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his study is aimed at a wide audience of
I students in capstone design classes that cut
across multiple fields. In keeping with the dy-
namic nature of complex problem solving, modern
teaching curricula must be designed in ways that help
students develop critical thinking and problem-solving
skills in both core subjects and new technology-driven
content. This paper presents a new methodology in
engineering education that is focused on teaching stu-
dents transdisciplinary skills thereby allowing them to
become creative and innovative engineers. This paper
also presents an alternative to conventional textbooks
in the form of a free, internet-textbook (iTextBook)
comprising transdisciplinary learning modules that
cut across multiple disciplines. Main objectives of
this paper are: to reduce the educational cost burden
on students, parents, states and governments, thus
helping society; and to teach students innovation
skills, educating them broadly and preparing them
for an increasingly transdisciplinary, collaborative,
and global job market.

1 Introduction

“Education should have two objects: first,
to give definite knowledge-reading and writ-
ing, language and mathematics, and so
on; secondly, to create those mental habits
which will enable people to acquire knowl-

edge and form sound judgments for them-
»1

selves.
“We begin to think about the university as
a place of ideas, not as an organization of
academic disciplines.”?

A specific area of study is known as a discipline
provided that it has cohesive tools, techniques, and
specific methods and a well-developed jargon. As
shown in Figure 1-a, disciplines unsurprisingly de-
velop into self—contained hard shells, which lean to
minimize interaction with outside units or other dis-
ciplines. The longer a discipline evolves, the thicker
and tougher its shell becomes. General practitioner
of these disciplines develops an effective level of intra—
disciplinary communication and collaboration due to
their well-developed disciplinary jargon. However,
the rigid disciplinary shell and the precision of the
disciplinary jargon lean to minimize the communica-
tion and collaboration among the researchers from
diverse disciplines. Thus, from the social sciences
point—of—view disciplines develop territories that are
intensely defended. Evidently, these territories and
disciplinary shells are not in—sync with the move to-
ward the current integration of technology. Today’s

!The Bertrand Russell Dictionary of Mind, Matter, and
Morals, Citadel Press, P. 56.

2S. Upham, The Aims of Graduate Education, Keynote
Address, Workshop on Global Transdisciplinary Education,
and Research, SDPS, Pasadena, CA, June 2001.
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Figure 1: From disciplinarity to transdisciplinarity.

problems are not obviously restricted to artificial
discipline-oriented boundaries. Times have changed;
a massive communication and collaboration infras-
tructures has helped to tackle on complex problems
using larger group of researchers from multiple dis-
ciplines.

Multidisciplinary teams and programs have been
developed to address common problems that ex-
tend across several traditional disciplines. Multidisci-
plinary activities involve researchers from more than
a few disciplines working basically independently,
each from their own discipline specific perspective, to
solve a common problem. Inadequate and week com-
munication combined with the territorial concerns
limit the effectiveness of multidisciplinary efforts.
As shown in Figure 1-b, multidisciplinary teams do
cross discipline boundaries; however, they remain
limited to the framework of disciplinary research.

In Interdisciplinary activities, researchers from
various disciplines work jointly on common prob-
lems by exchanging methods, tools, concepts and
processes among them to find integrated solutions.
As shown in Figure 1-c, interdisciplinary activities
also overflow discipline boundaries with strong link

between them.

As shown in Figure 1-d, in transdisciplinary ap-
proach, hard shell of disciplinary boundaries disap-
peared. Soft disciplinary boundaries intersect each
other for open communication and collaboration on
a uniform platform that is common to all of them.

This paper presents an alternative to conventional
textbook design in an innovative approach to cre-
ating free, digital, internet-textbook (iTextBook)
transdisciplinary learning modules crossing multiple
disciplines, aimed at a wide audience of capstone
design classes across fields. In keeping with the dy-
namic nature of complex problem solving, modern
teaching curricula must be designed in ways that
help students develop critical thinking and prob-
lem solving skills in both core subjects and new
technology-driven contents and transdiscipinary con-
texts. This paper also presents a new methodology
in engineering education to teach students transdis-
ciplinary skills to become creative and innovative
engineers, integrated into a modular, participatory,
and extensible publication format. Students need
to be taught new skills for dynamically synthesizing
new knowledge in response to new challenges.
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Specific objectives of this study are four-fold: 1) to
reduce the educational cost burden on students, par-
ents, states and governments, thus helping society in
general and in countries where the cost of print texts
work against their adoption; 2) to provide students
a deeper understanding of material from multiple
domains of expertise; 3) to educate students with an
ability to adapt to changes and to be able to work at
the interface of different disciplines; 4) to teach stu-
dents innovation skills, educating them broadly and
preparing them for an increasingly transdisciplinary,
collaborative, and global job market. Objective 1
can be accomplished by providing a free iTextBooks.
Objectives 2, 3 and 4 will be accomplished by the
inclusion of four core transdisciplinary modules, in-
teractive homework problems, and module projects
in the iTextBook.

