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Improvement of doctoral education results from strong alignment of educational requirements with disciplinary

expectations. This article reports on a qualitative study of 40 Ph.D. holding engineers working in academic and industry

careers conducted through interviewmethods and constant comparative coding of transcripts, operationalizingGolde and

Walker’s Stewardship framework and making recommendations for doctoral engineering education. Findings indicate

that engineering Ph.D. holders across both industry and academia participate in each of the three tenets of stewardship

(i.e., generation, conservation, and transformation) in different ways. As such, we propose a newway to plan and to assess

graduate student competencies that can be easily integrated into doctoral engineering programs.
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1. Introduction

The Ph.D. is often criticized for being antiquated,

built on a legacy of apprenticeship for a privileged

few scholars in the ivory tower of academia.

Modern-day Ph.D. holders in all disciplines are

lauded for their academic accomplishments, but

the academy is facing dilemmas in terms of moder-

nizing the purpose, enrollment, and methods for
training disciplinary experts with doctoral degrees

[1, 2].

Engineering as a discipline is fundamentally dif-

ferent than many other fields. Engineering doctoral

students are not only seeking careers as professors

and research faculty: Recent statistics indicate that

70–80% of engineering Ph.D. holders do not pursue

academic careers [3, 4]. Additionally, engineers
often move among academia, industry, and govern-

ment, sometimes, as Dietz and Bozeman note,

‘‘changing sectors multiple times or working in

multiple settings simultaneously’’ [5, p. 351].

Since the majority of engineering graduate stu-

dents are not training for their mentors’ careers as

faculty, the current educational apprenticeship

system develops skills in students that are misa-
ligned with those expected by employers. This

misalignment can result in lower employment place-

ment rates and students’ attrition from doctoral
programs or the discipline after graduation [6, 7].

Furthermore, as universities, funding agencies, and

graduate students’ advisors invest large amounts of

money and resources in graduate students, attrition

has a significant financial impact on multiple stake-

holders.

Althoughmodels for graduate education are slow

to change, we propose that by understanding the
practices and attributes of experts in engineering,

the academy can better align education of disciplin-

ary experts with future career paths. Our analysis of

disciplinary alignment is guided by Golde and

Walker’s (2006) Stewardship framework, which

posits that the activities of Ph.D. holders fall into

three categories: (1) conservation of the discipline;

(2) generationof knowledge; and (3) transformation
of expertise to diverse settings [14]. Although pre-

valent in higher education literature, to date, the

Stewardship framework has not been studied in

engineering disciplines outside Cox’s recent work

[11, 15, 16].

As Stewardship theory is a relatively new frame-

work in higher education research, and because we

seek to propose new ways to think about and
enhance doctoral education, our research questions

are exploratory in nature:
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(1) What roles do Ph.D. engineers hold in their

industry and academic careers (framed within

the three tenets of Stewardship theory)?

(2) What recommendations can the operationali-

zation of the Stewardship framework provide

forEngineering department administrators and
faculty?

Findings open a practical conversation about edu-

cational alignment with disciplinary expectations
across engineering disciplines. The Competencies

Blueprint unveiled in this work helps engineering

students, faculty, and administrators align extra-

curricular activities (i.e., outside of regular research/

teaching duties) with desired career trajectories.

2. Literature review

Most professional development literature in engi-

neering education research focuses on the improve-

ment of the problem-solving and technical abilities
of undergraduate engineering students (for exam-

ple, Dixon and Johnson [17]. Other studies [18–20]

note the lack of explicit development of non-tech-

nical skills that are foundational to solving engi-

neering problems, which include professional skills

related to communication, engineering ethics, and

teamwork. At the undergraduate level, these non-

technical and global skills are vaguely required by
ABET, and several large reports increasingly stress

the need to teach these skills to novice engineers

[8, 9].

Despite the focus on undergraduate skill devel-

opment, literature focusing on graduate engineering

education is sparse: Aside from stressing general

technical proficiency [10] current research for Ph.D.

holding engineers in industry and academia high-
lights a gap in non-technical competencies for doc-

toral engineering students, including the need for

enhanced verbal and written communication skills

[4, 10–11] and increased mentorship [12, 13, 15].

In groundbreaking research of engineering Ph.D.

holders working in industrial environments,

Watson and Lyons [4] found that over 25% of the

sampled Ph.D. holding engineers employed in
industry wished that had been better prepared in

their doctoral program to understand the corporate

environment and been trained in relevant skills, and

over 40% lacked preparation in customer needs and

identifying market products and processes. Overall

findings indicated most industry-hired engineers, at

the onset of their careers, lack familiarity with

relevant business skills (e.g. marketing and entre-
preneurship). They also had not developed ade-

quate professional skills such as project

management, communication, andmost important,

teamwork—that are critical to engineering success

in industry. This work was one of the first and only

comprehensive studies of Ph.D.-level engineers in

industry explicitly, and the findings from that work

have been used to propose skill set acquisition

outside of technical skills for doctoral students.

