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Integrating Complexity Leadership in Thermal Fluids
Capstone Design

1. Introduction

Students in undergraduate engineering programs often face a series of courses that reward them
for procedural knowledge that is presented, memorized, and performed. When first encountering
design courses, students are challenged to engage in learning that may be organized in
fundamentally different ways. This can be liberating for those who prefer to approach new
concepts holistically and have learned to hold both the individual parts and their relationships to
the whole system in mind simultaneously. However, it can be frustrating for those who struggle
with the complexity and ambiguity of systems thinking.

In preparing the engineers of the future, we are also preparing future leaders. Doing so demands
that we consider which skills and mindsets these future leaders will need; it also requires that we
assess Whether the methods we are using to prepare them reflect the ways they will be expected
to enact leadership roles. In other words, how might faculty model the leadership students will be
asked to enact in their careers? Faculty have a unique opportunity to demonstrate to future
leaders how they might operate within the complex, multisystem world they inherit (see Standard
7 of the CDIO Standards 3.0, in [1]).

This paper explores how faculty might teach students how to embody complexity leadership
within a capstone course that includes systems thinking as a learning outcome for students. Many
capstone courses, design courses, and similar existing engineering courses address systems
without explicitly teaching systems thinking skills and habits. An engineering capstone design
experience provides an opportunity for students to apply knowledge and skills from their major
to complex engineering problems and engineering design. During this process, students consider
trade-offs and multiple parts or perspectives. Many of the designs tackled in these courses are at
the system level, whereas others focus on a component or a process. Students may not inherently
understand how to tackle a complex problem at the system level. While others have focused on
defining systems thinking, its utility in the curriculum, and appropriate assessment practices,
there has been less attention paid to how pedagogies can be used to reinforce systems thinking
among students. This study uses a phenomenological design to describe a pedagogical approach
to design courses that scaffolds students’ development of systems thinking skills and mindsets
within the context of capstones on thermal fluids in mechanical engineering.

2. Literature and Theoretical Frameworks

2.1 Systems Thinking



Engineering relies on an ability to consider systems as a whole and how its parts relate to each
other in the initial design, in evaluating what is and is not working, and in improving a solution
to a given problem. Systems thinking can be considered as a way of thinking which involves “a
system of synergistic analytic skills used to improve the capability of identifying and
understanding systems, predicting their behaviors, and devising modifications to them in order to
produce desired effects” (p.675 of [2]). The mindset of systems thinking involves considering the
systems involved in each engineering design problem, which Plate and Monroe [3] call systems
literacy. Students may begin their engineering studies with some intuition about systems, but
need to be taught how to think about systems in explicit terms.

This study adopts Arnold and Wade’s [4] framework for understanding “systems thinking
maturity” (p. 9) as a way of organizing the knowledge, skills, and attitudes we hope to instill in
students. The first of the four domains in this framework is systems mindsets, which includes
exploring multiple perspectives, considering the whole and the parts together, responding
effectively to uncertainty and ambiguity, and being able to identify your own and others’ errors,
considering issues appropriately, and making appropriate assumptions. Systems mindsets prompt
students to approach engineering design from the perspective that all engineering involves
systems and that design efforts must respond to the systems involved to be successful. The skills
in this domain allow students to understand how to approach systemic problems. Arnold and
Wade [4] describe this first domain as being the most “meta” in that developing a systems
mindset informs and develops the skills involved in the remaining three domains.

The second domain is systems content, which involves the ability to recognize systems, maintain
boundaries, and differentiate and quantify the elements of a system. Systems content skills allow
students to analyze systems, specifically to understand what is in the system. The third domain is
systems structures, including skills for identifying and characterizing relationships and for
identifying and characterizing feedback loops within systems. These skills emphasize
understanding how a system is organized. The final domain is systems behavior, which includes
being able to describe past system behavior, predict future system behavior, respond to changes
over time, and use leverage points to produce effects. This domain entails mastery over what
happens when content and structure interact in a system.

Together, these domains describe the knowledge, skills, and mindsets that students must have to
be able to engage in Arnold and Wade’s [2] four principles of systems thinking: identifying
systems, understanding systems, predicting systems behavior, and devising modifications to
systems to produce desired effects. A major reason we adopted this framework is that it is
organized to make assessment pragmatic, yet holistic. However, we contend that this framework
(and other existing models synthesized in its development) focus exclusively on the learning of
systems thinking and fall short of describing the teaching of systems thinking.