2 Transdiscipline

Over recent years, there has been growing interest
among researchers and educators for organized col-
laboration on the national and international levels.
The development of large scale collaborative efforts
between researchers from disparate disciplines was
spawned from the necessity to increase efficacy in
solving complex problems that require knowledge
from multiple disciplines. Realizing the benefits
from collaborative research, numerous initiatives
have been launched to develop transdisciplinary re-
search groups and establish new or larger centers of
excellence.

Definitions of transdisciplinary research go back to
the early 1970s (Nicolescu, [1], Pohl [2]). Nicolescu
(2005) stated that transdisciplinarity concerns that
which is at once between the disciplines, across the
different disciplines, and beyond all disciplines [3].
Klein (2004) distinguished between the terminology
of multidisciplinary, interdisciplinary (ID) and trans-
disciplinary (TD) approaches as ”Multidisciplinary
approaches juxtapose disciplinary/professional per-
spectives, adding breadth and available knowledge,
information, and methods. They speak as sepa-
rate voices, in encyclopedic alignmen...”, ”Interdis-
ciplinary approaches integrate separate disciplinary
data, methods, tools, concepts, and theories in order
to create a holistic view or common understanding of
complex issues, questions, or problem”, and ” Trans-
disciplinary approaches are comprehensive frame-
works that transcend the narrow scope of disciplinary
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world views through an overarching synthesis... [T]he
term also connotes a new structure of unity informed
by the world view of complexity in science, a new
mode of knowledge production that draws on ex-
pertise from a wider range of organizations, and
collaborative partnerships for sustainability...” [4].

Stokols et al., defined transdisciplinary science as
collaboration among scholars representing two or
more disciplines in which the collaborative products
reflect an integration of conceptual and/or method-
ological perspectives drawn from two or more fields
[5]. Hadorn, H. G et al., stated that: ”Transdisci-
plinary research is research that includes coopera-
tion within the scientific community and a debate
between research and the society at large. Transdis-
ciplinary research therefore transgresses boundaries
between scientific disciplines and between science
and other societal fields and includes deliberation
about facts, practices and values” [6]. Rosenfield
defined Interdisciplinarity as a process in which re-
searchers work jointly, but from each of their respec-
tive disciplinary perspectives, to address a common
problem whereas transdisciplinarity is a process by
which researchers work jointly to develop and use
a shared conceptual framework that draws together
discipline-specific theories, concepts, and methods
to address a common problem [7].

Gehlert stated that ” Transdiscipilinary education
that combines exposure to a range of disciplinary
knowledge and methods with effective instruction in
processes for working on teams to transform knowl-
edge and methods into solutions for complex social
problems is the gold standard” [8].

Cronin stated that ” There is a need for transdis-
ciplinary research (TR) when knowledge about a
societally relevant problem field is uncertain, when
the concrete nature of problems is disputed, and
when there is a great deal at stake for those con-
cerned by problems and involved in dealing with
them. TR deals with problem fields in such a say
that it can: a) grasp the complexity of problems, b)
take into account the diversity of life world and sci-
entific perceptions of problems, ¢) link abstract and
case specific knowledge and d) constitute knowledge
and practices that promote what is conceived to be
the common good.” [9].

In summary, interdisciplinary and transdisci-
plinary research they both give integrated solution
to a problem in question. Transdisciplinary re-
search includes the key components of interdisci-
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plinarity, along with the incorporation of external
non-academic knowledge, applied to solve practical
problems. Transdisciplinary research leads to a cre-
ation of new paradigms and provides pathways to
new frontiers.

Engineering must play a vital role in advancing
transdisciplinary efforts, and conversely transdis-
ciplinary efforts will further advance engineering,
technology, and science. The prospect of transdis-
ciplinary research is exciting. New networks of re-
searchers can be created in a short time, and other
non-traditional participants can become involved in
solving the world’s problems.

The common threads of all disciplines are notions
of design, process and systems (Tanik, et al.,1995)
[9]. Design, process and systems (DPS) provide the
patterns, the insight, and the judgment necessary to
apply knowledge and skills to unstructured problems.

Herb Simon, in the section Holism and Reduction-
ism of his most well-knownl book The Sciences of
the Artificial [10] eludes the establishment of crucial
balance between holistic thinking and mechanistic
thinking. There is a clear parallel between disci-
plinary/ transdisciplinary thinking and reduction-
ism/holism. In the effort of searching for solutions
to this dichotomy a realistic approach has been sug-
gested. Noticing the difficulties faced, Simon said,
”We are learning that we need a science of complex
systems, and we are beginning to construct it” [11].
In The Science of Design chapter of The Sciences
of the Artificial [10] he says ”The proper study of
mankind is the science of design, not only as the pro-
fessional component of a technical education but as
a core discipline for every liberally educated person.’
Following Simon’s lead, we beleive that notions and
patterns of design, process and systems are so fun-
damental that they cut across all disciplines. There
is something in these concepts that introduces a
greater logical economy in dealing with everyday con-
crete processes involving engineering activities and
business relationships [12, 13]. The better logical
economy is required more these days than any other
time in the history of mankind. The reason is ap-
parent in light of the vast expansion of mankind’s
knowledge base and the speed of introduction of
new and exciting technological artifacts. Noticing
this extraordinary knowledge expansion we should
keep in mind that techniques and methods of the
past is needed but not sufficient. A transdisciplinary
way of acquiring knowledge means that education,

i
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research, development, production, and training are
intertwined to produce a better picture and a higher
level of abstraction [13].

