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The manuscript describes a study of the design and development of advanced manufacturing engineering curriculum and

competencies. The study employed aDelphi research technique to explore and determine the contemporary competencies

necessary to prepare and train current and future manufacturing workforces. A multi-step Delphi research approach was

used with advanced manufacturing industry experts to determine and refine the needed professional competencies in the

manufacturing engineering world now and in the future. Eighty-eight subject matter experts from diverse industries

participated in the research together with university faculty in advance manufacturing. The resulting core competencies

from this research inform creation of flexible, multi-level advanced manufacturing curriculum necessary to prepare both

inservice and preservice engineers for current and future workforces.
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1. Introduction

Advanced manufacturing is key to keeping manu-

facturing engineering industries competitive by

reducing cost, improving quality, and realizing

innovative products that leverage new technologies

[1]. Maintaining a vital and vibrant manufacturing
workforce is also critical from a national and global

security perspective. The deployment of advanced

manufacturing technologies is changing the nature

of the field and has the potential of creating new

production jobs. However, as new manufacturing

technologies are deployed, large sectors of workers

find themselves without the requisite skills for

competing in advanced manufacturing job markets
[2, 3]. Simultaneously, companies interested in

deploying new manufacturing technologies are

unable to find workers with contemporary requisite

skills for such rapidly changing industries. There-

fore, many available manufacturing positions are

left unfilled or filled with underprepared workers.

To meet this important workforce need and to

address the gaps in advanced manufacturing
knowledge and skills globally, this research team

set out to identify the specific content and strategic

needs in advance manufacturing training and edu-

cation in an effort to design, deploy and test new

curriculum and aligned pedagogies to meet con-

temporary advanced manufacturing needs in

diverse industries. This particular research presents

a study completed to develop specific content
needed in preservice (university) and inservice (pro-

fessional) engineering education to address contem-

porary challenges in advanced manufacturing.

Accordingly, a Delphi process was employed to

conduct this workforce relevant engineering educa-

tion research.

1.1 Manufacturing Curriculum

Manufacturing curriculum has historically drawn

upon select aspects of mechanical engineering

(modeling of physical processes), material science

(understanding of materials being processed), and

industrial engineering (control and optimization of
manufacturing operations). Contemporary manu-

facturing engineering utilizes sophisticated and

complex systems with multiple interacting compo-

nents. Specifically, individualmachines are complex

mechatronic systems that are networked together to

create production lines and cells. These, in turn,

interact with enterprise-wide information systems

such as resource planning software. Global supply
chains have become the lifeblood of production

engineering in large manufacturing corporations.

Interactions with suppliers further increase the

complexity of manufacturing. Given these multiple

sources of complexity, a systems approach is essen-

tial to design, model, and operate manufacturing

systems with the requisite degree of resilience to

sustain contemporary supply and demand [4–14]. In
this regard, advanced systems engineering concepts

such as model-based systems engineering and sys-

tems-of-systems modeling and integration are

becoming foundational skills for the next genera-
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tion of manufacturing engineers. Recent advances

in artificial intelligence (AI) and machine learning

(ML) are expected to become a source of competi-

tive advantage for improving system performance

in global markets. Current educational approaches

that largely focus on single disciplines are inade-
quate for training the next generation of the

advanced manufacturing workforce. Simply com-

bining courses fromdifferent engineering disciplines

is at best a partial solution to educating future and

current professional manufacturing engineers. A

critical need to create an intellectually coherent

educational program that exploits modern systems

engineering principles, with contemporary chal-
lenge-to-solution foci to provide a holistic view of

manufacturing has emerged.

Developing an innovative advanced manufactur-

ing engineering curriculum requires close interac-

tion and a feedback loop with industry

professionals to identify core competencies that

are needed in the modern manufacturing work-

force. It is for this reason that this research team
employed an iterative Delphi research process to

collect and analyze such core manufacturing com-

petency information in advance of creating innova-

tive manufacturing curriculum.

