texts, cognitive apprenticeship may be especially

useful as an organizational tool with capacity to
enhance individual and team learning trajectories

while simultaneously providing broad coherence to

instructional challenges. As a professional under-

graduate degree where most graduates end up in the

workplace, we encourage future work by engineer-

ing educators and educational scholars within cog-

nitive apprenticeship in engineering education

learning contexts.
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