2.2 Complexity Leadership

We extend the systems thinking framework used in this study to describe the teaching of systems
thinking by describing it as a form of complexity leadership. Both represent applications of
complexity science, which offers an alternative way of thinking than classical, reductionist
engineering paradigms [5]. Complexity perspectives recognize that the challenges facing
engineers — the convergence of large-scale, interdependent threats from climate change, global
conflict, rapid technological transformation, among other threats — occurs through
interdependent, cascading relationships [6]. This complexity renders reductionist paradigms,
such as those that solely simplify problems into separate parts that can be resolved in sequence,
insufficient.

Leadership practice that reflects the complexity of the world embraced in complexity science
perspectives has been described by several researchers in slightly different terms in recent
decades [7]. We apply Uhl-Bien and Marion’s [8] Complexity Leadership Theory to our analysis
of teaching. According to their approach, complexity leadership “focuses on enabling the
adaptive, creative, and learning capabilities within complex adaptive systems within an
organization” (p. 5). Their view is that complex adaptive systems cannot be adequately led using
hierarchical organization of roles and power, as it is often organized in organizations with more
simplistic goals, contexts, and mechanisms. When we apply such thinking to how an
undergraduate engineering capstone course might be best facilitated, we find that a similar focus
on interaction, relationships, and an emergent, adaptable approach also describe the venture of
teaching as leadership.

Complexity Leadership Theory has been examined as a means of motivating transformation in
engineering education at the department level [9], institutional level [10], and across the field of
engineering education [5]. Little has been explored in applying it to classroom teaching
practices, however. As Rosenhead and colleagues [7] asked, “What can we learn collectively
from complexity theory that can inform leadership research and practice?”, we ask how it can
inform teaching research and practice.

2.3 Systems Thinking in Undergraduate Engineering Education

The need for systems thinking in undergraduate engineering education is recognized, and yet its
implementation remains elusive [11] - [16]. Of note is the significant overlap between systems
thinking and design thinking skills [17]. Engineering courses that ask students to engage in
design activities, such as many capstone courses, involve systems thinking as they require
students to consider how a system will act within their design. Part of good design in engineering
is understanding and taking into account the consequences of design decisions on other parts of



the engineering system under development. However, if this aspect of design work is not made
explicit, students who are new to design challenges may not realize they are engaging in systems
work. A case has been made for integrating systems thinking into the fabric of the curriculum,
with concrete examples provided for incorporating systems thinking into discrete problems
covering an array of topics in a variety of mainstream engineering disciplines using a system
dynamics approach [12].

The inclusion of systems thinking in undergraduate education has primarily been in the context
of systems engineering programs [12], [17] - [21]. Systems Engineering is transdisciplinary, at
the intersection of science, technology and management, with systems thinking at its core [22],
and is mostly offered at the graduate level [16], [23], [24].

Due to the usefulness of systems thinking skills in the profession, some mainstream
undergraduate engineering programs have explicitly incorporated them into the curriculum;
however, pedagogical approaches have been limited and varied [12] - [14]. In Bristol, UK, all
fourth-year engineering students were taught how to develop a system architecture for an
engineering problem during a one semester master's level Systems Engineering e-course. The
content was structured for individual student learning and assessed using closed-form and open-
response questions [13].

Another approach was to use a broader, more implicit teaching and learning model. Australian
second- and fourth-year students in chemical and civil engineering classes were surveyed for
their perceived usefulness of systems thinking skills and the degree to which they had learned
and been assessed on these skills. The skill set consisted of fourteen accreditation requirements
that mapped directly to systems thinking. The students considered skills learned from multiple
sources, including team-based projects, when completing their surveys. Although students
reported systems thinking skills as useful for their careers, they felt that they had not learned
them sufficiently, nor had they received sufficient assessment of the skills. Open-ended problems
with ambiguity (second-year) and practical group project work on real-world scenarios (fourth-
year) were cited as highly relevant to developing systems thinking skills [14].