The manufacturing workforce is highly diverse,

comprising of individuals with varying education

levels [15]. Broadly speaking, this workforce can be

categorized into the following levels: (1) people with
advanced degrees, (2) people with bachelor’s

degree, and (3) people with associate’s degrees or

technical certifications. To adequately prepare

people from these three levels, colleges and univer-

sities must ensure that manufacturing curriculum

and associated pedagogy can be helpful to people at

each of these three levels. For example, additive

manufacturing curriculum should be helpful to
machine operators so they are able to diagnose

causes of defects in parts. It should also help the

design engineer to create a structure to fully exploit

the capabilities of the process. It should assist the

manufacturing engineer in optimizing process para-

meters by using themost contemporary advances in

machine learning. To address thismultidimensional

need, this research team of interdisciplinary engi-
neering faculty partnered with industry using a

Delphi research process to identify and prioritize

the contemporary core competencies needed for

current and future engineers in advanced manufac-

turing. The long term goal of this research is to

develop a set of courses and learning modules that

address the most contemporary needs in advanced

manufacturing. To initiate this process, this Delphi
study was conducted to determine the needs in the

manufacturing industry. This study addresses this

need and is described herein.

1.2 Manufacturing Engineering Education

Many engineering education studies have devel-

oped and experimented with new curriculum, learn-

ing modules, and collaborations within and outside

of colleges and universities to drive changes in

manufacturing engineering education to enhance
students’ engagement, learning effectiveness, and

career readiness. One of the major objectives of

manufacturing engineering education is requiring

students to analyze, improve, and select manufac-

turing processes through product design [16].

Active experimentation strengthens students’ out-

comes and engages them to exercise underlying

skills such as data analysis, problem-solving, com-
munication, and evaluation, all of which are con-

temporary processes aligned with engineering

education pedagogical research [17]. Additive man-

ufacturing (AM) was introduced as an effective tool

to advance engineering education and connect

students’ theoretical knowledge to the practical

skills necessary for preparedness for the manufac-

turing workforce [18]. Online learning modules
were developed to support distance education by

allowing students to engage in hands-on activities

and laboratory exercises virtually and in self-paced

learning environments [19].

Mirkouei and colleagues’ research [17] found

that students perceived the framework of active

experimentation with hands-on learning as being

more useful than traditional written assignments in
engineering education. In this research, learning

modules were developed through four frameworks:

(1) define learning outcomes, (2) create instruc-

tional resources, (3) create active learning

resources, and (4) create summative assessment.

The hands-on activities for the modules provided

students with active learning through phases: reflec-

tive observation to active experimentation and real-
time data analytics. Compared to traditional peda-

gogical approaches, students were encouraged to

innovate, think beyond traditions, and work with

both their hands and minds. This approach also

enabled students to practice communication

through small group discussions. Although active

learning and direct participation of students with

project-based learning are ideal, they are often
absent from current engineering classrooms.

In Motyl and Filippi’s [18] systematic review of

engineering education literature, a trend of advoca-

tion to improve manufacturing engineering educa-

tion was noted, especially in courses dedicated to

Industry 4.0 subjects – AM and manufacturing

improvement. This change required the effort of

providing cross institutional training. Including
AM and 3D printing (3DP) as new skill sets related

to product design were found to be fundamental in

preparing young engineers for the manufacturing
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workforce. The courses incorporating AM and

3DP in Motyl and Filippi’s review were found to

facilitate students’ deeper understanding, improve

their design and visualization skills, and stimulated

independent student learning.

The integration of design for additive manufac-
turing (DfAM) into engineering curriculum in

Prabhu and colleagues’ research [20] demonstrated

change in students’ DfAM self-efficacy in two

paradigms – opportunistic and restrictive. Oppor-

tunistic DfAM centers on the capabilities of AM

whereas restrictive DfAM accommodates the lim-

itation of AM processes. Participating students in

this research who received restrictive DfAM educa-
tion demonstrated a significant change in their

restrictive DfAM self-efficacy. Although DfAM

did not affect participants’ technical abilities of

their AMdesign outcome in Prabhu and colleagues’

research, it demonstrated that there is a need to

emphasize the use of AM and opportunistic DfAM

inmanufacturing engineering educational interven-

tions to stimulate active learning in preparing the
next generation of the advance manufacturing

engineering workforce.