However, a skills-based proficiency model for grad-
uate education is an extreme ‘‘one-size fits all’’

approach.

Further, even though graduate students are

trained more explicitly for academic careers

through traditional apprentice-based graduate pro-

grams, junior faculty are often still underprepared

for the rigors of faculty life. Studies note that

experience in interdisciplinary research, grant writ-
ing, and group management skills are critical for

junior faculty success [21] yet these essential skills

are rarely identified, deliberately practiced, or

reflected upon during an engineering graduate stu-

dent’s doctoral career.

Because the engineering Ph.D. is so diverse, and

since doctoral research is time-consuming, recom-

mendations from literature stay at the surface level,
calling out the needs for the acquisition of different

skills and traits and for breadth in graduate educa-

tion preparation. These skills and traits, however,

are difficult to put into practice as time and resource

constraints push most professional development

programming into workshop form, where distinct

skills are preached, often without time for practice

and reflection.
In this study, we use the interviews of 40 Ph.D.

holding engineers in academia and industry to

identify several categories where progress is

needed in doctoral engineering education. This

research re-frames Stewardship theory and past

recommendations for doctoral engineering educa-

tion and professional development into a Compe-

tencies Blueprint that can be applied by individual
students and faculty, or implemented program-wide

by administrators.

2.1 Theoretical framework: Stewardship

Doctoral education has been studied using various

broad educational and psychosocial theories. For

example, cognitive apprenticeship theory [22, 23]
reflects the advisor-student partnership that scaf-

folds the practices and learning of graduate students

to become an expert researcher and eventually a

productive Ph.D. holder in a given specialty. Aca-

demic literacies theory [24] proposes that in order to

fully become a member of a disciplinary commu-

nity, a student must adopt the normative discourse

practices and expected behavioral patterns of a
research community. Frameworks characterizing

the activities of disciplinary communities post-doc-

torate are few: Community of Practice [25, 26] and

Community of Inquiry theories [27] often are used
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to describe socialization into the norms and expec-

tations within a field, discipline, institution, or

department.

This work employs Golde andWalker’s Steward-

ship framework [14] as a theoretical grounding for

analysis and interpretation,which resulted fromone
of the most comprehensive and in-depth studies of

the role of the Ph.D. The research grounding the

framework studied Ph.D. holders in chemistry,

education, English, history, mathematics, and neu-

roscience disciplines. The Stewardship framework

posits that all Ph.D. holders act as stewards of their

particular disciplines, and their stewardship activ-

ities can be sorted into three tenets: Conservation,
Generation, and Transformation, as shown in

Table 1.

Discipline conservation, or ‘‘conserving the most

important ideas and findings that are a legacy of

past and current work’’ [14, p. 10], is passed down to

doctoral students through required coursework,

readings, or seminars, in order to give students a

wide and solid foundation in disciplinary norms.
Through foundational work, students build a com-

mitment to maintaining the rigor and standards of

their discipline, while developing an understanding

of a discipline’s future and ethical issues. Each new

generation of experts is responsible for maintaining

the foundational disciplinary nature. Disciplinary

generation is the idea that disciplinary stewards

must be ‘‘capable of generating new knowledge
and defending knowledge claims against challenges

and criticism’’ [14, p. 10]. This is likely the most

familiar role of a Ph.D. in the academic community,

since the emphasis on generating information is

present across all research-focused areas in higher

education, translating to writing grants and obtain-

ing funding, as well as conducting novel and trans-

formative research. There is marked stress on
doctoral students to participate in generating new

ideas and furthering research [18, 28]. The third and

final tenet within Stewardship is transformation,

which proposes that expert stewards across disci-

plines transform knowledge ‘‘by explaining and

connecting it to ideas from other fields’’ [14, p. 10].

Many prior studies [19, 21, 28, 30] find that graduate

students must be trained to translate expertise to a

variety of audiences, although the intricacies and

ways in which transformation is enacted are often

not addressed.

3. Methods and methodology

Data collection occurred through both purposive

and snowball sampling methods [31] to contact
Ph.D. holding engineers currently employed in the

United States. After obtaining Institutional Review

Board approval for the study, a recruitment email

was sent to multiple division chairs within the

American Society for Engineering Education

(ASEE), which requested that the recruitment be

forwarded to their division’s members. In addition,

we purposively contacted prior collaborators,
which included university and institution deans,

department chairs, faculty, researchers and admin-

istrators in education centers, and industry engi-

neers. In order to expand participant samples, we

asked contacts to identify people whomet the study

sample criteria (i.e., obtained engineering Ph.D. in

U.S. and working in industry or academia).