A 2015 study compared the systems thinking skills of second-year engineering students enrolled
in mechanical design courses by comparing their systems thinking skills assessed by means of a
survey with observed systems thinking skills demonstrated by identifying sub-systems in a
disassembled toaster. The study showed that students’ perceptions of their systems thinking
skills were similar to their assessed skills [15].

Mechanical engineering education embodies the design of both mechanical systems and thermal
systems [25]. Thermal systems design is often undertaken as a capstone in the senior year and
cannot be done without relying on systems thinking — students must be able to analyze and



integrate individual components and processes, as well as previously siloed subjects, to be able
to understand the systems they are designing. For example, in order to optimize a system
incorporating thermal energy storage to reduce household heating and cooling loads, students
need to combine their knowledge of thermodynamics, fluid mechanics and heat transfer and
combine this with broader engineering considerations as they design, analyze and integrate
subcomponents such as heat exchangers, pumps and pipes.

Yet studies and examples of teaching systems thinking in thermal fluid systems design courses
are sparse. One example [26] details how students were taught the framework for systems
thinking within the context of thermal systems. During the second lecture of a 30-lecture
semester-long course, systems thinking was introduced with a YouTube video, then thermal
systems were defined and discussed. The interaction between components and subsystems was
explored during an in-class activity and included the consideration of design variables and
methods for modeling the system. These concepts were reinforced with assigned homework to
compare two thermal systems, as well as a reading assignment on the design of a third thermal
system. Systems thinking skills were assessed by three qualitative problems in a quiz. An end of
semester student survey indicated that students found "system thinking, engineering reasoning
and decision making skills [useful].” A practitioner toolkit [27] for capstone course (re)design
outlines pedagogy where systems thinking is integral, albeit implicit, for both instructor and
students.

3. Methods

This study uses a phenomenological design to describe a pedagogical approach to design courses
that scaffolds students’ development of systems thinking skills and mindsets within the context
of mechanical engineering. Using mixed methods with interpretative phenomenological analysis,
the findings present an approach that scaffolds systems thinking in design through a series of
pedagogical choices.

3.1 Sample

Data for this study were collected from one course section of Thermal Fluids Capstone Design
taught by a faculty member in the Mechanical and Materials Engineering Department at
Worcester Polytechnic Institute (WPI). The faculty member has taught this course 7 times since
joining the university in 2011. Her expertise in teaching has been recognized by being awarded a
tenure track line with a teaching mission (rather than a more traditional dual mission role).

Of the 20 students in the course, 18 enrolled in the study. Of the participating students, 88% self-
identified as men, 12% as women, and none as gender fluid, non-binary, or other genders. The



majority of students were white (82%), another 12% self-reported being Asian or Asian
American and 6% self-reported being Black or African American. There was a fairly even
distribution in participating students’ academic histories in high school: 24% reported that it was
very easy for them to get the grade they wanted in all of their classes; 35% reported that it was
easy to do so with a few exceptions; 18% indicated they had to work some, but not all that hard
to get the grade they wanted in their classes; and 24% indicated they had to work hard to get the
grade they wanted. On the whole, students acknowledged the more rigorous demands of college-
level academics: 71% reported they have to work harder than they did in high school to get the
grades they want and another 24% indicated they have to work the same amount. Only 6% - a
single student - reported that they have to work less than they did in high school to get the grades
they want.

3.2 Data Collection
The study draws on several data sources:

Faculty interviews were conducted by Author B with Author A about teaching a thermal fluids
design-based capstone course. Data were recorded through notes taken during and after the
interviews.

Observations of class sessions were conducted by Author B over three course sessions. In the
first two, she took notes on student questions, student-faculty interactions, and the pedagogical
practices organizing the course session. In the third session, Author B used a rubric collated from
the first three domains of Arnold and Wade’s [4] systems thinking measures to annotate
observations of student presentations on their final capstone designs.

Student reflections were assigned after each of the four major course assignments and were
used to collect student perspectives on four primary prompts: 1) What learning risks, if any, did
you take? 2) What parts of the assignment did you do individually, in your sub-team, and
together as a whole team? 3) What feedback did you give your team members? and 4) What
skills did you learn or start to develop (technical and non-technical)? A total of 55 pages of
student reflections were used as data in this study.