From the realistic point of view, the systematic
study of DPS for their own sake has the likely of
providing the essential thinking to maintain intel-
lectual control over the ever increasing information
growth; therefore, developing into a scientific disci-
pline. Future engineers or systems integrators, in
this framework of integration, will develop functional
artifacts and services by considering economical, en-
vironmental, social and ethical aspects of human
awareness. The transdisciplinary nature of DPS uti-
lization will prove important in improving largely
research quality, productivity, and the education of
students to build, sustain, and manage the next gen-
eration of enterprises as well as their products and
services. The first step in achieving transdisciplinary
education is to extract the common elements of DPS
from existing disciplines and synthesize them into
the foundation of the transdiscipline. This extraction
process can only be accomplished by broad study of
the disciplines with an exclusive goal of identifying
the truly common aspects. Once the universal as-
pects of DPS have been known, they must be woven
into the fabric of the transdisciplinary educational
model [12, 13].

3 Transdisciplinary Skills and
Modules

As shown in Figure 2, four transdisciplinary core
modules and twenty supplementary modules for a
capstone design course is proposed. The content
of the transdisciplinary core modules will include
information and knowledge common to multiple dis-
ciplines. The core modules will also include appro-
priate shared concepts and methods. To provide
students a deeper understanding of the material,
there will be some content overlap between the core
modules as seen from the figure. Students will pro-
gressively synthetize the modular information and
knowledge as the modules are covered to create a
spiral of new knowledge and ideas. As shown in
Figure 2, to produce new knowledge, the process of
identifying similar knowledge and knowledge inte-
gration will take place at the interface of the core
knowledge with the existing knowledge.

New knowledge should be generated by the stu-
dent teams in order to solve a given research project.
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Figure 2: Transdisciplinary skills and new knowledge development process.

The existing knowledge that is available through
supplementary modules along with the newly gen-
erated context specific knowledge can be applied to
solve a specific problem. It should be noted that
the solution of a context-specific problem may not
be applicable for solving other problems of a similar
kind. However, generic knowledge is applicable to
solve similar kinds of problems. Generic knowledge
enhances the body of knowledge in science and is
applicable to solve societal problems [14]. Successful
collaborative student teams will be able to bridge
between knowledge and invention and ultimately
results in innovation.

Students will also develop transdisciplinary skills
(see Figure 2) progressively while working on inter-
active homework problems, performing their mod-
ular projects, and collaborating with students on
research activities. They will learn, practice, and
develop skills as defined in Figure 3 [15]. The success
of the research team depends on the team’s ability
to exploit their most valuable assets: knowledge,
transdisciplinary skills, and creativity.

Although the past decade has seen growing interest
and investment in transdisciplinary graduate edu-
cation, undergraduate education remains predomi-
nantly dependent upon narrow, disciplinary foci. To

prepare students to become transdisciplinary engi-
neers and scientists, engineering programs must start
integrating transdisciplinary courses into the under-
graduate curriculum. Although researchers have
become accustomed to working across disciplinary
boundaries, the undergraduate classes offered by
many universities have been the same for decades.
Transdisciplinary thinking requires integrated broad
knowledge from many disciplines which creates dif-
ferent types of talents to discover and solve unstruc-
tured problems (need transdisciplinary synergism)
with creative and unusual but appropriate ways.
Transdisciplinary skills in our students must be set
in a rich soil so that the seed can germinate and in
time grow into a “student of transdisciplinarians.’
Undergraduate students should master transdisci-
plinary competencies before they go on to graduate
studies or before they start working.

)

Dr. Dowling from Harvard University reports that
by the year 2050 the average longevity of an Amer-
ican will be around 128 years. If we still retire at
65 years what do we do for the other half of our life
time. Age decays our learning skills, particularly
our memory and association skills which undergo
steep decline. If we do not have these skills in later
life, we spend half of our lifetime as useless vegeta-
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Figure 3: Transdisciplinary skills.

bles. iTextBook process is not only mechanical. Aim
of the process is to build skills. iTextBook creates
curiosity in students which creates an interest and
concentration so that students can absorb informa-
tion. Consequently, they develop skills. It has been
shown critical skills can be turned into habits which
remain anchored in us for most of our lives. For
example, old man can’t find the kitchen in the house
but when he is hungry because of the habit automati-
cally goes to kitchen to eat. Therefore, a prerequisite
to develop critical skills to help later professional
updates and career migrations will be to enhance
and reinforce these fading skills earlier in life through
awareness, practice and most importantly education

[16].