In addition to active learning, meaningful learn-

ing is another important component of impactful

engineering education. In Ullah’s [16] study of

incorporating e-learning in manufacturing engi-

neering education, concept map e-learning was

implemented in college classrooms to foster mean-
ingful learning by relating new information to

existing student knowledge. Often manufacturing

engineering education is structured as academic

discipline-based education. The objective of con-

cept map based pedagogy is to accommodate both

academic discipline-based learning and near-future

employment needs by building knowledge around

focus questions and integrating the aspects of
educational outcomes, universe, and context. In

Ullah’s research, after student participants experi-

enced an e-learning module with a concept map,

they demonstrated meaningful learning behaviors

by associating a concept with other related and

unrelated concepts. Accordingly, incorporating

concept maps which connect acquired knowledge

with new materials can lead to better prepared
workforces in engineering [19]. This approach

requires contemporary content to be blended with

acquired content to be effective. It is precisely from

this research that the present study authors set out

to determine which competencies and associated

content are most needed to advance a new manu-

facturing curriculum in engineering education with

interdisciplinary foci.
To narrow the gap between academics and indus-

try, Melikyan and colleagues [21] initiated change

in an engineer education model through a colla-

boration between the industry, Synopsys, and uni-

versities, with the goal of producing well-trained

engineers for the current global industry. The

Synopsys Armenia Educational Department

(SAED) had as its goal for ‘‘Universities to go to

Industries’’. Accordingly, the SAEDpartneredwith
five universities to support universities and students

with degree completion including Bachelor’s, Mas-

ter’s, and Ph.D.s in the fields of finance, computer

software and hardware, with training for profes-

sors, and installation of classroom and laboratories

within the company to prepare students for indus-

try. This became a highly successful multi-univer-

sity-industry partnership in which many of the
SAED participants graduated with employment in

a high-leading position at Synopsys, thereby under-

scoring the need for of partnerships between uni-

versities and industries to create a better

engineering education environment which matches

industry needs with university learning environ-

ments. This can better prepare students for the

next generation of engineering workforces, espe-
cially those that involve advanced manufacturing.

2. Methodological Approach

This study posited to gather information via Delphi

research that was employed to collect, study and

understand the needs of contemporarymanufactur-

ing industries. Traditionally, the Delphi process is

used to build consensus of ideas among diverse

experts in fields. This research methodology builds

upon the National Academy of Engineering

(NAE)’s recognized team science, which leads to
development of common vocabulary and consensus

perspectives on subject matter that prior to employ-

ing Delphi strategies were often disparate and

disconnected.

2.1 Study Sample and Recruitment

The study participants for this Delphi study were

senior level industry leaders in diverse globally

focused manufacturing engineering companies.

Eighty-eight participants were recruited to partici-
pate in the study using a level of convenience

sampling from those who the research team had

some familiarization with and their colleagues. A

subset of the participants (N= 12) were a part of the

researchers’ industry advisory boards. This recruit-

ment process was deliberate as the research team

intended to access information from what is

referred to in Delphi style research as subject
matter experts (SMEs). The participants repre-

sented such expertise in that they came from diverse

engineering and computer science backgrounds and

also were at advanced enough levels within their

respective companies to fully understand the con-
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temporary needs both of pre-employment engi-

neers, (college and university students), and practi-

cing engineers (professionals) in advanced

manufacturing fields.

2.2 Research Questions

This research responded to several important ques-

tions:

� What are the most contemporary core compe-
tencies necessary to fully prepare students and

practicing engineers for advanced manufacturing

workforces?

� What are areas of advanced and precursing

knowledge that practitioners in advance manu-

facturing need?

� Inwhat ways can universities and industries work

together to prepare the next generation of man-
ufacturing engineering professionals?

To best respond to these important research ques-
tions, the research team identified a process by

which they could gather comprehensive and con-

temporary information from subject matter experts

using a well-defined, researched, and iterative pro-

cess, thereby turning to a Delphi research process

for their work.

2.3 Overview of the Delphi Process

The Delphi process is a research approach used to

develop themes, needs, directions, and consensus

about a topic or set of topics through a series of

surveys andmeetings, where information and results

are fed back to subject matter experts (SMEs)

between each data collection experience. This

researchmethodology has been presented in various

ways, including as a survey, procedure, method, and
technique [22–24]. It was first used in technology

forecasting studies initiated by theRANDCorpora-

tion andwas used as an approach to solving complex

issues in education. It has become a ubiquitous way

of eliciting opinions from people with expertise,

although the method itself and the purposes for

which it has been used have been extensively mod-

ified by research across time [25].
The goal of employing a Delphi research process

is to achieve consensus or ‘general agreement’

through a process of iteration. Group interaction

in research is generally underpinned by an assump-

tion that an individual’s attitudes and beliefs do not

form in a vacuum and that people listen to others’

attitudes and understandings so that they can focus

on their own understanding [26]. The main purpose
of adopting a Delphi research process is to provide

a structured approach to collecting data in situa-

tions where the only available alternatives are

anecdotal or other entirely subjective approaches

to data collection and analyses [22]. The features of

anonymity, iteration with controlled feedback, sta-

tistical group response and expert input can facil-

itate consensus where there is contradictory or

insufficient information to conclude informed

results. There are many other group approaches

to reaching consensus, including nominal working
groups, brainstorming, and focus groups, but these

have been found to be less appropriate to the

development of a model for advancing training

around new competencies [27]. The disadvantage

with each of those techniques is their risk of

accounting only for the perceptions of the most

outspoken or opinionated members of a particular

group or of focusing solely on interesting or con-
troversial elements.