Student surveys were collected at the end of the course using the Student Assessment of their
Learning Gains — a validated, reliable post-only survey [28] that elicits student perceptions of
their own growth in knowledge and skills and the extent to which they attribute that growth to
various learning activities and aspects of the course. Items ask students the extent to which they
made gains in specific aspects of their learning (eg, “identifying what type of problem you are
asked to solve,” “developing a logical argument to defend a proposed solution”) using a five-
point scale from “no gains” to “great gains.” The survey also asks students how much specific



aspects of the class helped their learning (eg, attending lecture), allowing us to isolate student
experiences of the new tool in user testing.

The SALG has been used by more than 22,000 instructors to assess nearly half a million students
and has been validated as a measure of active learning, content mastery, and self-efficacy in the
context of undergraduate mechanical engineering courses [29]. For this application to systems
thinking, which we believe is novel, we customized questions using the student learning
objectives for the course, as is customary, in addition to using several standard items (see
Appendix A for the survey).

3.3 Analysis Procedures

The analyses triangulate faculty teaching intentions and student experiences while differentiating
impact by student learning preferences and expectations. Faculty teaching intentions, as
displayed in classroom observations, written in course materials, and discussed in interviews,
were coded to derive themes aligned with Arnold and Wade’s domains. Within each of these
areas of teaching systems thinking, two rounds of coding were conducted by Author B to
establish and validate themes.

Student experiences were assessed via student reflections data, which were coded to align with
the domains of systems thinking. Similar to faculty teaching intentions, data were then coded
twice within each domain to establish and validate themes related to student experiences of
faculty teaching intentions. The resulting data for each theme was then assessed against faculty
teaching intentions to determine whether students indicated experiencing what was intended
consistently, inconsistently, or rarely.

Learning outcomes were assessed for each domain using items from the SALG survey. Due to
the pilot study including a small sample size and the phenomenological research design, we
calculated frequencies of responses by level of learning gains reported.

4. Findings

As a phenomenological study, our findings are organized to describe what it means to teach
systems thinking as a form of complexity leadership. We do so from multiple perspectives,
which are presented here in terms of faculty intentions (e.g., course design, teaching practices),
student experiences, and outcomes.

4.1 Teaching Systems Mindset

4.1.1 Faculty Teaching Intentions for Systems Mindset



This project-based course was structured with interwoven scaffolded layers of increasing
complexity that develop systems thinking skills within the context of a theoretical thermal
system design challenge. The general design challenge was outlined at the start of the course,
together with how the course structure mapped to intended learning outcomes, including
technical and professional skills. The term “systems thinking” was not used with students; rather,
the instructor spoke about learning professional-level skills for examining and designing
technical systems in teams.

Exploring multiple perspectives was taught through teamwork with assigned, rather than self-
selected, team members. Students were required to work with people they did not know prior to
the start of the course, and this inherently provided a diverse set of approaches during the design
process. Teams were created after the first week of class once the course enrollment had settled
and students had submitted one assignment individually. All remaining assignments and the final
project were undertaken as a team. The second half of the course consisted exclusively of team-
based project work, with instructor feedback every day during class.

Initial assignments in the first half of the course considered sub-systems related to the
foundational courses of Thermodynamics, Fluid Mechanics and Heat Transfer. Students were
explicitly shown how to consider the wholes and the parts in four 50-minute review sessions
each week, plus one 50-minute open office hour held during a regularly scheduled class period.
Each assignment was graded with detailed formative feedback that students were able to
incorporate into their design process for the final project. The project contained a new sub-
system that was related to previous assignments but needed to be designed and integrated into
the full system along with the other sub-systems.

Uncertainty and ambiguity were introduced gradually, starting with minimal missing information
in the first assignment that required an assumption, design choice or information gathering.
Successive assignments contained increasing levels of ambiguity related to the sub-system, and
the final project was open-ended, affording teams latitude in design choices of sub-systems and
the system as a whole.

Students were expected to consider broader implications of their project, including socio-
economic, ethical, geographic and environmental issues. All teams needed to include a section
on the broader context of their work as part of their final project report.

Using valid assumptions and determining if the scale and scope of the proposed solution was
reasonable was also an ongoing topic of discussion amongst teams and during open office hours.
Students were able to compare their design solutions with commercially available products and
ask the instructor to check if they were within the generally accepted ballpark. This skill was
honed with practice throughout the course.