4 Textbook Costs

Government studies report a substantial increase
in textbook costs. College textbooks can add thou-
sands in cost to a student’s education expenses. This
is a tremendous financial burden for many students
and their families and has a negative impact on fed-
eral and state government spending as financial aid

providers. Textbook prices “represent a significant
barrier to access and persistence.” Textbook costs
(in 2007) were found to range from $700 to $1000 per
year; textbook prices have risen much faster than
other commodities (more than 4 times the rate of
inflation [17]); and college aid fails to cover textbook
expenses (and many other college costs) [18].

Many faculty members select and assign textbook
for their class with little concern to the cost of the
textbooks. Often times, students try to find an
inexpensive way of obtaining the required textbook-
borrowing from friend or library, sharing with a
roommate, renting, downloading an illegal version,
or simply not buying the book. In one survey, 7 in 10
students reported skipped the purchase of a required
textbook because of its high cost. Additional com-
plaints about textbook publishing practices included
frequent issuance of new editions that prevent use
of used textbooks, the packaging of textbooks with
CDs, passcodes that expire, and custom editions
created for their school [19].

Nevertheless, students recognize that they have
to buy the books in order to do well in many classes.
Lack of access to textbooks due to cost is even worse
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for disadvantaged students at historically disadvan-
taged colleges and universities. The high cost of
textbooks has a negative impact on improving edu-
cational access in the USA.

Equal attention should be paid to the content
and quality of textbooks. Modern teaching curric-
ula must be designed in ways that help students
develop critical thinking and problem solving skills
in both core subjects and new technology driven con-
tents. It is questionable whether today’s traditional
textbooks, in general, make a positive contribution
to learning. How much and how fast can students
absorb information from a voluminous (600 to 800
pages) textbook in a one-semester course? Just like
loud noise is bad for one’s ears, too much informa-
tion overload is bad for one’s brains. This results
in developing a short attention span and harms the
learning process associated with the science, technol-
ogy, engineering, and math topics that require deep
and sustained mental concentration.

4.1 Open Educational Resources

About a decade ago, MIT started free online learning
by using the Internet to share the by-products of its
campus teaching — including syllabi, lecture notes,
assignments, and exams. This effort was initiated
to improve learning worldwide, mainly through pro-
viding resources to educators, and also as a way to
encourage other universities to share their intellec-
tual assets rather than providing them only to those
who could afford to pay [20].

Recently, Rice University received funding in the
form of grants from the William and Flora Hewlett
Foundation, the Bill & Melinda Gates Foundation,
the 20 Million Minds Foundation and the Maxfield
Foundation to offer free course materials. Using
Rice’s Connexions platform, OpenStax (a non-profit
publisher) will offer free course materials for five
common introductory classes. The grant money is
used to hire experts to develop each textbook and
to have their work peer reviewed. However, if an in-
structor decides to use supplementary material from
a for-profit company, that would be an additional
cost to students [21].

Students can download the OpenCourseWare ma-
terials for all the required classes for a four-year
degree at Harvard Medical School. One can read
all the course materials and take all the quizzes and
tests. Moreover, students can even grade themselves.
However, students cannot get a degree from Harvard-
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not unless they pay tuition. Similar arguments can
be made for recent MIT and Stanford initiatives [22].
Obviously, if students are not seeking for a degree
they have the potential for a huge benefit from a
good OpenCourseWare program. For this proposed
study, the goal is not only to provide free modular
textbooks or courseware but more fundamentally
to change the textbook content, design and devel-
opment to improve student learning. Through the
proposed study, professors and instructors will have
the freedom to design and customize a textbook with
respect to the needs of different students, such as
majority, average, or disadvantaged students. The
students will design and develop their own modular
projects and will provide solution(s) collaboratively
to produce new knowledge. The inclusion of trans-
disciplinary core modules will teach the students the
conceptual foundations of transdisciplinarity. Ulti-
mately, students will learn conceptual and method-
ological strategies designed to

enhance the processes and outcomes of collaborative,
team-based research to address important practical
problems.

5 Creating iTextBook

As the pace of improvement of new technical sys-
tems has sustained to accelerate, the necessitate has
shifted from interdisciplinary or multidisciplinary de-
sign teams to trans-organizational and transnational
work. During the last decade, the number of com-
plex problems facing engineers has exploded, and the
technical knowledge and understanding in science
and engineering required to strike these problems
is speedily evolving. A few examples are the inno-
vative advancements in semiconductor technologies,
software technologies, the biosciences, and nanotech-
nology. The last two decades of designing large-scale
science and engineering systems educated us that
neither disciplinary, nor multidisciplinary or inter-
disciplinary approaches provide an environment that
promotes the collaboration and synthesis necessary
to extend beyond existing disciplinary boundaries
[23].

