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This paper studies a transdisciplinary (TD) research approach to undergraduate engineering education to examine

alternative learning and consequently, to improve STEM learning outcomes. A paradigm shift in engineering education is

required in response to job market uncertainties to mitigate unemployment and prepare students to tackle problems

requiring TD knowledge, methods, tools, skills, and expertise from different disciplines and forming novel frameworks to

catalyze scientific discoveries and innovations. The expected results of TD research and education are an emphasis on

teamwork; collaboration; bringing together diverse science and engineering disciplines; developing and sharing concepts,

methodologies, and tools; to solve complex scientific and engineering problems.

The objective of this study is twofold, first to assess the impact of the TD pedagogical approach on the learning

outcomes of the ethnic minority students, second to implement and practice Collective Intelligence Management

Workshop (CIMW) supported by Transdisciplinary Design Studio (TD2S) for Collaborative Research and Education

(CORE).
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1. Introduction

Rapid technological change and convergence in the

globally competitive economy are causing current

and future upheaval in job markets. Individuals
may have to change career paths more than one

time in their lifetime. However, a fast transition is

not practically possible [1]. From an engineering

standpoint, companies from various industries out-

sourced engineering-related tasks to international

entities [2]. To be competitive in professional life,

the undergraduate engineering students will need to

have a novel set of skills centered around creativity,
innovation, and system integration [3, 4].

Due to the increasing understanding of the

importance of technological innovation for eco-

nomic competitiveness, new pressures now chal-

lenge engineering education and research with

extremely difficult technical, medical, social, and

cultural problems [5]. Unfortunately, the inade-

quate knowledge base to solve these problems is
becoming more and more evident. As a result,

engineering education should encourage the pro-

duction of future engineers who are not bound to

one discipline but be able to tackle complex pro-

blems using cross-discipline knowledge [6]. Trans-

disciplinary (TD) methods offer an approach that

synthesizes methodologies from multiple fields and

a broad and integrative viewpoint. This new

approach to creating communities of learners and

knowledge creators that work across disciplines is

integral to addressing the challenges. The use of TD

education approaches is timely since TD methods

and pedagogical strategies support the creation of
creative, engaged, dynamic, and innovative engi-

neers by cultivating multidimensional learning

experience with teaching and research activities at

the universities [7–9]. The implementation of TD

approaches in undergraduate education prepares

future engineers to tackle complex challenges by

encompassing all types of knowledge about an idea,

issue, or subject through TD thinking [10–14].
From the onset, transdisciplinarity practice has

been considered a crucial factor for graduating

engineering students’ success, for the following

reasons:

Students learn how to identify, decompose, and

solve complex problems.

� Students learn how to consider the impact of

engineering solutions in global, economic, envir-

onmental, and societal issues.

� Students learn how to function effectively on a

team whose members together provide leader-
ship, create a collaborative and inclusive envir-

onment to meet objectives.

� Students learn how to create and apply new

knowledge for the solution of unstructured pro-

blems that benefit society.

The above students’ learning experiences are

representative of four out of seven ABET 2020

* Accepted 11 June 2020.1976

**Corresponding author: Atila Ertas, Department of Mechan-
ical Engineering Texas Tech University, 7th, and Boston, Lub-
bock, TX 79409, USA. E-mail: atila.ertas@ttu.edu

International Journal of Engineering Education Vol. 36, No. 6, pp. 1976–1987, 2020 0949-149X/91 $3.00+0.00
Printed in Great Britain # 2020 TEMPUS Publications.



Criterion 3, student outcomes [15]. This study

presents TD research approach to undergraduate

engineering education in an effort to examine alter-

native learning and consequently, to improve

STEM learning outcomes.

2. Transdisciplinarity in Practice at Texas
Tech University

2.1 Initiation of Transdisciplinary Senior Design

Course

The TD research approach was implemented in a

senior engineering design course in Fall 2015 at

Texas Tech University. Senior mechanical engi-

neering students were introduced to TD training.