TheDelphi research process has been found to be

particularly useful for situations where a problem

does not permit the application of precise analytical

techniques, but can benefit from judgments on a

collective basis; where the relevant specialists are in

different but related fields and occupations and not

in direct communication; where the number of
specialists is too large to effectively interact in a

face-to-face meeting exchange longitudinally [23,

25]. In particular, the Delphi process has been

found to be an appropriate mechanism for ensuring

that emergent differences between and within key

stakeholder groups can be accounted for in a

systematic way. The most obvious benefit in using

the Delphi research process is that by guaranteeing
anonymity in responses to individual items or

topics, it is encouraged to provide opinions that

are free of influences from others and therefore are

more likely to be ‘true’ [24]. Anonymity encourages

subject matter experts to make statements on the

basis of their own professional knowledge and

experience, rather than a more cautious institu-

tional position [25]. By adopting this iterative
research approach to data collection, the ‘collective

human intelligence capability’ found in groups of

people with expertise can be more appropriately

harnessed [23]. In this research team’s particular

Delphi process, the researchers first convened a

panel of subject matter experts to engage in a

‘‘group think’’ to identify an initial sent of advanced

manufacturing competencies and then from that
listing of competencies, a larger group of subject

matter experts were sent a survey in which they

could weigh in on and rate the relative importance

of competencies to the manufacturing world from

their professional perspective with anonymity.

2.4 Delphi Process Reliability and Validity

As with survey type methodology, researchers must

ensure that processes have both high reliability and

validity. TheDelphi process differs from traditional

survey data collection and analyses in two ways.
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First, participant panel members are not selected

randomly, but instead are deliberately selected

because of their knowledge and experience – that

is, due to their specific expertise, in the case with this

research in diverse manufacturing companies [28].

Second, the number of participating members in a
Delphi study may be much smaller than what is

traditionally thought to be sufficient to guarantee

the reliability of a survey [29].

Delphi research is an expert method [28, 29] as it

is an approach used to collect experts’ opinions,

knowledge, and experiences concerning a certain

problem or research question set. The reliability of

the Delphi process is based on (1) selection of the
experts, (2) size of the participant panels, and (3)

conducting of the process, including constructing

the prompts to which participants will respond and

the process for establishing research consensus. In a

Delphi study, an expert is defined as a person with

excellent and recognized knowledge in the field, a

wide interest in knowledge outside their own dis-

cipline, longitudinal experience, and willingness to
create something new without being tied to tradi-

tional viewpoints [29]. It is also recommended that

the participant panel should be as heterogeneous as

possible to ensure discourse and an iterative

achievement of consensus. With regard to the

panel size, researchers also keep in mind that,

even when research uses a randomized sampling

method for surveys, the research questions also
limit the population. The size of traditional survey

type studies is often large, however size itself is not

significant for reliability. Rather, the representa-

tiveness of the sample is an indicator of reliability.

The literature related to Delphi research indicates

that the number of panelists is primarily set at

between 15 and 30 [28], the minimum is often set

at twelve [30], but smaller and larger panels have
been observed and have been quite effective. Typi-

cally, validity of the responses are primarily in the

researchers’ hands. How well have the prompts

been formed to which participants have responded

and set, does the panel consist of precisely those

experts who have the best knowledge and experi-

ence, and are the responses accurately collected and

analyzed become elements of research validity in a
Delphi study [31].

With this in mind, for this advanced manufactur-

ing engineering education research, the research

team engaged in iterative planning strategies to

ensure proper validity and reliability of this

Delphi process. The reliability of this study is

based on four arguments:

1. Robust subject matter expert participant group

– The number of subject matter experts (SMEs)

was adequate (12 + 76 = 88) vs the minimum in

the Delphi literature, which varies from ten to

fifteen SMEs.

2. The iterative nature of the process – a panel

precursed sampling with the larger group of

research participants.