The participants who responded to the recruit-
ment were interviewed using a semi-structured pro-

tocol [32] which probed how each engineer

demonstrated aspects of the Stewardship frame-

work in their career. Before interviewing, the parti-

cipants signed their consent and provided their

curriculum vita (CV). Interviews were conducted

through computer-based voice call or phone call,

which are ideal methods for interviewing elites and
technical experts [32]. After the initial recruitment

and interviews, we noted that participants who had

transferred at some point in their careers from

industry to academia and academia to industry

were underrepresented in our sample. We per-

formed a second recruitment in an effort to increase

the participants sample from the two transition

groups by emailing contacts and colleagues,
requesting them to identify engineers who had

transitioned between sectors.
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The entire recruitment and interviewing pro-

cesses took approximately one year and resulted in

40 hour-long interview transcripts and curricula

vitae. All participants received a $25 gift card in

exchange for their participation. The total partici-
pant demographics are shown in Fig. 1. Eleven of

the 40 participants were female. Participants that

explicitly noted holding Ph.D.s in multi- or inter-

disciplinary areas were categorized into both dis-

ciplines, which is why the discipline demographic

count inFig. 1 is higher than 40. Past research by the

group mapped the career trajectories of these parti-

cipants through Curriculum Vitae analysis meth-
ods, showing the variety of job titles and

responsibilities that these participants have held,

showing that even Ph.D. holding participants with

‘‘linear’’ career pathways hold multiple roles over

the course of their careers [16].

The transcripts were coded at the idea unit of

analysis using the Stewardship tenets as a priori

codes. The data representing each tenet was then
axially-coded using constant comparative meth-

odologies through a post-positivist paradigm [33].

This paradigm is useful for understanding a defini-

tive reality (the skills required for engineering

careers) using participants’ stories and experiences,

understanding that each participant understands

the world differently.

Data representing the three Stewardship tenets
were coded into 12 secondary themes, which repre-

sented multiple tertiary components describing the

activities, knowledge, skills, and attributes of Ph.D.

holding engineers. This three-tiered coding struc-

ture is synthesized in Table 2, and concise compo-

nent definitions are presented in Tables 3, 4, and 5.

For each tenet of Stewardship, we present find-

ings through themes, components, and codebook
definitions, followed by a brief discussion including

relevant quotes from the interviews. Portions of

quotes are boldface, showing which aspects of the

quotation were most important in operationalizing

Stewardship activities. All names presented are

pseudonyms. Understanding that each participant

has a unique story, the quotes selected represent

common experiences among participants. We
selected quotations to represent a breadth of parti-

cipants working in both industry and academia, as

well as those who moved throughout their careers

from industry to academic (denoted as IN-AC), and

from academia to industry (AC-IN). The quota-

tions indicate the participant’s sector to give con-

text, but the purpose of this paper is to find

the variation of skills required by engineering
Ph.D. holders to better align doctoral education,

not to contrast skills needed by broad employment

sectors.

4. Results: Conservation

4.1 Definitions of themes within conservation

Three common themes emerged within the Con-

servation codes: (1) General Technical Skills, (2)

Technical Leadership, and (3) Knowing the Field,

as shown and defined in Table 3.

4.1.1 General technical skills

This theme includes three components: technical

competency; mastery of engineering, science, and

mathematical fundamentals; and technical exper-

tise. Most participants discussed the importance of

Ph.D.-holding engineers’ ability to understand the

first principles fromwhich engineering decisions are

made. This expectation is embodied George’s

words:

‘‘I think [Engineering Ph.D.’s] absolutely need to have a
very sound appreciation of the foundational engineering
things. So by that I mean it’s certainly a deep under-
standing and appreciation for the value ofmathematics in
modeling, understanding of the physical nature of varia-
bility and those things. Also the foundational engineering
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components of just engineering analysis, problem recog-
nition, problem statement, candidate solutions, and look-
ing through those kinds of solutions to select the best
solution.’’—George (Industry)

‘‘General technical skills’’ also extend into compe-

tence with relevant data analysis programs, design

skills, and instrumentation, pointing toward exper-
tise in the sub-discipline in which the engineer is a

leader.