As mentioned earlier, the essence of transdisci-
plinary engineering and science lies in the common
ground built on the foundation of design fundamen-
tals, process development, and systems design. The
core of design, process, and systems knowledge is
broad, incorporating concepts and methods from
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Figure 4: Process for creating iTextBooks.

many different disciplines. A sound transdisciplinary
engineering and science needs, of course, to incorpo-
rate knowledge from many different areas. Therefore,
as shown in Figure 4, in the proposed process for the
creation of iTextBook, the core of knowledge areas
centered on design, process, and systems will be aug-
mented with peer-reviewed supplementary modules.
The modules will be clustered in the three categories;
yet, these three categories are interconnected. In
fact, some of the modules in them could be stored
in two or three of the categories.

Modules will be designed to be stand-alone, and
professors, instructors will be able to assemble cus-
tom and focused content for students. This focused
approach will help students master the most per-
tinent and applicable subject matter. The process
for creating iTextBooks, as shown in Figure 4 is
creative, interactive, and dynamic. The iTextBook
process is configured to present subject matter op-
tions for the creation of modules that are stored in
a database. The module database can contain the
newest and most common modules used across sev-
eral disciplines. The modules selected for creating
iTextBooks are dynamically revised to keep them
up to date. iTextBook will have the characteristics

of adaptability (make the module content flexible
to meet the learning outcomes and learning style of
different students), personalizability (each student
is different—an iTextBook can be assembled for the
majority of students, for average students, for disad-
vantaged students, or for individual students), and
customizability (the iTextBook content can be cus-
tomized for different disciplines). Modules that are
not updated can be eliminated from the database
or sent to the authors for revision at any time. The
revision of one or more modules is far more efficient
than revising an entire textbook and publishing a
new edition.

Objectives 2, 3 and 4 will be accomplished by
the inclusion of four core transdisciplinary modules,
interactive homework problems, and module projects
in the iTextBook as described below.

5.1 Modular Projects

The iTextBook, representative of textbooks of the
future, will promote project-based—earning. Instead
of assigning the students to solve already established
homework problems to students, professors and in-
structors will assign modular projects to be conceived
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and developed by student groups to reinforce funda-
mental concepts and to generate innovating projects.
This will shift students’ efforts away from some of
the homework problems at the end of traditional
textbook chapters. As an alternative to traditional
homework problems, students will be allowed to de-
velop their own research-based, open-ended modular
projects and propose solutions. Modular projects
enhance the content. Besides teaching module con-
tent, the open-ended modular projects can teach
students critical and creative thinking skills. By
developing and solving modular projects, students
can create things outside the box. Namely, students
already know something, but instructors want them
think beyond and above what they know to produce
new knowledge. The process of developing modular
project is not only rote. The aim of the process is to
develop skills and habits to strengthen the students’
abilities in terms of teamwork and leadership.

5.1.1 Requirements to Design Modular
Projects

To complete each module, student project teams will
be assigned a modular project, which will integrate
most of the fundamental concepts of the module
that students have learned. Since design, process,
and systems are envisioned as the essence of the
transdisciplinary concept, each module will have
three following modular project requirements: 1.
Design requirements, 2. Process requirements, and
3. System requirements. Students must follow the
generic modular project requirements to design and
develop their modular projects. Some examples are:

o Identify the important parameters affecting so-
lution decisions;

e Investigate which parameters affect the solution
most;

e Relate the modular project to human health, se-
curity, disasters (water crisis, food crises, earth-
quakes, tornadoes, tsunamis, and flood), eco-
nomics, business, management, etc;

e Relate the modular project to sustainability
(addressing environmental, economic, social as-
pects);

e Relate the modular project to complexity (nat-
ural, social, humanities, engineering);

e Consider functional requirements, ethical issues,
safety issues, and contemporary issues;
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e Evaluate and report the following transdisci-
plinary attributes [24]: project design, devel-
opment, and implementation; knowledge inte-
gration/synthesis; new knowledge generation;
collaboration (the interaction of social and cog-
nitive factors in collaboration and teamwork);
management and leadership, networking; cre-
ativity and Innovation; research and bibliomet-
ric measures (literature search, new findings,
paper publications, etc.).

If the modular project involves system thinking,
that should be also clearly stated. Students must
show each and every step of the solution process.
Requirements will be clearly stated at the end of
the module by the author of the module to guide
students to design their modular projects.

It is important to note that the final modular
project will be the cumulative result of the mod-
ular projects given previously. This process will
provide a progressive approach for designing and
developing modular projects and knowledge synthe-
sis. Therefore, the modular approach to presenting
the materials will provide a mechanism and oppor-
tunity for the students to combine knowledge from
multiple modules and promote the skills of finding
and integrating tools and methods from what have
traditionally been separate knowledge areas.

5.2 Introducing Interactive Homework
Problems

To facilitate a deeper understanding of the mate-
rial, besides traditional homework problems, inter-
active homework problems will also be included in
the appropriate modules. Interactive problems will
help students develop problem-solving strategies that
are based on conceptual understanding, rather than
equation manipulation. These interactive problems
can be manipulated by the students to explore the
effects of parametric changes on the problem. In-
teractive process promotes more fundamental and
generalizable understanding of the material, as op-
posed to “cook book” approaches that instill pattern
matching between chapter examples and homework
or exam problems.