3. The anonymity of the process – none of the
SMEs knew who had said what during their

process of completing their surveys, except for

during the brainstorming process and asso-

ciated initial draft core competency generation

with a 12 member face-to-face panel. Thus,

there was no fear of losing face or being

identified as a representative of a certain stake-

holder group.
4. The quality of the SMEs – The research team

selected advanced manufacturing experts

according to experience and knowledge, and

all of the perceived stakeholders of developing

advanced manufacturing curriculum were

involved, making the study’s participant

group diverse in terms of expertise and knowl-

edge of the manufacturing world.

In the study, the logic and the applicability of the

results were recognized by the SMEs. The results of

the Delphi process helped address the study’s

research questions and also produced more infor-

mation and data than originally anticipated,

thereby fully informing the competencies that

needed to be addressed in creating advanced man-

ufacturing curriculum and eventual aligned peda-
gogy to train and educate current and future

manufacturing workforce members.

2.5 A Delphi Process in Advanced Manufacturing

Engineering Education

TheDelphi research process has not been a primary

research method in the engineering education com-

munity thus far. However, a handful of researchers

have used different variations of the Delphi process

to identify important concepts in a variety of

engineering educational contexts, including ther-

mal and transport sciences [32], industrial engineer-

ing [33], engineering computing [34], engineering
technology education [35], distance education [36],

and engineering ethics [37]. The Delphi process has

also been used to develop and improve engineering

education policy [38].

There is yet to be research that employs a Delphi

research process in an advanced manufacturing

engineering context with a global focus [39]. The

research team drew upon pivotal research and the
literature above to extend the application and utility

of the Delphi process to engineering education

contexts, specifically to the conceptualization and

development of contemporary, multi-leveled and

multifaceted advanced manufacturing curriculum.
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2.6 Iterations in the Delphi Research

The Delphi research process in this study involved

three Delphi iteration steps of equal importance.

Step one involved a focused session with twelve

advanced manufacturing subject matter experts in

which the research team explained the intent of the

research and its ultimate curricular and workforce

goals. During this step, small groups of three
members each were convened to brainstorm on

contemporary needs in the manufacturing field.

This initial brainstorm was followed by a group

report out and then, in step two, formulation of an

initial set of core competencies in advanced manu-

facturing. Consensus building occurred during step

two as all twelve SMEsweighed in on the listing and

refinement of the competency list in advanced
manufacturing. This step culminated with a con-

sensus list of thirty core advance manufacturing

competencies. In preparation for the third step in

the Delphi research process, the research team first

ended the consensus building meeting, charging the

twelve SMEs to contemplate the list of core compe-

tencies in preparation for rating them by impor-

tance to the field using an e-survey sent only to the
12 initial SMEs. Resulting from this rating of the

initial SME panel, the research team then expanded

the list of SMEs to a broader industrial group of 76

participants, to be certain that the team had broad

feedback and weigh-in on an adapted and adjusted

set of thirty core competencies (resulting from the

initial SME panel rating) from diverse industries all

of which were deeply involved in advanced manu-
facturing. For step four in the Delphi process, the

group of 76 SME participants + plus the 12 original

SMEs was sent the listing of core competencies in

the form of a second electronic survey. In this

survey, the SMEs were asked to rate the core

competencies on a 4-point Likert-type scale in

accordance with degree of importance to the

global world of advanced manufacturing. This

process was intended to narrow the listing of core

competencies so that the competencies could serve
as curriculum topics, manufacturing skills and

strategies that would be taught both to next gen-

eration and current practicing engineers in

advanced manufacturing. In addition to asking

the SMEs to rate the competencies, the researchers

also asked the larger SME group to suggest edits to

the descriptions of any core competencies that they

believed did not accurately represent what they
intended to describe.

Fig. 1 illustrates this multilevel, Delphi research

process for this work. It underscores the impor-

tance of an iterative process for development of

advanced manufacturing engineering education

research to meet the diverse needs of inservice and

preservice engineers.

3. Results

The results of this multi-step Delphi research are

presented by the various iterative steps required to

complete the full Delphi process. As previously

described and illustrated in Fig. 1, step one and

two of the process consisted of convening a small

group (N = 12) of SMEs to brainstorm and create a
listing of core competencies in advanced manufac-

turing. This resulted in a draft of 30 core compe-

tencies contained in Table 1.