4.1.2 Technical leadership

Participants in both academia and industry dis-

cussed aspects of this leadership, describing their

roles in maintaining high academic standards for

new engineers in combination with a commitment

to service in order to maintain the integrity of the
field.AsRoger (IN-AC) demonstrates, assessing the

quality of students and faculty, knowledge, or

educational material is considered to be a very

important quality for Ph.D.-holding engineers in

his work in editing, reviewing, and sitting on aca-

demic committees:

‘‘I do a lot of professional service which means I’m editor
of journals, etcetera. I probably review either as an
editor, or as a reviewer, I probably spend probably 10
hours a week on average doing that. So 10 to 15 hours a
week. I’m on the qualifier committee so I’m partially
responsible for graduate student qualification exams;
you know, I’m on the committee that would check the
problems, proctor the exam, that kind of thing.’’—Roger
(IN-AC)
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Although many quotes in the technical leadership
category were discussed in an academic context,

industry-based engineers also were involved in

technical leadership through their involvement in

journal and/or review committees. Serving as an

editor, reviewer, or qualifying committee member

maintains the integrity of the field by ensuring new

members demonstrate adequate understanding and

mastery. Technical leadership was also discussed
through participants’ commitments to high-quality

teaching such as making changes to engineering

curricula that will best benefit future engineers.

4.1.3 Knowing the field

This theme is distinct from ‘‘General technical

skills’’ because it implies a relationship with the

field and its applications, rather than problem-

solving and data analysis. Some participants

emphasized that a Ph.D. level expert in a field

should be intimately familiar with the discipline’s
literature. Others focused on the ability to keep up

with current trends in a discipline’s innovation, and

to be able to recognize relevant technologies that

may alter the state of the discipline. In addition, a

Ph.D. engineer should be able to synthesize existing
information, using multidisciplinary resources and

innovative thinking to solve engineering problems,

as indicated by Rob:

‘‘I think there’s a balance that needs to be between
discipline and freeform. There needs to be some discipline
to know that there’s an impasse that you’re going toward
and to keep a focus. But if everything’s discipline, well,
then nothing new ever happens. So there needs to be an
explicit balance between the discipline [. . .and. . .] an
ability to turn that discipline off at the appropriate times
to go beyond the rigidity of those walls to build the new
knowledge, to pull pieces of things together across
traditional boundaries.’’—Rob (AC-IN)

This theme completes the picture of Conservation:

There is an intimate connection with understanding

and being familiar with the history of a field and the

technical expertise that comes from studying the

fundamentals, but Ph.D. holders expand this exper-

tise through their visions for the future.

4.2 Recommendations for alignment of graduate

engineering education: Conservation

Elements of conservation showed that Ph.D. engi-
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neers incorporate leadership, judgment, and deep

understanding of the history and future of one’s

discipline. Potential activities that may be helpful in

developing Conservation competencies include:

� Help to review or critique manuscripts for con-

ference or journal under the guidance of a

mentor.

� Serve as a session moderator at a conference.
� Attend disciplinary conferences.

� Teach fundamental engineering courses to novice

engineers.

� Attend seminars, dissertation defenses, and other

presentations in one’s own discipline and related

disciplines.

� Visit relevant start-up companies to understand

future commercialization opportunities.
� Actively discuss future grant or funding oppor-

tunities with advisors, funding agency represen-

tatives, and industry sponsors affiliated with

one’s discipline.

Conservation can be creatively applied depending

on how a doctoral student wishes to apply their

engineering expertise. The common theme in all

these activities is the relationship with developing

a vision of where the field has been and where it is

going, and being able to identify innovation. This

focus on the future is balanced by a firm under-

standing of engineering fundamentals: Opportu-

nities like teaching undergraduate courses cement

these foundational concepts for instructors, while

helping students understand how equation deriva-
tions and underlying mathematical concepts apply

to cutting-edge technologies.

5. Results: Generation

5.1 Definitions of themes within generation

The tenet of generation refers to the creation of new
knowledge. We coded data within the tenet of

generation into four themes: (1) Research, (2) Con-

tributions to the field, (3) Characteristics, and (4)

Teaching others to generate knowledge. These are

presented in Table 4.

5.1.1 Research

The ability to plan and conduct research is an

important factor that separates a Ph.D. level engi-

neer from a bachelor’s-level engineer. This theme

described the research process broadly, including

the day-to-day researchmethods, problem analysis,

data analysis skills, and expert judgments required
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to conduct discipline-leading research. Many parti-

cipants emphasized the ability of Ph.D. engineers to

use rigorous methods in order to analyze, ask

questions about, and solve engineering problems.