5.3 Implementation

The scope of possible module subjects spans the
curriculum and encompasses the sciences (physical,
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social, and biological), engineering, medicine and
heath, philosophy, technology, mathematics, arts and
the humanities. Examples of some generic module
topics include, but are not limited to social systems,
natural systems, life-support systems (atmosphere,
water and food), ecology, life processes, process sci-
ence, cognitive process, mental process, process mod-
eling, process ontology, design process, engineering
design, science and design, healthcare design, bio-
design, energy, safety, sustainability, environment,
economy, business, management, complexity, educa-
tion, ethics, collaboration, communication and many
others.

However, for this study, transdisciplinary iText-
Books for the first part of the capstone engineering
design course will be proposed to be used by all the
engineering disciplines as well as those from other
scientific disciplines such as environmental science,
economics, and business. Capstone design courses
integrate knowledge, concepts, and skills associated
with the whole sequence of study in a program. Al-
though the idea of including a capstone course in a
degree program is not new, the format of capstone
design courses changes considerably among differ-
ent disciplines [25, 26]. The two-semester sequence
of capstone design courses at the Texas Tech Uni-
versity in the Mechanical Engineering Department
has the objective to better prepare graduates for
engineering practice. In the first semester of the
capstone design sequence (ME 4370, Design I), de-
sign problems characteristic of engineering are used
to introduce students to the engineering design pro-
cess. Topics covered and associated exercises include
problem formulation, design requirements and speci-
fications, project management, concept synthesis, de-
cision making approaches, analytical considerations
of cost, design optimization, codes and standards,
engineering communication, ethics, environmental
considerations, and sustainability. In the following
semester, the second part of the capstone design se-
quence (ME 4371, Design II) utilizes industry-level
team projects to prepare students with important
design, implementation, communication, and presen-
tation experience. The following twenty-four mod-
ules that cut across engineering disciplines for the
first part of the capstone design course are proposed.

5.3.1 Transdisciplinary Core Modules

e Transdisciplinarity and Complexity (1): A prac-
tical foundation for complexity is presented that
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enables an engineering system’s complexity to
be evaluated against its functions and qualita-
tive factors, such as social mores and human
values. The course covers a) definitions and
characteristics of complexity; b) modeling of
complex systems; c) tools and methods for man-
aging complex systems; d) strategies for reduc-
ing complexity; and e) transdisciplinary appli-
cations of complexity theory.

o Transdisciplinary Sustainable Design and De-
velopment (2): Transdisciplinary methodologies
to guide research, policy and action towards
sustainability will be covered. Students will
learn broad research skills and knowledge in
strategies for sustainable integration, sustain-
able resource use and management, environmen-
tal conflict resolution, policy formulation and
decision-making. Using case studies, intercon-
nectivity of environment, economy and society
will also be discussed.

o Transdisciplinary Training and Research Pro-
cess (3): The focus of this course is to enable
the students working jointly with others repre-
senting diverse disciplines. This course covers:
generic design; collaborative activities, conflict
resolution; practice and research ethics, trans-
disciplinary research process using a system of
systems approach; impact of social issues on
design; generic activity-based transdisciplinary
research process framework; the role of experts
in transdisciplinary research processes and trans-
disciplinary case studies.

o Transdisciplinary System and Product Devel-
opment (4): System/product development in-
volves product planning, technology planning,
requirements engineering, concept development
and selection, design elaboration, process design,
implementation and testing as well as manage-
ment of various resources. This module teaches
transdisciplinary system and product develop-
ment methods, techniques and tools so that
engineers can have a big picture view of the
whole system/product life and use systematic
approaches to design and development of prod-
ucts and systems.

5.3.2 Supplementary Modules
e Design Category: Design Analysis for Materials
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Figure 5: Network of modules.

Selection (5), Prevention through Design (6),
Environmental Psychology (7), Environmental
Design (8), Bio-Design (9), Nano-Tech Design
(10), Healthcare Design (11), Modeling and Sim-
ulation (12), Reliability and Safety (13), Opti-
mization (14),Innovation and Creativity (15),
Engineering Ethics (16), Project Financial Mod-
eling & Management (17).

Process Category: Statistical Decision Making
Process (18), Risk Analysis and Assessment
Process (19), Entrepreneurship (20).

Systems Category: Systems theory and thinking
(21), Social Systems Design (22), Systems of
Systems (23), Collaboration, Communication,
and Teamwork (24).

Figure 5 shows the network of twenty-four mod-
ules and their relationships. From the network
given in Figure 5, instructors can create sev-
eral different kinds of iTextBooks for different
students from different disciplines for capstone
design courses. The inclusion of core modules
will teach students the transdisciplinary skills re-
quired to identify, frame, and address important
practical problems that cut across disciplinary
boundaries. Because the transdisciplinary core
modules are focused and independent, they can

also be mixed and matched with other courses
or integrated into the redesign of an entire cur-
riculum.