Upon completion of creating and vetting this

listing of competencies, the researchers recognized

that the listing was too extensive and broad to
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incorporate into one set of modules in advanced

manufacturing. Accordingly, they set out to obtain

additional feedback and expertise in determining

which competencies were of highest priority for

industries in advanced manufacturing. This
resulted in the need for expanding the number of

and diversity in expertise of SMEs from which they

could obtain information. Resulting from this

desire, eighty-eight SMEs were included in step

three of the Delphi process. These SMEs were

sent an electronic survey containing the listing

contain in Table 1 and were asked to rate the core

competencies by level of importance to the global
manufacturing field. The results of this rating pro-

cess are illustrated in Table 2(a and b). Table 2a

addresses competencies associated with analytical

foci while Table 2b are focused on design elements.

The competencies are listed in order of rated

importance by the SMEs.

These round 3 Delphi results indicate that eight

of the thirty core competencies were rated highly
important to the advanced manufacturing field by

the majority of the eighty-eight subject matter

experts. Furthermore, an additional six of the

thirty core competencies sere highly rated by at

least 40% of the SMEs. Of the core competencies

that were not rated as highly important to the field

by the majority of SMEs (50% or above) only two

core competencies were rated as moderately impor-

tant to the field by themajority of the SMEs (50%or

above). Importantly, very few of the core compe-
tencies were rated as not important to the advanced

manufacturing field by any SME. Across all com-

petencies, no more than 2 SMEs of the eight-eight

rated any competency as unimportant. This under-

scores the depth of thought that was enabled by the

Delphi research process in determining the compe-

tencies necessary in advanced manufacturing.

While each of the identified core competencies
were rated highly by the SMEs, it is interesting to

note that taken together, the design focused com-

petencies were rated higher than the analytically

focused competencies with some design focused

competencies rated as much as 20% higher than

analytically focused competencies. The researchers

believe may be attributed to the ongoing practical

approach that continues to be of focused in
advanced manufacturing in industries.

As a final step in the Delphi process, the SMEs

had an opportunity to suggest additional or revised

core competencies and to provide written rationale

for their selection or ratings. Interestingly, rather
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Table 1. Initial core competencies in advanced manufacturing engineering

� Engineers will identify opportunities for utilizing additive
manufacturing to improve performance.

� Engineers will exploit the capabilities of additive
manufacturing by incorporating process constraints during
the design stage.

� Engineers will be able to use virtual prototyping to optimize
product design.

� Engineers will select the correct materials and processes for
parts based on requirements.

� Engineers will design parts by applying appropriate design
rules for the selected process and material.

� Engineers will design products for ease of assembly and
manufacturing.

� Engineers will estimate manufacturing costs using digital
product models.

� Engineers will create a digital twin for a given manufacturing
process.

� Engineers will select the right automation technology based on
product requirements.

� Engineers will develop system architecture based on system
requirements.

� Engineers will design an automated manufacturing cell with
appropriate human interfaces.

� Engineers will design integrated and secure cyber-physical
(mechatronic) systems.

� Engineers will verify systems using formal methods.

� Engineers will select system features using trade-off analysis
based on requirements.

� Engineers will use analytics tools to diagnose problems.

� Engineers will use machine learning to build process models.

� Engineers will use resilience methods for coping with known-
unknowns and unknown-unknowns to design manufacturing
systems.

� Engineers will use artificial intelligence to optimize system
operation.

� Engineers will design products to ensure the feasibility of cost-
effective manufacturing automation.

� Engineers will determine the main cost drivers for the selected
materials and process and be able to explain how product
design influences cost.

� Engineers will determine the advantages and limitations of
various additive manufacturing technologies.

� Engineers will use the application context to determine and
utilize the system modeling and simulation approaches, and
languages.

� Engineers will use appropriate analysis tools for different life
cycle phases of a system engineering project.

� Engineers will use appropriate computational methods,
including state machines, as well as deterministic and
probabilistic modeling approaches to model the system.

� Engineers will use verification and validationmethods ranging
from inspection, simulation-based analysis, demonstration,
and testing.

� Engineers will develop adaptive architectures that facilitate
the introduction of cyber-secure, resilience methods, and
measures.

� Engineers will develop approaches to handle key integration
challenges associated with legacy integration, human-system
integration, and system of systems integration.

� Engineers will understand the current advantages and
limitations of a variety ofAImethods and determinewhen and
how to integrate them into intelligent systems.

� Engineers will select, model, and analyze components of
modern mechatronics systems.