As Mitch describes, within this process, a Ph.D. is

responsible for accurately interpreting the data:

‘‘I would say that having a very strong understanding of
fundamental principles is probably even more important
because that’s one of those things where you, what may
appear just to be, one of these things where something
thatmay appear to be just sort of a normal occurrence, or
kind of a random occurrence, or something like that, or
some unexplained minor trend may really jump out to
somebody that has a very strong understanding of
physical principles, at least in the work that I do. Under-
standing those principles really gives you a lot of insight
to interpret results correctly. And to be able to take
further steps to expand things that work.’’—Mitch
(Academia)

While engineers employed by academia focus on the
acquisition of publishable data, engineers in indus-

try may focus on other standards for their research,

such as improvement on processes or prior knowl-

edge in order to maintain competitive edge. As

noted by several industry participants, ‘‘improve-

ment’’ research for efficiency, cost-reduction, and

resource-savings is highly valuable. Overall,

although classifying ‘‘Research’’ as a theme seems
obvious, separating the interpretations of research

elicits a deeper understanding of the expectations

for engineering Ph.D. holders.

5.1.2 Contributions to the field

This theme is separate from Research (the process)

since developing novel technological advances is
more rewarded and expected in certain career

trajectories. However, whether or not a Ph.D.

holding engineer publishes in their professional

career, in order to achieve a doctorate degree, an

engineer must have contributed significant findings

in their dissertation research, so the skills associated

with that contribution are expected. Some compo-

nents associated with Contributions to the field are
associated with professional visibility, usually com-

municated to the technical community through

articles, presentations, or patents. Some partici-

pants reflected on their ideas of quantitative ‘‘stan-

dards’’ for how much new knowledge a scholar

should produce, while others discussed the knowl-

edge-generation component with a much broader

idea of academic impact, such as Charles:

‘‘I think one needs vision. So you have to understand the
broader field and how your work in particular fits into the
broader field and why it’s important. And then [. . .] that
tells you: Of the 50 different ways you can approach a
research project, which of the ways you should do it, and
how you should use the results to push science forward.
That’s where vision comes in.’’—Charles (Academia)

Charles’ thoughts were confirmed by other partici-

pants and consisted of elements belonging to both

Conservation and Generation themes. Other parti-

cipants blurred the line between Generation and

Transformation, elaborating on solving relevant

problems with societal impact, or explaining
research goals in terms of changing methodologies,

practices, or creating technology that affects under-

served populations.

5.1.3 Characteristics

Participants described characteristics that impact

an engineer’s ability to generate knowledge. Some

of these included being detail-oriented, having a
strong work ethic andmaintaining a discriminatory

sense of creativity and innovation. Creativity, how-

ever, needs to be combined with sound engineering

reasoning skills, as described byGeorge, to combine

fundamental engineering knowledge and thorough

knowledge of experimental methodologies with the

ability to critically assess findings and technologies:

‘‘It’s very important, and very critical that the person be
able to use, display, sound rational reasoning skills so
that the research that’s being conducted is sound and
supportable. [. . .T]he reasoning that supports the
conclusions have to be sound and not wishy-washy.
Depending on the research, I guess, the notion of properly
conducted studies, and by that I mean the understanding
of sound experimental design and sound experimental
results, interpretation skills I think have to be there as
well.’’—George (Industry)

Some participants also included subscription to

standards of professional ethics as another critical

attribute of Ph.D. holding engineers, as many

technological innovations require ethical considera-

tions in means and ends, as well as professional

ethics in teamwork and project management. These

characteristics are personal, but directly impact the
ability of an engineer to generate knowledge.

5.1.4 Teaching others to generate knowledge

The final Generation characteristic is the ability to

teach others to generate knowledge. The quotes

within this theme lend insight to the dynamics at

the interfaces of generation, conservation, and

transformation, indicating the importance of men-
torship in the career of a Ph.D. holding expert. This

finding aligns well with the apprenticeshipmodel on

which higher education is based. Some participants

discussed their involvement in facilitating under-

graduate research experiences, which fits into this

category, while others, such as Roger, discuss their

role as research advisors:

‘‘When I meet with graduate students on research, a very
large fraction of that, probably at least 80% I’d say is
really education rather than on really research. What I
mean by that is that a lot of it I’m just teaching them how
to think, you know, I’m pointing them to different, you
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know, research areas, different fields that you can learn
stuff about. I am, deriving models with them. So a lot of
that work is really just trying to educate them to a level
that they can progress on the research.’’ —Roger (IN-
AC)

Participants who discussed Generation in this way

show how they work to generate knowledge

through their own work and by fostering the work

of a future cohort of engineers. These codes were

double-coded in Generation and Transformation,

and therefore show how activities of engineering

Ph.D. holders can fall into more than one tenet of
Stewardship.

5.2 Recommendations for alignment of graduate

engineering education: Generation

Generation is the tenet that graduate engineering
students are most familiar with, especially given the

purpose of the Ph.D. research. However, our

recommendations for better aligning Generation

principles with an engineer’s future career involve

creatively harnessing opportunities across Steward-

ship tenets.