6 Expected Learning Outcomes

The expected learning outcomes that will result from
this project will be:

1.

to provide students a deeper understanding of
the material,

to educate students with an ability to adapt to
changes and to be able to work at the interface
of different disciplines,

3. to teach students innovation skills,

to educate the students broadly and to prepare
them for an increasingly transdisciplinary, col-
laborative, and global job market, and

to teach transdisciplinary skills to identify,
frame, and address important practical prob-
lems that cut across disciplinary boundaries.

7 Assessment and Evaluation Plan

The process for defining, assessing and evaluating
learning outcomes is shown in Figure 6.
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7.1 Formative Assessment

Formative assessment will be conducted: by goal
setting to create clear expectations, by observations
to verify student understanding, by questioning to
give opportunity to students demonstrate what they
have learned, by given very short essay question to
project teams which will demonstrate collaborative
activities, and by student record keeping to help
students better understand their own work [27, 28].
Since formative assessment will provide feedback to
students, it may not be used as an evaluation tool.

7.2 Summative Assessment

Summative assessment process will be conducted
at the beginning, at the midterm, and also at the
end of the class in order to judge student’s overall
performance and to determine whether long-term
learning goals have been met. This process will
include continuous assessment tasks during the entire
one semester class period. Summative assessments
tools will include:

. pre-test,
. modular projects,
. interactive homework problems,

. midterm exam,

. final exam (includes post-test), and
. survey, and

1
2
3
4
5. final integrated modular project,
6
7
8. exit interview.

Evaluation will be a collaborative activity between
teachers and students. Students will assume an ac-
tive role in evaluation so they can begin to develop
individual responsibilities for development and self-
monitoring. To accomplish this goal, a survey will
be developed to assess student opinions about the
usefulness of the proposed concept and to collect
standardized information through structured ques-
tionnaires to generate quantitative data.

Survey questions will be developed using the learn-
ing outcomes (defined previously) and also using the
main factor requirements stated as follows: Five
treatments (main factors) to be compared in the
analysis are: (1) Introducing transdisciplinary core
modules (treatment A), (2) Introducing modular
projects (treatment B), (3) Introducing interactive
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problems (treatment C), (4) Introducing transdis-
ciplinary project collaboration (treatment D), and
(5) Introducing the process of integrative teamwork
(treatment E).

7.3 Statistical Approach for Survey Data
Analysis

One Way ANOVA will be used to test hypotheses
regarding the equality of the main factors (treat-
ments) [29]. The basis of ANOVA is the partitioning
of the sum of squares into between-treatments sum
of squares, SSpetween and within-treatments sum of
squares, SSyithin. LThis will facilitate comparisons of
observations simultaneously rather than individually.
In this analysis, we will assume that samples are
normally distributed. F' test defined by Equation
(1) will be used to evaluate the null hypothesis.

MSbetwee (1)
MSwithin

Since there are more than two treatments (in this
case, 5) of independent variables, statistical analysis
will be carried out in two steps:

Step 1. Perform the F test to determine if any
significant differences exist among any of the means.
If the F test value shows statistically significant, then
carry out the second step.

Step 2. In the second step, a post-hoc analysis will
be performed to determine where the inequalities
are. A post-hoc test is used when there are three or
more means to compare. This test provides us the
critical difference between all possible two means.
For this study, Fisher’s Protected t-test will be used.
The formula is given by:

F:

_ (M- My)? @)
MSwithin(n%. + %)

Where i and j are the treatments being compared,
and n and M are the number of observations and the
mean of treatment, respectively. The test statistics
will be performed for each pair of means by using
the values of Fiompare and Fg.. The critical value
of F,. is determined from statistical tables using
the degree of freedom between treatments and the
degree of freedom within the treatments’ values. The
calculation of the values of Fiompare and Fp, will
guideus to make a decision whether question #1 is
statistically significant and which treatment is the
less or most dominant factorto provide students a
deeper understanding of the material.

Fcompare
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Figure 6: Process of assessment/evaluation.

7.3.1 Development of Survey Questions

Now, consider the learning outcomes defined in Sec-
tion 6 and the main factors (treatments A, B, C, D
and E) for the ANOVA analysis. For example, Ques-
tion #1 corresponds to the first learning outcomes
with 5 treatments defined previously. Then, survey
question #1 should read as:

Which treatment is significant to provide students
a deeper understanding of the material. Place a 1
next to the item that is least important and place a
5 next to the item that is most important.

—— Introducing transdisciplinary core modules
(treatment A)

—— Introducing modular projects (treatment B)
—— Introducing interactive examples (treatment C)

—— Introducing transdisciplinary project collabora-
tion (treatment D)

—— Introducing the process of integrative teamwork
(treatment E)

7.3.2 Pre-Test and Post-Test

At the beginning of the class, students will be ran-
domly assigned to modular project teams to elimi-
nate selection bias. This process will allow one to
measure not only differential gains between groups,
but also absolute gains in skills and knowledge. Each
student will take a conceptual design project as a
pre-test upon entry into the capstone design course.
This special conceptual design project will be devel-
oped in a way that the solution(s) will require all the
transdisciplinary characteristics, skills, and tools for
innovative design solutions. The same conceptual
design project will be given as a post-test as a part
of the final exam. The comparison of pre-test and
post-test will provide concrete data that could be
scored and analyzed to see whether there is a gain
in student learning pertaining to transdisciplinarity.