With the focus on complex problem-solving, the

course plan was designed to cover complexity
management and decision making, TD design pro-

cess and sustainable development, TD discovery

and innovation, TD system and product develop-

ment. The course design was explained in detail in

our previous works [6, 16]. Pre- and post-survey

were conducted to investigate the effectiveness of

the TD strategy and how the TD knowledge was

used to address complex problems [16].

2.2 Fall 2016 Section and Survey

In Fall 2016, TD senior engineering design course

continued, and the same pre- and post-survey was

conducted to evaluate how repeatable the results

from the 2015 section were under a set of similar

conditions. Unlike [16], for Fall 2016, only the
experimental section was considered. This section

had 20 senior mechanical engineering students.

While half the students were identified as white,

the other half identified themselves as an ethnic

minority. Engineering students are consistently

shown to have moderate to high levels of stress,

and symptoms of depression and anxiety [17–19].

These factors have correlated with lower perfor-
mance academic and higher levels of academic

difficulty among engineering students [18, 20].

These phenomena are further increased in ethnic

minority students [21, 22] in addition to minority

students experiencing lower self-efficacy [23]. Pre-

vious research has shown that peer interactions and

faculty to student interactions, as seen in TD class-

rooms, result in higher levels of academic success

and student retention [24–26]. More specifically,
peer support has been seen to reduce anxiety in

minority students [22] and faculty integration lead

to higher self-efficacy and therefore greater critical

thinking and student performance [27]. One of the

goals of this study was to assess the impact of the

TD pedagogical approach on the learning out-

comes of the ethnic minority students. Survey

questions were designed to understand if TD
research approach would result in better TD pro-

blem-solving skills. The survey included four ques-

tions, which asked students to rate themselves, and

a research question. Fig. A1 shows the pre- and

post-survey (see Appendix A).

2.3 Data Analysis

The collected responses were modeled with the

location-scale ‘‘t’’ distribution. An additional

sample t-test, with a 95% confidence level, showed
that GPA did not have a significant difference in

GPA averages. Because of the non-responses (no

response for post-test) and inconsistencies, three

students’ survey results were eliminated from the

analysis. Fig. 1 shows the pre- and post-survey

results of the first four questions. A comparison of

pre and post-tests results show that students’ TD

learning related to four survey questions was
improved. For Q1, ‘‘. . . ability to trust other

members’’ was rated very high compared with the

other three questions. Results of the standard

deviations of Q1 and Q3 reveals that students’

ability to trust and collaborate across disciplines

improved uniformly among the students. Fig. 2

shows the averaged results of the first four questions

from pre-and post-survey.
The averaged results of the TD learning were

evaluated with confidence interval estimation. The

confidence interval estimation was implemented
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Fig. 1.Measuring TD learning for 4 questions.



with the difference in two means, variance

unknown, to observe whether the results from

pre- and post-survey were statistically significant
[16]. Since the sample size is less than 30 the

unknown variance is estimated with ‘‘pooled’’ esti-

mator as follows [28];

S2
p ¼

ðn1 � 1ÞS2
1 þ ðn2 � 1ÞS2

2

n1 þ n2 � 2
ð1Þ

A 95 percent two-sided for the difference in means

(�1 � �2) was defined as follows:

ð�x1 � �x2Þ � t�=2;NSp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=n1 þ 1=n2

p
� ð�1 � �2Þ

� ð�x1 � �x2Þ þ t�=2;NSp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=n1 þ 1=n2

p
ð2Þ

where � equals 0.05 and N ¼ n1 þ n2 � 2. Statisti-

cal significance was determined on one condition: If

the confidence interval would not include

�1 � �2 ¼ 0, then the mean difference would be

considered significant. This hypothesis was tested

through an analysis with equations (1) and (2).
Table 1 shows a summary of the calculations of

the Fall 2016 section. Additionally, the Fall 2015

results were provided for comparison.