� Involve oneself with collaborative inter- or multi-

disciplinary research.

� Assist on projects that will be commercialized or
patented.

� Seize opportunities towork closely with an indus-

try-sponsored research project.

� If possible, intern at organizations that align with

career goals: Industry, start-up companies,

national laboratories, private R&D firms, or

conduct research at collaborating institutions.

� Develop relationships with people who have
complimentary research skills in order to develop

the potential for future collaborations.

� Reflect on how dissertation research fits into the

larger field, and how one’s specific research skills

will be valuable to various employment sectors.

Although all these activities are related to the

generation of new knowledge, the venues for these

generation educational opportunities may look

different according to graduates’ desired career
trajectories, and new opportunities to further hone

Generation skills will likely develop as students

become more advanced and independent in their

personal research.

6. Results: Transformation

6.1 Definitions of themes within transformation

Transformation is primarily concerned with the

transfer of expertise to others and other applica-

tions.As shown inTable 5, over half of the themes in

this tenet were related to communication; skills

related to oral or written communication; and the

ability to convey information to different audiences.

6.1.1 Teaching

Many participants spoke directly about teaching in

their interviews; however, the mode of teaching, the

audience, and the setting for teaching varied widely
among the interviews. Components within the

theme of teaching included Tailoring Communica-

tion, Non-Classroom Settings, Classroom Settings,

Mentoring, Administrative Duties, and Outreach

Opportunities. Each of these presents a different

facet of teaching, yet all fulfill the definition of

teaching and the definition of transformation.

Samantha discusses the role that strong commu-
nication skills play in effectively transferring knowl-

edge to novice engineers:

‘‘I think that engineering Ph.D.s need to understand
students do not have the same technical background as
their peers. [. . .] So you’re teaching [students] the
technical terms, but you use non-technical terms to bring
them there.’’—Samantha (Academia)

Similarly, Miles discusses the importance commu-

nicating relevance in order to motivate engineering

students:

‘‘I think that by tying everything we do for the students to
a long-term goal that directly benefits society, benefits
not only the students in their education process but it also
helps society because their needs are being directly seen
by the students as they do the work. It further motivates
the students to perform at a higher level.’’—Miles
(Academia)

Service learning, mentoring, and outreach were also

described as Transformation activities, especially as
teachers could transform their disciplinary knowl-

edge both to motivate students and to apply their

expertise in real-world applications to benefit the

community.

Non-classroom teaching experiences were most

often mentioned by industry-employed partici-

pants: Some discussed their duties as doctoral-

level engineers to teach their colleagues through
internal engineering courses within their organiza-

tions, as well as training programs for new employ-

ees and interns. The re-framing of the role of

‘‘teaching’’ to be a necessary skill within both

academic and industry careers is a significant find-

ing. Many graduate engineering students, even

those pursuing academic careers, do not get prac-

tical teaching experience, and those pursuing
careers in industry may engage in teaching respon-

sibilities irrelevant to their careers. However, these

data point to the fact that teaching as an element of

Transformation is important for Ph.D. engineers,

regardless of career choice.
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6.1.2 General communication

This theme encompassed the most general mention

of good communication skills, where participants
did not specify particular modes or venues for such

communication. Components include personal

attributes; the ability to break down complex

ideas; and the ability to tailor communication to

the audience. Personal attributes were usually dis-

cussed in terms of characteristics, such as the ability

to be articulate, have positive non-verbal skills, or

convey confidence. Peter emphasized the need for
current and future Ph.D. holding engineers to learn

to maintain poise and control under pressure while
communicating with confidence:

‘‘You know, frequently Ph.D. students [. . .]really need
some experience presenting in front of audiences, or
giving talks in front of—I don’t want to say hostile–
but a committee or a group that may doubt their results.
You know, that may be looking for something wrong. So,
you know, I characterize that as poise, you know, being
forceful, and articulate, and being confident in your own
results.’’—Peter (AC-IN)

Many of the communication (general) themes dis-

cussed knowing the audience across a variety of
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environments and media of communication. Parti-

cipants discussed various methods and venues for

communication, but the findings converged on the

idea that all Ph.D. engineers are responsible for

communicating their expertise across multiple

populations and venues. As a result, Ph.D. engi-
neers need to be eloquent and discriminant in their

communication in order to best tailor communica-

tion to their audiences.

6.1.3 Application of knowledge

Many participants directly described how partici-
pants apply their knowledge to various applications.