The results of the modular and final integrated
modular projects can be compared for each student
team to determine average gains in student learning
in transdisciplinary skills. Interactive homework
problems, midterm and final exam questions can be
analyzed to determine the students understanding
of the fundamental concepts. This analysis can be
conducted by using rubrics similar to the one used to
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Table 1: Criteria for determining transdisciplinarity

Indicators to Measure

Transdisciplinarity

Degree of Indication

Deeper understanding
of the material

Check: midterm and final exams; interactive problem solutions to what
degree and how correctly methods and fundamental concepts are used.

Transdisciplinary skills

Check: social, thinking, research, communication, and
self-management skills.

knowledge integration

Check: whether the content of the research outcomes reflect knowledge
integration; diversity of knowledge sources; sharing from different
sources; how many of the integrative steps set out and how well the
steps were carried out [31].

Generation of new
knowledge that
transcends disciplinary
boundaries

Check: content of the research outcome; what kind of existing data and
information are used to transform them into a new knowledge;
knowledge assets such as intellectual capital; value of new knowledge
(technical, economic and social).

Collaboration and
team processes

Check: practice of collaboration of the project teams with different
disciplines; interaction of social and cognitive factors in collaboration
and team work; transdisciplinary behavioral patterns of project team
members; use of external experts.

Innovation Check: capture of new physical phenomena; bootstrapping of existing
technologies; use of disruptive technology; patent system.

Creativity Check: number of concepts generated (fluency); diversity of concepts
generated (flexibility); originality of concepts generated (originality);
check amount of detail of concepts (elaboration).

Management, Check: how well the organizational structure fosters communication;

leadership and networking among group members and project teams; joint work

networking activities and shared decision making; leadership tasks (cognitive tasks,

structural tasks, and process tasks).

Research and

Check: literature search, diversity and the co-authorship of the

bibliometric
indicators

references publications used, content of the research outcome, possible
paper resulted from the modular project; research benefit to society.

analyze the modular and the final integrated modular
projects results. Moreover, a group of students can
be interviewed after the course is over to understand
their preconceptions and misconceptions about the
material covered in transdisciplinary core modules.
Table 1 shows criteria for determining transdis-
ciplinarity. Although means for evaluating trans-
disciplinary processes are a big challenge due to
their multidimensional character, Table 1 can pro-
vide reasonable conceptual framework measures for
transdisciplinary evaluation [24, 30, 31].

8 Conclusions

With the challenges discussed above in mind, con-
sider the future of U.S. higher education. One need is

for customizable content. With modular textbooks,
professors or students can dynamically assemble suit-
able content that is most up-to-date.

The high price of textbooks is a tremendous finan-
cial burden for many students (especially econom-
ically disadvantaged students in U.S., students at
the historically disadvantaged colleges in U.S. and
in non-industrial nations) and their families and has
a negative impact on federal and state government
spending as financial aid providers. One of the key
aims of this proposal is making a contribution to
the community and society as well as making an
impact in education. It is believed that the curricu-
lum improvements that will result from this project
will have significant impacts on undergraduate engi-
neering education. iTextBooks will have the charac-
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teristics of adaptability (make the module content
flexible) to meet the learning outcomes and learning
style of different students), personalizability (each
student is differentan iTextBook can be assembled
for the majority of students, for average students, for
disadvantaged students, or for an individual student
and customizability (the iTextBook content can be
customized for different disciplines).

The biggest impact of the project will be seen
when iTextBooks are made freely available to the
world academic community and trans-sector organi-
zations in the public and private sphere (the target
is approximately 70,000 engineering seniors in the
U.S. as well as those from other scientific disciplines
such as environmental science, economics, business
and in countries where the cost of print texts work
against their adoption).

The digital nature of these texts allows for the
incorporation of interactive homework problems in
each module. These problems can be manipulated
by the students to explore the effects of paramet-
ric changes on the problem. This promotes a more
fundamental, generalizable understanding of the ma-
terial, as opposed to “cook book” approaches that
consist of pattern matching between examples and
homework or exam problems.

The text books of the future will promote project-
based learning. Students will work on projects that
apply the concepts learned in each module to real-
world problems. Students will be motivated to learn
the material because they can immediately see the
importance of the concept for dealing with real-world
context and situations. Moreover, the projects will
promote a deeper understanding of the material
of each module through requiring the students to
synthesize new knowledge in the form of implemen-
tations of the concepts and tools.

Finally the modular approach to presenting the
materials will provide a mechanism and opportu-
nities for the students to combine knowledge from
multiple modules and promote the skills of finding
and integrating tools and methods from what have
traditionally been separate knowledge areas.

The Academy of Transdisciplinary Learning and
Advanced Studies (TheATLAS) will work together
with many international distinguished scientists and
engineers to accomplish this important project.
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