� Engineers will use appropriate software libraries for
implementing machine learning approaches.
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Table 2a. Rated core competencies- analytical foci (ordered by rated importance)

Core Competency
Not
Important

Somewhat
Important

Moderately
Important

Highly
Important

Engineers will use verification and validation methods ranging from
inspection, simulation-based analysis, demonstration, and testing.

0.00% 17.74% 22.58% 59.68%

Engineers will use analytics tools to diagnose problems. 1.61% 14.52% 29.03% 54.84%

Engineers will identify opportunities for utilizing additive manufacturing
to improve performance.

0.00% 11.84% 34.21% 53.95%

Engineers will select system features using trade-off analysis based on
requirements.

1.61% 19.35% 33.87% 45.16%

Engineers will understand the current advantages and limitations of a
variety of AImethods and determine when and how to integrate them into
intelligent systems.

4.84% 16.13% 38.71% 40.32%

Engineers will select, model, and analyze components of modern
mechatronics systems.

1.61% 16.13% 43.55% 38.71%

Engineers will use machine learning to build process models. 1.61% 37.10% 24.19% 37.10%

Engineers will use appropriate analysis tools for different life cycle phases
of a system engineering project.

1.61% 22.58% 40.32% 35.48%

Engineers will use appropriate computational methods, including state
machines, as well as deterministic and probabilistic modeling approaches
to model the system.

0.00% 27.42% 37.10% 35.48%

Engineers will estimate manufacturing costs using digital product models. 0.00% 21.62% 44.59% 33.78%

Engineers will use artificial intelligence to optimize system operation. 6.45% 27.42% 33.87% 32.26%

Engineers will use the application context to determine and utilize the
system modeling and simulation approaches, and languages.

1.61% 33.87% 35.48% 29.03%

Engineers will use appropriate software libraries for implementing
machine learning approaches.

3.23% 20.97% 50.00% 25.81%

Engineers will verify systems using formal methods. 6.56% 26.23% 44.26% 22.95%

Table 2b. Rated core competencies- design foci (ordered by rated importance)

Core Competency
Not
Important

Somewhat
Important

Moderately
Important

Highly
Important

Engineers will select the correct materials and processes for parts based on
requirements.

0.00% 8.11% 20.27% 76.62%

Engineers will design products for ease of assembly and manufacturing. 0.00% 1.33% 31.51% 63.01%

Engineers will be able to use virtual prototyping to optimize product
design.

0.00% 6.76% 32.43% 60.81%

Engineers will design parts by applying appropriate design rules for the
selected process and material.

1.37% 9.59% 28.77% 60.27%

Engineers will determine the main cost drivers for the selected materials
and process and be able to explain how product design influences cost.

1.61% 11.29% 37.10% 50.00%

Engineers will exploit the capabilities of additive manufacturing by
incorporating process constraints during the design stage.

0.00% 13.51% 40.54% 45.95%

Engineers will design products to ensure the feasibility of cost-effective
manufacturing automation.

1.64% 14.75% 37.70% 45.90%

Engineers will determine the advantages and limitations of various
additive manufacturing technologies.

0.00% 12.90% 41.94% 45.16%

Engineers will select the right automation technology based on product
requirements.

0.00% 18.92% 39.19% 41.89%

Engineers will develop approaches to handle key integration challenges
associated with legacy integration, human-system integration, and system
of systems integration.

1.61% 24.19% 37.10% 37.10%

Engineers will design an automated manufacturing cells with appropriate
human interfaces.

1.61% 30.65% 32.26% 35.48%

Engineers will design integrated and secure cyber-physical (mechatronic)
systems.

4.84% 19.35% 40.32% 35.48%

Engineers will create a digital twin for a given manufacturing process. 2.70% 20.27% 43.24% 33.78%

Engineers will develop system architecture based on system requirements. 2.70% 20.27% 44.59% 32.43%

Engineers will develop adaptive architectures that facilitate the
introduction of cyber-secure, resilience methods, and measures.

8.06% 30.65% 33.87% 27.42%

Engineers will use resilience methods for coping with known-unknowns
and unknown-unknowns to design manufacturing systems.