The four components of this theme include Impact

for company/organization, Commercialization of

products, Patents, and Broader impacts. The com-

mercialization and patents themes are self-explana-

tory, offering application of knowledge to benefit

intellectual property. Ryan (IN-AC) notes his com-

mitment to being oriented toward ‘‘how do I make it
better? How do I improve upon it? How is it applic-
able?’ [. . .] ‘How do we explain it to engineering

students?’’’Additionally, Sandra notes the calling of

an engineer to harness physical principles to benefit

society:

‘‘In my particular field, applying the knowledge that we
gain from materials to help with sustainable environ-
ments, applying those materials to alternative energy
sources, you know applying different materials to under-
standing biological and bioengineering devices. And so
all of these things are directly related back to the
community and how with engineers we of course are—
are here to serve the community and tomake life better at
least that’s the way I see it, for not only the national, but
the international community.’’—Sandra (IN-AC)

In these excerpts, elements of Transformation also

incorporate aspects of Conservation and Genera-
tion—only by being a Steward in the other areas are

these participants able to best translate their find-

ings, passion, vision, and technical leadership to

better the future of engineers and engineering.

6.2 Recommendations for alignment of graduate

engineering education: Transformation

Some of the aspects of Transformation are common

in calls for improvement of engineering education as

a whole, especially the communication aspects.

However, Transformation goes beyond pure com-

munication skills and posits that Ph.D. holders

apply their expertise (usually through communica-

tion) in broad applications. Development of the
Transformation skills may need to be explicitly

sought, since they require practice. However, in

educating well-rounded doctoral engineers that

will be able to succeed in multiple venues, these

activities are valuable.

� Present research at conferences, bothwithin one’s

discipline and at interdisciplinary conferences.

� Pursue teaching opportunities, recognizing that

‘‘Teaching’’ skills are useful within both industry

and academic careers.

� Apply research expertise to projects which have
broad societal impact.

� Practice disciplinary writing in a variety of

venues: Grant writing, fellowship applications,

journal/conference paper publication.

� Practice disciplinary communication: Seek

opportunities to present at departmental semi-

nars; substitute teach undergraduate courses;

practice appropriate communication, grammar,
and spelling in all communication (including

email).

� Explicitly network with leaders in the field at

conferences in order to practice verbal commu-

nication about your research and interpersonal

skills.

� Seek advice and mentorship with disciplinary

leaders outside one’s institution to build strong
relationships and future collaborations that span

disciplines.

Transformation opportunities may be viewed as

superfluous or irrelevant in the short term to stu-

dents and advisors, or seen as skills to develop at
some time in the future. However, these skills are

important to graduate education andmay aid in job

placement and advancement.

7. Introduction to the competencies
blueprint model for doctoral education

The recommendations within each of the tenets of
Stewardship based on the findings from our study

can be compiled into a useful tool for doctoral

students, advising faculty guiding student profes-

sional development, or engineering administrators

seeking to align and assess competencies in an entire

engineering program. Here, we unveil the Compe-

tencies Blueprint, which is based on Stewardship

and helps align skills learned through traditional
engineering research and teaching education and

extracurricular opportunities with students’ desired

career paths.

Figure 2 shows a sample Competencies Blueprint

template. Students should spend some time indivi-

dually reflecting on their career goals and research-

ing job descriptions for types of institutions or

organizations in which they would like to work, in
order to best complete a personal Competencies

Blueprint before consulting with their advisors or

mentors. Programs or faculty might offer a finite list

of competencies that could be selected to be fulfilled

and could align with Conservation, Generation,
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and Transformation, or they could leave it to the

student to creatively plan professional development

opportunities.We fully expect users of the Blueprint

to adapt the representation or template based on

preference or use.Ultimately, the goal competencies

chosen should strongly align with the knowledge,
skills and attributes and job description/qualifica-

tions within the chart. Filling out the chart may be

an iterative process. The flexibility of the Blueprint

permits change as career opportunities or goals

evolve and allows students to monitor their own

progress.

The Competencies Blueprint model for profes-

sional development is not intended to disturb or
disrupt the traditional advisor-advisee relationship;

teaching, research, and publication requirements;

or coursework standards. The activities would be

completed in addition to the expectations required

by a doctoral program: Students should not use

their future career goals to refuse to participate in

some element of program or advisor requirements.

Rather, a student should deliberately choose out-
side activities (within their control) that develop

auxiliary professional skills, to increase hirability

after graduation. Faculty and administrators might

employ this flexible and robust Competencies Blue-

printwithin their research groups or across an entire

graduate program in order to better align graduate

education with the needs of engineering careers and

assess student competencies.