4.1.2 Student Experiences of Systems Mindsets Learning Activities

One skill that many students described practicing in this course was communicating, specifically
with the goal of being better at addressing how to combine individual efforts into designing the
whole of the system. When asked what feedback he gave his team members during Assignment
3, for example, a student described asking a teammate “to update me as she went on because
sometimes she would go too far on a topic and we would not know what she was working on,
therefore not helping her.” Another student wrote about the assets he had learned to bring to his
team, saying that “Explaining what we were doing to each other I felt helped keep everyone
focused and feel included in the process so we could all work more effectively.”

4.1.3 Evidence of Developing Systems Mindsets

The vast majority of students reported strong gains in developing a systems mindset over the
course of this capstone class on the SALG survey. Between half and two thirds of students
indicated great gains in their skills working through open-ended real world problems; breaking a
design problem down into manageable tasks; working with others to combine individual efforts
towards fulfilling a larger goal or task; and collaborating with team members who are different
from themself (see Table 1). A full 82% of students reported great gains in understanding the
expectations for industry careers (e.g., teamwork, working open-ended projects, persisting
through ambiguity); the remaining 18% reported good gains. This suggests relatively widespread
development of students’ systems mindsets.

Table 1. Gains in Systems Mindsets among Students in a Thermal Fluids Capstone Course

No A Little Moderate Good Great

Aspect of Systems Mindsets Gain Gain Gain Gain Gain

Working through open-ended real world 0% 0% 6% 35% 59%
problems

Breaking a design problem down into 0% 0% 6% 35% 59%
manageable tasks

Working with others to combine individual 0% 0% 0% 35% 65%
efforts towards a larger goal

Collaborating with team members who are 0% 6% 18% 24% 53%
different

Understanding expectations for industry 0% 0% 0% 18% 82%
careers

Note. Item asked, “As a result of your work in this capstone course, what gains did you make in your understanding
of each of the following?” or “...in the following skills?”

4.2 Teaching Systems Content

4.2.1 Faculty Teaching Intentions for Systems Content



Thermal fluid systems fall under the broad umbrella of energy systems. These systems can be
abstract, and recognizing these systems, determining and working within system boundaries, and
differentiating between and quantifying elements within these systems can be challenging. The
fundamental principles embodied in these systems, thermodynamics, fluid mechanics and heat
transfer, are typically taught in the mechanical engineering curriculum as separate courses from a
systems perspective, rather than a statistical perspective. Many energy systems simultaneously
incorporate principles from thermodynamics, fluid mechanics and heat transfer.

The design project for this course intentionally embodied all three fundamental content areas, so
the first part of the course was devoted to a high-level review of each individual course with an
associated project-focused assignment. This review was intended to do a number of things: a)
refresh memories, especially for students who had taken a course during their first- or second-
year; b) fill in knowledge gaps for students who had not grasped content for a number of possible
reasons, including learning disruptions; c) increase student confidence about applying theoretical
principles to real world problems; d) provide a common vocabulary, since there a variety of
accepted terms and conventions within the field; and e) highlight differences, point out
similarities and dispel common confusions about the three separate branches of study, their
distinction from each other, and their overlap.

The instructor extended content review to cover applications related to foundational content such
as heat exchanger design, losses during system operation, for example stray heat losses, and
pressure drops due to friction in fluid flow. She also included contextual engineering
considerations, such as cost implications, economic optimization and environmental
consideration of system component selection.

Class time was also used to work through examples, demonstrating how to determine what
comprised a system. The definition of a system is not static but rather is defined according to
what is being analyzed. For example, determining the power required to cool an entire house
requires the analysis of a larger system than determining the power consumption of a single fan.
How to bound these systems is a necessary skill needed, as is the ability to determine which
components are within the system, and how they differ. An example is that sunlight can provide
either electricity or heat, depending on the system element under consideration. The instructor
demonstrated how to draw diagrams of system elements and determine what comprised the
system and where the boundary was. Some students intuitively drew systems diagrams as a
sense-making tool, but many needed direct coaching to help develop this skill.

For the assignments and project, students were expected to use appropriate units and conversion
factors. Problem statements were given with units typically given in engineering handbooks and
specifications. Students needed to learn how to convert between different systems of units, check
their work and find errors for themselves and their team members. This is a critical skill for



practicing engineers, and a challenging skill to learn for many students. Explicit strategies were
provided as needed, such as including a unit along with every number in an equation and
ensuring unit consistency along with the numerical calculation. Another helpful strategy was for
students to label their entries in their code or spreadsheet in terms of equations, units and orders
of magnitude used.