4.84% 17.74% 54.84% 22.58%



than revise the competencies or suggest additional

competencies for the core list, the SMEs chose to

discuss the relative importance of competencies to

varying fields within manufacturing in their ratio-

nale. They considered the core competencies listing

an ‘‘exhaustive’’ one, also cited the role of inter-
disciplinarity in making it difficult to rate and

narrow the core competency listing. Some SMEs

did list additional elements of potential core com-

petencies, however, upon close qualitative review of

these suggestions, the research team recognized

how such elements actually were contained in one

or more of the existing core competencies that the

SMEswere asked to rate. Additionally, some SMEs
suggested ‘‘simpler’’ wording of the competencies

to enable engineers at diverse levels of training to

understand the content. This finding spoke to the

importance of leveling the curriculum that would

result from the core competencies to meet diverse

student learning needs in engineering education

programs. Other SMEs indicated that the ‘‘manu-

facturing market had not yet caught up with’’ areas
including artificial intelligence and machine learn-

ing in their company or firm, and therefore these

areas would require a great deal of professional

training for practicing engineers. This finding high-

lighted the importance of providing training and

engineering education for practicing engineers in

addition to preservice engineers that would be

flexible to meet their diverse needs. As such, the
research team considered the potential flexibility

that could be exploited using a modular approach

to curriculum design and development for such in-

service engineers. Other SMEs indicated that the

technologies in small to mid-sized companies may

make it difficult for engineers to practice what they

learned in potential course modules. This further

underscored the need for flexibility and in-course
practice for those who may already be in engineer-

ing employment when accessing future course con-

tent. This finding was supported by the reviewed

research in engineering education presented in this

manuscript.

4. Discussion of Results

The results of this Delphi study has informed

significant curriculum content themes in the areas

connected to the highly rated core competencies

from this Delphi study on advanced manufacturing

engineering education. This has guided the research

team in creating a thematic approach to course

module development that will lead to more con-
temporarily informed future and current engineers

involved in global manufacturing industries. It is

important to note that the rated competencies,

when divided into the two categories of design

focused competencies, and analytically focused

competencies, the competencies rated of highest

importance fell within the design category. As

previously noted, this speaks to the SMEs’ per-

ceived need for advanced design. It is of critical

importance, however, that some of the competen-
cies blended both design and analytical elements

thereby underscoring the increasing need for com-

petence in applied analysis that informs manufac-

turing design. This is particularly relevant when

advanced technologies are paired with machine

learning and artificial intelligence. Accordingly,

these most contemporary needs rose to the top

during the SME competency ratings.

4.1 Study Limitations

This study is limited solely by the number of SMEs

who participated in the research. While the sample

size is robust, especially for aDelphi study, the SMEs

are practitioner leaders in the field associated with
advanced manufacturing, so therefore their focus in

not solely on research. The goal of the research is to

identify contemporary practitioner needs in

advanced manufacturing so therefore, the research

has both practical and research significance.

4.2 Future Work

Currently and in the near future, curriculum in

advanced manufacturing resulting from this

Delphi research is under development. Accord-

ingly, as a final analytical step after the four step

Delphi research process, the research team has

categorized the highest rated core competencies

into thematic curricular content areas to which

they will group the final core competencies and
formulate course modules that can be used both

in university degree programs and also leveled

according to students’ and practicing engineers’

competency needs and skill levels and infused into

courses and professional education for use nation-

ally and globally. This research team is now in the

process of taking the competencies developed

during the Delphi research process and developing
and piloting multi-leveled modular curriculum that

will be ongoingly tested, evaluated, revised and

utilized in colleges, universities and for inservice

engineering professional development globally to

inform and prepare the next generation of engineers

with the necessary interdisciplinary skills, knowl-

edge and strategies in advanced manufacturing.

5. Conclusions

The need for leveled curriculum to meet the diverse

entry level skill set needs of undergraduate students

was reinforced from this Delphi research. This is of

particular importance for students who may have
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access to curriculum resulting from this research

from two-year colleges. Furthermore, some of the

suggestions made by the SMEs further underscored

the importance of creating maximal flexibility in

topic areas generated by the core competencies so

that practicing engineers with varying backgrounds
in terms of technology expertise could gain compe-

tence in the areas that they or their supervisors

determined most important for their current work-

place. Additionally, the fact that the design focused

competencies were rated highest by the SMEs

identified the need for new designs in advanced

manufacturing. Some of the identified competencies

combined both design and analytical approaches

often to the degree that the analytical approaches

could inform the design of new manufacturing

technologies. This provides information that can

inform both university curriculum and support the

professional development needs that engineers and
computer scientists in the manufacturing field cur-

rently have andwill use in the not too distant future.
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