8. Discussion

The tenets of Stewardship seek to inform educators

of three large ideas that Ph.D. holders across dis-

ciplines exemplify through their activities, whether

or not they identify these distinct components in

their own lives. By operationalizing Stewardship
and providing engineering-specific examples, it

becomes clear to educators how practicing engi-

neers think about their world and what it means

practically to be an engineer. This research adds to

the body of knowledge characterizing the engineer-

ing Ph.D., extending work that Watson and Lyons

conducted focusing on engineering Ph.D. holders in

industry [4], as well as extending the utilization of
Golde and Walker’s Stewardship framework into

the discipline of engineering [14]. Lastly, this is one
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of the only works in engineering education that

proposes a concrete research-to-practice mechan-

ism for doctoral-level preparation and professional

competencies.

The sample recommendations for competency

development in each tenet of Stewardship and the
Competencies Blueprint are not novel: Many are

proposed in prior reports [2, 34]. However, as a ‘‘to-

do list’’ for professional development, (e.g. as the

survey studied by Bieschke, Bishop, andGarcia [35]

may be interpreted), the tasks overwhelm the goals,

which is to socialize students as leaders of a dis-

ciplinary community. Grouping activities by Stew-

ardship tenets can help students and faculty
deliberately plan activities so that over the course

of a semester, year, or program, a graduate student

has developed skills within all three tenets of Stew-

ardship, as they apply to a desired career. Our

operationalization of Stewardship and the examples

mentioned are lists of opportunities that can

develop specific skill sets required in engineering.

Using the tenets, themes, and components as com-
petencies within the Competencies Blueprint to

guide learning opportunities will help align the

(formal and informal) doctoral engineering curri-

culum with disciplinary career expectations.

This approach for graduate education aligns well

with adult educational theory, which centers on the

idea that adults need to be personally motivated:

Achievement in adult learners is linked to intrinsic
motivation, senses of agency, and ideas on self-

authorship [36, 37]. Within the traditional require-

ments of an engineering Ph.D. program, students

can be asked by faculty advisors to develop and

fulfill their individual professional goals, potentially

motivating milestone and degree completion, and

perhaps boost placement rates for Ph.D. engineers.

Using the Stewardship framework to guide these
activities simplifies the opportunities and helps

students to align their goals with future engineering

employers’ expectations.

9. Role of the researchers, limitations of
the study and future work

The research data were collected by seven research

team members holding degrees in engineering and

currently involved in engineering education

research. This positionality allowed the researchers

to recognize particularly interesting aspects of engi-

neering careers, and a deeper understanding of

disciplinary terms or jargon. The coding and ana-

lysis of the data for this publication was conducted
collaboratively by one researcher with an engineer-

ing background and another researcher with a

social psychology background. This pairing was

conducive to creating clear codes and definitions

that outline the roles and responsibilities of the

Ph.D. engineer.

One limitation of the study involves the sampling

methods, which only targeted Ph.D. engineers cur-

rently working in the United States. It would be

interesting to take a look at the engineering Ph.D.
more globally, looking across cultures to under-

stand the way in which Stewardship is either

upheld or disproven in the roles of Ph.D. engineers

around the world. Additionally, as engineering

disciplines are expanding rapidly, it may be inter-

esting to examine the expectations of Ph.D. holders

in some of the traditional engineering disciplines

(e.g. civil engineering or mechanical engineering)
with the newer disciplines (e.g. biomedical engineer-

ing or ecological and environmental engineering).

Future work with the Competencies Blueprint

will involve implementation, assessment, and adap-

tation of the model to work in various applications

(individual use, in a research group, department-

wide). Users of the Blueprint or any variation of our

model or findings are encouraged to contact us with
their experiences and findings.

10. Conclusion

Through this study, we offer insight into the roles of

Ph.D. engineers in academia and industry using

Golde and Walker’s Stewardship framework,
which divides the tasks that Ph.D. holders perform

into the three categories of Conservation, Genera-

tion, and Transformation. In this study, we

expanded prior work studying other professions

by interviewing 40 Ph.D. engineers in a variety of

engineering disciplines holding careers in industry

and academia. This study contributes to the body of

knowledge in engineering education by offering
interpretations of how engineering experts opera-

tionalize Stewardship. We found that engineers in

both industry and academia enact elements of

Conservation, Generation, and Transformation in

differentways, and these activities and the skills they

represent might be better aligned with doctoral

engineering education opportunities. While pre-

vious studies have examined someof theknowledge,
skills, and attributes that Ph.D. students need going

forward, this research frames the needed skills

through Stewardship theory, and extends the

theory into an easily applied mechanism for compe-

tency planning. As a result of this qualitative study,

we unveil a flexible and robust Competencies Blue-

print based on this research that can align doctoral

engineering education with students’ career trajec-
tories. The Competencies Blueprint will be useful

for students, faculty, and administrators seeking to

reform graduate competencies achievement and

assessment.
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