Teams also needed to determine when certain assumptions were valid, and which equations and
variables to use for modeling their sub-systems. Students were supported in this endeavor
through review, early in the course, of relevant topics from foundational courses, along with
guided enquiry during open office hours. During the first part of the course, multiple additional
office hours were offered each week to work with individuals and teams as they grappled with
applying theory to practice. For topics that were an extension of foundational material, such as
heat exchanger design, the instructor provided detailed notes with equations and guidelines for
how to determine valid ranges and choose variables and equations appropriately.

4.2.2 Student Experiences of Systems Content

On the whole, students entered the course without confidence that they had the full foundational
content knowledge required to work with thermal fluids systems. In the first reflection, many
students described gaps in their knowledge of heat transfer, thermodynamics, and fluid
dynamics.

Other students entered the course with some content knowledge from prior classes, but without
the ability to fully recognize new systems. As one student shared in their first reflection, “I
would say | feel pretty confident with the bones of the problems from what | have done in
previous classes, but I do not feel confident when they are changed to involve more real world
scenarios.” This often led to students finding it challenging to analyze systems. As another
student described, “One of the things I struggled with the most [in the first assignment] was
knowing which equations to use where and setting up the mass balance and energy balance
equations for specific situations. After finding the right equations | can apply the right values and
calculate, but I sometimes get lost when trying to consider all parts of the problem.” This student
provides an example where the instinct of considering the parts and the whole together has been
instilled, but the knowledge on which doing so relies is still weak.

Critical to this course is the ability to consider the units used in quantifying parts of the system
and understanding how to convert them within equations and when combining parts into the
whole system being designed. This was an issue that many students worked through across the
course of the term. For example, one student noted in their reflection for Assignment 3 that “I am
learning (slowly) to use units in every equation | write. | have had issues with this in the past, but
| believe that | am improving.” If there were only a single open-ended assignment in which
students were challenged to set their own equations and convert units, there would not have been



sufficient practice for students to develop this habit regarding their knowledge of identifying
systems.

4.2.3 Evidence of Developing Systems Content Knowledge

Students indicated strong learning of systems content knowledge in the course. All students
reported good (41%) to great (59%) gains in analyzing thermofluid systems (see Table 2). The
majority of students (71%) reported great gains in integrating fluid mechanics, thermodynamics,
and heat transfer; another 24% indicated great gains and 6% indicated moderate gains. The
development of skills for formulating problem statements was still broadly positive, though
slightly less strong: 35% of students indicated great gains and 53% reported good gains, with the
remaining 12% indicating moderate gains. Overall, this pattern suggests widespread systems
content knowledge was supported by the course’s learning activities.

Table 2. Gains in Systems Content among Students in a Thermal Fluids Capstone Course

No A Little Moderate Good Great

Aspect of Systems Mindsets Gain Gain Gain Gain Gain

Analyzing thermofluid systems 0% 0% 0% 41% 59%

Integrating fluid mechanics, 0% 0% 6% 24% 70%
thermodynamics & heat transfer

Formulating problem statements 0% 0% 12% 53% 35%

Note. Item asked, “As a result of your work in this capstone course, what gains did you make in your understanding
of each of the following?” or “...in the following skills?”

4.3 Teaching Systems Structure

4.3.1 Faculty Teaching Intentions for Systems Structure Skills

Apart from helping students figure out what comprised the system, boundary and elements, their
system diagrams were useful for understanding the structure of the system. Having a picture of
the physical components and how these connected to each other and the surroundings helped
students visualize the organization of components, sub-systems and the overall system. Having a
diagram with clearly marked relationships also enabled students to see how the output from a
certain component or sub-system became the input for another, and thereby helped students
identify feedback loops.