Table 1 shows that for Fall 2016 section

�1 � �2 ¼ 0 condition was not found in between

0.0941 and 1.2259, therefore the difference between

the pre- and post-survey is statistically significant at
the 95% confidence interval as the Fall 2015 section.

However, since the post-survey standard deviation

is higher than the Fall 2015 section, it can be

concluded that TD learning of Fall 2016 section

students was varied whereas in the Fall 2015 section

it was more uniform.

To evaluate individual learning outcomes, during

the pre- and post-survey, the collected surveys were
numbered. Fig. 3 shows the individual averaged

scores from the first 4 questions.

As shown in Fig. 4, Student #8 and Student #9

did not show improvement in TD learning as their

pre-survey and post-survey averages were the same.

The remaining 15 students in the class showed an

increase in TD learning. It is interesting to note that

Student #12, identified as an ethnic minority,
exhibited a significant increase in TD learning.

Additionally, Student #17, identified as white,

showed a significant jump in TD learning.

Table 2 shows the breakdown of the average

scores from the first four questions for white and

ethnic minority students in the Fall 2016 section.

For the Q1, the mean scores of the ethnic minority

students increased by 1 from pre-survey to post-
survey and the mean scores of the white students

were increased by 0.8. The Q1 results showed that

ethnic minority students improved their ability to

trust other members of the class more than white

students. It should be noted that while the standard

deviation from white students significantly
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Fig. 2.Measuring TD learning for 4 questions.

Table 1. Summary of calculations from sections Fall 2016 and Fall 2015

Sections Sp �ðdf Þ � �1 � �2 � �Xpre
�Xpost Spre Spost

2015
Section

0.616 17 �0:877 � �1 � �2 � �0:593 5.294 6.0294 0.6745 0.5512

2016
Section

0.810 17 0:0941 � �1 � �2 � 1:2259 5.370 6.0300 0.8200 0.8000

Fig. 3. The individual averaged scores from the Fall 2016 section. Each student was represented with a number.



decreased, it remained the same for the ethnic

minority students. For the Q2, the calculated

mean values decreased for ethnic minority students

– their ability to use ‘‘outside’’ knowledge from

experts to solve complex problems decreased. This

stood as a contradiction with the TD research

approach since it was expected that the TDmethods

would encourage obtaining outside information. It
is interesting to note that the standard deviation

increased to 1.38. It can be deduced that the ethnic

minority students do not feel as comfortable as

white students to reach out to field experts to

obtain ‘‘outside’’ knowledge. A similar increase in

standard deviations was also observed in Q4 for

both white and ethnic minority students.

This research also investigated the students’ abil-
ities to solve complex problems. Q5 was introduced

to assess this. It was expected from students to

demonstrate their understanding of the real-world

problems and the need for knowledge and skills

from a variety of disciplines. A scoring rubric was

implemented [16, 29]. The scoring rubric evaluated

3 different skills. The skills were understanding the

problem, making a plan, and proposing a solution.
Each skill was scored with 4 different score levels.

Each scoring category described the characteristics

of a response that would receive the respective

score. The scoring rubric was developed by identi-

fying the needed qualities to demonstrate skillful

performance [30].

The pre- and post-surveys were scored by three

people and the averaged scores were given in Fig. 4.

To observe the statistical significance between the

means, �1 and �2, the pooled estimator was com-

puted. The pooled estimator found to be 2.345. The

two-sided confidence interval for the difference in

means, �1 � �2 was: �0:0483 � �1 � �2 � 3:2283.
Since the condition of �1 � �2 ¼ 0 could be found

in that interval, the difference the pre- and post-

survey was not statistically significant. Although
there was no significant difference between the

results of pre- and post-surveys, change in mean

and standard deviation results showed considerable

shift. An increase in mean (approximately 26%)

reveals that students’ TD research understanding

improved. On the other hand, the increase in

standard deviation showed that this understanding

is not uniform but varied–all the students’ under-
standing is not close to mean value–but spread out.