Relationships were characterized with variables and equations, and students also determined if
each relationship strongly influenced overall system performance. Since students undertook their
projects with the backdrop of considering the broader context of decisions, they also evaluated
relationships between their physical system and economic, environmental and societal



implications. Some relationships dominated the overall system or sub-system performance or
other considerations, and some feedback loops occurred in sub-systems that were connected to
all or most other systems. Once students were equipped with this insight, they made initial
estimates for a few key parameters and iterated the dominating relationships and feedback loops
within sub-systems. They then moved on to incorporating more tangential relationships and sub-
systems into their design and system optimization. Careful selection of initial performance
parameters minimized the number of design iterations needed.

4.3.2 Student Experiences of Systems Structure Skills

There was a common experience among a subset of students who used the complexity of the
systems they were asked to design to improve their ability to identify and leverage feedback
loops. The primary way that students described this was having experiences in which their
results clearly did not make sense, prompting them to go back through their assumptions and
calculations to determine which led to the results being off. “As a group we learned to problem
solve pretty well, as there were some parts of our spreadsheet that had a wrong formula, leading
to wacky results. Together we worked through the equations and found the errors.” This student
went on to describe how identifying these relationships up front has become part of their regular
process. “We further worked through our set up skills, making sure we were all on the same page
in terms of starting the project and being organized.” Although the student does not describe this
in terms of feedback loops, that is essentially what they are describing.

4.3.3 Evidence of Developing Systems Structure Skills

Overall, systems structure skills had the greatest range of development among students. Two
thirds of students (65%) reported great gains in modeling open-ended problems and the
remaining third (35%) reported good gains (see Table 3). However, the other two skills in this
area exhibited a broader range of learning. In specifying design requirements and constraints,
35% of students reported great gains, 41% reported good gains, and 24% reported moderate
gains. In identifying my own and others’ mistakes — a process that requires a sufficient
understanding of how to make sense of feedback loops within the system — 41% of students
reported great gains, 35% reported good gains, and 24% reported moderate gains.

Table 3. Gains in Systems Structure Skills among Students in a Thermal Fluids Capstone Course

No A Little Moderate Good Great

Aspect of Systems Mindsets Gain Gain Gain Gain Gain
Modeling open-ended problems 0% 0% 0% 35% 65%
Specifying design requirements and 0% 0% 24% 41% 35%

constraints
Identifying my own and others” mistakes 0% 0% 24% 35% 41%




Note. Item asked, “As a result of your work in this capstone course, what gains did you make in your understanding
of each of the following?” or “...in the following skills?”

5. Teaching Systems Thinking as Complexity Leadership

Complexity Leadership Theory recasts leaders as enablers who create the conditions for
successfully navigating unknown futures — which also describes what instructors do in
undergraduate STEM education. This offers a stark contrast to earlier, top-down approaches in
which leaders are charged with controlling strategic action more directly [30]; the same could be
said of teaching in a student-centered course that emphasizes systems thinking mindsets and
skills [31].

5.1 Implications for Teaching Systems Thinking Skills in Capstones

Several aspects of this new approach to leadership map onto the teaching strategies enacted by
Author A in this study, with its emphasis on fostering an adaptive space, preparing the system for
emergent realities and emphasizing the importance of social capital over individuals’ knowledge
and skills in isolation [8]. One of the ways that Author A prepared students to approach their
design work as a complex system, rather than a simple problem set, was to set up much of the
class time to mirror a consulting firm. Over the term, the course decreased lecture-based

time and increased the need for students to adapt together in teams to design challenges. By
having students work on teams during class time and making herself available to provide
feedback, advice, or suggest fresh ways of thinking about a particular issue, Author A
empowered students as systems designers. As a sign that the system was effectively structured to
provide an adaptive space, students knew how to get themselves out of being stuck, as every
team regularly called on the instructor to pose design problems they faced and receive feedback,
and there was sufficient trust built over time for students to demonstrate this lack of perfect
knowledge and skill.

Part of preparing the class system for educational realities to be emergent was allowing students
substantial choice over their designs, which is a common element of project-based learning and
related student-centered pedagogies [32]. Complexity leadership during instruction extended this
course design by giving students increasingly complex design challenges over the term and
decreasing the time allocated to reviewing relevant material from prior coursework. By assigning
students reflection questions to ask themselves and to be aware of while working on these
increasingly complex design challenges, the conditions for transferring what is learned to
navigating future issues was indirectly addressed.