Like the Fall 2015 section [16], it was expected to

observe no statistical difference in Fall 2016 as well.

The intriguing aspect of the Q5 was being a social

research problem intertwined with more than one

dynamic. Since the Golden Eagles and Prairie

Chickens question was a complex social problem,

it can be considered as a top tier TD research
problem. The students in the Fall 2016 section

was introduced to team building dynamics and

recognize the complexity of a problem. In addition,

they were able to break a complex problem into

understandable and meaningful pieces through TD

tools. Even though they understood the TD

research process completely, they did not fully

practice the TD research process.
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Table 2. Pre- and post-survey results by ethnicity.

Q1 Q2 Q3 Q4 Total

Mean SD Mean SD Mean SD Mean SD Mean SD

Pre-Survey White 5.60 1.07 5.00 0.67 5.20 1.40 4.50 1.08 5.08 1.06

EthnicMinority 5.29 0.76 6.00 1.00 6.29 0.76 5.57 1.27 5.79 0.95

Post-Survey White 6.40 0.52 6.40 0.52 6.40 0.52 5.30 2.00 6.13 0.89

EthnicMinority 6.29 0.76 5.71 1.38 6.43 0.79 5.43 2.51 5.97 1.36

Fig. 4. The results of Golden Eagles and Prairie Chickens research question.



3. Group Collaboration and Collective
Intelligence

Aukrust [31] stated that the creation of a learning
environment, which involves collaboration with the

students and students challenging one another,

promotes learning experiences as the act of learning

is initiated when individuals are engaged with each

other and their surroundings. Students learn more

effectively in classes where they can interact with

their peers and listen to different points of view and

experiences [32]. The concept of Interactive Man-
agement (IM) was developed at the University of

Virginia in 1980. Since then, the practice of IM has

spread too many places, and many applications

have been carried out. IM is a system of manage-

ment developed specifically to apply management

of complexity to cope with issues whose scope is

beyond that of the normal type of problem that

organizations can readily solve [33]. When compu-
ter scientist Tim Berners-Lee invented the World

Wide Web in 1989, creativity, collaboration, and

innovation exploded that we have never seen

before. Online information-sharing in real time

between researchers made IMW more effective.

IMW has been renamed as Collective Intelligence

Management Workshop (CIMW) to be the build-

ing block of the Transdisciplinary Design Process
[28].

3.1 Practicing Collective Intelligence Management

Workshop

The Fall 2015 Section was the first time we have
practiced Collective Intelligence Management

Workshop (CIMW) with the new Transdisciplinary

course that we have developed. Four foundational

core modules were covered in this TD course to

train students for a variety of subjects to support

complex problem solving. The content of the TD

core modules, based on engineering design princi-

ples, included knowledge common to engineering
disciplines and provided the students with a foun-

dation in the TD talent and skills required to

address complex issues that cut across disciplinary

boundaries. Four core modules were [16]: (1) Com-

plexity Management & Decision Making, (2)

Transdisciplinary Design Process & Sustainable

Development, (3) Transdisciplinary Discovery

and Innovation, and (4) Transdisciplinary System

and Product Development.
As shown in Fig. 5, CIMW has three phases

[33]: (a) the planning phase to identify the people,

information, and facilities need; (b) the workshop

phase involves bringing a selective group of people

together from expert domains who have knowl-

edge about the issue in hand to create substantial

communication among the group members to

identify main factors affecting complexity of an
issue. Then, working group continues to debate

for establishing contextual relationship among the

factors to develop structural self-integration

matrix required fundamental knowledge to

decompose the complex problem into understand-

able and meaningful pieces; and (c) the follow-up

phase include iteration of the problem solution

and its implementation.
The outcomes obtained through this CIMW

process include [33]:

Learning. Students who participated in the CIMW

process are exposed to a real sharing of ideas and

information, and therefore are actively learning

about the design research project at hand.

Commitment. The final design project concept is

created through the collaboration of students

and instructors. Through this kind of approach,
true commitment can be achieved.

Documentation. During the CIMW process, infor-

mation and decisions generated by research team

members were documented and organized –

provide the basis for broader dissemination of

the outcomes.

To support CIMW, we have also developed a

Transdisciplinary Design Studio (TD2S) for Colla-

borative Research and Education (CORE) and
integrated with the new TD course. The Transdis-

ciplinary Design Studio is composed of three ele-

ments [16]:
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Fig. 5. Three phases of CIMW.



Technology Embedded Learning (TEL): connected

our TD classroom through social media and

video platforms with others.

Domain Experts: with TEL platform, student

groups will be able to contact domain experts

to create collective impact.
Creativity Tools & Techniques: using TD methods

and tools, students will learn how to become

more creative.

CIMW was performed in Fall 2015 under the

guidance of instructor of the course as CIMW

facilitator and trained Ph.D. student who is famil-

iar with the CIMW process. The follow-up phase

of this workshop was the implementation of the
project during the 2015 Spring semester. In a

traditional senior engineering capstone design

course, design teams, build and test solutions to

manageable real-world problems – whole class

would be divided into design groups and each

group would work on their individual design

projects. At the beginning of the new TD design

class, 17 students were divided into 4 preliminary
teams to develop their own independent design

project idea – members of the team had no

previous working experience with team members

other than taking classes together in previous

semesters. CIMW was conducted through multi-

media conferencing, electronic mails, discussion

boards and interactive chatting as a communica-

tion platform (Blackboard Collaborate record-
ings). During the CIMW, preliminary groups

presented their proposals about the project they

would like to work on. Preliminary teams gener-

ated following 4 different design project concepts:

(1) Texas Eco Railways (High-Speed Train System

Design), (2) Tidal Power, (3) Water Crisis, (4)

Lubbock Weather. The advantages and disadvan-

tages of each design project concept were dis-
cussed, voted, and ranked. Finally, ‘‘High-Speed

Train System Design’’ was selected as the final

design project concept. The selected concept was

deconstructed in sub-systems. These sub-systems

were used to create ‘‘Expertise Groups’’. There

were 4 main sub-systems [16]: (1) Economic Mod-

elling, (2) Mechanical Design, (3) Electrical

Design, and (4) Social Issues. Sub-project teams
were rearranged after the final project decision and

deconstruction according to the students’ interests

and experiences.

3.1.1 Case Study: QFD Development through

Collective Intelligence

In High-Speed Train SystemDesign, Quality Func-

tionDeployment (QFD) tool is used to help capture

basic knowledge (voice of the customer, VOC) from

the customers and make it specific (customer needs,

CN). VOC is a raw, unfiltered source of input

obtained from many customers’ narratives. The

interpretation into needs can be done by use of

VOC as well as other narratives such as focus

groups, surveys, experts’ opinion, literature

search, etc. – QFD team should genuinely investi-
gate what is truly needed.

Instead of implementing QFD by the entire class,

17 students, first, each sub-system expertise group

developed their own QFD by using survey, experts’

opinion, and extensive literature search to establish

customer needs. Conducting a survey was the most

feasible and fast way to reach out to the customer

and extract their experiences, habits from existing
transportation and industrial vehicles, and expecta-

tions from a prospective system design for trans-

portation. The survey helped the design teams to

figure out their positions in the existing respective

competitive markets how they stand comparison in

terms of meeting target customer’s needs. After the

customer’s needs have been identified by each

design team, the team converts them to engineering
requirements for the system design. Then, these

engineering requirements become parts of the

design requirements. Figs. A2, A3, A4, and A5, in

Appendix A, show QFD developed by each sub-

system expertise group. As seen from the figures,

decisions made for QFD development by each

group are quite different from each other. Note

that at this stage of the process, student research
teams did not use the CIMW facilitator – each

group used discussion leader rather than CIMW

facilitator.

CIMW with Facilitation

Brainstorming, debating, interacting collection of

difficulties related to the success of high-quality
results through CIMW was guided by the facilita-

tor. To properly determine the customer opinions,

all the information obtained [survey results,

experts’ (five practicing engineers from different

companies) opinion, literature search, student

brainstorming (17 undergraduate students and

two Ph.D. students)] by the research groups were

put together and clustered using the KJ diagram
[34]. Customer requirements were identified

through formal discussion (debating). Then, fil-

tered customer requirements were displayed in the

QFD. The collective result is shown in Fig. A6, in

Appendix A. It is interesting to see that how the

relationship pattern of this figure is different than

the QFD results obtained by the sub-research

groups (see Figs. A2, A3, A4, and A5 in Appendix
A). The CIMW process facilitated the development

and understanding of relationships while providing

high-quality results for organizing information

relevant to the High-Speed Train System Design.

The Impact of Transdisciplinarity on Solving Complex Engineering Problems in an Ethnically Diverse Classroom 1981



4. Conclusions and Recommendations for
Future Research

This paper presented the implementation of the
TD research approach in higher education. The

TD research approach was included in the senior

engineering design course. The motivation behind

this implementation was to change engineering

education to train future engineers for real-world

complex problems. The TD research approach

was first implemented in Fall 2015 at Texas Tech

University and continued through the 2016 aca-
demic year. In Fall 2016, students have introduced

concepts of team building and understanding of

the complexity of a problem. The 2016 TD design

class students’ abilities to solve complex problems

were tested. They learned and practiced how to

recognize complex problems. They also became

skilled at TD tools to decompose complex pro-

blems to a meaningful and understandable simple
levels. In addition, a case study of the Collective

Intelligence Management Workshop (CIMW) was

presented. Quality Function Deployment was used

as a TD tool in CIMW. It was implemented in the

High-Speed Train System Design in the Fall 2015

section. Initial QFDs were prepared by sub-

research groups. 4 different QFD were developed.

Through discussion led by the CIMW facilitator,
customer and engineering requirements of High-

Speed Train System Design were determined.

Within the limitations of this study, the following

conclusions were drawn:

1. The relationship pattern of QFD developed

through collective intelligence is significantly

different than results obtained by the sub-

research groups.

2. TD learning of Fall 2016 section students was

varied whereas in the Fall 2015 section it was
more uniform.

3. The majority of the students in Fall 2016 class

showed an increase in TD learning. Moreover,

one student identified as an ethnic minority,

exhibited a significant increase in TD learning.

4. The ethnic minority students (Fall 2016 sec-

tion) did not feel as comfortable as the white

students to reach out to field experts to obtain
‘‘outside’’ knowledge.

Implementation of TD research process not only

encourages learning outcomes but also provides

students with a set of skills needed for complex

engineering problems of the 21st century.
Extraneous factors such as stress and psycholo-

gical symptoms may also impact engineering stu-

dents’ success in the classroom. Continuing to

encourage peer support and faculty integration

can alleviate stress and anxiety, particularly in

ethnic minority students [21, 27]. Future research

may benefit from gathering baseline and end post-

class data on psychological factors such as stress for
the ability to assess as confounding variables or

monitor pre- and post-class. The limitation of this

research point towards topic to be addressed in the

future.
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APPENDIX - A

Fig. A1. Pre- and post-survey.
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Fig. A2. QFD for fast train system design (economy).

Fig. A3. QFD for fast train system design (electric).
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Fig. A4: QFD for fast train system design (mechanical).

Fig. A5. QFD for fast train system design (social).
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Fig. A6. QFD for High-Speed Train System Design through collective intelligence.
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