5.2 Future Research



Future phases of this study will continue to explore the parallels between complexity leadership
and teaching systems thinking; future research beyond this study might continue to examine how
these parallels can best be supported within a broad array of undergraduate teaching contexts. As
the literature on systems thinking demonstrates, there is an interest across multiple fields in
bringing systems thinking to the foreground in undergraduate STEM education.
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Appendix A
SALG Survey Items

Q1 As a result of your work in this Capstone class, what GAINS DID YOU MAKE in your
UNDERSTANDING of each of the following? (Response options: 1-No Gains, 2-A Little Gain, 3-
Moderate Gain, 4-Good Gain, 5-Great Gain)

The main concepts explored in this class

The relationships between the main concepts

How ideas from this class relate to ideas you encounter in other classes
How studying this subject area helps people address real world issues

Expectations for industry careers (e.g., teamwork, working open-ended projects, persisting through
ambiguity)

Q2 As a result of your work in this Capstone class, what GAINS DID YOU MAKE in the following
SKILLS? (Response options: 1-No Gains, 2-A Little Gain, 3-Moderate Gain, 4-Good Gain, 5-Great Gain)

Analyzing thermofluid systems

Modeling open-ended problems

Integrating fluid mechanics, thermodynamics, & heat transfer
Formulating problem statements

Specifying design requirements & constraints

Collaborating with team members who are different than yourself
Working through open-ended real world problems

Identifying my own and others' mistakes

Breaking a design problem down into manageable tasks

Working with others to combine individual efforts towards fulfilling a larger goal or task

Q3 As a result of your work in this Capstone class, what GAINS DID YOU MAKE in the following?
(Response options: 1-No Gains, 2-A Little Gain, 3-Moderate Gain, 4-Good Gain, 5-Great Gain)

Enthusiasm for engineering
Confidence that you understand the material

Confidence that you can design thermofluid systems



Willingness to seek help from others (professor, classmates, friends) when working on academic
problems

Connections to other WPI students

My sense that | am a valuable contributor in teamwork

Q4 HOW MUCH did each of the following aspects of this Capstone class HELP YOUR LEARNING?
(Response options: 1-No Help, 2-A Little Help, 3-Moderate Help, 4-Good Help, 5-Great Help)

Attending class

Attending Open Office Hours/Group Work
The First (solo) Thermo Assignment
Assignments 2, 3, & 4

Participating in team work

Asset mapping in a team

Having a team charter

Written reflections

Being encouraged to take learning risks

Having time in class to work in teams

Q5 Please comment on how asset mapping and creating a team charter influenced your experience of
teamwork in this Capstone class.

Q6 This course required project assignments with increasing assumptions over the term. How did you
handle this, both yourself and with your group? What was hard and what about the course supported your
success with this?

Q7 To what extent did the course require you to use new engineering concepts, information, methods, etc.
that you had not learned in prior courses?

Not at all or very little

Somewhat, but I was able to catch up quickly

Somewhat, and it was hard to catch up

A lot, but | was able to catch up quickly

A lot, and it was hard to catch up

Q8 To what extent did the course require you to learn in new ways (e.g., group projects, design)?
Not at all or very little - | had all of these in other classes
There were a few new ways of working, but it was easy to learn



There were a few new ways of working, and it was difficult to learn
A lot of how we worked was new to me, but it was easy to learn
A lot of how we worked was new, and it was difficult to learn

Q9 My experience of the work required in high school classes was:
It was very easy for me to get the grade | wanted in all my classes
With a few exceptions, it was easy for me to get the grade | wanted in my classes
I had to work some, but not all that hard to get the grade | wanted in my classes
I had to work hard to get the grade | wanted in my classes

Q10 In college:
I have to work less than | did in high school to get the grades | want
I have to work the same amount as | did in high school to get the grades | want
I have to work harder than I did in high school to get the grades | want

Q11 How do you self-identify in terms of gender? (please select all that apply)
A woman

A man

Non-binary or gender fluid
Transgender

Other

Q12 If you self-identify as a gender not listed, please add to my knowledge and tell me how you self-
identify:

Q13 How do you self-identify in terms of race/ethnicity? (please select all that apply)
American Indian or Alaska Native
Asian or Asian American
Black or African American
Native Hawaiian or other Pacific Islander
White
Hispanic or Latinx
Other

Q14 If you self-identify as a race/ethnicity not listed, please add to my knowledge and tell me how you
self-identify:



