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Preface

One of the most challenging and promising questions that has grown out of the 
wide-reaching upheavals of 2020 and 2021 amidst the painful realities of the 
COVID-19 pandemic is the question of what we as individuals, communities, schol-
ars, and societies would like to preserve and transform in the months and years to 
come, knowing that these events will have lasting impacts on so many dimensions 
of our lives that were previously taken for granted.

Two faculty members from the Rochester Institute of Technology (RIT)—
Margaret Bailey, Ph.D., P.E., Professor of Mechanical Engineering, and Laura 
Shackelford, Ph.D., Professor of English—edited this unique and timely collection, 
Women in Mechanical Engineering: Energy and the Environment, to jointly reflect 
on these questions. The book is one volume in the impressive Springer Publishing 
Women in Engineering Series with Jill Tietjen, P.E. (Society of Women Engineers 
Fellow and Past-President) as editor-in-chief (read more at https://www.springer.
com/gp/campaigns/women-in-engineering). In this edited collection, we gather new 
visions, feature transformational work, and address pressing challenges in the areas 
of energy and the environment in Mechanical Engineering. The book highlights the 
contributions of diverse women engineers who are at the forefront of these changes 
and addressing them daily, while also navigating research and professional domains 
that are historically gendered to the disadvantage of women.

Exploring scholarly research, professional trajectories, disciplinary shifts, 
proven methods, personal insights and attitudes, or a combination of these, the 
book’s chapters tell an important story about the field of Mechanical Engineering in 
the areas of energy and the environment, as seen from the perspective of these 
remarkable contemporary women engineers (with degrees in Mechanical 
Engineering and other engineering disciplines—civil, chemical, nuclear, electrical, 
environmental, material science, systems, etc.) and from within academe, industry, 
and government. Individual chapters highlight areas such as renewable energy, bat-
teries and energy storage, power generation and distribution, sustainability, engi-
neering and public policy, combustion and emissions, and engineering education. 
Chapter authors are members of the National Academies, winners of major awards 
and recognitions that include National Science Foundation Awards and Fellowships, 
as well as SWE, ASME, ASEE, and IEEE Award winners and Fellows.

https://www.springer.com/gp/campaigns/women-in-engineering
https://www.springer.com/gp/campaigns/women-in-engineering


vi

�Gathering Stories

The editorial vision and impetus for this collection grew out of just such experi-
ences of seeking out and finding role models and learning from other Mechanical 
Engineers, both from the past and the present, who had accomplished great things 
and actively worked to improve women’s opportunities and visibility in these fields, 
as well. Co-editor, Margaret Bailey, found her inspiration from several women—
past and present. Below is a first-person account of her inspiration journey which 
led to the creation of this volume:

I’m from a small, rural, farming community in the western part of the Pocono 
Mountains in Pennsylvania and I didn’t know any engineers when I entered Penn 
State to study architectural engineering after high school. On my first day at college 
I arrived early for my chemistry class – it was a large room with about 200 seats. I 
sat down and got settled in, pulling out my book and pencil. When I looked up and 
began to watch students filing in, I realized that there were no women among them. 
After straining my eyes and neck I finally saw a few women in seats scattered here 
and there in that large space. In my high school the brightest students were at least 
half women. That was my paradigm which quickly shifted. I spent five years study-
ing engineering and never had one women professor teach me a technical course. 
And yet, most of the best students in my classes were women. I often wondered why 
that was and thought that one day maybe I would be an engineering professor. Just 
like when I was a freshmen in chemistry, I’ve needed to deliberately look for women 
to serve as possible engineering role models in my career. About 20 years ago, I 
found one in a woman named Kate Gleason.

Kate Gleason (1865–1933) was an American engineer and businesswoman 
known both for being an accomplished woman in the predominantly male field of 
engineering and for her philanthropy. She is featured in the opening “Trailblazers” 
historic chapter within this volume and she serves as an example of an amazing 
woman whose story was forgotten, only to be rediscovered and accurately told 75 
years after her death. I came to know of Kate Gleason when I accepted the Kate 
Gleason endowed chair position at RIT in 2003 and had the opportunity to learn 
about her from Jan Gleason who was married to Kate’s great-nephew. Kate was 
famous among people like Henry Ford and mentored by Susan B. Anthony and yet 
her story was erased for about 75 years after her death until Jan Gleason became 
curious, did research, and pieced back together Kate’s story. Getting acquainted 
with Kate Gleason’s story helped fuel my strong interest in history and deep appre-
ciation for storycraft.

Kate Gleason has been nominated for entry into the Women’s Hall of Fame in 
Seneca Falls many times and a strong proponent of these nominations is Jill Tietjen, 
editor of the volume series where this book appears. I met Jill six years ago and our 
connection was nearly instant due to mutual interests in history, Kate Gleason, and 
women in engineering. She told me about this book series and she wondered if I 
might be interested in editing a volume. About that same time, Laura Shackelford an 
English professor at RIT who I had known and admired for many years was named 
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Director of the new Center for Engaged Storycraft. Laura focuses her research on 
narrative and literary practices and the transformations they have gone through in 
relation to science since World War II, especially as these sciences impact under-
standings of women, gender, and race. I thought that it would be wonderful to co-
edit a volume for Jill’s series with Laura. I’m very grateful that Laura accepted my 
proposition! Together we created a plan for this volume and the response to our call 
for chapters during the Covid-19 summer of 2020 was stronger than we had antici-
pated. The response was overwhelming.

Kate Gleason inspired me to work with Jill and Laura to create this volume. Her 
story was almost lost and that would have been a loss for all of us. It made me won-
der how many other women’s stories in the early years of engineering were lost. I 
find Kate Gleason to be an inspiration and the young people, especially the women, 
enrolled in the Kate Gleason College of Engineering where I teach are also inspired 
by her story. I wanted to learn from contemporary women engineers about what 
their journeys have been like. And I thought that others could learn and become 
inspired through their words and experiences.

�Book Aims and Organization

Our volume on Women in Mechanical Engineering: Energy and the Environment 
has a primary aim of showcasing the important technical scholarship and contribu-
tions of women currently working in areas of mechanical engineering. The volume 
contextualizes the present field of women and their technical scholarship in relation 
to three inspiring and influential predecessors and then proceeds to showcase 
remarkable technical contributions of women engineers to the areas of energy and 
the environment today—here the book is divided into three sections which focus on 
New Perspectives, Research/Technical, and Career Journeys. The chapters focus on 
scholarly research, professional trajectories, disciplinary shifts, proven methods, 
personal insights and attitudes, or a combination of these.

The chapters are written in a narrative style in order to help readers to reflect on 
how the author’s work in engineering has impacted her life and how being a woman 
in engineering has impacted her work. Authors adopted a variety of approaches, 
stylistically, in telling their stories. Combined, the chapters tell an important story 
about the field of Mechanical Engineering, and examples of what you will read in 
this volume include:

•	 A hybrid micro narrative of the author’s personal and professional journeys 
which answers questions—how/why they found engineering, how did their 
career unfold, how did one position or assignment build upon and perhaps 
complement others, who are their role models, what were key points of transition 
and connections?

Preface
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•	 How the author’s work in engineering has impacted their life and how being a 
woman in engineering has impacted her work? How has being a woman informed 
their work?

•	 A sharing of how curiosity, challenges, or other attitudes and modes of thinking 
and working sparked and motivated the author’s work while highlighting sources 
of inspiration, challenges, successes, and moments of resilience.

•	 Considerations of what might have facilitated the author’s self-efficacy in earlier 
stages of their career and efforts they made to facilitate, mentor, or guide profes-
sionals in the early stages of their careers.

•	 Exploring personal values and how these map to disciplinary values. Considering 
which norms within the engineering discipline helped the author succeed and 
which norms may have possibly hindered their progress.

•	 Addressing shifts in priorities, practices, and research amidst recent transforma-
tions as a result of COVID-19.

�Intended Audiences

Chapter authors inspire and inform readers by giving first-hand accounts of their 
experiences currently working in and transforming mechanical engineering in these 
diverse areas of energy and the environment. Contributors’ chapters provide models 
for people at all stages of their education, career, and life, helping others learn from 
their critical decisions, their hopes and dreams, and their strategies of resilience in 
the face of challenges. The volume’s authors address a wide array of potential read-
ers, including:

•	 Young people interested in Mechanical Engineering: Energy and Environment
•	 Women in industry as well as academia and other professionals interested in the 

field of Mechanical Engineering and interested in the careers of current engi-
neers as models for their own career trajectories

•	 Engineering leaders/educators/professionals seeking a current snapshot of the 
field from the perspective of nearly 30 women engineers

•	 Women interested in reading and reflecting on others’ experiences in these fields 
and their strategies for advancing in research, professionally and personally in 
spite of obstacles

•	 First year college students who are studying narrative or enrolled in an introduc-
tion to engineering course

•	 People engaged in advocacy efforts in support of women in engineering, and 
other under-represented populations within engineering

•	 Young professionals moving from technical to managerial positions within 
engineering

•	 People interested in what other things besides engineering that you can do with 
an Engineering degree

Preface
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�Conclusions

Our hope is that the volume will engage, educate, and inspire readers who may be 
either very familiar or relatively unfamiliar with engineering. We invite you to 
vicariously experience what it is like working in these fields and be left with a sense 
of hope and inspiration. We think you will find these women engineers’ stories posi-
tively moving, as they provide their first-person perspectives and journeys. We also 
hope that in presenting contemporary, real-world models and methods of working 
in Mechanical Engineering in these pivotal areas of energy and environment, these 
stories can be literally moving, in revealing models or methods that might support 
your own professional development, resilience, empowerment, and purpose.

As editors, we applaud the authors in creating chapters that raise and answer 
questions of how being a woman informs their work and embrace the changes that 
they’ve documented and promoted through their life stories, thus far.

Rochester, NY, USA� Margaret Bailey  
 � Laura Shackelford  
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Energetic Trailblazers: Kate Gleason, 
Edith Clarke, and Mária Telkes

Jill S. Tietjen and Margaret Bailey

�Introduction

The three women featured in this chapter – Kate Gleason (1865–1933), Edith Clarke 
(1883–1959), and Mária Telkes (1900–1995) – were truly “energetic trailblazers” 
during their lifetimes and their legacies today are very much alive. They each con-
tinue to have a transformative impact well-beyond their individual lives and careers. 
The chapter is presented in chronological order, describing each of these women’s 
work in related fields and begins during the early decades of the 1900s.

After more than 50 years of action led in large part by Susan B. Anthony of 
Rochester, New York, the years 1900–1920 were very active years for women’s suf-
frage. At the end of those two decades, during which Anthony died and many others 
took up the mantle, the USA ratified the Nineteenth Amendment to the US 
Constitution which granted full voting rights to American women (Equality Day – 
August 26, 1920).

Kate Gleason was a close friend and mentee of Susan B. Anthony and also lived 
in Rochester, New York. This fact helps set the stage for a wider view of this moment 
of women’s suffrage activism and the variety of fronts on which women were forg-
ing ahead and breaking new ground for women in their own ways. Although Gleason 
is not as widely recognized as being a part of a larger community of change, she 
served as a significant pioneer and trailblazer.

While creating and editing this chapter, we wondered if these three women 
would have known each other. It’s likely that Edith Clarke and Mária Telkes knew 
each other or knew of each other. Both were awarded the Society of Women 
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Engineers’ (SWE) Achievement Award within 2  years of each other. SWE was 
founded in 1949–1950 and, in 1952, Mária Telkes was the first recipient of the new 
society’s Achievement Award. Two years later, in 1954, Edith Clarke received the 
award. According to SWE’s history:

“A woman who receives an Achievement Award is often described as a fast tracker, a doer, 
an achiever, highly motivated. A person who gets things done [1]”. Until 1966, the 
Achievement Award was the only award SWE presented and “it was one of the few avenues 
of honor and acknowledgment women engineers were likely to have received. It remains the 
Society’s highest honor” [1].

Kate Gleason died in 1933 and therefore never knew of the Society of Women 
Engineers. However, she was well-known during her lifetime and in 1930 she 
attended the Second World Power Conference in Berlin, Germany, as the American 
Society of Mechanical Engineers’ representative, along with 3900 other engineers 
and scientists from at least 38 countries around the world. Professor Albert Einstein 
of Germany and Dr. H. Foster Bain, Secretary of the American Institute of Mining 
and Metallurgical Engineers of America [2], gave two of the seven main plenary 
addresses at the conference [3, 4]. Clarke and Telkes likely knew of this large-scale 
international conference and may have heard of the woman representing American 
Society of Mechanical Engineers (ASME).

There are several similarities between the three women and overlapping themes 
linking their lives and work. All three were alive during World War I. The careers of 
Gleason and Clarke were impacted by the war primarily due to the exodus of men 
called into service. “By an irony of fate, war, always bitterly denounced by women, 
has advanced them in the engineering profession” [5]. Born in 1900, Telkes grew up 
in Budapest, Hungary, and would have personally felt the war’s impact as a teenager 
growing up in that city which experienced high inflation and food shortages during 
the war. Other similarities among the three include their early initial interests in sci-
ence and engineering, the recognition that each achieved during their lifetimes, and 
that each engaged in numerous professional activities over their careers.

As you read this chapter, we offer some points for consideration:

•	 How these women strategically navigated professional and academic terrain that 
was not designed for them, likely quite inhospitable in many ways, and found 
ways to pursue their work and their passion and stand out among their male 
counterparts

•	 How they were all able to trust their knowledge and insight and act decisively on 
these, especially in contexts where they were all but certainly going to be pre-
sumed to be lacking in knowledge, skills, or simply wrong

•	 How they were able to seek out opportunities that others hadn’t been able to see 
and even to see opportunities precisely because they were presumed to be outsid-
ers in these fields

•	 How they demonstrated determination that others would not stand in their way
•	 How they all had an impact that went well beyond their work, career, or profes-

sional life at any given moment and influential legacies that continue well beyond 
their own lives

J. S. Tietjen and M. Bailey
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We have several questions that remain about the three subjects of this chapter. 
Did these women know each other? Ever meet? What role did MIT play in enabling 
Clarke and Telkes to enter professional and academic life? What was it like for these 
women to be working in male disciplines and environments?

We also pose the following thought for consideration in light of the truly remark-
able achievements of the three women featured. There is a risk in telling these sto-
ries of repeating the myth of the lone, genius, self-made person (usually masculine), 
and so it might be worth thinking about how these women excelled and were 
geniuses, certainly, yet also saw themselves as part of a larger community of 
change – whether for women’s rights, affordable housing, education, solar solutions 
to energy shortages, and so forth.

�Kate Gleason (1865–1933)

Kate Gleason’s march into history began when she was 11 years old and her older 
stepbrother Tom died. Tom had worked with their father in his new business, and his 
death left the family devastated and the business short-handed. Kate decided that 
being a girl wasn’t going to stop her and soon made herself indispensable around the 
office. Although she studied mechanical engineering in college for a time, business 
called her back. She became the first woman to sell machine tools and equipment 
internationally, an early woman bank president, the first woman to take a company 
out of bankruptcy, and later became a developer of large-scale low-cost housing. An 
ardent supporter of women’s suffrage, Kate was also the first female member of the 
American Society of Mechanical Engineers (ASME). “By 1918, her work had so 
impressed the American Society of Mechanical Engineers that she was unanimously 
elected to membership as its first woman member” [6]. This trailblazing woman’s 
legacy lives on through the Rochester Institute of Technology where the Kate 
Gleason College of Engineering stands as the first engineering college to be named 
after a woman. As Gleason said, “I wanted one thing – to demonstrate that a busi-
ness woman can work as well as a man” and she adopted her motto “Possum volo” – 
“I can if I will” [7, 8].

The oldest child of William Gleason and his second wife, Ellen McDermott 
Gleason, Catherine Anselm Gleason (Kate) had an older half-brother Tom and three 
young siblings [9]. Having been mechanically inclined as a child as well as intelli-
gent, Gleason began reading books about engineering and machines by the time she 
was nine [10]. She was also an ardent tomboy:

My girlish ambitions were fiercely personal. I felt keenly that girls in this world were 
accorded second place, and I resented being second. My grandmother always wanted my 
brothers to take her about; she thought little of me. Friends and neighbors used to watch me, 
and shake their heads and remark:

“She should have been a boy.” They were justified, for I was trying my best to be as nearly 
a boy as I could. I wore my hair short and straight in a day when girls wore long curls or 
braids. I played with the boys. They didn’t want me, but I earned my right.

Energetic Trailblazers: Kate Gleason, Edith Clarke, and Mária Telkes
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If we were jumping from the shed roofs I chose the highest spot; if we vaulted fences I 
picked the tallest. I was husky and able, and to this I added a bit of recklessness that carried 
me through. It took just that added bit of daring to outdo the rest. I carried that lesson into 
business. A bold front, determination, and the willingness to risk more than the crowd, plus 
some common sense, and hard work, wins out [8].

Kate’s half-brother, Tom, helped her father out in the business – a machine tool shop 
in Rochester, New York – The Gleason Works [6, 7]. William Gleason had invented 
the bevel gear planar, which eliminated hand cutting, in 1874 [11]. Shortly after 
Tom died of typhoid, when Kate was 11, she was terribly saddened to hear her father 
exclaim, “Oh, if Kate had only been a boy!” The very next Saturday, she “walked 
down to the shop, mounted a stool and demanded work.” Although such behavior 
was completely outside of the norm for girls of her era, her father might not have 
objected because suffragist Susan B. Anthony, a resident of Rochester, New York, 
was a friend of her mother’s [8, 9]! Her father gave her some bills to make out and 
she worked regularly from that point on. When she was 14, she decided that she 
could do the bookkeeping [8].

At age 19, in 1884, Kate became the first woman engineering student to enroll at 
Cornell University in the Mechanical Arts (now mechanical engineering) program. 
But her father’s business fell upon hard times and Kate was called home to work 
[9, 10].

That was my first big sorrow and my heart broke utterly. I took Father’s letter out on the 
campus and sat under a tree where I thought no one would find me, and wept and wept. I 
had planned to finish the engineering course. I was the only woman in it, and it meant so 
much. . .

Since I was nine I had been reading books on machines and engineering; my one year had 
given me the essentials of the profession. The rest I could do, and did do, for myself. My 
fierce determination to equal the young men I left at college served as a spur, and I worked 
with every bit of energy I possessed [8].

Gleason was able to briefly return to Cornell later, but health issues required her to 
return home [10]. She was never able to complete her degree although she did take 
additional courses at the Sibley College of Engraving and Mechanics Institute 
(today the Rochester Institute of Technology) and learned the rest of what she 
needed to be called an engineer through on-the-job training and self-education 
[9, 10].

From 1890 to 1913, Kate Gleason (Fig. 1) was the chief sales representative of 
Gleason Works as well as its Secretary, Treasurer. Her first sales call was to Ohio in 
1888 to sell “machines,” explaining the complex technology and its benefits to 
potential customers [6, 11, 12]. She learned two lessons from her first sales call: 
“There is no sense in being scared of anyone; he may be more scared of you than 
you of him,” and “It pays to be first in any field, if you can” [8]. On subsequent busi-
ness calls where every client was a man, her reputation often preceded her. Gleason 
took to heart the advice she had received from one of her mentors, Susan B. Anthony: 
“Any advertising is good. Get praise if possible, blame if you have to. But never stop 
being talked about” [8].

J. S. Tietjen and M. Bailey



7

Tool sales in the USA became significantly depressed due to the Panic of 1893, 
but the European economy was still strong. Thus, Gleason embarked on a long trip 
to Europe (there and back took 2 months and she travelled on a cattle steamer, not 
an ocean liner) and returned to the USA with orders from England, Scotland, France, 
and Germany [10]. Thus, she became one of the first international sales people in 
her industry and laid the foundation for a significant portion of the company’s busi-
ness, as is still the case today [6, 9]. Interestingly, due to ill health, her doctor had 
recommended that she sojourn to Atlantic City, New Jersey, but she chose Europe 
as she had no customers in Atlantic City [6]! Due to the business downturn, she also 
recommended to her father that Gleason Works transition to gears and gear planing 
machines. Five years after this recommendation, Gleason Works was no longer in 
the tool making business [8].

She became a successful businesswoman in spite of her gender. Gleason was 
sometimes credited with Gleason Works’ inventions that she often vehemently 
denied creating while highlighting the rightful inventors within the company. In 
addition, she was not at all interested in marriage as she was more interested in her 
career. Her increasing fame and her untoward behavior (the proper place of women 
at the time was in the home and education was still thought to endanger a woman’s 
health) led to a rift with her brothers, and she left the family business in 1913 [6, 10].

In 1914, Gleason became the first woman in New York State to be appointed 
receiver by a bankruptcy court [12]. The company was the Ingle Machine Company 
in East Rochester, New York. At the time of her appointment, the company’s stock 
was worthless and it was significantly in debt. Under her leadership, a year and a 
half later, the debt was paid off. By 1917, the company had earned one million dol-
lars [6].

In 1916, Gleason was one of the first women elected to the Rochester Chamber 
of Commerce and the first woman elected to the Rochester Engineering Society [6]. 

Fig. 1  Kate Gleason. 
(Courtesy of Rochester 
Institute of Technology)
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Sometime during the 1913–1919 time frame, Gleason became the first woman 
believed to have been elected to membership in Verein Deutscher Ingenieure, the 
German Engineering Society [12].1 She was also active in the suffrage movement.

In 1917, she became the first woman with no family ties to become the president 
of a national bank [6, 9]. She was elected President of the First National Bank of 
East Rochester when the President was called to service during World War I. She 
had been a Director of the bank prior to this election as well as a business partner of 
the former president. During her tenure, she helped to start eight new businesses in 
East Rochester. One of the projects for which the bank had made a loan was to a 
local developer who had failed to complete his project. This project, the Concrest 
and Marigold Gardens, sparked Gleason’s interest in low-cost, standardized, con-
crete homes. The community was a subdivision of 100 six-room houses as well as a 
country club, golf course, and park. The homes included such amenities as mixing 
faucets, built-in bookcases, and a mirror in the kitchen [6, 12, 13]. After nearly a 
century, the homes in Concrest and Marigold Gardens subdivision still exist today 
with minimal repairs [14] (see Fig. 2, 3, and 4).

Gleason became very interested in providing low-cost housing options due to her 
experiences with workers in manufacturing and financial companies. She developed 
new designs for such housing that were made of concrete and used a new pouring 
method that she developed. Her homes were described in the magazine, Concrete, 
in 1921. The article was titled “How a Woman Builds Houses to Sell at a Profit for 
$4,000.” “Concrete Kate,” as she was nicknamed, also became the first woman 

1 Many sources say 1913 – many records of the organization were destroyed in World War II and 
the date cannot be confirmed.

Fig. 2  Home and Garden in Concrest (1930s). (Courtesy of the Village of East Rochester)

J. S. Tietjen and M. Bailey



9

member of the American Concrete Institute in 1919 [4, 6, 9, 11]. Gleason applied 
techniques she had observed while studying operations at a car manufacturing 
facility:

My inspiration for mass production methods came from visits to the Cadillac factory, where 
Mr. Leland showed me the assembly of eight-cylinder engines. [4]

In 1924, Gleason was called to Berkeley, California, to advise the city on rebuilding 
after a fire. Newspaper articles of the time reference her as a builder and architect. 

Fig. 3  Homes in Concrest (1930s). (Courtesy of the Village of East Rochester)

Fig. 4  Map of Concrest. (Courtesy of the City of East Rochester)

Energetic Trailblazers: Kate Gleason, Edith Clarke, and Mária Telkes
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She purchased property in Sausalito, California, intending to replicate her low-cost 
concrete home designs and built a few homes. The property, however, was needed 
for the approach to the Golden Gate Bridge, so she gave most of her holdings to a 
boy’s orphanage [6, 9].

Gleason also purchased an estate in Septmonts, France, in 1924 and restored that 
structure while providing assistance to the village’s recovery in the aftermath of 
World War I. The property included a castle tower and battlements from the twelfth 
century. She built a library and a motion picture theatre there as a memorial to the 
First Division of the American Expeditionary Force [6, 8, 10, 12].

In 1927, Gleason bought land in South Carolina that included 12 miles of beaches 
and the entirety of Dataw Island. She built homes and a hotel in Beaufort, South 
Carolina. At the time of her death, she was building an artists’ and writers’ colony 
on Lady’s Island, which was completed by her sister. The Beaufort Memorial 
Hospital occupies land that she gave to the town. The Kate Gleason Memorial Park 
is on land next to the hospital [6, 9, 11, 12].

In 1930, Kate Gleason traveled to Berlin, Germany, where she represented the 
ASME at the World Power Conference [4].

Today, Gleason Corporation is one of the world’s top purveyors of gear-
making equipment, including machines, tooling, and technologies, for vehicles 
to airplanes, power tools to wind turbines [9]. And, Kate Gleason’s legacy lives 
on in other ways as well. A charitable fund established from her wealth upon her 
death later became part of the Gleason Foundation, one of the largest private 
foundations in Rochester. At the Rochester Institute of Technology (RIT), the 
Kate Gleason College of Engineering (KGCOE) became the first engineering 
school in the USA to be named for a woman. There is a Kate Gleason Hall (dor-
mitory) at RIT. A Kate Gleason endowed chair was established there in 2003 for 
a faculty member who builds “upon the tradition of Kate Gleason as a role 
model for women in engineering.” This chapter’s co-author, Margaret Bailey, 
was the first professor to hold this position (2003–2009), and currently there are 
two women faculty who hold Kate Gleason endowed chair positions within 
KGCOE. There is also a Kate Gleason Scholarship, established in 1996, that 
provides full tuition for female students. The ASME, of which she became the 
first full woman member in 1918,2 established a Kate Gleason Award in her 
memory in 2011. This Award is bestowed upon distinguished women leaders 
from the engineering profession [9, 11, 13].

Maybe Susan B. Anthony sums it up best in a book inscription to Kate Gleason:

Kate Gleason, the ideal business woman of whom I dreamed fifty years ago – A worthy 
daughter of a noble father. May there be many such in the years to come is the wish of. 
Yours affectionately, Susan B. Anthony, Rochester, NY, December 2, 1903. [10]

2 Many sources say she became a member of ASME in 1914.
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�Edith Clarke (1883–1959)

A woman engineer with many firsts to her name, Edith Clarke (Fig. 5) grew up in 
Maryland without any intentions of even going to college. Orphaned by the time she 
was 12, Clarke attended boarding school, reached the age of 18 (the age of majority) 
and then decided to go to college so that she could find interesting work; work that 
replicated the interest she had discovered while playing duplicate whist (a card 
game). She spent the principal from her inheritance, against the advice of many 
family members and friends, to obtain an education because of a remembrance of a 
conversation she had with her mother years earlier in which her mother indicated 
her approval of a young man’s decision to spend his inheritance on a college educa-
tion – and who thereafter became a brilliant lawyer [5].

After graduating from Vassar with an A.B. in mathematics and astronomy in 
1908 (Phi Beta Kappa), Clarke taught math and science for 3 years in San Francisco 
and West Virginia. But teaching was not holding her interest, and she decided to 
pursue becoming an engineer instead. She enrolled as a civil engineering under-
graduate student at the University of Wisconsin and remained there for a year [15–
17]. Then, she went to work for American Telephone & Telegraph Company 
(AT&T) as a computing assistant. She intended to return to the University of 
Wisconsin to complete her engineering studies but found the work so interesting at 
AT&T that she stayed for 6 years [5]. Clarke is an example of an early “computer” – 
woman with advanced training in mathematics who performed calculations for 
engineers (men) [17].

During World War I, Clarke supervised the women at AT&T who did computa-
tions for research engineers in the Transmission Department and studied radio at 
Hunter College and electrical engineering at Columbia University at night. 

Fig. 5  Edith Clarke. 
(Courtesy Walter 
P. Reuther Library, Wayne 
State University)
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Eventually, she enrolled at the Massachusetts Institute of Technology (MIT) and 
received her master’s degree in electrical engineering in 1919, the first woman 
awarded that degree from MIT [17]. Upon graduation, she wanted to work for either 
General Electric (GE) or Westinghouse. But even with her stellar credentials, no one 
would hire her as an engineer because of her gender – they had no openings for a 
woman engineer! In 1920, after a long job search, GE offered Clarke a computing 
job, directing women computers who were calculating the mechanical stresses in 
turbines for the turbine engineering department at GE [5, 17].

But Clarke wanted to be an electrical engineer! Since that was not the job she 
was offered and since she wanted to travel the world, she left GE in 1921 to teach 
physics at the Constantinople Women’s College (now Istanbul American College) in 
Turkey. She was able to also visit France, Switzerland, Italy, Egypt, Austria, 
Germany, Holland, and England during her time abroad. A year later, GE did offer 
her a job as an electrical engineer in the central station engineering department. At 
last, she had found work as interesting as a duplicate whist game [5, 17]! With this 
offer, she became the first professionally employed female electrical engineer in the 
USA [18].

Clarke’s area of specialty was electric power systems and problems related to its 
operation. She made innovations in long-distance power transmission and the devel-
opment of the theory of symmetrical components and circuit analysis [17]. 
Symmetrical components are a mathematical means by which engineers can study 
and solve problems of power system losses and performance of electrical equip-
ment. Clarke literally wrote the landmark textbook in this area, Circuit Analysis of 
A-C Power Systems, Symmetrical and Related Components (1943) (Fig. 6) and a 
second volume in 1950. This textbook, in its two volumes, was used to educate all 
power system engineers for many years [5, 17, 18].

Clarke published 18 technical papers during her employment at GE reflecting her 
status as an authority on the topics of hyperbolic functions, equivalent circuits, and 
graphical analysis within electric power systems. The papers were published in 
organs including The General Electric Review, the American Institute of Electrical 
Engineers (AIEE)’s Transactions, Electrical Engineering, and the AIEE Journal. 
Her first paper, titled “Transmission Line Calculations,” was published in the 
General Electric Review in June 1923 and describes her mechanical calculator. 
“Simplified Transmission Line Calculations,” which appeared in the General 
Electric Review in May 1926, provided charts for transmission line calculations. 
She was also involved in the design of hydroelectric dams in Western USA [5, 18].

Clarke received a patent in 1925 (U.S. Patent No. 1,552,113 – Fig. 7) for her 
“graphical calculator” – a method of considering the impacts of capacity and induc-
tance on long electrical transmission lines. It greatly simplified the calculations that 
needed to be done. In 1926, she was the first woman to address what is today the 
Institute of Electrical and Electronics Engineers (IEEE)  – at the time it was the 
AIEE [17]. Her topic was “Steady-State Stability in Transmission Systems” [5]. In 
1932, Clarke became the first woman to present a paper before the AIEE; her paper, 
“Three-Phase Multiple-Conductor Circuits,” was named the best paper of the year 
in the northeastern district. This paper examined the use of multiple conductor 
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Fig. 6  Title page  – Edith Clarke’s Circuit Analysis of A-C Power Systems, Symmetrical and 
Related Components (Signed). (Courtesy of Jill S. Tietjen, P.E.)
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Fig. 7  Page 1 of Edith Clarke’s Graphical Calculator Patent – Number 1,552,113

J. S. Tietjen and M. Bailey



15

transmission lines with the aim of increasing the capacity of the power lines. In 
1948, Clarke was named one of the first three women fellows of IEEE [17]. She had 
previously become the first female full voting member of IEEE [18]. Clarke was 
also the recipient of the Woman’s Badge from Tau Beta Pi (at a time before women 
were admitted to membership) [15]. She was one of the few women who were 
licensed professional engineers in New York State [5].

A year after her retirement from GE in 1945, Clarke became an associate profes-
sor of electrical engineering at the University of Texas. In 1947, she rose to full 
professorship becoming the first woman professor of electrical engineering in the 
USA [17, 18]. She served on numerous committees and provided special assistance 
to graduate students through her position as graduate student advisor [17].

In 1954, Clarke received the Society of Women Engineers’ Achievement Award 
“in recognition of her many original contributions to stability theory and circuit 
analysis.” In 2015, she was posthumously inducted into the National Inventors Hall 
of Fame for her invention of the graphical calculator [18].

�Mária Telkes (1900–1995)

A celebrated innovator in the field of solar energy, one of the first people to research 
practical ways for humans to use solar energy, and the so-called Sun Queen, Mária 
Telkes was born in Budapest, Hungary, in 1900 [19–21]. She built her first chemis-
try laboratory when she was 10 years old [22]. Educated at Budapest University as 
a physical chemist (BA in 1920 and PhD in 1924), she became interested in solar 
energy as early as her freshman year in college when she read a book titled Energy 
Sources of the Future by Kornel Zelowitch, which described experiments with solar 
energy that were taking place, primarily in the USA [22].

Telkes served as an instructor at Budapest University after receiving her PhD Her 
life changed significantly, however, when she traveled to Cleveland, Ohio, to visit 
her uncle, who was the Hungarian consul. During her visit, she was offered a posi-
tion as a biophysicist at the Cleveland Clinic Foundation in 1925, working with 
American surgeon George Washington Crile. During the time (1925–1937) that she 
was at the Cleveland Clinic Foundation, she worked to create a photoelectric device 
to record brain waves [16, 21, 23]. She and Crile collaborated in writing a book 
titled Phenomenon of Life to report their findings. Her other work at the Foundation 
included looking at the source of the energy in brain waves, what happened to that 
energy when a cell dies, and the changes that occur when a normal cell becomes a 
cancer cell [20]. She spent her entire professional career in the USA [16].

In 1937, the same year she became a naturalized citizen, Telkes moved to 
Westinghouse Electric where for 2 years she developed and patented instruments 
for converting heat energy into electrical energy, so-called thermoelectric devices 
[16, 20, 21, 23]. In 1939, she began her work with solar energy as part of the Solar 
Energy Conversion Project at MIT. Initially, her role was working on thermoelectric 
devices that were powered by sunlight. During World War II, Telkes served as a 
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civilian advisor to the U.S. Office of Scientific Research and Development (OSRD) 
where she was asked to figure out how to develop a device to convert salt water into 
drinking water [20, 23].

This assignment resulted in one of her most important inventions, a solar distiller 
that vaporized seawater and then recondensed it into drinkable water. Its significant 
advancement used solar energy (sunlight) to heat the seawater so that the salt was 
separated from the water [20, 23]. This distillation device (also referred to as a solar 
still) was included in the military’s emergency medical kits on life rafts and saved 
the lives of both downed airmen and torpedoed sailors. It could provide one quart of 
freshwater daily through the use of a clear plastic film and the heat of the sun and 
was perfect for use in warm, humid, tropical environments [16, 19, 18, 21, 24, 25]. 
Later, the distillation device was scaled up and used to supplement the water 
demands of the Virgin Islands [23]. For her work, Telkes received the OSRD 
Certificate of Merit in 1945 [20]. The first page of her patent for a solar still is shown 
in Fig. 8.

Telkes was named an associate research professor in metallurgy at MIT in 1945 
[23]. During her years at MIT, she created a new type of solar heating system – one 
that converted the solar energy to chemical energy through the crystallization of a 
sodium sulfate solution (Glauber’s salt). Previous systems had stored the solar 
energy in the form of hot water or heated rocks [16, 20]. In 1948, Telkes and archi-
tect Eleanor Raymond developed a prototype five-room home built in Dover, 
Massachusetts [16, 22]. Called the Dover Sun House, this was the world’s first mod-
ern residence heated with solar energy and it used Telkes’s solar heating system [20, 
23, 24]. The system was both efficient and cost-effective. It effectively heated the 
house during cold Massachusetts winters and cooled the house during the summer 
months. Solar collectors captured sunlight and warmed the air between double lay-
ers of glass and a black sheet of metal. That warmed air was then piped into the 
walls of the house, where it transferred the heat to the sodium sulfate to be stored 
and used at a later needed time. Thus, the walls of the house became the home’s 
heating system [20, 23].

She next spent 5 years (1953–1958) at New York University (NYU) as a solar 
energy researcher. At NYU, Telkes established a laboratory dedicated to solar 
energy research and continued working on solar stills, heating systems, and solar 
ovens [16, 19]. Her solar ovens proved to be cheap to make, simple, and easy to 
build and could be used by villagers worldwide. Children could use them and the 
ovens could be used for any type of cuisine. Tests of the oven showed that it reached 
350 °F even when the temperatures outside were in the 60s. This meant the oven 
could bake bread or cook a roast. Her work also led her to the discovery of a faster 
way to dry crops. In 1954, she received a $45,000 grant from the Ford Foundation 
to further develop her solar ovens [11, 19, 25].

After NYU, she worked for Curtis-Wright Company as director of research for 
their solar energy laboratory (1958–1961). Here, she worked on solar dryers as well 
as the possible use of solar thermoelectric systems in outer space. She also designed 
the heating and energy storage systems for a laboratory building constructed by her 
employer in Princeton, New Jersey. This building included solar-heated rooms, a 
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swimming pool, laboratories, solar water heaters, dryers for fruits and vegetables, 
and solar cooking stoves [20, 22].

In 1961, she moved to Cryo-Therm where she spent 2 years as a researcher work-
ing on space-proof and sea-proof materials for use in protecting sensitive equipment 

Fig. 8  Patent 3,415,719 Page 1 – Mária Telkes Patent for Collapsible solar still with water vapor 
permeable membrane
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from the temperature extremes that would be experienced in those environments. 
Her work at Cryo-Therm was used on both the Apollo and Polaris projects [16, 19]. 
Subsequently, she served as the director of Melpar, Inc.’s solar energy laboratory 
looking at obtaining freshwater from seawater (1963–1969) before returning to aca-
demia at the University of Delaware. At the University of Delaware, Telkes served 
as a professor and research director for the Institute of Energy Conversion 
(1969–1977) and emerita professor from 1978. Here she worked on materials used 
to store solar energy as well as heat exchangers that could efficiently transfer energy. 
The experimental solar-heated building constructed at the University of Delaware, 
known as Solar One, used her methods. In addition, she researched air-conditioning 
systems that could store coolness during the night to be used during the heat of the 
following day [16, 19–21].

After her retirement, she continued to serve as a consultant on solar energy mat-
ters. In 1980, after the 1970s oil crisis and a renewed interest nationwide in solar 
energy, Telkes was involved with a second experimental solar-heated house, the 
Carlisle House, which was built in Carlisle, Massachusetts. The home had a solar 
photovoltaic array on the roof to produce electricity, extensive passive solar features 
to provide space heating, thermal collectors to provide domestic hot water, and 
many energy conservation measures to reduce electrical and thermal energy require-
ments [19, 26].

In 1952, Telkes was the first recipient of the Society of Women Engineers’ 
Achievement Award. The citation reads “In recognition of her meritorious contribu-
tions to the utilization of solar energy” [22] (see Fig. 9). In 1977, she received the 
Charles Greely Abbot Award from the American Section of the International Solar 
Energy Society, which was in recognition of her being one of the world’s foremost 
pioneers in the field of solar energy [19]. In that same year, she was honored by the 
National Academy of Sciences Building Research Advisory Board for her work in 
solar-heated building technology. She was a member of the Society of Women 
Engineers, the American Chemical Society, the Electrochemistry Society, and 
Sigma Xi (Scientific Research Society). The holder of more than 20 patents (shown 
in Table 1), in 2012, Telkes was inducted into the National Inventors Hall of Fame 
[22, 24]. In addition to her patents, Telkes also had many publications on the topics 
of using the sunlight for heating, thermoelectric/solar generators and distillers, and 
the electrical conductivity properties of solid electrolytes [24]. She believed so 
strongly in using solar energy that she said, “Sunlight will be used as a source of 
energy sooner or later . . . Why wait?” [25].

The three women featured in this chapter  – Kate Gleason, Edith Clarke, and 
Mária Telkes – were each remarkable and energetic trailblazers during their life-
times. Their legacies today are very much alive through the ideas and devices that 
they created and through the inspiration that they invoke. They each continue to 
have a transformative impact well beyond their individual lives and careers.
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Fig. 9  Mária Telkes (third from left) receives the first Society of Women Engineers Achievement 
Award during the 1952 American Society of Civil Engineers Centennial of Engineering in Chicago, 
Illinois. (l to r) Rodney Chipp, Beatrice Hicks, Mária Telkes, unknown, Dot Merrill, unknown. 
(Courtesy Walter P. Reuther Library, Wayne State University)

Table 1  Mária Telkes Patents – Issued by US Patent and Trademark Office

US patent 
number Date Title of patent

2,229,481 January 21, 
1941

Thermoelectric couple

2,229,482 January 21, 
1941

Thermoelectric couple

2,246,329 June 17, 1941 Heat absorber
2,289,152 July 7, 1942 Method of assembling thermo-electric generators
2,366,881 January 9, 1945 Thermoelectric alloys
2,595,905 May 6, 1952 Radiant energy heat transfer device
2,677,243 May 4, 1954 Method and apparatus for the storage of heat
2,677,367 May 4, 1954 Heat storage unit
2,677,664 May 4, 1954 Composition of matter for the storage of heat
2,808,494 October 1, 1957 Apparatus for storing and releasing heat
2,856,506 October 14, 

1958
Method for storing and releasing heat

(continued)
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Jill S. Tietjen,   P.E., entered the University of Virginia in the fall 
of 1972 (the third year that women were admitted as undergradu-
ates – under court order) intending to be a mathematics major. 
However, midway through her first semester, she found engineer-
ing and made all of the arrangements necessary to transfer. In 
1976, she graduated with a B.S. in Applied Mathematics (minor 
in Electrical Engineering) (Tau Beta Pi, Virginia Alpha) and went 
to work in the electric utility industry.

Galvanized by the fact that no one, not even her Ph.D. engi-
neer father, had encouraged her to pursue an engineering educa-
tion and that only after her graduation did she discover that her 
degree was not ABET-accredited, she joined SWE and for more 
than 40 years has worked to encourage young women to pursue 
STEM careers. In 1982, she became licensed as a professional 
engineer in Colorado.

Tietjen started working jigsaw puzzles at age two and has always loved to solve problems. She 
derives tremendous satisfaction seeing the result of her work – the electricity product that is so 
reliable that most Americans just take its provision for granted. Flying at night and seeing the lights 
below, she knows that she had a hand in this infrastructure miracle. An expert witness, she works 
to plan new power plants.

Her efforts to nominate women for awards began in SWE and have progressed to her acknowl-
edgment as one of the top nominators of women in the country. Her nominees have received the 
National Medal of Technology and the Kate Gleason Medal; they have been inducted into the 
National Women’s Hall of Fame and state Halls including Colorado, Maryland, and Delaware and 
have received university and professional society recognition. Tietjen believes that it is imperative 
to nominate women for awards – for the role modeling and knowledge of women’s accomplish-
ments that it provides for the youth of our country.

Tietjen received her MBA from the University of North Carolina at Charlotte. She has been the 
recipient of many awards including the Distinguished Service Award from SWE (of which she has 
been named a Fellow and is a National Past President), the Distinguished Alumna Award from the 
University of Virginia and the Belk College at the University of North Carolina at Charlotte, and 
she has been inducted into the Colorado Women’s Hall of Fame and the Colorado Author’s Hall of 
Fame. Tietjen sits on the board of directors of Georgia Transmission Corporation and served for 
11 years on the board of Merrick & Company. Her publications include the bestselling and award-
winning books Her Story: A Timeline of the Women Who Changed America and Hollywood: Her 
Story, An Illustrated History of Women and the Movies.
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Dr. Margaret Bailey,  P.E., began her journey as an engineer 
upon entering the Pennsylvania State University in 1983. After 
graduating with a B.S. in Architectural Engineering (1988), she 
worked as a building HVAC design engineer before successfully 
passing the professional engineers exam in 1993. That same year 
Bailey began studies toward a Ph.D. and graduated from the 
University of Colorado in Boulder (1998). Her dissertation 
involved experimental and analytical research, which gave her the 
opportunity to address an important question that she had been 
contemplating, based on her time as a practicing engineer. Could 
an artificial intelligence-based fault detection system observe the 
behavior of building mechanical systems when no one was pres-
ent and alert the building engineers when a fault was likely occur-
ring? Bailey worked under Professor Jan Krieder’s advisement 
while developing this artificial neural network-based system that 
successfully detected faults within mechanical equipment.

In 1998, she joined the faculty in the Department of Civil and Mechanical Engineering (ME) at 
the United States Military Academy (USMA) at West Point where she taught courses in thermody-
namics and created an active research program. Due to her passion focused on increasing the rep-
resentation of women within engineering, she was actively involved in the USMA Margaret Corbin 
Forum, which is dedicated to improving diversity-related issues at the USMA, and she ensured the 
creation of the SWE USMA Student Section and served as its first advisor. Although she left 
USMA in 2003 for an ME faculty position at Rochester Institute of Technology (RIT), she has 
served since 2009 as a member of the USMA Mechanical Engineering Program External Advisory 
Board. Bailey is now a Professor of ME within the Kate Gleason College of Engineering, RIT. Past 
appointments include the Founding Director of AdvanceRIT Program (2012–2020), the Co-Chair 
of the President’s Commission on Women (2007–2020), the inaugural Sr. Faculty Associate to the 
Provost for Women Faculty (2010 –2018), the Founding Director of WE@RIT (2004–2011), and 
the inaugural Kate Gleason Endowed Chair (2003–2009). She teaches courses and conducts 
research related to thermodynamics, engineering and public policy, engineering education, and 
gender in engineering and science. Bailey is the co-author of a widely used engineering textbook, 
Fundamentals of Engineering Thermodynamics, and she has published over 90 refereed journal 
and conference proceedings papers.

Bailey served as the Principal Investigator (PI) or co-PI on several National Science Foundation 
funded efforts, including the RIT ADVANCE Institutional Transformation (IT) grant (2012–2019, 
PI), the ADVANCE IT-Catalyst grant (2008–2011, PI), the ADVANCE Partnership grant focused 
on faculty salary equity practices and study (2021–2026, co-PI), and a PFE:RIEF grant focused on 
“Understanding the Relationships Between Gender, Self-Efficacy, and Extracurricular Activities in 
the Professional Formation of Engineers” (2021–2023, co-PI). The projects that she has led have 
resulted in impactful new programs, practices, and policies as well as a dedicated ADVANCE unit 
within the Office of the Provost and the women in engineering center, WE@RIT, within the Kate 
Gleason College of Engineering. Both of these units have received national recognition. In August 
2021, RIT was one of ten universities awarded the National Institute of Health (NIH) Prize for 
Enhancing Faculty Gender Diversity in Biomedical and Behavioral Science, which is in large part 
due to the impact of the RIT ADVANCE program. Dr. Bailey is a recipient of the national Maria 
Mitchell Women in Science Award, the RIT Edwina Award for Gender Diversity and Inclusiveness, 
the RIT Isaac L. Jordan Sr. Faculty Pluralism Award, and the WEPAN 2008 Women in Engineering 
Program Award in recognition of the WE@RIT program’s offerings and impact for diversifying 
engineering.
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Mechanical Engineering Micronarratives 
and/as Changing Stories of Women 
in STEM

Laura Shackelford

This collection gathers a provocative mix of multi-disciplinary research, teaching, 
and professional experience from contemporary women mechanical engineers 
transforming distinct areas of energy and environment in the USA and globally. 
Individually and jointly, these chapters raise and reckon with the question – How to 
tell the stories of contemporary women in Mechanical Engineering and related 
areas of Science, Technology, Engineering, and Math (STEM)? Engaging with this 
question, these chapters raise the more challenging and seemingly tautological 
question  – How to narrate and disseminate stories of women in Mechanical 
Engineering (and related STEM fields) that can effectively change the overarching, 
all-too-familiar story (and experiences) of Women in STEM, which has informed 
and shadowed women in STEM for much of the twentieth, and now, the start of the 
twenty-first century?

As you read the stories of this diverse group of women mechanical engineers, 
each writing at and about distinct stages of their educational, research, career, and 
life journeys, as these interweave through energy and environment work in aca-
demia, industry, public policy, and K-12 education, at times co-habiting several of 
these areas or bridging multiple countries, at once, it’s entirely possible and, I hope, 
may be quite pleasurable to lose track of the shared methods and aims that traverse 
these authors’ stories. You’ll be taken in, and away by specific moments, metaphors 
like “practicing your game face,” educational experiences, cultural references to 
Robocop, or Star Trek, familiar pathways, or surprise turns, like an engineering 
student turned “fashionista” that resonate with you in some impactful, aspirational, 
cautionary, or another way, perhaps. With this in mind, this chapter attempts to 
highlight some important, underlying commonalities to the authors’ approaches to 
sharing these personal stories about their educational pathways, remarkable 
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accomplishments, groundbreaking research trajectories, and everyday experiences 
working as women mechanical engineers.

Drawing on my own research in narrative theory and storytelling practices of 
many kinds, my abiding interest in the history and philosophy of contemporary 
post-World War II information and bioinformatic sciences, as well as in feminist 
studies of science, I will suggest how and why these authors’ methods of telling, 
gathering, and sharing micronarratives of this kind might play a more important 
role in changing stories of Women in STEM than we, as readers, typically or ini-
tially, realize.

To start, by describing the chapters in this collection as micronarratives, I want 
to draw attention to their status as specific, situated, personal, and everyday stories 
whose focus and delimited scope is, in fact, key to their appeal and impact. The 
scope and purpose of these stories is largely distinct from grand, overarching 
meta-narratives – the official stories and underlying narrative explanations a soci-
ety nonconsciously assumes to be universal, common sense accounts of the world, 
as this concept is described by François Lyotard [1]. Petits récits or micronarra-
tives, to the contrary, “affirm their own particularity and partiality; they are about 
local activities of individuals and communities” [2, p. 79]. The personal stories 
and experiential accounts of educational experience, career life, and areas of inno-
vative research in mechanical engineering in the late twentieth and early twenty-
first century included here, I suggest, recognize and reveal the value of “situated 
knowledges,” or knowledge that is understood in light of its local, interpersonal, 
technological, material, and context-dependent modes of production, not in spite 
of the social, cultural, and technical practices that enable and inform it, to borrow 
feminist historian and philosopher of science Donna Haraway’s influential 
term [3].

Reflecting on their own local, initial conditions, the authors featured here share 
their memorable micronarratives. At the same time, their focus and specificity fre-
quently open onto larger patterns of behavior, belief, and the gendered, intersec-
tional positionality structuring mechanical engineering professions and industries, 
and our social systems, more widely. In this regard, they also speak implicitly to the 
macro-scale of grand narratives of Mechanical Engineering and Women in STEM 
that we might otherwise take for granted, as absolute and unchanging. The motion 
of these authors’ “butterfly wings” – whether that involves tinkering with the small 
engine in a family lawnmower or a deep dive into structures of silicon crystals – also 
resonates at a macro-level and scale that is well-attuned to shifts in the larger field 
and foci of mechanical engineering to offer an analogy between their micronarra-
tives and the infamous “butterfly effect.”

Their stories, in concretizing their experience in all its local complexity and 
specificity (as authors are both narrators and the subject(s) of their narratives), 
reveal influential patterns of knowledge-building, experience, resilience, or impedi-
ment, which recur across the individual chapters and narratives, and even bridge 
various national and transnational contexts. I propose, in this respect, that their 
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micronarratives might be read as pieces of a larger, dynamic, shifting, uneven, 
incomplete puzzle with missing pieces, alongside well-connected ones.1

Recounting these educational/professional histories and research trajectories 
with such nuance and care, in full awareness of their lived complexity, these stories 
also let us, as readers and fellow (or aspiring) mechanical engineers or co-travelers, 
appreciate the “structures of feeling” – the emerging (and residual) social and cul-
tural attitudes and orientations we are inclined to share at any given historical 
moment – as the literary theorist Raymond Williams brilliantly describes shifting 
cultural dynamics that are both omnipresent and intangible, at once [5]. Their 
micronarratives literally let us in on these latter dimensions of mechanical engineer-
ing and related areas of STEM, which more often fall out of field descriptions when 
presented in the abstract, as a statistic, or recounted from everywhere and nowhere, 
at once.

These are just a few of the narrative attributes and affordances at work in these 
micronarratives that address and open onto changing stories of Women in STEM 
today. Once appreciated, they might motivate us as readers to revise and rethink the 
larger, oft-repeated, more official, and, by necessity, generalized story of Women in 
STEM in light of some of the experiences and accomplishments chronicled here. 
Approaching these problematics from their local, contextually rich, nuanced (inter)
personal perspectives will not completely change the story we tell about women in 
mechanical engineering and related STEM fields of energy and environment as 
understood over the twentieth and early twenty-first century, nor does it replace 
macro-level, institutional, governmental, data-driven, or statistical methods and the 
programmatic action they support. Nonetheless, the gathering, sharing, reflecting, 
and reconnecting catalyzed by such stories, I suggest, encourages and enables us as 
academics, practitioners, colleagues, professionals, parents, students, and national 
and global citizens to read for both unrecognized transformations apparent in and 
across these stories, as well as for the continued patterns and familiar meta-narratives 
that continue to impact women mechanical engineers, the field, and its knowledge-
base in recognizably detrimental, counterproductive ways.

The gathering, sharing, and collaborative (re)telling of stories here (and else-
where recently) enlist and creatively employ narrative methods of knowledge-
building, whose value and import is not always recognized. Thus, in exploring the 
difference of mechanical engineering micronarratives, as a “difference that makes a 
difference” – to borrow Gregory Bateson’s apt definition of information in terms of 
its capacity to change a larger system [6] – I will try to underscore what these stories 
and micronarrative methods (here and elsewhere) contribute to the official story of 
Women in STEM today. After reading several of the chapters included in this col-
lection, I’m particularly struck by the depth and variety of research areas and new 
directions these women mechanical engineers are charting and pursuing and the net 
gain this represents as we face the energy and environmental crises of the present. 

1 The title of Michaela Crawford Reaves’ Filling in the Pieces: Women Tell Their Stories of the 
Twentieth Century, a recent collection of contemporary women’s stories as oral histories explicitly 
captures this approach to reading such micronarratives [4].
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While not all of the recent changes to the story of Women in STEM are necessarily 
so positive, or even improvements, it is all the more crucial to recognize these areas 
of growth and their unfolding potential.

�Addressing the Problem of Women in STEM

The overarching meta-narrative, or story of Women in STEM in the USA – one that 
most academics, engineering professionals, and policymakers are already familiar 
with – addresses the current role of women in these disciplines and professions as a 
national problem that requires informed efforts at all levels of education, profes-
sional formation, industry, and practice.2 This narrative catalyzes crucial, ongoing 
efforts to increase rates of women’s inclusion and retention in these areas and, 
thereby, to lessen the opportunity and knowledge gaps that result when gender is 
allowed to negatively impact entire fields of knowledge and practice. This well-
documented and carefully (re)quantified account of Women in STEM identifies the 
dire consequences of women’s exclusion, diminished roles, and unrecognized con-
tributions in these domains, not only for women but for professionals, industries, 
academics, and students of all genders, as well as society-writ-large. The story of 
Women in STEM recognizes women’s absences, diminished roles, and underrepre-
sentation in STEM disciplines and professions, quantifying their notable costs to 
nationally strategic knowledge-production, industry, and labor forces. The official 
narrative and related discourses surrounding Women in STEM actively confront and 
contest the belief systems and social biases that impede women’s full participation 
and advancement. As importantly, they increase awareness of the ideologies and 
blind spots that systematically undermine individual scholars, professionals, and 
their communities, alike.

With the aim of improving women’s participation and the overall strength of 
STEM fields, national policymakers and organizations, universities, professional 
groups, progressive industry leaders, and countless STEM professionals and schol-
ars continue to devote significant resources and time to identifying, addressing, and 
mitigating, if not eradicating, precisely those gender-specific obstacles and gen-
dered value-systems, ideologies, and practices that impede women’s full entry, last-
ing participation, and/or professional and personal success in these influential 
domains of knowledge and practice. As a result, this is a very familiar story to 
Mechanical Engineers and other STEM professionals and scholars, to those involved 
in educating the next generation of scholars and professionals, and a story that is 

2 In this chapter, my focus remains on narrative discourses surrounding Women in STEM in the 
USA, though it is important to recognize parallel conversations in many other countries, as well as 
to acknowledge differences in their approaches, policies, and success in addressing similar issues. 
Several chapters in this volume directly reflect on national and cultural differences impacting 
women in STEM fields such as Mechanical Engineering, while addressing wider policies and 
discourses of women in STEM in these other countries is beyond their scope and my own here.
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introduced to young people of all genders who aspire to enter into these areas, often 
well before they might encounter or understand its full meaning or consequence. 
My daughter’s Girl Scout troop, for instance, has enthusiastically participated in 
STEM events every year since the girls were in the third grade, thoroughly enjoying 
the female mentors and circuit building or lab activities they introduce to the troop.

As familiar and recognizable as this story of Women in STEM may be in the 
USA today, it is as important to recognize that it is, equally, a changing story. 
Admittedly, these changes cannot necessarily be plotted along a single, linear, or a 
strictly progressive path. Key elements of this story of Women in STEM seem to 
stubbornly persist and/or disappear only to resurface just when you thought they 
were history. Yet that does not mean they are not changing in more and less appre-
ciable, if uneven ways worth understanding and expanding on.

The multi-leveled, comprehensive efforts to gather relevant data and track STEM 
fields and professional trajectories in the USA according to gender and intersecting 
ethnic, racial, and economic demographics have been, and, I’d suggest, continue to 
be, invaluable. For instance, I first encountered the national Women in Science & 
Engineering (WiSE) program in the late 1990s during graduate school at Indiana 
University in Bloomington, where I was studying contemporary American literature 
and its engagements with post–World War II cybernetics, information, and systems 
sciences at the core of early digital cultures. Interested in contributions of women 
and feminist studies and philosophies of science to these emerging post–World War 
II information and systems sciences, I attended a WiSE event where I made my first 
direct interdisciplinary encounter with women scientists and engineers who were 
similarly and very differently interested in the role gender plays in science and engi-
neering. To provide some sense of the longevity and scope of the WiSE program – it 
is worth noting that WiSE began to emerge in the 1970s as an informal faculty effort 
to support women in STEM at the University of Michigan, becoming established as 
one of the first programs supporting women in STEM in the world in the 1980s 
before receiving the Presidential Award for Excellence in STEM Mentoring in 2000 
and a National Exemplary Program Award on 2002 [7]. WiSE continues to support 
women and their STEM colleagues in a variety of activities and programs nation-
wide. My current research and professional trajectories have been shaped in signifi-
cant ways by transformative efforts like WiSE, as have so many other professionals, 
scholars, and their disciplines judging by the continued prominence and reach of 
this program, and others like it, after more than 40 years.

It remains equally, if disturbingly, striking how many of these familiar, gender-
specific obstacles and impediments to women’s advancement and success in STEM 
fields,3 nonetheless, continue to inform women’s career trajectories and experiences 
well into the twenty-first century. This poses the intractable question  – How to 
acknowledge both what’s changed in this story of Women in STEM, what hasn’t 
(yet) changed, and for who it has or hasn’t? One approach, which I’ll draw on here, 

3 This is also the case in humanities and social sciences, though there are differences in the degree 
and kind of these barriers, glass walls, and bias.
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is provided by the editors of Women, Science, and Technology: A Feminist Science 
Studies Reader in their preface to the third edition [8]. First, they acknowledge 
“several arenas in which significant change has taken place,” noting improvements in

the increasing representation of women as undergraduate and graduate degree earners in 
science, mathematics, and engineering; the increasing visibility of women’s health care in 
public policy discussions; the increasing recognition that women scientists and engineers 
bring useful and (perhaps) distinct experiences to the table in the development, implemen-
tation, and adaptation of new discoveries; the increasingly institutionalized commitments of 
colleges and universities to denounce gender bias in education, employment, and training in 
science and engineering fields; and the decreasing representation of science and scientists 
as necessarily masculine. [8, p. xiv]

The editors “honor the change that has taken place” while refusing to “lay out a 
claim of discovering that all is well with the world” [8, p. xiv]. Instead, they recom-
mend a both/and approach that, I’d argue, has become even more essential in the 
wake of the last US president and his administration’s national and global policies 
towards women, others who affirm non-binary genders or gender fluidity, and 
towards people of color. Writing before these latest setbacks for women, the editors 
acknowledge that as “conversations about diversity and inclusion have taken on 
national prominence in the United States, and the need to be globally competitive 
drives efforts to recruit talent to STEM careers, it may seem as if issues of inequality 
in STEM is are passé. How could anyone still think that only white men are fit for 
STEM careers?” they ask [8, p. xix]. Nevertheless, the editors underscore that: “The 
issues, unfortunately, are more complicated than simply recruiting more women 
and people of color into STEM fields  – a lot more complicated, in substance, 
scope, detail, definitions, and debates” [8, p. xix].

Fast forward 7 years, and it becomes even clearer that as familiar and tired, even 
passé, this story of Women in STEM in the USA may seem today – especially in 
light of notable increases in the number and diversity of women completing degrees 
and working in these fields as researchers, engineers, and teachers – the story is, 
instead, just beginning to reveal its complexity and, from my perspective as an edu-
cator and scholar interested in and witnessing these changes, the story continues to 
provoke and require more nuanced understandings of these, and related questions 
surrounding practice(s) of science and engineering, and their areas of unseen poten-
tial and debilitating blind spots.

Whether one values and/or loathes this complexity, or oscillates between these 
attitudes on any given day as I sometimes do, it is possible (and important, in my 
view) to extend the editors’ both/and approach, pursuing these uneven and unstable 
shifts and local complexities in the experiences and stories of women in STEM. In 
fact, this complexity may be just the catalyst necessary to expand conversations sur-
rounding Women in STEM to address the complex shifts in knowledge and belief 
systems, professional practices, and leadership models, as well as the institutional 
and educational methods required to thoroughly and permanently change the mean-
ing and impact of gender in science and engineering, and American society, at large, 
in the foreseeable future. No small task, to be sure, but all the more necessary to 
work towards.

L. Shackelford
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The predominant, official story of Women in STEM has been rooted in the 
primary, seemingly binary question of women’s inclusion or exclusion and a rec-
ognition of this differential inclusion of women as a problem. Building on this 
primary recognition, while also acknowledging some of the changes that have 
taken place over (at least) the last 40 years, it may now be possible (and likely 
pressing) to confront the dynamic, multi-layered dimensions to this story that are 
so apparent of late. To address these layers, and the kinds of differentially avail-
able, combined opportunity and impediment they register, it’s crucial to move 
beyond the former either/or, inclusion/exclusion formulation to confront the both/
and, i.e., the more complicated dynamics and intersectional dimensions to gender 
and value-systems as these connect with social power, national discourses, global 
politics, and changing twenty-first-century practices and priorities of science and 
engineering.

�Hidden Figures and/or Hidden in Plain Sight?

Enter the diverse and nuanced micronarratives of women working as mechanical 
engineers in areas of energy and environment included in this collection whose 
stories are, in fact, part of a broader turn to non-fictional narrative methods and 
modes of knowledge-building as a crucial source of information and point of 
access into changing practices of STEM, as seen from the everyday, microper-
spective of individual engineers, mathematicians, researchers, and their communi-
ties. As personal narratives that bring together scholarly, research, and professional 
trajectories in compelling and informative combinations, these women’s accounts 
of mechanical engineering and research developments in the crucial areas of 
energy and environment help to flesh out, qualify, and diversify predominant nar-
ratives and discourses of Women in STEM in the USA. Through their focused 
micronarratives, the authors provide “thick description,” in an auto-ethnographic 
sense, revealing their proven and regularly recalibrated processes of doing science 
and engineering, alongside important insights into these scholarly and profes-
sional triumphs and challenges in all of their personal, professional, and experien-
tial depth.

As micronarratives, they capture the seemingly minor, everyday moments of 
women mechanical engineers, as well as the pivotal moments, awesome discover-
ies, and life-changing decisions they make and continue to take in stride. These 
stories recapture experiential dimensions of doing science, and some of the geo-
graphic, cultural, economic, racialized, geopolitical, national, regional, and sub-
disciplinary differences in working and teaching and living as a mechanical engineer 
in energy and environment in this focused way.

Momentarily situating the micronarratives collected here alongside Margot Lee 
Shetterly’s award-winning nonfiction narrative Hidden Figures: The American 
Dream and the Untold Story of the Black Women Mathematicians Who Helped Win 
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the Space Race [9]4 will further clarify the value and shift of emphasis driving what 
is a more pervasive turn to non-fictional micronarratives as a source of reunder-
standing the history and current trajectories of women in STEM. As one of the most 
famous and impressive examples of the recent, broader turn to non-fictional micro-
narratives, Shetterly’s narrative approach in Hidden Figures is instructive and helps 
to shed light on similar and similarly impactful characteristics of the micronarra-
tives gathered here, in spite of their different areas of emphasis, different historical 
contexts, and Shetterly's primary (though not exclusive) focus on black women at 
NASA’s Langley campus.

Shetterly’s nonfictional narrative account insightfully weaves together the dis-
tinct lives and experiences of four remarkable, trailblazing black women – Dorothy 
Vaughan, Mary Jackson, Katherine Johnson, and Christine Darden – whose “West 
Computing” group contributed centrally to NASA’s space efforts at the height of the 
Cold War. Shetterly retraces the connections between their individual personal and 
professional stories, the emergent story of women ‘computers’, the debilitating 
infrastructures and discourses supporting racial segregation and sexism at NASA in 
1950s Virginia, and her own story of growing up in Hampton, Virginia with these 
women as impactful family friends and fixtures in her community.

Shetterly’s narrative poignantly illustrates the importance of sharing micronarra-
tives such as these in her personal account of these largely forgotten black women 
scientists and professionals. Bringing these “hidden figures” to a broader, contem-
porary American audience, Shetterly’s interwoven stories make quite clear how the 
full acknowledgement of their contributions, perspectives, and lived experience can 
shed transformative light on unseen and disremembered dimensions of America’s 
space race, emerging STEM cultures, gendered and racialized hierarchies in 1950s 
America, gendered and racialized practices of science, mathematics, and comput-
ing, in addition to fully recognizing the contributions Dorothy Vaughan, Mary 
Jackson, Katherine Johnson, and Christine Darden individually and jointly have 
made to STEM, their communities, and country.5 In the opening pages of her narra-
tive, Shetterly stresses:

Even if the tale had begun and ended with the first five black women who went to work at 
Langley’s segregated west side in May 1943  – the women later known as the ‘West 
Computers’ – I still would have committed myself to recording the facts and circumstances 
of their lives. Just as islands – isolated places with unique, rich biodiversity – have rele-
vance for the ecosystems everywhere, so does studying seemingly isolated or overlooked 
people and events from the past turn up unexpected connections and insights to modern life. 
The idea that black women had been recruited to work as mathematicians at the NASA 
installation in the South during the days of segregation defies our expectations and chal-
lenges much of what we think we know about American history. It’s a great story, and that 
alone makes it worth telling. [9, p. xv]

4 Shetterly’s 2016 nonfiction narrative, Hidden Figures, was also released as a feature film in the 
same year.
5 Notably, Shetterly notes in her acknowledgments that much of “the history that has come together 
in these pages wasn’t so much hidden as unseen – fragments patiently biding their time in foot-
notes and family anecdotes and musty folders before returning to view” [8, p. 267].
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Shetterly’s gathering of these women’s micronarratives and careful contextualiza-
tion of their community of black professionals working in Virginia, at this pivotal 
time in American history is certainly “a great story,” especially in that it continues 
to have a significant impact on the way contemporary readers and audiences across 
the political spectrum understand and tell the story of black women’s research and 
professional work in mathematics, engineering, aerospace, and computing. She 
draws crucial attention to the debilitating circumstances and extraordinary persever-
ance of these and other black women professionals whose contributions, nonethe-
less, expanded fields of mathematics, computing, and engineering, and these 
American institutions, through their activities.

Shetterly’s eloquent analogy, characterizing these women as “individual islands” 
with “unique, rich biodiversity” in and of themselves beautifully captures the value 
of their stories. She also extends this analogy a step further, insisting their micronar-
ratives have wider “relevance for the ecosystems everywhere,” if we acknowledge, 
as I believe most will, that “no man (or woman) is, in fact, an island” [9, p. xv]. The 
micronarratives Shetterly gathers here are inextricably entangled with official, 
engrained ideas and standardized accounts of Cold War America and the scientific 
efforts so central to this moment, and to our own. And together, Shetterly’s interwo-
ven micro and meta-narratives retrace the threads linking these past moments to the 
present. These four black women at NASA, only a few of the many who worked and 
contributed to this history, reshaped the larger forces and aims and practices of 
1950s American science and engineering, early computing, and the gendered and 
racialized institutions and belief systems that remain so entrenched today.

In “studying seemingly isolated or overlooked people and events from the past,” 
Shetterly, “turn[s] up unexpected connections and insights to modern life” [9, p. 
xv]. In fact, she acknowledges in the prologue how “These women’s paths set the 
stage for mine; immersing myself in their stories helped me understand my own” [9, 
p. xv]. On one level, this claim seems commonsensical, repeating the familiar notion 
that through the reading and sharing of stories we make connections, both with our 
parents (at bedtime reading during childhood), with peers and cultural figures, as we 
get older, and through our visceral, symbolic identifications and (dis)identifications 
with the narrators, protagonists, and antagonists in the fictional and non-fictional 
stories we read and share as a culture.

In the context of telling and sharing stories about women in STEM, it is worth 
underscoring, as Shetterly’s statement does, the importance of narratives, not only 
in their capacity to document or recount events and order them in time, but also to 
provide highly contextualized, potential models of action and promote social col-
laboration  in this way. In Stories and the Brain: The Neuroscience of Narrative 
philosopher Paul B. Armstrong describes how this work of “creating [and sharing] 
plots that simulate structures of action can have such a profound effect on our pat-
terns of configuring the world” [10, p. 13]. Or, as Shetterly provides her own gloss 
on these empowering interrelational dimensions of narrative: “immersing myself in 
their stories, helped me understand my own” [9, p. xv].

From this vantage, it may be possible to understand why the specific, contextual 
dimensions of micronarratives can present real-world scenarios and potential 

Mechanical Engineering Micronarratives and/as Changing Stories of Women in STEM



34

situations in which we imagine ourselves, however vicariously, as potential agents, 
or reluctant heroines, as taking action, and pursuing these, or alternate trajectories. 
As the storytelling metaphor of weaving the threads of a narrative together reminds 
us, narratives thrive on and are well-poised to reproduce contextual depth and com-
plex interrelationality. This is why they are so essential to learning, from childhood 
onward. Listening to a bedtime story, we find ourselves identifying with the chame-
leons in Leo Lionni’s A Color of His Own [11] or with the rebuffed friends in the 
recent Golden Book, Grumpy Cat [12], and we dexterously apply and adjust this 
scenario to our own circumstances (in any number of ways). Shared reading experi-
ences also connect us with our parents and peers, the narratives serving as influen-
tial, culturally and historically variable, models for interpersonal ways of relating 
and embedding (or contesting) cultural values. They also, more simply, can help us 
attempt to understand and empathize with what might be going through others’ 
hearts and minds, or our own, for that matter.

These characteristics of narrative and interpersonal micronarratives, in particu-
lar, are now recognized as a key reason that the sharing of a micronarratives, like 
these, is more likely to lead to behavior changes, such as quitting smoking or chang-
ing one’s lifestyle, than is the mere sharing of information in the form of a statistic 
or other abstract medical information (such as one’s statistical chances of getting 
lung cancer). Interpersonal identification and highly contextualized, recognizable, 
real-world scenarios and embodied activities, such as the ones shared in the micro-
narratives in this collection, engage us in impactful ways that we are cognitively 
attuned to. In this way, and others, the “exchange of stories brings different worlds 
into relation with one another” [10, p. 2] in all their diversity and difference.

Although these aptitudes and affordances of narrative may have been hiding in 
plain sight (as have these women’s stories), in the context of data-rich information 
cultures and digital processing these specific traits of narrative are prompting impor-
tant reconsiderations of the kinds of knowledges and social and cultural orientations 
narratives excel in transmitting and transforming, especially now that they can be 
deployed alongside data-driven, computational pattern-recognition and processing. 
The micronarratives included here frequently employ such “mixed-methods,” com-
bining narrative explanation with good old-fashioned data-based scientific research 
methods and macro and micro-analysis.

With the characteristics of micronarratives and narrative modes of knowledge 
and community building I’ve described here in mind, I’ll end by underscoring how 
the specific micronarratives gathered here might be read with a careful attention to 
their ability to register changes in women’s experiences and contributions to 
mechanical engineering today, as well as to reveal shifts that may be uneven, even 
idiosyncratic, yet nonetheless are contributing to changing patterns in these areas of 
Mechanical Engineering and changing “structures of feeling” in STEM disciplines 
and industries, more widely. These women engineers, and the micronarratives about 
their educational, personal, scholarly, and professional trajectories, which  they 
share with such humility, humor, generosity, and insight, creatively engage narrative 
methods as an invaluable means of building knowledge and enhancing understand-
ing at cognitive, social, and emotional levels, at once. As current, real-time accounts 
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of their experiences as women in STEM, their stories about living and working in 
Mechanical Engineering today actively assess and reevaluate the inherited, official 
story of Women in STEM (which I’ve been spelling with a capital W to underscore 
its grand, macro-scope and, as a result, its necessary generalization of actual women 
in their fantastically invaluable diversity). They turn attention to the specific, local 
stories or micronarratives of women in STEM, in the plural. They remind us that 
these individual and decidedly (inter)personal stories are, in fact, what gives the 
larger, official discourse or grand narrative of women in STEM its force and what 
renews or refreshes its continued purchase on reality and its power. Gathering 
together and sharing these micronarratives, it is hoped, will, in turn, put pressure on 
our own understanding of women in STEM writ-large, introducing new concerns, 
priorities, approaches, and realities to its future iterations as story and in research, 
professional, and educational practices, alike.

Their stories remind me to relish and repeat (and repeat and repeat ad infinitum) 
the field-changing research, teaching, and professional contributions of women 
mechanical engineers, recognizing the positive inroads and alternative paths so 
many women engineers have made in these pivotal areas of energy and environ-
ment, in addition to their innovative, studied approaches to methods of collabora-
tion, education, professionalization, and industry. As the examples of Kate Gleason, 
Edith Clarke, and Mária Telkes in the first chapter make clear, women’s contribu-
tions are frequently unacknowledged, unseen, and untold, rather than actually 
absent, the result of gendered value systems and an incredibly persistent, patriarchal 
undervaluation of women’s work and accomplishments. The very real absences of 
women from STEM are historically compounded by this disregard, if not active 
erasure of their many, many contributions.

Stories or narratives, both nonfictional and fictional, are a primary way that we 
produce meaning, identify patterns, and consolidate more complex and varied expe-
riences and transmit these across generations, cultures, and places – that’s why they 
are so essential to human understanding. Yet precisely these aptitudes and inclina-
tions to identify and consolidate recognizable, repeatable, memorable patterns in 
coherent, linear patterns can serve simultaneously as a limit and liability of narra-
tives in their capacity to calcify, to oversimplify and mislead, introducing blind-
spots and limits that soon stand in the way of our perception of changing realities. 
To end, I’ll suggest that these seemingly contradictory influences or affordances of 
narratives are, in fact, best understood not in terms of an either/or, a gain or loss, but, 
instead, as a both/and, or pivot point. Armstrong thoughtfully situates stories at the 
crux of our need to cognitively balance our ability to identify patterns, while remain-
ing open to new information and change, describing the complex dynamics of 
exchanging stories as a “two-way, back-and-forth interaction” between the story 
and reader that can keep “our cognitive processes from congealing into rigid habit-
ual patterns,” “by holding open their capacity to be reshaped and re-formed” [10, 
p. 180]. They involve us in the “play of configuration and refiguration,” which can 
“loosen the habitual, ideological hold of any particular set of narrative patterns on 
our individual and social minds” [10, p. 180]. With this heady, dynamic combina-
tion of pattern-making and open-ended play in mind, I think we can begin to see 
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why stories like the ones gathered here are so crucial to navigating social, cultural, 
technical change of the kinds we are currently facing; they change some of our cus-
tomary ways of configuring the world and encourage us to seek out new patterns 
and acknowledge important changes in patterns that we habitually take for granted.

The micronarratives gathered here offer multiple, thoughtful, and curious views 
that open onto the both/and dynamics of changing stories in Mechanical Engineering 
and STEM today. They remind us, as readers, of the unbelievable potential, growth, 
and tangible accomplishments women mechanical engineers are leading in areas of 
energy and environment, allowing us to see emergent patterns that are rarely seen as 
such. Equally, their stories draw our attention and energy to the continued limita-
tions of these gendered and racialized patriarchal domains of research, institutions, 
and belief systems, and the cost of these reductive, binary strictures to scientific 
inquiry, practice, and knowledge, and to us all, as a society in great need of more 
complex ways of understanding the world.
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In this chapter, I recommend that students and young engineers train themselves to 
see, or be open to potential areas of opportunity, whenever and wherever they might 
arise. The chapter offers what I hope is an interesting “What if?” speculation for older 
and younger mechanical engineers – What if we focus our energies on creating solu-
tions more systematically, growing diversity of thought on our teams and paying 
attention to the non-technical aspects of engineering, and that we deliberately teach 
students and young engineers supportive habits of mind and skills from the start?

Like several of the authors in this volume, I’ve had a diverse and tenured back-
ground within engineering. First as an engineering student at Penn State and then a 
practicing professionally registered engineer, which led to becoming a professional 
engineer and then a graduate student, which led to a PhD from the University of 
Colorado at Boulder and becoming a faculty member within mechanical engineer-
ing at two very different institutions.

A great deal has changed from a technological standpoint since I started as an 
undergraduate engineering student at Penn State in 1983. When I began my studies, 
I didn’t own nor use a desktop computer. When I completed my engineering under-
graduate degree, I had taken one computer science course where I learned to pro-
gram in FORTRAN but never used computing again in any of my other classes. I 
still remember how exciting it was to set aside my typewriter and use an Apple 
Macintosh classic cube computer at Pattee Library on the Penn State campus to cre-
ate my resumé before graduation. Today, mechanical engineering (ME) students use 
some form of computing in nearly every class they take, and their educational ben-
efits are significant. The changes that have occurred from a technological standpoint 
since I graduated college have been life-altering, and engineers have played a pri-
mary role in how these technological advances have manifested. Considering the 
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accelerated pace and continuing nature of these changes, those of you who are just 
beginning your engineering coursework or profession should expect even more pro-
found impacts of technology in the course of your career or lifetime and ideally, 
many of you will be a part of this development. Within engineering, technological 
advances present opportunity areas for engineers which are embraced and proac-
tively taken on by those in the field, in contrast to other highly aligned areas which 
seem to be ignored.

Ironically, in other areas that align with, closely relate to or even support engi-
neering work, the advancements made within engineering practices, education, and 
in the profession itself seem to have lagged behind. These areas are what I’ll call 
opportunity areas for engineers, and although there are some companies, agencies, 
and universities where significant advances have been made in these aligned areas, 
in general, there is a great deal of opportunity for more widespread advances. Based 
on my experience, three of these opportunity areas are:

	1.	 Creating innovative solutions, rather than problem-solving
	2.	 Embracing diversity of thought
	3.	 Seeking out new tools and methods with a curious and open mind to support 

non-technical opportunity areas

I imagine what it could be like if engineering students were deliberately taught these 
non-technical topics in engineering curriculum to begin building foundational 
knowledge and capacity in these areas, and where they learned in vibrant, inclusive, 
effective learning environments and then transitioned into professional work envi-
ronments that had similar characteristics. While the idea of advancing significant 
culture change across the entirety of our work and learning environment may seem 
somewhat galactic in scale and leave you with a sense of “what can I do” about 
impacting such change, it is important to realize that most major change starts with 
you, and a few others like you. Margaret Mead, a prominent anthropologist and 
activist during the 1960s and 1970s, captured this best: “Never doubt that a small 
group of thoughtful, concerned citizens can change the world. Indeed it is the only 
thing that ever has.” I’m hopeful that reading this chapter will invigorate and ener-
gize those of you who are already members of small groups of people working 
towards advancing engineering to become more creative, innovative, and inclusive. 
For others, perhaps reading this chapter will give you something to consider and 
strive towards when the opportunity presents itself.

�Creating Innovative Solutions, Rather than Problem-Solving

There are important and numerous distinctions between work that focuses on solv-
ing problems and the process of creativity, or innovation, which drives significant 
change and advances. The distinction between problem-solving and the creative, or 
innovation, process is simple, yet at the same time it can be profound. We can easily 
recognize this distinction when made consciously aware of it, but we tend to 
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navigate absent of being intentional of its implications: Perhaps this is due to the 
intense focus we give to the short-term versus the long-term, the urgent versus the 
important, or the simple versus the complex. Robert Fritz describes the difference 
between solving a problem and creating a solution in his book The Path of Least 
Resistance::

When you are solving a problem, you are taking action to have something go away: the 
problem. When you are creating, you are taking action to have something come into being: 
the creation. [1 , p. 11]

Take, for example, the simple and common practice people have towards their 
weight. Many people simply would like to “lose weight.” They see their overall 
physical nature as overweight and therefore want to lose weight – they see weight 
as the “problem” and as such by losing weight want to make it “go away.” Most 
realize that after such attempts this is not an ideal or sustainable solution. Conversely, 
a vision of creating a healthy lifestyle comprised of eating healthy, physical exer-
cise, personal growth, quality relationships, and building self-esteem all lead to a 
sustainable solution for what was originally considered a problem. Losing weight is 
a quick fix, short-term, simple approach aimed at solving a problem. Creating a 
healthy lifestyle is a “systems approach” which takes more time and effort and 
results in creating an improved overall environment and lifestyle which can last a 
lifetime. This simple example illustrates the differences between the two approaches 
and, more importantly, the difference in what remains at the end of the process: in 
one case, the problem may have been solved, albeit temporarily and certainly not at 
the root cause level, in the other approach, a new and sustainable lifestyle and envi-
ronment has been created. Something new has come into being [1].

�A Technical Example

Consider the significance of this distinction (application of the creative/innovation 
process) in the music industry, in just the last 20 years. In 1999, a college freshman 
at Northeastern University in Boston, named Shawn Fanning, was looking for a way 
to readily share music. Using compression algorithms designed for storage of 
library material, he developed code that compressed, stored, and made it easy for 
the sharing of music. He dropped out of college and founded Napster, a company 
that despite legal issues with copyright regulations can be credited with redefining 
the music industry. By combining the features of existing programs (Internet Relay 
Chat’s instant-messaging system, MS Windows file-sharing functions, and the 
searching capabilities of various search engines) to create new software that included 
all of those features [2]. Until then, company giants such as Panasonic and Sony 
dominated the industry. The hundreds of engineers who worked for these compa-
nies focused on problem-solving issues such as miniaturization – what seemed like 
significant breakthroughs involving transitioning from albums to the cassette and 
ultimately to the CD.  This was simply a form of miniaturization. While these 
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companies generated significant revenue, as they sold each newer compact product 
of music, it left the “business model” of music unchanged. However, the solution 
developed by the founder of Napster completely disrupted the music business 
model. Industry response to Napster was to force it to shut down with injunctions 
regarding copyrights. It did not, however, stem the evolution of digital music stor-
age, and with the resolution of copyright issues, it led to innovations like the Apple 
iPod. Today, it is rare to buy a CD, or even an entire album of music, rarer still to 
listen to it on a traditional stereophonic system. In 20 years, the entire industry was 
redefined by a creative solution devised through the work of a creative young per-
son, and then a small group who focused on sharing music more readily, and this 
became their vision.

�Unlikely Partners Experience

In the Napster example, it’s interesting that Shawn Fanning was 18 years old when 
he began working on a vision that ultimately redefined the music industry. I am 
often inspired and humbled by the intelligence, focus, drive, and openness of engi-
neering students in my classes or who work in one of my funded research projects. 
Over the years, I recognize increased abilities of my students to operate at the con-
nection between two different disciplines or where “disciplines converge.” An 
example of disciplines converging is architectural engineering, which is a discipline 
which exists between the intersections of architecture and engineering; my under-
graduate and graduate degrees are in this area. This program engaged both the ana-
lytical left brain and creative right brain. Students’ growing abilities to manage 
converging disciplines is exciting because this is where innovation and creativity are 
boundless. I hope that in the future, we will see the emergence of more non-
conventional degree programs, such as engineering with psychology or computer 
science with fine art or biology with organizational behavior. But even in single 
discipline courses, elements from very different disciplines can be introduced. One 
of my favorite past educational experiences was when I team taught a series of 
classes within a modern poetry class with a faculty member from English, Professor 
Anne Coon. Our collaboration helped to establish the Unlikely Partners project at 
RIT [3]. We focused on how electrification (or the distribution of electricity), which 
began in the 1890s in New York City (NYC), impacted the language used by poets, 
especially those living in the city or in the areas which were greatly affected by the 
coal mining needed to keep up with electricity demand. As a thermodynamics pro-
fessor, in the modern poetry course, I taught non-technical students how coal is used 
to create electricity and the environmental impact associated with early coal mining.

Because poetry is like a mirror into our society’s soul, we explored what was 
happening within the lives of the people within NYC and the coal country of PA as 
these rapid changes unfolded. For example, as more wires were hung in NYC in 
order to meet demand for lighting in a market with little to no regulation or electric-
ity codes, sunlight actually began to be blocked on some city streets, that’s how 
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many wires were present overhead. As workers sought to keep up with demand, 
some were electrocuted because of faulty electrical lines and an overabundance of 
them, and people within the city were horrified by the results. These unfortunate 
incidents eventually led to adoption in 1915 of the country’s first electrical code, the 
New York City Electrical Code [4]. My colleague from English explored how these 
changes influenced the language used by poets, and how terms such as “incandes-
cent,” “illumination,” and “electrification” began to appear in their work. Exploring 
this topic in such a convergent manner between thermodynamics and modern poetry 
was an exceptional learning experience for all of us. It changed the way I taught the 
concept of electrification in Thermodynamics to ME students. In addition, the expe-
rience helped to shape how I’ve created courses related to thermodynamics, sustain-
ability, and public policy [5–7] as well as features within the thermodynamics 
textbook that I co-author [8].

�An Application in Culture – West Point

Creating innovative solutions to improve your health or redefine the music industry 
or enhance the learning experience for college students are offered in this section to 
demonstrate the possibilities that become available through creating innovative 
solutions rather than through solving a problem. My final example focuses on creat-
ing a culture within a large, complex organization. The design of the actual environ-
ments where we learn and work is rarely ideal and often challenged by our behaviors, 
processes, and habits as opposed to created through intentionality of how it can be 
a highly effective, productive, and synergistic system or place for us to influence 
both what we do and how we do it – collectively. What we each bring to the environ-
ment, including our passion and intelligence, can be leveraged to affect the creativ-
ity of the group. Interestingly, this distinction, once recognized, helps not only 
advancements by the group in their area of focus but can provide significant benefits 
to all aspects of one’s life. It enables the synergy of “one plus one equals three (or 
more),” in learning groups, work environments, technological breakthroughs, and 
relationships.

I first realized the significance of working within an intentionally designed envi-
ronment during the years that I served on the faculty within the ME Program at the 
United States Military Academy (USMA) at West Point. This distinctive environ-
ment was intentionally designed to create a culture based on a set of well-established 
values and it has been in existence since 1802. The 5 years that I spent at West Point 
provided me with a unique and enlightening experience, as one of the few non-
military personnel in such a role and someone who had previously been exposed 
only to civilian university culture. All new instructors in the ME program at USMA 
went through a six-week teaching “boot camp” experience over the summer before 
they began teaching. This was helpful to the department because of their high annual 
turnover rate; 60% of the faculty are active duty military who have completed an 
MS degree at a civilian university, and upon graduation, they teach for 3 years at 
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USMA before rotating back into the regular Army. Therefore, every year there is a 
relatively large cohort of new faculty within the ME program.

During my tenure at USMA, I learned a great deal about teaching, assessment, 
and working on effective teams, while I conducted undergraduate research in 
advanced thermodynamics. I also had the opportunity to create the first Society of 
Women Engineering student chapter at West Point, and I served as its first faculty 
advisor. Due to the unique context of West Point, I was able to deepen my technical 
knowledge in thermodynamics while learning from military officers who possessed 
deep knowledge in technical military applications. West Point provided me with a 
unique and excellent insight into leadership. I understood the intuitive importance 
of leadership prior to this, but as I became acclimated into the USMA environment, 
I began to recognize and experience leadership attributes first-hand in my col-
leagues, department head, and students. My West Point experience helped me to 
deepen my understanding of inclusion and how it “looks” when it works and when 
it does not. It is important to note that this unique environment “works” for the vast 
majority of people who work and study there, but it doesn’t work for everyone.

Upon arrival at USMA, I was the only woman in my teaching boot camp cohort 
and the only civilian. After I got over the initial culture shock, I started to become 
aware of the strength of the values, mission, and purpose that has been created and 
established there. The culture is purposeful and intentional. It is the by-product of 
the creative process that starts with a vision and is fulfilled through alignment at all 
levels such that everyone there both understands and follows accordingly to make it 
what it is. It is an example of the power of leadership around purpose, mission, and 
vision. West Point is able to achieve this through its long history, focus on leader-
ship and mission, and its military orientation, and it would be impractical and ill-
advised to assume that it could be replicated at a civilian university. However, 
elements of the West Point model could be adopted and would sit in stark contrast 
to everyday typical learning and working environments, many of which have mis-
sion and visions, but where little intentionality and alignment to ensure such “ideal” 
environments actually exist.

I continue to serve on the USMA ME program’s external advisory board and 
witness how the culture continues to evolve. When I worked there, I was one of ten 
civilian women on the faculty of about 600 – 90% men, 85% active-duty military – 
and I could recognize the need for improved gender inclusion within the environ-
ment. Because that organization is military, a needed culture change initiative would 
need to originate with military leaders. As a civilian, junior faculty member, I did 
not have the positional power to initiate this type of change but I did have the desire 
to begin taking a more active role in shaping my academic work environment and 
the culture if needed. My tenure at West Point and the years spent as an engineering 
student (BS and PhD) and practicing engineer before graduate school are the experi-
ences that shaped and fueled my passion for organizational transformation and 
change for creating more effective, inclusive, and vibrant learning and working 
environments.
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�Embracing Diversity of Thought

When working in a group, embodying the desire to achieve diversity of thought 
among group members is strengthened by an understanding of what this means, 
what it looks and feels like, its advantages and how each member can work towards 
achieving this state. It is also key to recognize that the concept of inclusion is a 
prerequisite for diversity of thought and that both are prerequisites for exceptional 
or “vibrant” working and learning environments for the group, where the collective 
intelligence of the group far exceeds the sum of individual member intelligence. 
Ideally, the group is within an overall organization that also offers a vibrant or 
highly effective working and learning environment. I will share with you some 
examples of how I’ve worked towards creating and promoting vibrant working and 
learning environments – the work is challenging, strategic, and requires a high level 
of systems thinking in creating innovative solutions.

In 2003, I joined the faculty at the Rochester Institute of Technology (RIT) as the 
inaugural Kate Gleason Endowed Chair and Associate  Professor within the ME 
Department. I was thrilled to be joining the Kate Gleason College of Engineering, 
the only college of engineering in the US at the time named for a woman (see the 
first chapter in this collection – “Energetic Trailblazers: Kate Gleason, Edith Clarke, 
and Mária Telkes” – for more information on Kate Gleason). In my new role, half 
of my time was dedicated to addressing gender diversity opportunities within my 
college. I began to research why engineering continued to lack gender diversity and 
associated implications of the underrepresentation. I’ll share thoughts on this before 
exploring how I’ve worked towards creating inclusive learning environments.

In the US, women are under-represented in the field of engineering. This issue is 
widely known and its causes have been studied and analyzed for over three decades. 
Governmental agencies like the National Science Foundation (NSF) and National 
Institute of Health (NIH) recognize this under-representation and its implications 
from a self-interest perspective, as described in this quote from a 2000 report to the 
US Congress.

For the US to remain competitive in a global technological society, it must take serious 
steps to encourage [women and minorities] to enter [science, mathematics, engineering, 
and technology] fields… It is time for our nation to examine and reaffirm its policies of 
equal opportunity and access for all. [9]

NSF, NIH, and many other government and private organizations have funded proj-
ects that aim to improve understanding of the problem and to create research-
informed solutions to address the issue. However, there has been slow progress in 
increasing the representation numbers. As of 2018, women have accounted for more 
than half (56%) of domestic undergraduate enrollment at all institutions, this trend 
has remained steady since 2000. Looking at graduate student enrollment in 2018, 
compared to 77% of the graduate students in psychology (increase from 70% in 
2000 and 52% in 1980), only 25% of the graduate students in engineering (increase 
from 19% in 2000) and 32% of the graduate students in physical sciences and com-
puter sciences (up from 28% in 2000) were women. Representation of women 
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within the labor force has increased more significantly. In 2019, women constituted 
about half of the population employed in science and engineering (up from 23% in 
2000). However, in comparing unemployment rates by gender, women’s rates are 
higher than those of men are in each major age grouping in both 2000 and 2019 [10, 
11]. Because this problem is persistent and complex, researchers study various 
aspects such as underlying factors of the issue and the solutions that work as well as 
how to best measure and define success.

�Forming a Vision Around Equity, Inclusion, and Diversity

Over my career, I have existed in the midst of this journey. I’ve experienced what 
it’s like to be a woman undergraduate and graduate student in engineering, what it’s 
like to be a professional engineer in the private sector, and what it’s like to be in 
academe as an engineering professor. I have enjoyed learning how to become an 
engineer, how to practice engineering, and how to teach and conduct research in 
engineering. However, I realized very early in my undergraduate years that the rea-
son that I was one of the only women students in my classes and the reason why I 
had no women STEM professors was not because of some inherent lack of intelli-
gence or abilities in math or science but due to gender. There were environmental 
factors that led me to question whether women belonged.

In retrospect, while I was an engineering student and in the private sector before 
graduate school, I realize that I survived and thrived in engineering in part because 
I learned to accept elements of the culture that served me well while ignoring or 
downplaying the parts of the culture that didn’t, when possible. I did not think that 
I had the ability to change the culture, but I did have the power to decide to stick it 
out. I recall a few times when it was impossible for me to ignore what was happen-
ing to me, and I found navigating these issues in the professional work environment 
much easier than as a graduate student. In my second year of graduate school, I 
faced a significant issue with a faculty member following the birth of my child, 
which led to my questioning if I really wanted to be in academe. This experience 
showed me many ways in which the environment needed to change in order to 
become inclusive for someone like me. My learning environment at that time was 
the opposite of a place where I could thrive. Luckily, I had received an NSF Graduate 
Fellowship that allowed me to transfer to another university where I could conduct 
innovative experimental research that was fascinating. My family and I moved half-
way across the country with an infant to allow me to continue my studies. At the 
University of Colorado at Boulder, I found myself in an academic environment 
where I could thrive and where there was very little about the culture that I had to 
ignore. My course work in the areas of renewable energy and pattern recognition 
and research into artificial intelligence, building controls, and thermodynamics 
were amazing. It was an ideal learning environment for me and I loved living in 
Boulder. My decision to remain in academe after challenges encountered in grad 
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school turned out to be a very good decision. But sometimes it was best for me to 
move on.

My decision to leave West Point after 5 years on their faculty and join RIT in 
2003 gave me the opportunity to actively pursue and lead various change initiatives 
with the goal of promoting a more inclusive working and learning environment at 
my university. Appointments over this time have included: Founding Director of 
AdvanceRIT and PI of the NSF ADVANCE Institutional Transformation (IT) and 
IT Catalyst grants (2008–2020), the Co-Chair of the President’s Commission on 
Women (2007–2020), the inaugural Faculty Associate and the Senior Faculty 
Associate to the Provost for Women Faculty (2010–2018), the Founding Director of 
WE@RIT (2004–2011) and as mentioned previously, the inaugural Kate Gleason 
Endowed Chair (2003–2009). The NSF ADVANCE program is a federally funded 
program created to address the under-representation of women faculty in STEM 
disciplines. As of fall 2018, the NSF has invested $315M in ADVANCE projects 
and awarded over 70 Institutional Transformation grants [12 ]. NSF ADVANCE IT 
grants are inherently large in scope with significant budgets (over $3M) and lengthy 
with timelines of at least 5 years. Under my leadership, RIT received an IT grant in 
2012 as detailed in the following sub-section. IT grantees “develop systemic 
approaches to increase the participation and advancement of women in academic 
STEM careers” [13]. Activities of ADVANCE funded projects include mentoring 
programs, professional development workshops, work to promote equity in aca-
demic workplace policies and procedures, and workshops to support the creation of 
a more inclusive climate and culture for women faculty [12, 14].

In these roles, I have gained significant insights that shape my vision and 
strengthen my belief in the importance of equity, inclusion, and diversity within our 
working and learning environments. Each is beneficial in very practical ways to the 
mission of universities and research backs this up. Recent research shows that dif-
ferences in how people perceive, analyze, and apply information, also known as 
cognitive diversity, relates directly to other types of diversity including differences 
in gender, social class, and race [15]. Ample research has shown that work environ-
ments that achieve high levels of perceived equity, inclusion, and diversity are more 
productive, innovative, and creative. Research has also shown that people working 
in diverse groups are better prepared to explain their perspectives as well as more 
open-minded, diligent, and active in their listening because they cannot assume that 
everyone has the same viewpoints [16]. In an inclusive environment, people feel 
safe to share ideas; there is a stronger sense of belonging and a sense that people can 
be authentic. Most importantly, the outcomes a group can achieve are likely to be 
better, more significant and impactful than in the case of a non-inclusive one. This 
type of environment is difficult to attain within a large, complex organization like a 
university without deliberate and consistent effort from many people, who together 
serve a collective role in moving the needle on equity, inclusion, and diversity. I will 
share with you some history and insights gained based on a series of interrelated 
projects that allowed me to work with and lead a group of faculty from across the 
university and administration to transform our university into a more inclusive 
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environment. This dedicated group that I created and led sought to transform a uni-
versity towards a more inclusive environment.

�The WE@RIT, EFFORT@RIT, and AdvanceRIT Journey

The journey at RIT that I will share with you began in 2004 at the campus coffee 
shop when I assembled a group of women faculty and administrators, and we brain-
stormed the term WE@RIT [17] to represent a program that we imagined could be 
created within the college of engineering to address the severe under-representation 
of women engineering students. At that point, the college enrolled less than 10% 
women undergraduates, lower than the national average. We also knew that women 
engineering students were consistently succeeding at rates higher than their male 
colleagues in regards to GPA and retention. I continued to lead this motivated and 
energized group, and we created a strong organizational structure that is still vibrant 
and thriving today within the college [18–25]. WE@RIT motivated the creation or 
strengthening of similar organizations in other colleges  within RIT, including 
Women in Technology [26], Women in Science [27], and Women in Computing 
[28]. A great achievement for our college is that the gender profile of our incoming 
engineering undergraduate class now typically exceeds over 25% women, surpass-
ing national benchmarks.

Around this time, in the late 2000s the NSF ADVANCE program [29] announced 
a new grant called the Institutional Transformation (IT) Start grant (later renamed 
IT Catalyst), which would provide up to $200K to support a university in conduct-
ing a self-study to explore the status of women STEM faculty on their campus. The 
IT Start program was created to help universities position themselves to submit a 
successful NSF ADVANCE Institutional Transformation (IT) grant proposal with 
much larger funding available (over $3M). At RIT, a group of women faculty and 
administrators already engaged in addressing gender diversity among students 
through their involvement in creating WE@RIT, WIC, and WIT collaborated and 
submitted a funding proposal for an IT Start grant. I led this effort as the principal 
investigator (PI), and we were successful and received funding in 2008 (NSF Grant 
No. 0811076); we called this project, EFFORT@RIT [30]. Over the next 3 years, 
we worked in close collaboration with the human resources to create a database to 
study faculty employment patterns by gender and gender equity in salary and start-
up packages, analyze faculty climate survey responses using a survey that we cre-
ated and administered (first of its kind at RIT), and conduct a thorough benchmarking 
of other universities [31–33]. Our research revealed barriers for women faculty in 
regards to climate, work/life integration, and career navigation [34]. Most impor-
tantly, the study revealed opportunities for enhancing our academic organization 
towards a more inclusive environment.

I worked with this same group plus a few more, and we took these opportunities 
and shaped them into a detailed, comprehensive plan to motivate important organi-
zational change on campus. A shared passion to expand the safe places on our 
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campus where authentic dialogue could occur regarding gender equity and the 
inclusion of those who are different in some way from the majority, led us to embark 
on a large, IT project called AdvanceRIT [35], funded by NSF in 2012 (NSF Grant 
No. 1209115). Interestingly, RIT is the only university that has successfully received 
both the IT Start/Catalyst and the full IT grants. I was PI on this nearly $4M effort 
aimed at transforming campus culture to become a place where more women fac-
ulty will join and thrive throughout their careers. Reshaping institutional culture in 
order to bring about a more inclusive and equitable working and learning environ-
ment was a strong motivator for the group, who engaged in questioning, analyzing, 
and re-envisioning our environment. We imagined a workplace where we could 
thrive, and we set out to create it.

AdvanceRIT focused on the goal of increasing the representation, retention, and 
career advancement of women faculty on our campus. The grant’s social science 
researchers examined the unique challenges experienced by women faculty of color 
and Deaf and Hard-of-Hearing faculty, and we refined interventions to address the 
needs of these key sub-populations. The program influences long-term changes that 
transform culture, promote inclusion, and expand the representation of women on 
campus and among leadership. At the end of the NSF funding, RIT established a 
permanent ADVANCE office within the Office of the Provost. With the support of 
hundreds of people on campus, AdvanceRIT is a success in many ways, and the 
creation of this program is a significant achievement. In leading this project, I took 
a systems approach in creating new programs and refining existing policies, proce-
dures, and practices [36–52]. While leading this effort, I found that patience was key 
because changes within higher education are evolutionary at best. The project also 
raised the consciousness among the faculty, staff, and administration regarding 
campus culture and approaches that are helpful in raising levels of inclusion, includ-
ing bystander awareness/action workshops. Finally, the project created change 
agents among our faculty, staff, and administration, which has led to a more diverse 
representative voice involved in decision-making and improved assessments of 
diversity, marginalization, and privilege to help the university continue to move 
towards equity.

I’m very proud of all of our team’s accomplishments. Key project achievements 
focus on faculty advancement and research success, faculty recruitment and reten-
tion with a focus on culture change, refinement to policy, practices, structures, and 
strengthened institutional collaboration in support of faculty equity, inclusion, and 
diversity. For a detailed list of outcomes, refer to Appendix I at the end of this vol-
ume. In August 2021, RIT was one of ten universities recognized by the National 
Institute of Health in receiving their new Prize for Enhancing Faculty Gender 
Diversity in Biomedical and Behavioral Science [53], which is in large part due to 
the impact of the AdvanceRIT grant on the RIT campus.

From a student’s perspective, there are now more women faculty in the class-
rooms and labs to serve as important role models and to offer unique and different 
perspectives along the way. Therefore, the seeds that were planted in my mind as an 
undergraduate engineering student, sitting in 5  years of intensive engineering 
classes at Penn State as I wondered “where are all of the women on the faculty?” 
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grew into shaping me as a person who questions things and dreams up possible 
solutions.

From a faculty member perspective, prior to AdvanceRIT, the capacity to discuss 
work environment matters, specific to inclusion, diversity, conflict resolution, 
behavior issues, and open dialogue, was very limited on our campus. In the 
AdvanceRIT effort, the research team facilitated both cultural and environmental 
transformation initiatives and interventions. The group collaborated effectively with 
the faculty and all levels of the administration, using a multi-faceted approach 
addressing political, structural, symbolic, and human resource aspects of the orga-
nization. We embraced the desire to achieve diversity of thought among the research 
team members and our collaborators, key partners, and program participants. We 
addressed this deliberately and gained proficiency over time, while serving as role 
models for others on campus. We demonstrated that inclusion is a pre-requisite for 
diversity of thought and that both are pre-requisites for an exceptional or “vibrant” 
working environment where the collective intelligence of the group far exceeded the 
sum of individual member intelligence.

�Helpful Tips, Tools, and Techniques

In this section, I will share just a few of the many tools that I’ve used to support my 
work, starting with some engineering tools that I have used to address non-technical 
challenges. As a ME, I study complicated systems like chillers within refrigeration 
systems, air conditioning systems, and power plants using thermodynamics to find 
ways to improve efficiency. I often work on solving inverse problems – given lots of 
data, what can be learned about the health or status of a system and where improve-
ments can be made. With the help of NSF ADVANCE funding, I’ve described how 
I applied this technique to another type of system, focusing on my university rather 
than a power plant. I studied the status of RIT in regards to the environment for 
women using data to inform the study, starting with a focus on women students and 
then expanding to include faculty. Extending this approach to a non-technical con-
text made sense.

Similarly, I’ve often used and extended the engineering design process to serve 
as a framework, as I’ve created new programs and initiatives focused on non-
technical areas like attracting, retaining, and developing college students and fac-
ulty who will work and learn within an inclusive academic environment. My 
activities have often included the need to change culture and many aspects of the 
engineering design process that have been crucial in addressing these types of 
efforts. These include:

•	 Building the design team in order to promote diversity of thought
•	 Establishing team dynamic expectations and “ground rules” for behaviors
•	 Articulating the need and developing a shared understanding of this need
•	 Conceiving possible solutions and evaluating likely outcomes
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•	 Defining what success will look like and how it will be measured
•	 Delving into detailed concept design
•	 Studying data based on how the created solution is doing
•	 Refining the designed solution based on data where you repeat many of the pre-

vious steps

Each one of the bullets requires a great deal of time and effort, and I’ve often 
relied on internal and external experts with expertise outside of engineering to sup-
port these efforts.

The first bullet above regarding building a team that can achieve diversity of 
thought is not a simple task, and it requires deliberate effort. At the start of the 
AdvanceRIT project, I asked each member of the core team to complete a Myers-
Briggs personality test, [54] to help identify where opportunities might exist for the 
team. For example, this can help to raise the mindfulness of team members to make 
space in conversations for the quiet introvert(s) on the team or the quiet extravert(s) 
who may need it, in order to hear their voices. At RIT where we have many faculty, 
staff, administrators, and students who are deaf and hard-of-hearing, we also delib-
erately create our collaborations with accessibility in mind. Luckily we had acces-
sibility experts on our team, who helped us become mindful of taking turns while 
speaking (often passed a stuffed toy to the person speaking) to reduce the instances 
where people interrupt each other. Sign language interpreters can better keep up 
with conversations when there are fewer (or no) interruptions. This led to the cre-
ation of a tip sheet to help us effectively communicate with people who are deaf and 
hard-of-hearing that we disseminate broadly [55]. Work in this area influenced the 
design of workshops, modeling the importance of making space to hear all voices.

As the team became much more mindful of how to promote diversity of thought 
among our members, we decided to create and adopt a set of ground rules that we 
often visited and refined as needed over the years. This led to the creation of a 
ground rules tip sheet for faculty and student teams that we distribute widely [56]. 
Several workshops have also been conducted with organizations to help them begin 
to use and adapt this practice, to help enrich their interactions and 
communications.

I found that leading an effort that transforms an organization to become more 
inclusive and equitable is extremely challenging, sometimes even overwhelming. I 
needed to help create ways to enhance creativity, patience, motivation, excitement, 
and endurance among members of the project’s team, which included nearly a hun-
dred faculty, staff, and administrators. A shared vision and common values were 
essential to the group. The 20 page-funding proposal that we created and submitted 
to NSF took about 6 months to create and vet. We based the proposal on 3 years of 
past research and we had a strong foundation. However, the months that we spent 
creating the institutional transformation strategy for change allowed us to begin 
reimagining our work environment to become more equitable and inclusive. After a 
month of this reimagining, the evolving solution became so complex that we needed 
a tool to help us wrap our minds about the overall concept.
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I found the ideal tool in the book Reframing Organizations, by Bolman and Deal, 
where they offer four frames or lenses through which individuals experience and 
view their organizations [56]. These frames – human resources, political, symbolic, 
and structural – can also inform the strategic approaches created in the institutional 
transformation process [57]. We adopted the approach and created a strategy to 
make progress in all four of the frames in order to influence long-term changes that 
will transform the culture, promote inclusion, and expand the representation of 
women. Use of this multi-frame approach improved the team understanding of the 
organization and enabled the group to create interventions within the overall strat-
egy based on thinking which employed all four of the cognitive lenses.

�Conclusion

In this chapter, I’ve illustrated a connection between systems thinking in engineer-
ing and the value of similar systems thinking in non-technical areas. I’ve also identi-
fied three supporting opportunity areas within engineering. The first two involve 
improving engineer’s ability to recognize the distinction between the creative pro-
cess and traditional problem-solving, and with that understanding extend creative 
solutions beyond technical areas to thoughtfully shape the level of inclusion within 
the overall environments in which we work and learn in order to promote diversity 
of thought. The last area supports the first two in its focus on expanding our ability 
to seek out new tools and methods with a curious and open mind.

There are important and numerous distinctions between efforts that focus on 
solving problems and the process of creativity, or innovation, which drives signifi-
cant change and advances. Differences include: the process followed for each, time 
required, mindset and behaviors needed, amount of mental agility required, ability 
to share or relinquish control, and level of systems thinking. Ideally engineers will 
be able to recognize when one approach is advantageous over the other given the 
context and be able to move from solving problems to creating solutions when 
needed while becoming comfortable and proficient in applying the process of creat-
ing solutions to both technical and non-technical challenges. As an additional bonus, 
when mastered, it can also help shape many aspects of your personal life.

When working in a team or group, it is essential to embody the desire to achieve 
diversity of thought among group members. It is key to understand what this means, 
what it looks and feels like, its advantages and how each member can work towards 
achieving this state. Recognize that the concept of inclusion is a pre-requisite for 
diversity of thought and that both are pre-requisites for exceptional or “vibrant” 
working and learning environments for the group where the collective intelligence 
of the group far exceeds the sum of individual member intelligence. Ideally, the 
group is within an overall organization that also offers a vibrant or highly effective 
working and learning environment.

Engineers will benefit by being open to and curious about new tools needed – 
knowledge, habits, behaviors, attitudes, and skills  – to support your engineering 
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work, like those required to support the two opportunity areas listed. It will be help-
ful to recognize that acquiring this new non-technical knowledge is not simple and 
it will take time and can be challenging to learn and master especially if you are in 
an environment where leaders and those in power do not emphasize the importance 
of these topics or serve as effective role models. Some of these non-technical topics 
are complex but engineers are used to dealing with complexity in technical areas 
and therefore should be able to translate this ability to other areas. Perhaps some 
engineers do not know what they know about embracing and understanding com-
plexity. Instead, within many engineering environments, the treatment of these top-
ics is superficial or even absent as if these things will organically occur and are 
simple to master. This brings Einstein’s quote to my mind, “Everything should be as 
simple as it can be, but not simpler.”

Over my career I gained momentum when I began to see how the value of sys-
tems thinking that I learned in engineering began to inform my later thinking about 
systems change in organizations like universities. These two areas began to syner-
gize and revealed new opportunity areas for my own research and administrational 
efforts. I gained more motivation through my passion for creating new approaches 
to improving the inclusivity of learning environment for students and working envi-
ronment for faculty and staff. My efforts are made possible by funding programs 
that focus on increasing the representation of women in the STEM workforce. 
However, the intended environmental improvements that I create benefit everyone, 
not only women. It is crucial that universities work deliberately towards creating 
inclusive campus cultures. Transforming the culture within a university alters its 
fabric. It is complex work and creative engineers who believe in the importance of 
inclusion and diversity of thought are well suited for leading these efforts, especially 
those who lead and create highly functioning teams and who are open to learning 
about new approaches and tools while relying on key experts to fill in knowledge 
gaps. I have been able to use my passion, strengths plus some luck, and a great deal 
of privilege to do this type of work. I see similar assets in other engineers and hope 
that more will become engaged in these types of efforts in the future.

For young engineers and engineering students, you should know that these 
changes are underway and you should keep an eye out for these areas of opportunity 
and other areas of growth and innovation that are sure to come in the next 10 years. 
In preparation for these changes and based on my past experiences, I recommend 
that you develop a mindset that allows you to stay curious, identify and pursue areas 
of opportunity, wherever you may find them, and to look beyond problems to create 
expansive solutions.
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Margaret Bailey,   P.E., began her journey as an engineer upon 
entering the Pennsylvania State University in 1983. After graduat-
ing with a B.S. in Architectural Engineering (1988), she worked 
as a building HVAC design engineer before successfully passing 
the professional engineers exam in 1993. That same year Bailey 
began studies toward a Ph.D. and graduated from the University 
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resulted in impactful new programs, practices, and policies as well as a dedicated ADVANCE unit 
within the Office of the Provost and the women in engineering center, WE@RIT, within the Kate 
Gleason College of Engineering. Both of these units have received national recognition. In August 
2021, RIT was one of ten universities awarded the National Institute of Health (NIH) Prize for 
Enhancing Faculty Gender Diversity in Biomedical and Behavioral Science, which is in large part 
due to the impact of the RIT ADVANCE program. Dr. Bailey is a recipient of the national Maria 
Mitchell Women in Science Award, the RIT Edwina Award for Gender Diversity and Inclusiveness, 
the RIT Isaac L. Jordan Sr. Faculty Pluralism Award, and the WEPAN 2008 Women in Engineering 
Program Award in recognition of the WE@RIT program’s offerings and impact for diversifying 
engineering.
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�The Nexus of Education

Our story begins with the aspirations of one person that brings together the lives of 
three more. Collectively, they pursue careers educating the next generation of engi-
neers. These experiences document the evolution of mentoring and elucidate how 
diversity and inclusivity can be achieved. The next section presents how four women 
perceived the world and themselves. They experienced challenges and questioned 
whether their ambitions were achievable. That is nothing new and everyone faces 
doubts. But what binds them is mentoring and the chain reaction as it is passed from 
one to another. Each woman, armed with their doctorates, now educate, and do so 
differently but with the commonality of their experiences. The stories are assembled 
to provide insights on how to educate and prepare undergraduate students for engi-
neering careers, graduate school, industry, and academia. While the techniques may 
not all be novel, it is the advice and revelations that are most important. The thread 
connecting each story is having someone believe in you.

F. Battaglia (*) 
Department of Mechanical and Aerospace Engineering, University at Buffalo,  
The State University of New York, Buffalo, NY, USA
e-mail: fbattagl@buffalo.edu 

L. Chen 
Lam Research, Fremont, CA, USA
e-mail: Lu.Chen@lamresearch.com 

M. Deza 
Department of Mechanical Engineering, Iowa State University, IA, USA
e-mail: mdeza@iastate.edu 

B. Estejab 
Department of Mechanical Engineering, Manhattan College, New York, NY, USA
e-mail: bestejab01@manhattan.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91546-9_4&domain=pdf
https://doi.org/10.1007/978-3-030-91546-9_4#DOI
mailto:fbattagl@buffalo.edu
mailto:Lu.Chen@lamresearch.com
mailto:mdeza@iastate.edu
mailto:bestejab01@manhattan.edu


62

�The Value of Mentoring Aspiring Engineers

Enter Francine Battaglia. In seventh grade, I announced that I wanted to be an engi-
neer. I had the aptitude and it sounded cool. But I didn’t really know what it meant 
to be an engineer. That is where my first role model emerged: my mother. She was 
determined to help me learn about engineering and found a local after-school pro-
gram with the US Corps of Engineers and enrolled me. My cursory understanding 
of engineering through the program didn’t waiver, and I applied to universities con-
vinced I wanted to be an engineer.

I attended the University at Buffalo (UB) while living at home. Being local, I 
often spoke with my high school chemistry teacher (who earned his doctorate when 
I was a student in his class) to share my experiences. One day he asked if I ever 
thought of becoming a teacher, and I laughed, immediately retorting that there was 
no way I could stand in front of people and talk. Obviously, he had the last laugh 
when he learned years later that I attended graduate school and planned to become 
a professor. I won’t discuss the trials and tribulations of being one of the few females 
in my mechanical engineering classes; I tried not to think about it and pushed for-
ward, hoping to persevere. Was it difficult? Yes. But I didn’t want my gender to be 
thought of as an excuse, and definitely not a weakness. I was fortunate to have won-
derful people mentor me, and I never thought twice that they were men. Their advice 
and encouragement shaped the person and engineer I’ve become, and now I get to 
do the same.

As a tenure-track assistant professor at Iowa State University (ISU), I was some-
what naïve. It was not about what I needed to do in my job, but what I could do in 
my job: be a mentor and inspire the next generation of engineers, especially women. 
It never crossed my mind that I had another role to play. In fact, one of the first two 
graduate students whom I hired was a woman. It was a very easy decision as I was 
looking for a student with a background and interest in computational fluid dynam-
ics (CFD). I took it for granted that I had hired a female, because in my mind, I was 
looking for the best candidate.

As the years progressed, I realized I could make a difference in the lives of young 
women, and this notion strengthened when I moved to Virginia Tech (VT) as an 
associate professor. Mirka Deza and two other graduate students followed me from 
ISU to VT. Deza would be the second female student to pursue a doctorate under my 
supervision. She also shared a commonality with my first female doctoral student. 
Both women worked in industry before pursuing doctorates and had a different 
appreciation for their education. Something else was happening at VT that I hadn’t 
seen before, the number of females in my undergraduate courses was uncommonly 
large. I am not sure how long it would have taken me to notice that more women 
were in my classes, but it became apparent when they had to get my permission to 
force-enroll because my section was at full capacity. My new role started to emerge: 
encourage, support, council, and inspire these young women who needed to see 
someone like themselves break the glass ceiling.
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Enter Mirka Deza. I was born and raised in Lima, Peru, where from an early age 
my parents taught me the value of education. They made huge sacrifices to give my 
siblings and me opportunities they did not have to succeed. As a result, we became 
engineers. My older sister is a civil engineer with a PhD, designing and analyzing 
bridges in Minnesota. My brother is a mechanical engineer and leads new technolo-
gies in a copper/zinc mine in Peru. My younger sister is also a mechanical engineer 
and the owner of an engineering project company in Peru specializing in process 
automation.

As a woman in mechanical engineering, my journey has not been a stranger to 
challenges. I was one of the few female undergraduate students in my major at the 
Pontificia Universidad Catolica del Peru. I felt that I had to work harder than the rest 
to be considered “one of the guys.” My first teaching experience was working as an 
undergraduate teaching assistant for a thermodynamics course. I graduated with a 
strong academic background from a university highly ranked internationally. But I 
longed for a female engineer role model; sadly, even when I worked in industry, I 
was not able to find a mentor.

In 2001, my husband found a consultant job in the USA, so when we moved, I 
decided to get a master’s degree with the intent to return to industry. As a graduate 
student at ISU, I experienced being a minority again, this time as an international 
student and as the only female pursuing a graduate degree while having her first 
child. I once again put in extra work to succeed academically while taking care of 
my baby daughter; thankfully, I had the support of my husband and our parents. 
During this time, I met wonderful professors (some of them are my colleagues now) 
and finally found a mentor in my heat transfer professor, Dr. Francine Battaglia.

Seeing the impact that her dedication had on her students made me realize the 
critical role of a mentor. Battaglia was such a great influence in my professional 
career that my family and I moved to Virginia so I could continue my doctoral 
degree at VT under her guidance. Besides teaching me the fundamentals of CFD 
and numerical modeling, she passed onto me a passion for the fluid-thermal sci-
ences, and taught me how to write papers, present at conferences, and teach. She 
provided me with an opportunity to teach fluid mechanics with her, observed my 
teaching, and provided feedback and invaluable advice. My skills improved and 
made me an effective teaching professor. Battaglia was very supportive of my fam-
ily responsibilities, especially when my daughter was in primary school and half-
way into my PhD studies, my son was born. She helped me plan and prepare for my 
preliminary exam and worked with my schedule. Years later, I wanted to be not just 
a teaching professor, but a mentor to all my students, and especially a role model to 
minority students in engineering. Living and working in this wonderful country 
helped me recognize the intrinsic value that diversity of experiences and ideas 
brings to the learning and working environment.

Enter Bahareh Estejab. I vividly remember the day I received my acceptance 
letter to one of the most prestigious universities in my birth country of Iran. I had 
worked toward this goal for years and was overjoyed with a great sense of accom-
plishment. I owed it all to my family’s support and encouragement, especially my 
first inspirational role model, my mom, who believed in me and taught me that I can 
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do anything. During orientation, as I walked through the hallways, classrooms, and 
libraries, I looked around eagerly absorbing my surroundings, thinking it was just 
the beginning and I would be an engineer very soon.

Unlike segregated girl-boy schools before college in Iran, all students sat together 
in college classes. During my first freshman semester, less than 5% were female 
students and the faculty were male. Excited to begin the new chapter of my life, 
none of this bothered me, nor even surprised me! My second semester math class 
was taught by a very knowledgeable and helpful professor, who was also a female. 
She talked about her research passionately, and my dream of working in industry 
transformed. I wanted to be a professor like her, pursuing research and training 
young engineers. During my sophomore year, I was determined to find engineering 
classes taught by female faculty. Shockingly, there were no female faculty in the 
Mechanical Engineering Department, despite its large size. The lack of female role 
models was discouraging, and I could not see myself in academia anymore.

After graduating with my bachelor’s degree, I worked in industry as an engineer 
and gave up my dream to become a professor, until a few years later the thirst for 
learning pushed me toward graduate school. Since I wanted to explore the world and 
experience other cultures, I decided to attend the University of Kentucky (UKY). 
Immigration was indescribable. It was as if you were born again as an adult, where 
everything was new and different. Everyday tasks were an obstacle for an immi-
grant: grocery shopping, driving, visiting the doctor were all challenging. (Grocery 
shopping would take hours until I learned “new food words” and recognized labels.) 
Despite years of learning English before coming to the USA, it was hard to under-
stand native English speakers at first. There were times when I felt helpless and lost 
until I overcame these obstacles and became comfortable in my new country.

Lexington, KY, was a nice, quiet city and UKY was a great place to begin my 
graduate studies. My advisor, Dr. Sean Bailey, was a knowledgeable and kind pro-
fessor who helped me grow as a researcher. However, I was still missing a female 
professor role model that I could look up to professionally. After graduating with 
my master’s degree, I was torn between finding a job and pursuing a PhD. I felt one 
step closer to my ultimate career goal of being a professor, but the vision had not 
fully returned. Upon further contemplation, I applied to PhD programs just to have 
the option.

I was accepted in two of my top choices that were perfect for a graduate student 
at the beginning of her journey. Although both universities were appealing, VT 
offered something I needed desperately, the vision of my future career and the pres-
ence of female faculty. This need helped me overcome the daunting decision to 
move 500 miles and endure a long-distance relationship with my husband. My PhD 
advisor, Dr. Battaglia, was a role model and mentor. I learned how to manage class-
rooms, conduct research and in general be an academic without sacrificing who I 
was as a female in a male-dominated major. I continued at VT as a postdoctoral 
researcher for 1 year while raising my daughter who was born a few months after I 
defended my dissertation. My dream of being a faculty member was restored, and I 
was ready to start my career in academia.
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Enter Lu Chen. My path towards engineering began when I realized I enjoyed 
math and science. Growing up in China, I was captivated by how engineering con-
tributed to society. Engineering changes our lives in every aspect, from modern 
homes, bridges, space travel, vehicles, and the latest cellular technology. Realizing 
that engineering can be a driving force to change the world, I was convinced that it 
would be very rewarding to be a part of contributions that advance society. With my 
growing curiosity and passion, I went to Southeast University, one of the top engi-
neering colleges in China.

My first role model that broke the clichés of women was a female physicist, Dr. 
Chien-Shiung Wu, who graduated from my undergraduate college. She had made 
significant contributions in nuclear physics by developing the process for separating 
uranium into uranium-235 and uranium-238 isotopes. To me, she was the “Chinese 
Madame Curie” and inspired me to break the invisible barriers and pursue my inter-
est in engineering and research.

However, the journey was not very easy for me. I found it difficult to speak up 
and lead projects in all-male groups. When the project teams met in the male dormi-
tory because it was easier for the other team members, I felt unimportant and 
dejected, and my confidence waned. To make matters worse, there were concerns 
female students would not be able to handle heavy-labor engineering lab tests. The 
negative experiences during my undergraduate and first-year master programs were 
not as rewarding as I expected. As a female seeking to find my place in engineering, 
I desperately needed mentoring and guidance. After sharing my struggles with one 
of the professors in the undergraduate college, he suggested that I seek opportuni-
ties abroad and change my study focus to computational analyses. Finding that 
overseas universities had more female professors, I contacted Dr. Battaglia about 
graduate school opportunities and she encouraged me to apply.

I officially started my journey abroad to pursue a doctorate at Virginia Tech in 
2013. During the next 4 years of graduate school and 1-year postdoctoral experi-
ence, Battaglia’s everyday demeanor answered my fundamental question: women 
can lead in engineering. I was very impressed by her leadership in the profession 
and realized that it was possible for women engineers to lead in scientific research. 
At that moment, the answer I sought for years was vividly standing in front of me 
and I felt that I could become a leader, too.

Battaglia was not only a role model but a mentor and taught by example. During 
my studies, I learned how to write concisely and deliver clear messages to an audi-
ence. Her work ethic was a constant motivator to work harder and prepare myself to 
be a successful researcher. In addition to learning from Battaglia’s expertise in CFD, 
the 5-year experience taught me to hone my strengths as a woman. For example, 
women are very diligent and attentive to details, helping us create work plans and 
priorities, multitasking, and exploring small nuances that could turn into valuable 
findings. I developed many good habits from her lessons, which continue to benefit 
my career and personal growth. I was fortunate to travel abroad and find a great role 
model, which made me realize how important it is to have successful women engi-
neers around you for inspiration and motivation. Now I am part of a “special” group, 
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and I can carry forward what I learned to become a leading expert in my field and 
inspire future women engineers.

Exit doctoral recipients. After graduating from Virginia Tech and parting ways 
from their advisor, Deza, Estejab and Chen took different paths, each one with the 
conviction that they could inspire and prepare new generations of mechanical engi-
neers. Deza started a postdoctoral position and then became an assistant teaching 
professor focusing on the education of undergraduate students in one of the largest 
mechanical engineering programs in the USA at ISU. Estejab also held a postdoc-
toral position and is now a tenure-track assistant professor at Manhattan College 
pursuing her research interests and guiding undergraduate and graduate students. 
Chen followed Battaglia to UB to work as a postdoctoral researcher before finding 
a modeling engineer position at Lam Research, where she balances the different 
demands of working in industry and coaching engineers and graduate students, and 
most recently, raising her newborn daughter. Battaglia, having returned to her alma 
mater of UB, was given opportunities to lead and mentor her colleagues. In 2019, 
she was appointed acting associate dean for faculty affairs in the School of 
Engineering and Applied Sciences, and in 2020, assumed the role as department 
chair in Mechanical and Aerospace Engineering.

These women now share how they continue the tradition of mentoring and how 
they have adapted their skills to educate future engineers.

�Preparing Undergraduates for a Career 
in Mechanical Engineering

After graduation, Dr. Deza worked as a postdoctoral research associate at ISU 
investigating numerical models for natural ventilation and taught a freshman class. 
Being an instructor was a rich learning experience, but she had to adapt to new ways 
by which undergraduate students expected delivery of the class. Now as an assistant 
teaching professor at ISU, Deza teaches core fluid-thermal classes from freshman to 
senior levels and continues to evolve her teaching methods.

One effective classroom tool is active learning, where students solve problems 
and receive direct supervision and feedback, reinforcing problem-solving method-
ologies. Other classroom techniques such as individual and small group brainstorm-
ing help further the learning process. Providing active learning opportunities in the 
classroom can increase student confidence. Using active techniques underscores 
how students learn differently and how expectations have changed. Filling a black-
board with equations and words is truly becoming a thing of the past.

The popularity of the flipped classroom (lecture notes delivered as a short video 
and exercises solved in the classroom) inspired Deza to use a combination of effec-
tive teaching methods and engaging engineering content. For the pedagogical 
aspect, implementing effective methods needs a flexible approach for instructing 
and supporting students with different learning styles, majors, and academic levels 
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[1, 2]. For the academic aspect of teaching, it requires integrating research applica-
tions and current technology associated with the course content. Providing students 
with various learning methods, studying habits, and test-taking strategies [3, 4] are 
ways in which Deza helps improve their educational experience. An example Deza 
uses to expand beyond the classroom is traveling with the students to visit a local 
power plant.

In spring 2020, when the classroom moved from in-person to online teaching, 
the endurance and creativity of college professors were put to the test. For many 
female professors, caring for their families added an extra load to an already chal-
lenging situation. Faculty adapted quickly to learn basics of online teaching while 
helping students adapt and navigate widely different situations and resources [5–7]. 
Deza made the transition as smoothly as possible by offering synchronous classes 
and the opportunity to interact with one another while living in isolation. Student 
evaluations revealed how much they valued being able to see their professor and 
peers, ask questions and work in groups. To make online delivery successful, Deza 
exploited technology by using one device to monitor and answer questions immedi-
ately and another device to write class content and problems, while recording 
the class.

Deza strives to teach her students more than technical content by instilling per-
sonal and professional values such as integrity, hard work, appreciation for an inclu-
sive learning environment, and the love for learning. For Deza, the most rewarding 
experience is hearing from students that found the same passion for the energy 
fields that she found years earlier. To know she inspires struggling students that 
were planning to leave the engineering program but remained fills her with joy. 
Deza finds that encouragement is especially important for minority students to stay 
motivated. She imparts her personal experiences to encourage them to be the best in 
their fields so they can grow professionally, earn promotions or recognitions they 
deserve, and become role models to new generations.

�Educating and Training Graduate Students

After working as a postdoctoral researcher, Dr. Bahareh Estejab began her career in 
education and joined Manhattan College as an assistant professor teaching under-
graduate and graduate classes, while conducting and supervising research in the 
fluid-thermal sciences. Teaching core courses in fluid mechanics, thermodynamics, 
and special topics such as compressible flow, she endeavors to integrate new tech-
nologies to make classes more enjoyable and appealing to students. Estejab’s 
acquired knowledge in the discipline of pedagogy is from VT courses she com-
pleted to earn the “Future Professoriate Graduate” certificate, seminars, and work-
shops. Coupled with her teaching experiences, she knew that the classroom should 
be consonant with the students’ generation to encourage learning. Knowing that 
students today are fascinated by social media, Estejab joined the trend, creating an 
Instagram account for each of her classes. One activity is that students upload a 

Educating the Next Generation of Mechanical Engineers in Fluid-Thermal Sciences



68

picture to the class Instagram page of a real-life event and write a paragraph explain-
ing how the entry relates to the classroom material. Doing so helps students concep-
tualize the practical and everyday use of theories taught in class. She emphasizes 
real-life and industrial examples in her lectures and provides students with a list of 
beneficial and related educational videos to watch. Estejab has found that building 
a link between theory and its potential application in industry, while creating an 
enjoyable classroom environment, motivates students.

Estejab brings to the classroom her expertise and contemporary research in 
renewable energies with a focus on wall-bounded two-phase flows encountered in 
many industrial applications. Despite their widespread applications, there are still 
many unknown key issues about the flow behavior such as the flow regime, insta-
bilities, and pressure changes. Estejab has the rewarding experience of training stu-
dents in computational methods to accurately predict the behavior of two-phase 
flows. While supervising graduate and undergraduate research, one of the more 
subtle goals is teaching them to conduct research correctly and professionally. A 
technique Estejab finds effective is providing students enough freedom to find their 
path. She offers students a vision of the research and its ultimate goal upfront rather 
than giving them step-by-step instructions. Estejab cultivates students’ potential and 
capabilities by getting to know them, talking to them on a regular basis, and empow-
ering them to find their true abilities. From her experiences, Estejab appreciates the 
value of having moral support during difficulties in research and thus supports her 
students professionally and personally.

Beyond maintaining responsibilities as a faculty member, being a female profes-
sor in a male-dominated major carries other unofficial responsibility. Estejab has 
become a role model for female students and guides them on their journey to become 
successful and confident engineers. The key is helping them realize their abilities 
and capabilities. It is very easy for female students to feel unappreciated, and 
encouragement goes a long way. Estejab’s role as a mentor is gender inclusive, and 
she has also found that she can help male students understand unintentional biases 
and appreciate the equality between genders in STEM majors.

�Preparing for a Career in Industry

After holding an appointment as a postdoctoral researcher, Dr. Lu Chen embarked 
on the next leg of her professional journey by joining a semiconductor company, 
which develops next-generation equipment for chipmakers. The question they seek 
to answer is how to engineer powerful memory chips that are incredibly small at the 
nanoscale? Chen’s work focuses on integrating fluid-thermal modeling into multi-
disciplinary engineering to provide hardware design guidance for precise process 
control so that billions of memory cells can be built atom by atom. Different from 
focusing on one research topic when Chen was a graduate student, industrial work 
has short timelines to solve problems. The shift from theoretical study to application 
modeling also brought new requirements for using computer-aided design (CAD) 
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software to defeature/build real-world engineering drawings, and familiarity with 
advanced meshing tools. The industrial modeling work involves a variety of topics 
with a limited time window to find a solution. Chen expanded her expertise from 
syngas combustion studied during her doctorate to conjugate heat transfer, com-
pressible fluid flow, and gas-surface reactions. It is a testament that education is a 
degree in life-long learning.

At first, Chen’s new role in industry was overwhelming, as it required new skills. 
However, her education equipped her with capabilities and training to deal with 
challenges and difficulties. Quickly developing and executing work plans, Chen 
was able to complete tasks while learning required skills and adapting to the indus-
trial work-pace. In addition, the work required multidisciplinary knowledge and 
interfacing with cross-functional teams. Collaborating and interacting with engi-
neers from chemical, electrical, and material science fields, as well as experimental-
ists, designers, and process engineers, has been an invaluable resource for broadening 
her knowledge in other engineering fields.

After 3 years, Chen’s productivity earned her a promotion to senior engineer and 
the added responsibility to coach new employees. In her secondary role as a mentor, 
she is in a position to strengthen the confidence of other young men and women who 
want to succeed in industry. She currently coaches two engineers but from different 
backgrounds: one employee has 5 years of industrial experience as a modeler and 
the other is a recent graduate student with a solid theoretical background but almost 
no experience with modeling software packages. Engineers with different  back-
grounds provide a more diverse work environment where they can apply their tal-
ents. However, they still require on-the-job training  to understand the company 
culture and product development, and to revisit fundamentals to deliver quick 
answers and solutions within a limited timeframe. This requires the engineer to be 
a self-motivated learner and prepared to solve the next industrial problem. Students 
in engineering should consider learning different modeling techniques and become 
familiar with a variety of modeling approaches for fluid-thermal related problems. 
For example, familiarity with CAD packages (e.g., NX, Solidworks, etc.), modeling 
packages, and programming using Matlab or Python will help them quickly adapt, 
complete tasks, and become valuable members of a team.

�A Profession in Academia

Two decades after beginning a career in academia, Battaglia continues to find men-
toring opportunities that support the STEM fields. She has taught thousands of 
undergraduate and graduate students, and supervised dozens of students who earned 
MS and PhD degrees. Not only did she educate students but grew professionally as 
a leader, and now offers advice based on her experiences.

In Battaglia’s recent career move, she returned to her hometown of Buffalo for 
an opportunity to be a faculty member in the department that provided her engineer-
ing foundation. It was serendipitous bringing her career path full-circle and giving 
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back to the community that gave her so much. Three years later, Battaglia was 
appointed department chair in May 2020 at the height of a global pandemic. Her 
immediate concerns were helping faculty and students resume research activities 
safely with the start of summer. However, an adjacent issue emerged: the pandemic 
was adversely affecting productivity of faculty, especially women, in the remote 
environment thrust upon society. Reports indicated disparities between men and 
women scholars, whereby productivity of women was declining. With their families 
at home, women were burdened with more domestic responsibilities [8, 9].

In some engineering settings, where gender and racial inequalities are still preva-
lent, the pandemic brought greater challenges [10, 11]. For untenured faculty, stress 
mounted as they tried to sustain their research momentum. Universities responded 
by providing their untenured faculty the option for a “COVID-19 stop-the-clock” 
[11, 12]. Not so long ago there was a stigma when untenured faculty requested a 
“stop-the-clock” to extend their probationary period. If it was a woman, it was 
assumed she had given birth. Although less common, men requested a clock stop 
typically associated with a research set-back. No matter the reason, tenure commit-
tee discussions would focus on the extra time and speculate how this provided an 
advantage to the tenure candidate. The notion that a clock stop is an advantage must 
now change. It remains to be seen if a clock stop will really help, but don’t assume 
it will. Take action and talk to your junior faculty to gauge how they are doing. Offer 
assistance and craft a plan to help them be successful.

Another way to support faculty is by showing them that they are valued. Merit 
raises reward faculty for their productivity or outstanding contributions if money is 
available. Alternatively, nominating faculty for local and national awards can pro-
vide them additional motivation, while enhancing their career profile. The key is 
taking time to learn about your faculty and their professional interests and remem-
ber that women and minorities might be overlooked otherwise. As a starting point, 
nominating a colleague for professional awards or election to fellow membership 
provides them with international recognition, and can be used to leverage other 
award nominations.

There are two final recommendations for sustaining a career in academia. The 
first is to schedule time every week where you can focus on your work. Covet those 
hours and do not fill them with meetings; time for yourself during normal business 
hours becomes a pleasure and can increase productivity. This connects to occasion-
ally saying no, that is, no to too many service requests. The recommendation to “just 
say no” is especially important for underrepresented minorities whose presence 
may have a secondary purpose to ensure a diverse committee. While selection of 
such individuals brings a richness of knowledge and experience, it can unfairly 
overburden an individual who fears that saying no might hurt their career. Of course, 
say yes when you find passion with the work or enjoy the benefits of being part of a 
team that can make an important impact. After all, we choose careers in academia 
because we want to make a difference.
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�Concluding Remarks

A career in mechanical engineering is rewarding. Find what motivates you, and you 
can accomplish anything. Four women found their career paths through strong men-
torship, family and professional support, and a yearning to have a positive impact, 
whether it be in research, education, service, or all three. The exercise of drafting 
our stories provided a revelation that may not have been recognized otherwise. The 
collection of experiences unveiled how important it is to have a nurturing work 
environment. Although Battaglia did not have a female academic role model, she 
became one. At first, it was not obvious or conscious, but eventually she realized 
females were seeking her advice. Through her compassion and understanding, she 
helped these women see themselves in a “mirror of success.”

For Deza, she found the support she needed. Not only is she a role model for 
engineering students but is an example that it is possible to pursue your professional 
goals while raising a family. Both of her children love engineering, and her daughter 
is pursuing a mechanical engineering degree. Estejab saw that possibility, too, when 
considering graduate school, and knew that she could thrive although separated by 
distance from her husband. She fulfilled her desire to become a professor and returns 
that passion and enthusiasm to her students every semester as she helps guide their 
professional life. For Chen, she desperately needed a strong female role model, and 
noting the diversity of Battaglia’s research team, also found an extended family. As 
an engineer in industry, she applies her knowledge and innovation to change future 
technologies and empower team members to develop their skills.

Together, these women will forever be connected personally and professionally, 
and are poised to lead future generations of women and men in engineering. The 
intangibles are who you are and how you project yourself. Hold up a mirror and 
study the reflection.
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�Introduction

As happens so often in trying to understand and discuss other cultures, wording trips up 
specialists. When they claim to have never found “a true matriarchy,” these anthropologists 
are envisioning a mirror image of patriarchy, a vision that ignores the differing ways in 
which females conceptualize and wield power. (Ryan and Jetha, p. 133)

If a friend describes a hiking trip, you might have a vision of reaching beautiful 
waterfalls and mountains with little effort. Or perhaps you see only the beautifully 
crafted photo on Instagram, where the sweat has magically disappeared, and the 
hiker is in a triumphant pose with a stunning view behind her. Often the career of 
women in science, technology, engineering, and math (STEM) fields is narrated in 
the same way. You hear a famous name followed by a highlight reel of her amazing 
accomplishments in science and engineering. Often the rocky parts of the journey 
are not explored. All the times she lost her way or faced a setback have been omitted 
from the record. However, it is exactly the challenging times, the falls, bumps, lost 
paths, that make her successful, foster her resilience, and ultimately lead to success.

The number of female graduates in STEM fields has continued to increase, 
though the number of faculty members has remained stagnant [1]. While women 
account for nearly half of the US workforce, they only hold 25% of jobs in STEM 
occupations [2]. Many factors contribute to gender disparities in STEM fields. 
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Researchers have found that the lack of supportive networks and gender identity in 
STEM fields plays a strong role in women’s decision to leave the field [1]. In addi-
tion to striving for gender equity within organizations, there is a clear need to foster 
supportive environments for women in STEM that focus on enhancing women’s 
roles in technical positions.

We hope to share with the reader some of our own experiences navigating the 
career path as a woman in engineering alone, and also the power of tackling a career 
journey with great collaborators. Building trust in other collaborators has been a key 
mechanism for how we found new paths and peaks together. Coming together has 
both fostered our individual abilities and confidence as well as supported us to pur-
sue new paths that were only accessible as a group (Fig. 1).

This chapter leverages the hiking metaphor to explore the ways that women 
might build supportive networks and environments. We have used the techniques we 
outline here to build a trusting and productive research team that operates fully 
remotely. Together we have navigated complex trails on our own professional jour-
neys. We have come to believe that who you hike with on your research journey may 
be more important than the destination. Along our journeys, our research team has 
also demonstrated resilience to challenges and the capacity to navigate ambiguity, 
with many changed directions and research questions over the years, supported by 
the confidence we have in each other.

The authors include three avid hikers and researchers. Dr. Heather Dillon is 
Professor and Chair of Mechanical Engineering at the University of Washington 
Tacoma, where her team is researching thermodynamics and energy systems. Dr. 
Rachel Dzombak is a Lecturer at UC Berkeley’s Haas School of Business and runs 
an independent consultancy. In both roles, she supports individuals and 

Fig. 1  Hiking is a good metaphor for the complex journey that many women in STEM fields 
experience. (Sketch by Heather Dillon)
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organizations to foster innovation and solve complex problems, including how to 
enable a circular economy. Chrissi Antonopoulos is Senior Analyst at the Pacific 
Northwest National Laboratory where she leads a team focused on innovative 
energy research in building science. Together, our research has focused on the cir-
cular economy, life cycle assessment, equity, and economic drivers in the field of 
energy and environment.

�Background

Why is it worth unpacking what positive collaboration looks like? At least for the 
women within this collaboration, finding academic partnerships where our voices 
are heard and our skills appreciated, and where mutual support is freely given, had 
been a rare occurrence. At the same time, due to the increasing complexity of 
today’s challenges and problem spaces, working in interdisciplinary and diverse 
teams is increasingly critical in science and engineering [3]. Teaming is “a way of 
working that brings people together to generate new ideas, find answers and solve 
problems. But people have to learn to team; it doesn’t come naturally” [4]. The lat-
ter point is critical. We often are placed or work in teams, though few individuals 
have ever learned the principles of good teaming.

Teaming matters because finding solutions to the complex, wicked problems that 
we are faced with today necessitates bringing together perspectives from multiple 
disciplines and teaming across disciplinary boundaries [5, 6]. When good teaming 
is practiced, teams are able to leverage the available diversity of team members. 
Leveraging diversity entails creating space for all of the ways that individuals see 
and solve problems [7]. How we see problems is informed by our cultural experi-
ences, race, gender, socioeconomic background, and much more. For example, 
someone who grew up in Berkeley, CA, is going to see and understand the problem 
of climate change differently than someone who grew up in New Orleans, 
LA. Furthermore, diversity also encompasses the ways in which we solve problems 
and ensures that solutions disseminate to diverse groups. If your team members all 
have a background in engineering from the same school, then you are going to be 
limited in the approaches you bring to the problem at hand.

Research has shown that diverse teams either significantly under- or out-perform 
more homogeneous teams [8]. When teams ignore the diversity that is present or 
treat it with stereotypes (e.g., you are the only woman on the team, you must have 
the best handwriting so you take all of the notes!), they tend to underperform. On 
the other hand, teams outperform when they collectively adopt a learning mindset 
[9], both about each other and the challenge at hand, which enables them to both 
learn and experiment with the different perspectives and heuristics that are brought 
by the team members.

A critical enabler of leveraging diversity on teams can be achieved by establish-
ing psychological safety. A term coined by Prof. Amy Edmondson, psychological 
safety is, “a shared belief held by members of a team that the team is safe for 
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interpersonal risk taking.” Psychological safety can manifest as the willingness of a 
team member to throw out a wild idea or engaging in a tough conversation about a 
project aspect that didn’t go as planned. In a study of teams at Google, psychologi-
cal safety was established to be the most critical factor for team success [10]. Within 
organizations, the values held and the norms practiced can reduce teams’ anxiety 
and support the tendency for risk taking.

In the subsequent sections, we detail the journey of our partnership and how we 
intentionally created a high degree of psychological safety through our collective 
values held and norms practiced. We also include a discussion of how leveraging 
available diversity on our team leads to a productive and supportive research 
program.

�Our Journey Begins

In the beginning, we were all hiking alone. Heather had worked at the Pacific 
Northwest National Laboratory for many years and already understood the power of 
collaboration for scientific discovery when she met Chrissi, who at the time was a 
new hire to PNNL. Heather and Chrissi worked in the same office but with different 
project teams, and gradually became friends. As a senior staff, Heather became a 
mentor to Chrissi, and over time they began developing projects they could work on 
together. Heather knew that it is easier to motivate yourself to hike up a steep hill 
when your friends are counting on you. Together, Chrissi and Heather worked on 
renewable energy and energy efficiency projects for building science [11, 12]. When 
Heather took a job in academia, the two had developed a working relationship with 
high levels of trust that allowed them to creatively look for ways to continue 
collaboration.

A short time later, Heather met Rachel, a third-year graduate student at the time, 
at a lighting conference when they spoke on a panel together. At the time, Rachel 
was navigating to find a project to focus her dissertation around and struggling to 
find a project fit. She recalls, “at that meeting (where I had felt like an imposter), 
Heather acknowledged the value of my work and told me she was interested in 
working together. At that moment I felt very seen.” A few months later, Rachel 
faced an intense crossroads when her graduate advisor passed away unexpectedly. 
She sent a panicked email to Heather asking to talk, because she didn’t know any-
one within her institution that would be able to step into an advising role. Heather 
thankfully responded quickly and invited her to join the team. Starting the hike was 
as easy as setting up a 30-min weekly video call.

Our paths first crossed in different ways, at a conference, in a shared office space, 
and we each identified that a new trail had appeared. Why did we choose to walk 
together? Our collaboration was sparked not because our research efforts or focal 
were perfectly aligned, rather because our values were aligned. As individuals we 
implicitly realized this alignment existed early on, though our values surfaced ini-
tially through conversations about our individual goals and how we might develop 
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mutually beneficial shared goals together. We further recognized the respect and 
support from the start was different than other partnerships. Because of the trust 
these early conversations engendered, vocalizing the values and norms we individu-
ally and collectively hold has become an important practice that we have each 
adopted as we work with new teams.

�Team Motivation and Values

In research, there are always interesting problems to study and solve, and often the 
most interesting engineering problems come with human obstacles. Sometimes the 
obstacles are senior colleagues that insist on being first author on every publication. 
Sometimes the obstacles are a lack of funding. We have confirmed that if you find a 
group of friends that enjoy working together, you can accomplish great things and 
tackle these obstacles together. In order to develop this chapter, we engaged in a 
process of reflection on our work together. We each considered the values that our 
work showcases and then we participated in a series of sessions to converge on the 
list of team values below. In sharing, we help to showcase a set of values and norms 
that can help guide future collaborations (Fig. 2).

Fig. 2  Finding a way past 
a tricky career challenge is 
often difficult in research. 
Team discussions can be a 
method for finding a path 
forward
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Our team is composed of three female scientists. During our time together we 
have all advanced in our academic and research/industry career. At this time our 
work identities include a tenured professor and two research-focused industry roles. 
Our motivation to support one another is one of the most important facets of our 
partnership. Many of the core values we share were important to each of us before 
we worked together, but we quickly realized that reinforcing these values in the 
team increased our productivity.

The research obstacles we had all encountered helped us develop a shared set of 
values. Each of these values contributed to team resilience and trust. Below we out-
line the values that we hold in our research partnership, including compassion, 
authenticity, humility, and listening. At the core, the collaboration centers on priori-
tizing the humans involved over any research or academic accolade, using our com-
mitment to each other to drive accountability, and upholding a culture of trust. In 
this section, we additionally outline the norms that we have in our collaboration, 
which we see as our values in action.

Values: a person’s principles or standards of behavior; one’s judgment of what is important 
in life [13].

�Compassion and Kindness

Our team shares deep compassion for one another and the environment. We are 
strongly committed to using our scientific and engineering backgrounds to promote 
technologies, processes and frameworks to address and reverse climate change. 
This manifests in our dedication to each other as well as the ways in which we treat 
each other. Compassion also emerges from seeing what each team member cares 
about and then considering how we can integrate that topic into our work. Overall, 
we developed a shared value of compassion, based on the importance of our own 
beliefs and the desire to support the team.

For example, when Heather encountered bias and leadership integrity violations 
in her job, the team helped her courageously explore the best path forward. The 
team helped remind Heather she should stick to her own values, that changing one-
self for an institution is not a good long-term career choice. Rachel put it succinctly, 
“I think at times we are more compassionate for each other than we are even for 
ourselves.”

We also make time for kindness. Kindness might show up in small ways, like a 
text message before a presentation, or a gift for an engagement. And kindness is 
manifested every week when we make time and space for one another in our meet-
ings. Because each member of the team can list several examples of how this type 
of compassion and kindness impacted their work, we included this as a shared value.
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�Authenticity and Respect

Our research agenda is rooted in respect for the planet and one another. We are 
focused on helping individuals and organizations to more effectively steward natu-
ral resources and move away from extractive practices. The same authenticity and 
respect naturally extended to our work with one another.

Authenticity allows us to explore the truest version of ourselves as we each 
change and grow over time. Freedom to cry when the big emotional blows occur is 
one example.

Rachel’s example: There’s bringing your whole self to work and then there is bringing your 
whole messy self. After going through a painful breakup, I remember logging onto our 
video meeting and just weeping. I couldn’t hold it together and was truly depressed. Heather 
stopped what she was doing and focused in. Really held me in that moment and normalized 
how I was feeling. There was time for pep talks and strategies later. At the time there was a 
need to just stop and let it be. That has remained consistent – though crying on the phone 
was a rough moment of authenticity – the rest of the spectrum of emotions is also allowed. 
Being really excited about a research idea, frustrated with a colleague, happy because it’s 
warm outside – whatever it is I feel like we give ourselves the time and space to be.

This example demonstrates the trust the team has built around the space for personal 
sharing. We always take time to treat one another with respect, every aspect of our 
shared humanity deserves time and respect. We recognize that people have things 
going on in their lives that may affect their ability to show up on a week-to-week 
basis, and that is valid. After all, we are more than the sum of our dynamic parts. 
Moving, childcare, illness, are all examples of things that demand our attention and 
we respect the individual who may need to step away and prioritize another facet 
of life.

�Humility and Equity

Another important value for the team is humility. While each member of the team is 
confident, there is no sense of privilege, even when the professional titles might 
imply it. We each work consistently to support each other to contribute in whatever 
way we can, even if that week contributing just looks like showing up to the meeting 
and providing words of encouragement to others. While humility and equity may 
have been important to us before we joined this team, the weekly practice of these 
skills has been a powerful reinforcer for each of us.

We leverage each other’s strengths, ask for input, and use collective ideas to form 
research agendas. At times it feels like none of us care what we are working on, as 
long as we are working together. The good of the team is always the priority. There 
are no back channels supporting gossip – we each make decisions that are best for 
the group in that moment. There are no fights over authorship order, a unique expe-
rience when most of us have had very negative authorship issues in the past. Instead 
we take turns as first author, just as we take turns playing the lead on different 
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projects. Often the author order is based on who might be leading a specific type of 
inquiry, or the career timing that might benefit most from a first author publication. 
When we reflected on our shared values, this type of equity in authorship was one 
of the important values of the team that was emphasized by each person.

�Listening and Happiness

One of our most important shared practices is listening to one another. We don’t 
have preconceived notions of what each other should be doing to make ourselves 
happy. We listen actively and trace each other’s energy and see what makes that 
person light up – what makes them come alive. Ultimately the behavior of paying 
attention to each other’s happiness, we think, unlocks better research because we 
can see what drives and motivates that person. This shared value emerged organi-
cally in our team, but it quickly became an important weekly habit.

We listen carefully to how each person is feeling and track how that is changing 
over time. It’s not just noticing a feeling but also remembering to speak up if we’re 
seeing a behavior pattern over a longer period of time. We push each other to grow 
and leverage this empathy into ways we can each take action.

Heather’s Example: I believe Rachel and Chrissi realized I needed to adjust my career long 
before I did. Over a year of conversations, they patiently listened as I described troubling 
patterns of micro-aggressions from colleagues. While they never told me what I ought to 
do, they did support me in determining possible paths I could take. In the end I think they 
understood that I needed to adjust my career in a way that would allow me to be my authen-
tic self, and I am grateful to have a trusted team to process that with.

�Trust

Each of our shared values help us to create a culture of trust to do excellent research 
in our team. Trust means that we can throw each other the ball and know that the 
other person will catch it. When someone says they’re going to do something they 
do it, and moreover, they do it in a way that doesn’t require a cross-check. 
Fundamentally, we work together, with an inherent understanding that our contribu-
tions will result in a strong work product. We give each other space and time; if we 
run into issues or conflicts, we work together to solve problem. This value emerged 
over time as we grew in our team.

Hiking together requires a great deal of trust in your team, particularly for long 
journeys. You need to trust that your friend packed the fire starter, but it is also help-
ful if you don’t each need to carry every tool because it gets heavy. Our values help 
us determine the types of tools and journeys we wish to travel on together. We con-
sider what roads we would like to explore together, and then think carefully about 
the skills that each of us might be able to pack for that type of research project.
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�Setting Norms: How We Manifest Our Values

A norm exists in a given social setting to the extent that individuals usually act in a certain 
way and are often [held accountable] when seen not to be acting in this way. (Adapted 
from [14])

Norms describe human behavior, and the willingness to adapt, adopt and make deci-
sions. While values lay the foundations of who we are as people, many times it’s 
societal norms that help inform our behaviors and guide our actions in specific set-
tings. Norms help to ensure that values are practiced and don’t just live in our minds. 
In our collaboration, we connected on shared values and over time, worked to 
develop norms in our collaboration to manifest those values. Part of norms includes 
holding people accountable to the values that are set. By finding ways to construc-
tively and compassionately give and receive feedback, we also encouraged each 
other to grow and uphold who we wanted to be within our research partnership. Our 
norms further connected to a broader agenda. Our behavior as a team is rooted in 
our strong environmental ethic and understanding of the need to solve some of the 
complex climate issues that face our society. As our society reaches a critical junc-
tion related to climate change, and our ability to effectively combat it, norms play a 
crucial role. From an environmental perspective, social norms are necessary for 
society to focus on the common good and find resolution to the world’s environmen-
tal problems [15].

�Checking In

We start every meeting by checking in with one another and seeing what is going on 
in each of our lives. The unique part about being at three different institutions is that 
we don’t see each other on a day-to-day basis. We are not in each other’s work envi-
ronments or social circles in a daily way. In fact, we’ve all only been together in 
person once. That doesn’t stop us from recognizing that there is a human being on 
the other side of the computer screen that has a life behind them, and we make sure 
to give space to be vulnerable and share the truth of what is happening on any given 
day of any given week. This norm is deliberate and connected to our value of listen-
ing and compassion for one another.

�Stretching

Our group overall is flexible and one of the most important norms that we have is 
the ability to stretch and shapeshift into what the group needs at a given moment – 
whether that looks like developing new expertise to fit in with an emergent research 
need to support one person’s project, or it looks like adopting new personalities 
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when someone needs cheering section behind them as they embark on a new adven-
ture. Sometimes the stretch only lasts one 30-min meeting or sometimes it lasts 
years as we are stepping into a space to allow someone to reach a professional goal 
or build-out work in a new domain. We made the decision a long time ago to show 
up as ourselves and as what the others in the group need. This norm is closely tied 
to our value of authenticity and respect.

�Advocating

Our group is a strong sounding board for each other. Each of us has faced a profes-
sional dilemma and over the years there have been many. We each take the approach 
of first helping each other unpack the situation and spend time to develop the team’s 
perspective on it. For example, when one of us stepped into a new role and was 
marginalized by their boss, we brought the situation to the group to discuss. At first, 
the predominant narrative in the situation was about being overwhelmed and frus-
trated; action took a backseat to emotion. Once we gave space to the big emotions, 
the conversation transitioned to a focus on what needed to be done. We helped her 
prepare to advocate for herself (and of course she already had everything she needed 
within herself) and to craft her point of view on her arguments and her approach to 
the conversation. This norm is connected to our value of listening and happiness.

�Positioning

One of our norms we exhibit is quite subtle. We are good at positioning each other’s 
work because, despite a high level of general confidence in ourselves, we can each 
see each other as bigger and brighter than we see ourselves. Rachel is excellent at 
providing big-picture connections to the most complex environmental system. 
Chrissi is great at positioning our work as interesting and fundable to people who 
want to see things happening in the world. She is also amazing at building partner-
ships. Heather is incredibly impactful about packaging the contributions we have 
made or work we have collaborated on, and she enjoys art so we often have whimsi-
cal figures to include in our publications. This norm is closely connected to our 
value of humility, each of us believes in the greatness of the others.

�Work Norms

A simple but impactful norm is that we do not have one-hour meetings. Sometimes 
they only take 15 min. Sometimes they take 2 h. The format and the structure of the 
meetings doesn’t matter. Getting to the work matters and celebrating each other as 
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individuals matters. And one feeds the others. Leaving space for the sparks and then 
trusting that the work products will emerge has proven to be an excellent and pro-
ductive strategy. This norm is closely tied to our value of trust, we each trust that the 
work will get done even if we don’t meet for a specific time period.

Our norms have provided a concrete way for us to practice the values our team 
has developed. Whenever we do broaden our collaborations to a bigger group of 
people, the strength of the norms protects the integrity of the team. Several of us 
have also used the norms from this group in other teams and found them to be 
widely beneficial to any gathering.

�How the Journey Has Changed Us

The journey of our collaboration started in 2012. As a research team that valued one 
another above academic outcomes, we have exceeded our own expectations for pro-
ductivity. In the beginning, Chrissi was on a trail focused on energy-efficient build-
ings, Rachel was studying the circular economy, and Heather was looking at 
energy-efficient lighting. Over time, we were intentional about sharing different 
aspects of our background and skillsets, and through focused conversation and 
active listening, synergies emerged that led us to collaboratively create new path-
ways in our research.

Our team was initially focused on lighting with ties to the circular economy, in 
part due to questions that emerged from Rachel’s work as a graduate student [16]. 
Exploring the circular economy in the context of our collaborative partnership cre-
ated new focus for Rachel’s dissertation and a collection of new publications on the 
end of life implications of lighting products [17–19]. As we continued our journey 
together, Chrissi contributed her perspective of the circular economy from an eco-
nomics lens and Rachel integrated her work in design studies leading to a publica-
tion on assessing the waste burden implications of technological change [20]. 
Drawing on Heather and Chrissi’s previous work to view the circular economy from 
the broader context of building science also enabled us to integrate perspectives on 
exergy [21]. Throughout all of this, we had conversations about what new paths we 
could explore together.

This team has changed how we individually think about research careers. When 
most people finish a PhD program, they believe they will specialize in one topic 
forever. Instead, in this working group, we have found that the topic of research is 
significantly less important to sustaining interest in research. What we do care about 
is supporting the career aspirations of friends and colleagues. When we tackle a new 
topic as a group that might be a bit outside one person’s comfort zone technically, 
we embrace it! We do so with eagerness, knowing that friends will help guide our 
growth in a new topic and do so with generosity (Fig. 3).

Heather’s example: I learned geographic information system (GIS) mapping last summer. 
This is a new skill set for me that I now feel confident and excited to expand. Chrissi’s 
mentorship in this area helped me explore this in the context of other technical work I was 
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doing for one of our projects. I am growing because we are doing things I would never have 
tackled alone. It is exciting!

Chrissi’s example: Working in collaboration with Heather and Rachel has helped me realize 
my own personal and professional goals. Their support and encouragement helped me take 
the big leap to pursue a PhD and they have been there for me throughout the process. 
Having women in my life with similar goals and journeys has helped me gain confidence as 
a researcher and adds perspectives to my ideas that can only come from a trusting 
environment.

�Conclusion: View from the Mountain

We have discovered that building a research culture that is based on shared values 
and norms contributes to a highly trusting and productive team. Working with other 
confident and kind women has made each of us more successful. Our team has pub-
lished nine papers in 8 years, and we are still going strong with several new works 
pending. We have climbed far more mountains together than we ever could have 
climbed alone. We encourage women who are launching research careers in STEM, 
particularly focused on the environment, to consider ways to formalize norms and 
values for teams using the example we have outlined. We have found the trust that 
comes from this type of collaboration leads to high productivity. We have also found 
that cross-discipline collaborations that stretch us are powerful for tackling complex 
energy and environment challenges. Our model of collaborative research may be 
easiest to replicate in environment fields where principles of shared responsibility 
are often valued.

Fig. 3  Taking time to reflect on your own journey is a helpful way to stay motivated
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Creating a positive culture of collaboration can be transformative for every per-
son in the team and highly productive scientifically. We hope that whatever research 
team you become a part of might be strengthened by embracing a new type of sci-
entific culture, one that values each researcher’s journey more than the scientific 
method. Focusing on supporting another person is significantly more motivational 
than a stated goal that you might wish to write a specific number of papers this year. 
Rather, the focus of a career could become, how many people might we help suc-
ceed in new things this year? Your research matters, but your colleagues mat-
ter more!
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Imposter syndrome is a feeling that you don’t belong and don’t deserve to be here. Many 
women of notable achievement also have high levels of self-doubt, even when there is sub-
stantial evidence to the contrary … What we call imposter syndrome often reflects the real-
ity of an environment that tells marginalized groups that we shouldn’t be confident, that our 
skills aren’t enough, that we won’t succeed—and when we do, our accomplishments won't 
even be attributed to us. Yet imposter syndrome is treated as a personal problem to be over-
come, a distortion in processing rather than a realistic reflection of [work environments] [1].

Overworked, struggling with self-doubt, feeling like you don’t belong at work, 
and don’t deserve to be here, we’ve been there. A 2020 Women in Technology 
Report notes that 79% of technical women experience imposter syndrome [2]. 
Experienced executive-level women aren’t exempt, with a reported 75% struggling 
with imposter syndrome during their careers [3].

The resulting lack of confidence and feelings of fraud can derail even the most 
technically gifted women, stalling not just your progress but any progress made on 
normalizing women leaders in technical fields.

Toni Crowe and Stephanie Slocum connected based on the shared goal of nor-
malizing professional and technical women as leaders at work. These women came 
from hugely different backgrounds. Stephanie is White, Toni is Black. Toni started 
in the Chicago projects, while Stephanie experienced a middle-class childhood. 
They are different generations, with disparate work histories and ethnic back-
grounds, yet both have struggled with imposter syndrome. Both are proof that the 
sooner imposter syndrome is addressed, the sooner engineers lean into their unique 
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This chapter will uncover why and how women in engineering experience impos-
ter syndrome and explore what they can do. You’ll learn through a duo of engineers 
that statistically should have never met: Two successful engineers turned leaders 
then authors, who met when writing their books.

�What Is Imposter Syndrome, and How Do I Know I Have It?

“Imposter Syndrome” was introduced in 1978 by psychotherapists Pauline Clance 
and Suzanne Imes [4]. They found women with notable achievements struggled 
with self-doubt:

Despite outstanding academic and professional accomplishments, women who experience 
the imposter phenomenon persists in believing that they are really not bright and have 
fooled anyone who thinks otherwise.

In her book, The Secret Thoughts of Successful Women: Why Capable People Suffer 
from the Impostor Syndrome and How to Thrive in Spite of It [5], Dr. Valerie Young 
shares six self-assessment questions to determine if you have imposter syndrome:

Do you chalk your success up to luck, timing, or computer error?
Do you believe “If I can do it, anybody can?”
Do you agonize over minor flaws in your work?
Are you crushed by constructive criticism taking it as evidence of your ineptness?
When you succeed, do you secretly know you fooled them again?
Do you worry that it’s only a matter of time before you are found out?

Clance and Imes noted that environment, combined with a strong motivation to 
achieve, contributed to an individual’s experience of imposter syndrome.

Imposter syndrome is incorrectly viewed as a “fix the woman” problem instead 
of a “fix the culture” problem. Individuals view high levels of self-doubt as a self-
esteem issue. Managers see a lack of confidence as an inherent trait instead of a trait 
the work environment is causing. Each woman must figure out how to help herself.

This chapter uses a question-and-answer format with practical advice and exer-
cises you can apply immediately. The questions speak to women engineers at all 
career levels. We offer a roadmap for anyone who wants to support others in their 
career success journey, framed in the authors’ first-hand experiences.

�Question 1: At What Times in Your Career Have 
You Experienced Imposter Syndrome and How Did 
You Overcome It?

�Stephanie

I felt imposter syndrome for the first time during an internship interview in college. 
I sat in the lobby, waiting to be called into the conference room, fidgeting with the 
hem of my new tan suit I had bought for the occasion. When I heard my name, as I 
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stood my heel caught on the chair leg. I nearly did a faceplant on the floor. Taking a 
deep breath, I walked into the conference room, attempting to regain my compo-
sure. I sat, silently berating myself for my clumsiness, until the interviewer inter-
rupted my self-flagellation with his first question.

Since then, imposter syndrome consistently flares when I’m in new situations or 
stretching beyond my comfort zone. That is especially true when I am the only 
woman in the room or feel I have to put on a “tough woman” facade to be respected.

Examples of ways this has shown up for me:

•	 Looking at my resume as if it were someone else’s → “I can’t believe I’ve done 
all these things. I’m not this accomplished; it must have been luck.”

•	 Walking out on the site/plant floor → “I don't have enough expertise to 
belong here.”

•	 Before giving a public presentation → “Who am I to be speaking? There are 
people out there who have more expertise.”

•	 Before a networking event → “I don’t belong here, I’m an introvert.”
•	 Before an interview → “Am I qualified for this position?”
•	 Before a meeting → “I’ll only speak up if directly asked. No one cares what I 

have to say.”

�Toni

“This is a tough place for a woman. I’ve been put down, pushed aside, knocked out. 
The truth is I have had to fight my whole life because of who I am, who I love, and 
where I started. But I didn’t let anything get in my way.” Sharice David spoke these 
words during her 2018 campaign for Congress. The words resonated with me imme-
diately. She told of her time in the political world, but she might also have been 
speaking of my time in corporate America [6]. Professional and technical women, 
particularly in men-dominated fields, don’t have a tranquil relationship with suc-
cess. My time working in corporate America exacerbated my imposter syndrome.

As an ambitious Black woman, I was triggered quite a bit. It did not matter how 
difficult the mission, nor how successful the completion—it came back to me. 
Anyone questioning the success of my work triggered anxiety. One time was when 
I was the engineering team leader, we were working on a nuclear energy update 
project. The project involved castings, which are complex metal pouring. From start 
to finish, a casting takes 30 weeks. My team reduced the time from 30 to 25 weeks.

The day the parts were due (but did not arrive), my boss stormed into my office. 
The pieces were delayed by 1 day. His face was red; he was breathing hard with his 
hands clenched into tight fists. I thought he might punch me. The man climbed on 
my desk. He kicked the phone off the desk, then my paper clips, then my calendar. 
While he was standing on my desk, I wondered if he knew I was a fraud.

I didn’t allow anyone to see my genuine emotions when experiencing imposter 
syndrome. What my boss saw was that I appeared calm; I had on my game face. He 
told me to get my “stuff” together and left my office. Even though my team saved 
the project with innovative techniques, I spent the next three hours agonizing over 
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my team’s performance. My boss had behaved brutally, but all that I could think of 
was that I was a fake.

It took a great deal of self-examination to realize nothing was wrong with me. 
Imposter syndrome had me on the ropes until I could gain control of my emotions.

�Exercise 1. The Game Face

Every woman needs a game face. Never let your peers or boss know you are expe-
riencing imposter syndrome. This is the face that I show when I am retreating behind 
a façade.

I went for “the interested and intelligent look.” Practice every morning. Your goal 
is to hide chaos or distress as they trigger you. It is not required to be interested and 
intelligent; you only need to look interested and competent.

Upon your imposter syndrome triggering,

	1.	 Immediately put your face into your game face.
	2.	 Look intelligent and interested.
	3.	 Take one deep breath, breathing from the abdomen.
	4.	 Invoke a sentence that captures your desired state. Do not speak it. Mine is four 

words. “I handle my business.”
	5.	 Control runaway emotions by grabbing them in your mind and putting them 

in a box.
	6.	 Casually look the provoker in the eye. Be cool.
	7.	 Handle your business.

Steps 1 through 7 should take 10 seconds. The Game Face is a game-changer.

�Question 2: What Role Does Confidence and Experience Play 
in Imposter Syndrome?

�Stephanie

Until women in technical roles are normalized, confidence and experience help but 
do not eliminate imposter syndrome, I experienced imposter syndrome at all levels 
of my engineering career.

Imposter syndrome has lessened with more experience. The strongest flare-ups 
occur in the following circumstances: (1) new situations, (2) situations where I am 
stretching myself/taking a career risk, (3) situations when I am afraid of being 
judged harshly, and (4) a defensive reaction has been triggered.

I was elected to a board-level position, and was one of only three women. At my 
first meeting, a new committee proposal focused on justice, equity, diversity, and 
inclusion (JEDI). I wrote several questions about the proposal as the presentation 
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proceeded. The presentation finished. The Chair of the Board asked if there were 
questions.

No one spoke. In those 10 seconds of silence (which felt like 10 min to me), I felt 
tightness begin in my chest and feelings of shame creep into my body. My inner 
dialogue filled with doubt: “No one else is speaking up. Who are you to ask ques-
tions, given it’s your first meeting?”

Recognizing the signs of an imposter syndrome trigger, I took a deep breath, 
asked myself, “How best can I serve this group at this moment?” and asked my 
questions. The result? A 10 min discussion about both the committee’s proposal and 
about advancing JEDI initiatives across the organization. It resulted in an email 
from the Board Chair afterward saying he appreciated my thoughtful questions.

In my experience and in coaching hundreds of women in engineering, I find new 
situations like the board trigger imposter syndrome. You get stuck in your head, 
ruminating over all the things you don’t know. You feel like everyone else knows 
more. Those doubts and ruminations translate into outward behaviors that make it 
appear that you aren’t leadership material.

This shows up in so many ways: Projects just don’t go as well for you and you 
don’t know why. You hesitate to volunteer for an exciting new project, so someone 
else gets it. You avoid active networking and challenging conversations. You say 
“yes” to everything instead of the things that matter.

Combined, this creates a self-perpetuating loop of more doubts, more rumina-
tion, and more imposter syndrome. It makes you feel terrible, and who wants to stay 
in a career that makes you doubt everything about your capabilities? Based on the 
women I have talked to who have exited engineering entirely, low confidence and 
high imposter syndrome levels are leading indicators she will leave her profession. 
My anecdotal discussions are not isolated. According to an NSF report, “Stemming 
the Tide: Why Women Leave Engineering,” “feeling a lack of confidence in their 
ability” is one of three primary predictors that a woman will leave engineering (the 
other two: excessive work responsibilities and lack of role clarity) [7].

Confidence is a muscle we can build. Psychologists have studied what it takes to 
build confidence and have boiled it down to three things: competence, compassion 
(with self-compassion being primary), and courage (Fig. 1).

Experience is only one part of “competence.” We understand what success is 
when you tie your shoes. (Your shoes are tied.) Do you similarly know at work 
when you are successful on a project, on a weekly and daily basis? You need feed-
back to tell you how you are doing, often the missing link between getting experi-
ence and feeling confident about that experience.

When expectations are unclear, or there is no (or unfavorable) feedback, you are 
left to “guess” how you are doing. This leads to doubts, rumination, getting stuck in 
your head, and imposter syndrome. The solution: Proactively get more feedback. 
Ask your manager what project success looks like and how it will be measured. 
Drill those measurements down into your day-to-day work so you know EXACTLY 
what metrics define your success.

Here’s an example of what one woman I mentor said after having that conversa-
tion with her manager:
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Having this conversation illuminated so many things and made me more confident. My 
manager and I are now on the same page, I know what's expected, and I know where 
I'm headed.

The second component of confidence is compassion, specifically self-compassion. 
Imposter syndrome and perfectionist tendencies go hand in hand. When you beat 
yourself up about mistakes (or you are working with someone who is hypercritical 
and you internalize that criticism), lack of self-compassion causes low confidence.

Self-compassion is a struggle for myself and every high achiever I know. Short 
bursts of mindfulness practices built into your day are the best tool to address it. 
Specifically, 10 min per day of meditation, 10 min of journaling, and a 10 min grati-
tude practice. I do this right before starting my work, and I “beat myself up” much 
less since I started this practice.

The last component of confidence is courage. Practically, courage means you 
default to action. Stop thinking (or planning or researching, as I tend to do!) and 
MOVE your project forward. Two questions I use that immediately spur me into 
action when confronted with the feelings associated with imposter syndrome:

•	 “How do I want to show up in this situation?”
•	 “How can I best serve the group/project/greater good at this moment?”

Fig. 1  Components of professional role confidence
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Understanding the “why” which triggers your action is essential. Many women—
as I do—have more courage when supporting and advocating for others than our-
selves. That’s why the second question above works so well in tapping my inner 
courage.

�Toni

Daniel Goldman, an internationally known psychologist and author of New York 
Times bestseller Emotional Intelligence [8], has identified a group of competencies 
predicting when a leader will be an outstanding performer. The five competencies 
are self-awareness, self-regulation, motivation, empathy, and social skill [9]. When 
these distinguishing traits of leadership are combined, they are called Emotional 
Quotient (EQ) or Emotional Intelligence (Fig. 2).

Women engineers in technical situations often have not developed the level of 
EQ (Emotional Intelligence) to protect themselves from the imposter syndrome 
effects.

Fig. 2  The five components of emotional intelligence at work
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A study by the Goleman Company reviewed Star Performers in Fortune 500 
companies. They examined the competencies of Emotional Intelligence.

The study found that a star performer’s IQ was not as crucial as they promoted a 
person through the Leadership Chain. EQ was the leading predictor of their success 
in becoming a superior performer in meeting objectives.

Unlike IQ, we can teach EQ. There are several training programs where a partici-
pant can gain the required knowledge. While increasing your emotional intelligence 
(EQ) command will not guarantee that they will promote you, the training will 
facilitate a deeper understanding of what it takes to succeed as a high potential leader.

�Question 3: Why Do You Think Imposter Syndrome Is 
Particularly Acute When Transitioning from Technical 
to Management Roles? What Can You Do to Combat This?

�Toni

The reward for great technical work is promotion into a position where you under-
stand nothing. As a Design Engineer, I did an outstanding job. Because I was excel-
lent at designing, they gave me a small team to manage. Since I had not managed 
before, I was lost. Sink or swim was not unusual treatment, yet men did not seem to 
have the same doubts about being a new leader.

I headed to my boss’s office to tell him I no longer wanted the promotion. He had 
me wait a moment while another supervisor stopped by and said, “I’ll be waiting in 
the lab with my group for you to help me with the overtime announcement.” The 
boss said, “No, I’m not coming. Just do it as I showed you.”

It had not occurred to me to ask my manager for help. I asked the boss if he could 
show me how to manage timecards. My imposter syndrome calmed down. Asking 
for help was not a weakness, but a normal part of learning (Fig. 3).

Fig. 3  The ingredients of star performances: distinguishing competencies
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Star players use their IQ 33% and their EQ 66%. However, once those players 
took leadership positions, the balance changed. IQ was no longer a significant factor 
in their success; it was needed only 15% of the time. Instead, EQ was an essential 
factor 85% [10].

Self-regulation is the ability to control, manage, or disrupt impulses or moods. It 
encompasses the power to suspend judgment—to think before acting. Self-
questioning causes hesitation and procrastination. The knowledge that imposter 
syndrome is at work will drive behavior change.

An exercise that identifies self-awareness issues is writing the thoughts in your 
head around an action down. Pay attention to the voices in your head: Capture them 
on paper. Are they mostly negative?

Take action with these three steps:

	1.	 Forgive yourself: Everyone experiences indecision.
	2.	 Reexamine goals: Have you set up unattainable actions?
	3.	 Find someone to share your fears and hopes.

�Stephanie

Toni’s story of the transition from technical to management is very similar to my 
own. I was promoted to a position with a management title, but no defined change 
in responsibilities or additional training. This was the norm at the firm where I was 
working, and it took several years for me to become comfortable in that role.

Looking back, I wish I had purposefully sought mentors, as well as proactively 
asked for training. For me, this transition created a perfect storm for imposter syn-
drome. I didn't have the self-awareness or EQ at the time to recognize the problem, 
and I considered leaving the field entirely.

It turns out more than half of women who are promoted or transitioning to new 
roles experience imposter syndrome during that transition [11]. Fear of failure, 
commonly triggered during those transitions, is correlated with increased inci-
dences of imposter syndrome [12]. To this day, new situations and situations where 
I am the only woman consistently trigger imposter syndrome, irrelevant to my level 
of experience on paper.

In addition to practicing self-awareness, you can reduce incidences of imposter 
syndrome during role transitions by:

•	 Seeking mentors inside and outside of your company and get extra support 
at home.

•	 Asking for clearly defined expectations and success metrics.
•	 Collecting (measurable) feedback on successes and areas for growth.

In future role transitions, I learned to purposely seek people who had been in 
those roles before and ask their advice about common mistakes new people made in 
that role and what the best people in that role did. I also learned to proactively seek 
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mentors and a better support network outside my company to understand my own 
experiences better.

�Question 4: What Are Signs That Imposter Syndrome Is 
Sabotaging You at Work?

�Toni

There are four warning signs that imposter syndrome is sabotaging your career:

	1.	 Worry about meeting the expectations of others.
	2.	 Apprehension that people will find out you are not all that they make you out to 

be. You fear that “everyone” will find out you are not as good as they thought.
	3.	 Attributing your success to “luck.” The careful preparation for meetings and 

research, the diligent checking and rechecking of your work, and your team’s 
work are dismissed. The meticulous preparation means nothing: it is merely 
“good fortune.”

	4.	 Others take credit for your work, including the people that work for you. They 
don’t worry that you will ever claim the credit for what you have accomplished. 
They offer your ideas as theirs.

If even one of these situations is part of your work experience, then imposter syn-
drome is holding you back.

I was the Director of an Aerospace company. Five manufacturing plants were 
under my team. The CEO invited me to a corporate meeting to discuss closing one 
of my plants. The month before, I presented a plan to my boss to merge the five 
plants into four. Employees would transfer, but I would sell the building and land, 
providing a bump to our profit.

Being a paranoid engineer, I went to the meeting room the day before to check 
the setup. To my horror, I found another member of the team was presenting my 
charts. I sat there for quite a while, thinking about how unworthy I must be if my 
boss had given my presentation to someone else. Every reason that I could think of 
why I didn’t belong overcame me. Then, I took a few deep breaths and went 
home early.

That night, I prepared a set of custom emotional responses for myself. I worked 
hard to ensure that I was ready to deal with whatever happened at the meeting. I 
would be tough to ignore as the only woman and the only minority in the room.

When it was time for my information to be presented, I acted. After my peer 
stopped talking, I added additional facts and figures regarding the data not on the 
prepared charts. After all, I did the research, so I knew the backstory, equipment, 
and products.

When my peer challenged me, no amount of poking or prodding would get me to 
blow my stack. Eventually, it was apparent that it was my presentation. If I had 
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allowed my imposter syndrome to remain in charge, that meeting would not have 
led to my next promotion.

�Stephanie

Signs that imposter syndrome is sabotaging your career include a general lack of 
confidence. This can manifest at work as follows:

•	 Challenges in speaking up.
•	 Not going for a promotion or stretch project because you don’t feel 100% 

qualified.
•	 Walking into a meeting and immediately looking for a seat far away from the 

“important people.”
•	 Brushing off complements.
•	 Perfectionism: Nothing is ever “good enough.”
•	 You must have all the answers to be competent in your role.
•	 You hate asking for help and instead spend hours researching (also known as 

wasting time when asking someone was much faster!).
•	 Trouble delegating or micromanaging.
•	 Overwork and exhaustion.
•	 Saying yes to everything/not setting boundaries.

The most common of these are the last three. I see overwork and struggling to set 
boundaries at all experience levels, which results in trouble delegating and signifi-
cantly contributes to keeping women stalled in middle management instead of 
advancing to executive levels.

Signs that imposter syndrome is sabotaging you show up daily when simple 
tasks that aren’t important in the big picture—like writing an email—take much 
longer than they should. For example, I wrote an email to my boss for help prioritiz-
ing my heavy workload. That email should have taken 15 minutes, or better yet a 
5-minute conversation. Instead, it took over 2 hours to write. In retrospect, the real 
reason it took so long was that I was afraid of looking inept. It was a classic case of 
imposter syndrome.

�Question 5: What Steps Can You Take to Prevent Imposter 
Syndrome or Stop It When It Occurs?

�Stephanie

Long-term fixes and in-the-moment fixes can minimize imposter syndrome—in the 
long term, understanding your purpose at work (i.e., why does your work matter to 
YOU). Getting comfortable routinely being out of your comfort zone will reduce 
your incidences of imposter syndrome.

How to Stop Imposter Syndrome from Sabotaging Your Career



102

We must work on each of the three components of confidence: competence, com-
passion, and courage, and understand that this will not happen “naturally”—at least 
until women in leadership in technical roles are normalized—without practiced 
attention to it.

In the practical sense, starting can be as simple as asking yourself daily:

•	 “What did I fail at today?”
•	 “What did I do well today?”

I ask my three daughters these questions after school and I journal on them daily. 
Struggling to answer them is a sure sign we’re stuck in our comfort zones AND 
fueling the self-doubts inherent in our society around what it means to be a girl 
or woman.

Consistent practice getting out of your comfort zone means that when you do 
stretch yourself, imposter syndrome is less likely to strike and hurt your career 
opportunities.

�Exercise 2. Take Immediate Steps to Overcome 
Imposter Syndrome

Steps to overcome imposter syndrome in the moment:

	1.	 Make a list of your imposter syndrome triggers.
	2.	 Prepare (a reasonable amount) for new situations. Training and role-playing help 

substantially. Example: Practice asking for feedback.
	3.	 Increase your energy level immediately before a potentially imposter-triggering 

situation:

•	 Take a 5-minute break to listen to upbeat songs, take a quick walk, or meditate.
•	 Write your intention before going into one of these situations: How do you 

want to show up? What outcome do you want from this interaction?
•	 Try power poses (Google them).
•	 Start a brag file of “attagirl”-type messages. Look at that file right before a 

potentially triggering event.

	4.	 Plan what you will do when imposter syndrome is triggered. Practice taking a 
deep breath, telling yourself, “That’s my imposter talking,” and then asking: 
“How can I best serve or show up in this situation? What is the outcome I want?” 
That kicks your brain out of rumination mode (where imposter syndrome thrives) 
and into a problem-solving mode (where your inner boss lives).

�Toni

Take three measures to prevent or stop imposter syndrome when it occurs. I’ve 
listed them in order of relative importance.
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	1.	 Stop it. Instead, replace negativity with positive, self-affirming talk. Each time a 
negative thought seeps into your mind, replace it with an affirmation. The affir-
mations must be something that means much to you. You must find the affirma-
tions that lift your spirits and place you in a better frame of mine.

	2.	 Control your words. “Words are powerful—they bring up images of success or 
failure and significantly affect how we approach tasks and overcome obstacles 
and challenges [13].” I can tell you precisely what happened at every misstep I 
made in my career, detail by painful detail. I cannot describe the many more suc-
cesses that I had during my career. The hits’ give me a fading sense of pride, but 
the misses still cause me pain. Analyze your successes and failures. When I 
started tracking my accomplishments, I found out something I had not recog-
nized: My success was breeding success in others. I also found that, after 10 
years, other than money, I had not fully defined what success meant to me.

	3.	 Allowing others to trigger your emotions at work is a losing proposition. I 
invested too much in conflict management with my peers or bosses while I was 
in the throes of imposter syndrome. There is no success for anyone under those 
circumstances. When triggered, imposter syndrome is a terrible teammate.

Imposter syndrome works when one person is questioning themselves. To limit 
that questioning, individuals must know what success looks like for them. Once 
they define their success, they must visualize and hold success in their minds 
and hearts.

One of the consistent thoughts that imposter syndrome sufferers have is that 
everyone cannot be successful. No one needs to fail. Success is not a pie. There is 
no limit to the amount of success existing in this world. My success does not dimin-
ish your accomplishments. Your success does not diminish mine.

�Exercise 3. Define Your Definition of Success

	(A)	 Write what you believe your success looks like for your mind, body, and spirit.
	(B)	 Examine these musings for perfectionist tendencies, then stop.
	(C)	 Eliminate the unreasonableness and rewrite with reality in mind.

Now, close your eyes and visualize yourself as your definition of success.
When I performed this technique on myself, I acknowledged that something was 

missing. I was an up-and-coming executive, making six figures, traveling the world. 
But when I visualized my life, I saw myself with more personal time. There were 
interactions in my vision that I was not having with people I loved.

I lived an outdated version of success I had set years ago. This realization caused 
a profound change in my direction as a high-performing executive. I got out of the 
fast-track travel position and settled down in a less exciting homebound office posi-
tion. I became more successful, though it looked like I had stepped off the fast track 
to outsiders.
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I decided what success meant to me and stopped chasing other’s versions of 
achievement. I encourage technical women, in particular, to make a decision early 
in their careers of what success means to them. Knowing your definition of success 
is a major quieting factor to the imposter syndrome voice in your head.

Creating a custom emotional guideline is an excellent way to deal with the 
changing values of success.

�Exercise 4. Create Custom Emotional Guidelines

When you expect an interaction with a person, process, or team that triggers your 
imposter syndrome, perform the following exercise as close to the exchange as pos-
sible. This exercise takes 90 minutes—your definition of success matters in this 
exercise.

You’ll need a timer, a pencil and paper (or a computer), and a mirror.

	 1.	 Set the timer for 5 minutes.
	 2.	 Write every interaction, verbal or nonverbal, that could trigger your emotions.
	 3.	 Allow your negative thoughts to run wild during the exercise. Write/type as fast 

as you can. Do not correct errors.
	 4.	 Stop when the timer rings.
	 5.	 Reset the timer for 10 min.
	 6.	 Define a reaction to every interaction you identified. Apply no censure.
	 7.	 Stop when the timer rings.
	 8.	 Take a 15-minute break. Do not skip the break!
	 9.	 Set the timer to 10 min.
	10.	 Control your emotions.
	11.	 Examine and prioritize the emotional triggers identified based on their overall 

effect on your work. Apply your definition of success. Repeat steps 11–14 until 
the actions match your desires.

	12.	 Edit your answers into professional interactions.
	13.	 Stop when the timer rings.
	14.	 Set the timer for 30 minutes.
	15.	 Stand in the mirror. Practice your interactions until you are confident you will 

regulate your responses.

�Conclusion

The environmental factors that trigger imposter syndrome are not your fault. 
However, there are real consequences to your ability to succeed if you cannot over-
come imposter syndrome. Missed growth opportunities, lower pay, lower career 
satisfaction, and a lower likelihood of staying in your industry are just a few.
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Imposter syndrome does not need to restrict your success if you have the self-
awareness to see it for what it is: A by-product of a work culture that tells you in 
subtle and not-so-subtle ways that you don’t quite fit. Toni and Stephanie have 
shared their stories and a set of guidelines for identifying and addressing imposter 
syndrome. Repeat these exercises as needed when you call into question your 
competence.

Successful women still have doubts, but they must deal with imposter syndrome. 
The thing that sets them apart: They take action, anyway. You can choose to make 
healthy and empowering decisions to move forward, knowing that you are paving 
the way not just for yourself but for future generations of technical women.

We’ve given you the tools to be your ninja, ready to address imposter syndrome 
no matter the provocation—the next step: to be recognized as a leader at the top of 
your field. Now, get it done.
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When planning and designing a fluid dynamics experiment, we usually try to find 
the most efficient way to reproduce a process or to operate a machine. The less 
energy you use to achieve an end goal, the more efficient you are. This concept can 
also be applied to our everyday lives. But a lot of times in life, unlike in fluid dynam-
ics experiments, the most straightforward and efficient path may not be the way to go.

Looking back at my journey and where life has taken me—see Fig. 1—since I 
first heard about this profession called “Engineering” in high school, it may seem 
that I did not take the most efficient way to get to my career goals. And that is abso-
lutely correct. Just like in an experimental investigation in fluid dynamics, there 
were several moments in my life in which I faced questions, frustrations, failed 
hypotheses, and misleading conclusions, and I had to take a step back and reassess 
my strategies. In addition to that, I also faced some of the many challenges of being 
a woman in a male-dominated field such as engineering: sexism, imposter syn-
drome, and self-doubt.

In the next pages, I will talk about my journey as a woman and an immigrant in 
engineering all the way until preparing to start working as an Assistant Professor at 
Penn State University, and how each step of the way was influenced by the very few 
women I could look up to and the few men who were willing to offer me support. 
With this, I hope to be able to help future generations of female engineers and sci-
entists to not feel so alone, and understand that they can and should go after the 
career they want, because we should all be pursuing our dreams, and the path can be 
much easier and more enjoyable when we feel seen, heard, and represented.
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�From Journalism to Engineering

I was born in São Bernardo do Campo, a city in the metropolitan area of São Paulo 
known for being the heart of the automotive industry in Brazil. My grandfather 
worked for General Motors and Volkswagen before I was born. Both my parents 
worked long hours, so I was raised mostly by my grandmother, who would help me 
and my brother with our homework, even though she herself had only finished ele-
mentary school. She was also the cook, the manager of the household, my right-
hand (wo)man, and definitely the first example of a strong female leader that I had 
in my life.

When I was around 4 years old, she gave me a cheap little toy car that she bought 
at the farmers market. The 50-cent toy soon became my favorite, even though I had 
many dolls with which I did not even once play. My parents and teachers could have 
then noticed that I was more interested in “boy” toys, such as cars, puzzles, and 
Lego blocks, and that I had the potential to be an engineer, and then could have 
helped me find the easiest way to get there. But traditional gender roles were (and 
still are) really hard to overcome in Brazil. So for the longest time, I did not even 
think engineering was an option for a woman. I thought I wanted to be a journalist.

I have always been very communicative. I was that kid at restaurants who would 
run around striking up conversations with complete strangers. So, in elementary 
school whenever my teachers asked what I wanted to be when I grew up, “a journal-
ist” was my go-to answer. To that, my math teacher would always reply: “What a 
waste!” That reaction outraged me. I didn’t understand what that meant. It always 
sounded very offensive to me. What did it mean for it to be a waste? What was it that 
she saw in me that made it such a waste for me to choose a career in journalism?

In Brazil, everyone who wants to pursue a higher education degree must take an 
entrance exam which is offered only once a year. I picked a high school that would 
prepare me for that exam. In my first year, I had a Physics teacher who was 

Fig. 1  Places that have been part of my (very much not straightforward) journey
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phenomenal. His classes were fun, engaging, exciting, but right off the bat he made 
a clear statement that girls did not do well in his class, because “girls are not cut out 
for sciences”1. That statement bothered me so much that one day I raised my hand 
in class and told him I would ace his exam. He told me that if I did that, he would 
dress up as a woman for the next class. Well, I did ace his exam, and while wearing 
a white top and a pink skirt, he asked me what I wanted to be when I grew up. I 
defaulted to my usual answer: journalist. And he finally finished that statement for 
me: “What a waste, you should be an engineer!” That was the first time someone 
said that to me. But that didn’t go much further. What does an engineer do? Why 
should I be an engineer? What kind of engineer? How do I prepare for that?

I asked my mom for advice. She has a degree in electronics technology and was 
leading her own company as a newly divorced mother of two. She has always been 
the one woman among all the men, having dealt with sexism, being shut down and 
diminished by her coworkers and mentors her whole life, and knows how hard it can 
be to succeed as a woman in a technical field. She was not really supportive at first 
and asked me what happened to my passion for journalism – she even suggested a 
Law degree because I was so good at arguing with her all the time. We ended up 
finding a good compromise: I enrolled in a Technical Drawing class to see if I would 
be interested in (and if I could handle) something very technical that would be a 
necessary skill if I really wanted to be an engineer.

So there I was, at 16 years old, for the first time being one of the few women 
among all the men. The class was aimed at machine operators who worked for the 
automotive industry, so there were only three women – myself included – and over 
fifty guys in the class. The environment was so sexist and so uncomfortable that the 
(obviously male) teacher would only call the guys to the board to solve problems so 
that the women wouldn’t be on the spot and subject to harassment. I was learning so 
much and was so excited to show that I could do everything that they could do that 
I found it really upsetting to never be called to the board. I wondered if that would 
be my whole life as an engineer. Would I never be invited to be in the spotlight? 
Would there never be a chance for me to prove that I could be as good as them? 
However, regardless of the uninviting environment, that experience was the push I 
needed: I was going to be an engineer.

�A Woman Among the Men

The decision to study engineering turned out to be the easiest part of the process. 
With a lot of study hours —and the privilege to be able to focus on only studying for 
a whole year—I got into a public university that had just been founded near my 
hometown: Universidade Federal do ABC (UFABC). They offered an innovative 

1 This type of statement is now widely understood to be a stereotype threat that discourages female 
students from choosing STEM fields.

From Brazil to the World: The Journey of a Fluid Dynamics Experimentalist



112

approach for higher education in STEM in Brazil: Students would first get a 
Bachelor’s degree in Science and Technology, and then choose a specific STEM-
related major and get a second Bachelor’s degree.

UFABC was also the first university in Brazil in which all professors had a PhD 
[1], the main goal being to promote academic research. Since I was in the top 3% of 
the incoming students, I was offered a scholarship named Researching Since the 
First Day, which offered financial support for research activities. As Physics had 
been my favorite subject in high school, I started doing research with Professor 
Eduardo Gregores, who is an international reference in Particle Physics, having 
been one of the authors of the paper that describes the Higgs Boson at CERN in 
Switzerland [2]. Particle Physics isn’t exactly an easy subject, so I struggled for a 
year, and ended up giving up on that research once I failed a class directly related to 
my research topic for the first time in my life.

I had never gotten a bad grade before, let alone failed a class. On top of that, I 
was one of the few women in my classes and had to deal with professors who would 
make jokes during the lectures, or constantly ask us the tricky questions, putting us 
on the spot and hoping for us to answer incorrectly. A Heat Transfer professor once 
added a picture of a kitchen oven to a slide “so that the girls would see something 
they were familiar with.” I had a supervisor at my first internship in my junior year 
who would not invite me to any of the meetings with our international customers, 
even though I had taught English at a language school for 5 years, but would invite 
the male interns who could barely speak a full sentence in English. Those were 
some of the moments when I really considered giving up. What if my high school 
teacher and these professors were right and women were not cut out for sciences? 
What if my mom was right and I should have studied journalism? I decided to push 
harder and focus on my engineering classes, which I figured would give me more 
insight on whether I could be an engineer or not.

Energy Engineering was my chosen major after taking some introductory classes 
during my third year. The course offered an interesting mix of classes in the thermal 
and electrical sciences, so I built a solid foundational knowledge of Fluid Mechanics, 
Thermodynamics, and Heat Transfer, while also learning in depth about Electrical 
Circuits, Power Systems, and Sensors and Instrumentation. The most fascinating 
part of it for me was bringing all that knowledge together into the more interdisci-
plinary classes, which focused on Energy Efficiency, Management, and Planning. 
That was also when I got closer to the other women in my class, who are still today 
some of my best friends. At this point, there were three to five women in each class, 
and about twenty-five men. But it was only then that I realized something: The 
women were usually in the top 5% of the class.

That was mind blowing! Even though the sample size was pretty small, that was 
a pattern I had not noticed before. It showed me that women are not only cut out for 
sciences, but we can THRIVE. So I should stop questioning myself every time I 
struggled, after all, I would rarely see men questioning themselves. Struggling is 
normal and it is part of being an undergraduate student, and it was ok for me to not 
do so well in an exam or in a project, but yes, I could still be an engineer. My best 
friends from that time at UFABC now all have remarkable careers: Maria Brasil 
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works at an international bank in São Paulo; Juliana Pin is getting her PhD in 
Operations Research at North Carolina State University; and Dr. Laura Novoa got 
her PhD in Mechanical Engineering at University of California Irvine in 2019 and 
has since been working as an engineer at Tesla.

Near the end of my undergraduate studies, the Brazilian government – led at the 
time by the country’s first female President, Dilma Rousseff – launched a study 
abroad program called Science Without Borders. They had the bold goal to send 
thousands of Brazilian students abroad to improve their language skills, experience 
different cultures, and promote international academic exchange with other coun-
tries. I had always wanted to study abroad, so I applied for that scholarship and 
ended up as an exchange student in Engineering at University of California Davis, 
which completely changed my life.

�What Is an Experimental Research Lab?

Studying abroad is an experience like no other: Being away from friends and family 
and taking classes in a language that is not your own is not easy, no matter how 
comfortable you are with the language. With many other Brazilian students in the 
same program, a support community was quickly built, which helped us navigate 
the challenges. The percentage of women in the engineering classes was not much 
higher than in Brazil, but it felt to me that being a woman in engineering in the US 
was normal and not a joke-worthy matter, which fostered a more inclusive and less 
hostile environment than what I had experienced before.

The Science without Borders program offered a scholarship for students to take 
classes during the academic year and also encouraged them to find a summer intern-
ship. Since I was close to finishing my degree in Brazil, I was able to take graduate-
level classes, which I picked because they were taught by professors who ran 
energy-focused centers on campus. I wanted to have the chance to learn from pro-
fessors who were references in their research fields, but also to get to know them 
during office hours and potentially find an internship. The Director of the Western 
Cooling Efficiency Center at UC Davis (WCEC), Professor Mark Modera, taught a 
class called Building Energy Performance offered by the Department of Civil 
Engineering. His lab had just moved to a new building and they were looking for 
students to help them with setting up and building new experimental rigs, so I 
reached out to him and got my internship for the summer.

My time at the WCEC completely redefined the meaning of academic research 
to me, especially experimental research. Since the campus of my home university 
was not completely built (which is way too common for government construction in 
Brazil), I had very few opportunities for hands-on engineering experience. Being at 
UC Davis and working at an on-campus research lab was the complete opposite. I 
was assigned to build an experimental rig that would simulate a hot room being 
cooled by an HVAC unit equipped with sensors that controlled and monitored the 
temperature inside the chamber and in the air conditioning lines. This experiment 
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was aimed at assessing the quality of measurements taken by HVAC technicians in 
the field by having them come to the lab and use their equipment to measure the 
parameters in our rig, which then would be compared to the built-in sensors. With 
this, we could quantify how the efficiency in those home systems would be affected 
by inaccurate or biased measurements. I worked with three female engineers at the 
WCEC: Theresa Pistochini and Dr. Kristin Heinemeier, who were my direct super-
visors; and Mayra Garcia, a Master’s student whose family had immigrated to the 
US from Mexico, as have many others in California.

Mayra had a similar background to mine. She also came from a different culture 
and was used to speaking a different language back home. Seeing her working on 
the next steps after becoming an engineer meant I could do that as well. I could get 
a graduate degree after finishing my Bachelor’s, and I could do experimental 
research, which could be relevant to the world. Unlike in Brazil, where most research 
funding comes from a few governmental agencies, the WCEC had funding both 
from the US government and from industry partners, who had more application-
oriented goals. So there was an obvious next step for me after my year abroad at UC 
Davis: Getting a PhD in the US.

I started looking into graduate programs all over the US when I returned to 
Brazil. My boyfriend at the time (now my husband) also wanted to get a PhD, so we 
narrowed it down to a couple of universities that offered programs in both our fields. 
We received offers of admission to Virginia Tech (VT), Mechanical Engineering for 
me and Biological Systems Engineering for him. I also received a Teaching 
Assistantship (TA) for the first year, so I did not have to worry about finding a 
research group and an advisor right away. Once again, I had to leave the comfort of 
my family, my friends, and my country to pursue my dream. In August 2014, I 
packed one suitcase and moved to Blacksburg, Virginia, to start my PhD studies. I 
was one of the five women in a group of twenty-six TAs for a senior lab class in 
Mechanical Engineering. I was the only first-year international graduate student. 
Once again, I felt alone and like I did not belong. So questions started popping back 
in my mind: How could I balance classes with being a TA and doing research? Did 
they really offer admission to the right Tamara Guimarães? I really felt like I was 
going to fail and be kicked out of the program. And I might have, if it hadn’t been 
for the support of the two female professors who led that class and the professor 
who was teaching my Fluid Dynamics class, Dr. Francine Battaglia. (See “Educating 
the Next Generation of Mechanical Engineers in Fluid-Thermal Sciences” in this 
volume, by Francine Battaglia, Lu Chen, Mirka Deza, & Bahareh Estejab, to learn 
more about Dr. Battaglia and her mentees’ approaches to engineering education and 
mentorship.) They assured me that what I was feeling was normal and that I should 
not be so hard on myself, something I still struggle with constantly, which is an 
example of imposter syndrome, widely recognized to be a common issue for under-
represented students during graduate studies.2 An hour of conversation and just 
showing that they were there whenever I needed made all the difference to me.

2 If you are struggling with imposter syndrome during a graduate program, considering seeking 
campus resources for help.
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A month or so after starting at Virginia Tech, I had my first meeting with Professor 
Todd Lowe, who was looking for a PhD student for his group to work with experi-
mental fluid dynamics. Todd was, and still is, one of my greatest cheerleaders. Both 
he and Dr. Walter O’Brien, my unofficial co-advisor, have led established research 
groups and centers at VT with funding from government agencies and from the 
industry. My PhD research was funded by NASA Langley and NASA Glenn and 
focused on experimental fluid dynamics using laser-based diagnostics, mainly par-
ticle image velocimetry (PIV).

My research was part of the NASA Environmentally Responsible Aviation 
(ERA) Project, a 6-year program created by NASA in 2009 to explore ways in 
which aviation could reduce its impact on the environment through the development 
of more efficient aircraft designs, reducing fuel consumption, noise levels, and 
nitric oxide (NOX) emissions [3]. There is extensive research in the aviation and 
turbomachinery community on how to improve the efficiency of gas turbines (both 
for flight and for ground applications, such as power generation), and even very 
small percentages of efficiency improvement mean millions of gallons of fuel and 
millions of dollars saved every year [4]. To meet the very bold goals of the project, 
NASA developed a novel aircraft concept named Hybrid Wing Body, which, unlike 
traditional aircraft configurations that consist of a tube-shaped body and wings, has 
a different design (see Fig. 2). There are numerous steps in the research and devel-
opment of a new aircraft, involving hundreds or even thousands of people in differ-
ent research groups around the world. The Turbomachinery and Propulsion 
Laboratory at Virginia Tech (TurboLab) was tasked with developing a 3D-printed 
device called StreamVaneTM that would assist in the ground testing phase of assess-
ing the impacts that such a novel aircraft concept would have in engine perfor-
mance. The device can be seen in Fig. 3 installed in a research engine inlet.

My work focused on analyzing in depth how distortions to the airflow caused by 
that aircraft design would behave in the inlet of the engines. I performed experi-
ments in different wind tunnels and at the full-scale engine test rig at the TurboLab 
using a laser-based diagnostics technique to measure the flow called particle image 
velocimetry (PIV), in which micron-sized particles are added to the airflow and a 

Fig. 2  Hybrid Wing Body aircraft concept. Credit: NASA
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laser sheet is used to illuminate those particles (see Fig.  3). Using two cameras 
placed at an angle from the laser sheet, two consecutive pictures are taken with a 
predetermined time delay. By knowing that time delay and using a post-processing 
software to track the displacement of the particles between the frames, it is possible 
to calculate the three-component velocity vector field in the flow, describing the 
flow behavior. The main impacts of my research were applying this measurement 
technique to a full-scale engine experiment, which had not been done before, and 
describing the similarity in the flow distortion across the different scales of the 
experiments, showing that the StreamVane is a powerful tool that can be used for 
reducing costs during the development of novel aircraft concepts [5, 6].

�The PhD in Engineering Experience Beyond the Lab

Getting a PhD in engineering is as much about technical developments and advance-
ments in science as it is about the personal aspects of the academic and research 
world. Being in the turbomachinery field as a woman and a non-US citizen can be 
as frustrating as it is exciting. A lot of the funding for this line of research comes 
from federal agencies, so international students usually cannot work on these proj-
ects. As mentioned before, I was extremely lucky to have PhD mentors who kept 
that in mind and went above and beyond to ensure they were fair to all their stu-
dents. We had weekly meetings to discuss my progress in the program, and they 
always asked me how I was feeling and made it very clear that there should be noth-
ing making me uncomfortable. Both my advisors have daughters, which I know has 
helped them tackle diversity issues with different eyes. Still, I was one of the two 
women in my lab at the time and the only international student, and I did feel like 
some of the other students questioned my background and whether I was qualified 

Fig. 3  Laser sheet during 
PIV experiment in the inlet 
of a full-scale research 
engine at the Virginia Tech 
Turbomachinery and 
Propulsion Laboratory. 
Credit: personal archives
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to do the research. The support from my advisors and the way they believed in me—
even when I didn’t—helped me build confidence in my work and in the quality of 
my research, so I was able to stand up for myself or just ignore some of the com-
ments that could bother me.

Attending conferences is also a great chunk of PhD work. I was lucky to present 
my PhD work in many, both in the US and internationally, and to network and meet 
people who I could potentially work with in the future. Regardless of the size of the 
conference, women usually accounted for about 10% of the participants. Once dur-
ing a coffee break, an older man walked up to me and thanked me for bringing some 
color to the conference because I was wearing a pink skirt while everyone around 
me was wearing dark suits.3 I think he meant that as a compliment, though I can’t 
help but wonder whether he would have offered a similar compliment to a guy wear-
ing a pink suit…

The larger engineering conferences usually promote networking events for 
women, which are great for meeting people, learning about their stories and strug-
gles, or even just for feeling welcome in a room in which you do not stand out for 
being a woman. Getting to meet women who have established careers and entered 
STEM fields in a time in which it was even less common for women to pursue these 
careers is inspiring but can also get you really (really) angry about the struggles they 
had to go through. It is not uncommon to hear stories of women who dedicated an 
entire career to science and had their discoveries and results attributed to men in 
their groups or departments. Or, even in 2020, hearing from women working in the 
industry that their male colleagues with exactly the same job earn significantly more 
than them is not uncommon, even if the men do not have a PhD. One friend saw 
herself in that exact situation and decided to confront her bosses about it and stand 
up to what she believes is right, given she worked at a company that had been 
awarded for having strong female leadership. She was told that her male colleague 
had been a more aggressive negotiator and that she should not be so emotional when 
discussing topics such as her salary. Salary negotiations are one of the known causes 
of the wage gap between men and women, but there is research showing that even 
if that behavior is changing and women are getting better at asking for raises, men 
are more likely to actually get them [7].

�The Next Generation of Experimentalists

I spent the summer before the last year of my PhD doing research at the Institut für 
Strömungsmechanik und Aerodynamik at the Bundeswehr University in Munich, 
Germany. I met the head of the institute, Professor Dr. rer. nat. habil. Christian 
Kähler, at a conference the year before, and contacted him as I was looking for 

3 This type of comment is sadly common for many women in STEM fields. If you experience com-
ments like this it is okay to explain to a male colleague that comments about dress and appearance 
can make others uncomfortable.
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opportunities for summer research. I spent 2.5 months doing experimental research 
in Acoustofluidics, a field that studies the effects of acoustic waves on microfluidic 
devices.

What I first saw as an opportunity to learn about a different field of fluid mechan-
ics while living in Europe ended up leading me to another overseas move for a 
1-year postdoctoral position once I finished my PhD. Since the field was different 
from my PhD topic, the research was a lot more challenging. It felt like I was learn-
ing everything from scratch, and it took me months to finally start being productive, 
which is one of the scariest things for women in academia. The levels of frustration 
I faced during this time, while also struggling with the language and cultural differ-
ences made me decide to look for a job in industry at the end of that year.

I started working as a Business Development Manager at a startup that manufac-
tures instrumentation devices for aerodynamic measurements in May 2019. Working 
more closely with customers and visiting wind tunnels, experimental setups, and 
universities, it did not take me long to realize that I wanted to have a more direct 
impact on people’s lives while also working on research and development. 
Throughout my academic life and career, I have always tried to be a role model for 
the younger students I interacted with, especially if they were women or foreigners. 
But to increase the presence of women in STEM fields, it is also extremely impor-
tant that there are initiatives to recruit girls focused on elementary and middle 
school. I wanted to join a program in Munich that would allow me to work with girls 
to foster their interest in sciences. I couldn’t find one that I would fit in, mainly 
because of the language barrier, so I started my own program, targeted at a very 
specific group: children of Brazilian or Portuguese parents. I teamed up with the 
NGO Casa do Brasil, and our program named Science for Kids: Exploring a New 
World in Portuguese was created. Once a month, this program would bring together 
groups of ten to fifteen kids, and was always organized and led by a local Portuguese-
speaking scientist who worked directly with research or had research experience 
from a Master’s or PhD. This program did not only benefit the kids, but also the 
scientists, who often do not have the opportunity to interact with children and pres-
ent the contents of their research in a simple way, accessible for people outside the 
scientific community.

Getting back in touch with researchers in academia and being in this learning 
environment with the kids, I concluded that the next step in my career would be to 
go back to academia in the US. It wasn’t long until I learned from someone at a 
conference that the Mechanical Engineering Department at Penn State was hiring 
new faculty members. I was going to visit them the following month for my job, and 
I had the chance to also meet the Department Head, Dr. Karen Thole—who describes 
her own journey as a woman in Mechanical Engineering in the Research/Technical 
section of this volume, with the chapter: “From Watching Planes in the Sky to 
Making Turbines More Efficient.”

Until then, I hadn’t been able to find a Mechanical Engineering program that I 
could see myself in, as most seemed like the same old traditional white male–domi-
nated programs. It was different with Penn State. From my first meeting with Karen, 
I could see her commitment to diversity and how she had brought her vision to the 
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department. I met several assistant professors who had recently joined the depart-
ment, and about half of them were women. Just like at UC Davis when I first met a 
female engineer from an immigrant family working on her Master’s degree, I could 
see myself as part of this group of young faculty members. I felt so welcome and 
comfortable that I even asked about the maternity leave policies of the department 
during my job interview, which anyone will tell you is one of THE topics to avoid 
during an interview!

As an Assistant Professor at Penn State, I will be able to work closely with the 
next generations of engineers through teaching in the classroom, in my research 
group, and in programs aimed at school kids. My research will focus on sensors and 
instrumentation for gas turbines and other applications using additive manufactur-
ing. Collaboration between faculty members is highly encouraged at Penn State, so 
I will team up with professors from Mechanical Engineering as well as from other 
departments to develop research that will be highly focused on presenting solutions 
in measurement and control of aerodynamic and fluid dynamic parameters to 
improve the efficiency of processes and machines.

This is only the next chapter of my career at the moment, but looking back at how 
I got here and where I have been, there is so much I owe to the women who have been 
role models for me, from my grandma and my mom back when I was a kid (see us in 
Fig. 4) all the way to watching history being made by the first female vice president in 
the US, who is a black woman and daughter of immigrants. We as women still waste 
so much energy second-guessing ourselves and worrying we might not make the cut. 
Having someone to look up to and to talk to has made all the difference to me, even if 
it took me longer to get where I wanted. Seeing someone like me in a position of 
power or in a next career step made me believe that I too could be there one day. By 
sharing my story and showing that I, a Brazilian woman who did not know what an 
engineer was until entering high school, can not only be an engineer, but also teach 
and advise future engineers as a professor in the US. I hope to be someone that the 
future generations of girls and women in STEM can also look up to.

Fig. 4  My grandma, my 
mom, and 9-year-old me
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Remaining Curious: Rethinking 
Contributions and Opportunities 
as Mechanical Engineers

Kendra V. Sharp

A senior colleague recently described my career path as organic. I realized it’s a 
surprisingly accurate description. I wouldn’t say I’ve been tiptoeing through the 
daisies, but certainly the trajectory has included a sense of wandering, of non-
linearity. Deviating from the standard academic track or making choices that do not 
appear to lead toward success by traditional metrics can feel isolating and more than 
a little daunting.

This chapter is aimed at those who feel like they don’t fit the mold, women who 
are looking for nontraditional ways to contribute to advancing energy science and 
technology, combating climate change, or otherwise improving our environment. 
Indeed, many options exist for mechanical engineers to have a significant impact, 
whether in academia, industry, government, or other types of organizations. Through 
a series of lessons learned, I’ll share my unique perspectives on different types of 
opportunities to have impact and to make a contribution, particularly for PhD 
degree-holders.

After completing my PhD in 2001, I was a policy fellow in the US Senate. 
Immediately thereafter, I launched an academic career and progressed through the 
ranks from Assistant Professor to Associate Professor at Penn State University, and 
then from Associate Professor to Professor at my current institution, Oregon State 
University (OSU). After my promotion to Professor, I founded and directed a 
humanitarian engineering program before moving into two roles in central univer-
sity administration at OSU. In February 2021, I started a new position as Head of 
the Office of International Science and Engineering at the National Science 
Foundation (NSF), on loan from OSU.

The passions that have driven me throughout these various phases of my career 
are united by an ongoing curiosity about how to apply engineering knowledge in 
different work settings; a drive to be continuously challenged and always learning; 
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and the desire to have an impact on individuals, communities, institutions, and even 
national policy. I feel strongly about the importance of academic and government 
policymakers being well informed by science, technology, engineering, and math-
ematics (STEM) researchers and practitioners. A Congressional fellowship offered 
me the opportunity, fresh out of a PhD program, to learn about the policymaking 
process from a legislative viewpoint. Over time, my passions shifted as did my 
vision for the type of impact I could have. As a faculty member, my primary impacts 
were on students and my research community. As the founder of a humanitarian 
engineering program, my impacts expanded to include other faculty, a broader set 
of students, and both domestic and international partners and communities. As a 
university administrator with emphasis in global affairs and faculty affairs, my 
impacts evolved to encompass faculty across campus, and students and staff affected 
by our strategic priorities, policies, and processes for international and study abroad 
students. Now, at NSF, I’ve returned to a national-level position where I am engaged 
in developing strategies and mechanisms for international collaboration between 
the US and foreign funding agencies, and between US and foreign researchers.

My research contributions towards energy and the environment initially came 
from detailed laboratory experiments on multiphase flows in fuel cell diffusion 
media [1–7]. Over time, with a growing interest in engineering for global develop-
ment, my research contributions evolved to estimating the resource potential in 
small hydropower in northern Pakistan [8–12] and studying the use of a highly 
efficient biomass-driven device for water pasteurization in developing world set-
tings [13, 14]. But I have also made a number of broader, non-research contributions 
as a faculty member, including contributions to relevant policy dialogues, educa-
tional program design and development, and mentorship of students and faculty.

In my administrative roles, the form of my contributions continued to evolve. At 
OSU, instead of tracking droplet deformation, I found myself tracking risks to my 
institution and recommending to the University President that OSU join a global 
consortium of universities collaborating on providing research-based information to 
policymakers and the public on climate change. And at NSF, I’m tracking national-
level engagements with international partners and multilateral negotiations on 
research and innovation policies.

In this piece, I share five lessons learned by remaining curious and seeking out 
opportunities that are not always visible or recognized by women mechanical engi-
neering (ME) faculty as they move through their careers.

�Contributions Come in Many Forms; Don’t Discount 
the Broader, Non-Research Contributions

Below I describe four specific types of opportunities I’ve sought out to make 
broader, non-research contributions, ordered chronologically according to my own 
career progression. I’ve categorized these as follows: (a) opportunities in science 
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and technology policy, (b) opportunities as an academic faculty member, (b) oppor-
tunities for international collaborations and societal impact through engineering and 
global development, and (d) opportunities as a university administrator.

	(a)	 Science and technology (S&T) policy
In 2021, the need to link sound science to policy decisions has been brought 

into stark relief across all segments of the global population by COVID-19. But 
this is only one example. The need for sound science to underpin a myriad of 
policy decisions in the energy and environmental sector is also pressing. Serious 
consequences of climate change are evident globally. Eleven years ago, Dr. 
Bruce Alberts, former President of the US National Academy of Sciences, 
noted, “The question now facing the United States is not only how to effectively 
reinject the facts of climate science back into the core of this particular debate, 
but how to ensure that good science underlies all legislative decisions [15].” His 
statement rings as true now as it did then.

My own choice to pursue a policy fellowship was driven at the time simply 
by curiosity about the policymaking process and the factors influencing deci-
sions that, in turn, affect everything from people’s lives to the state of the planet.

For others curious about actively engaging in S&T policy, one of the best 
entry points for individuals with PhDs in STEM fields is the American 
Association for the Advancement of Science (AAAS) Science and Technology 
Policy Fellowships (STPF) [16]. The program is aimed at strengthening links 
between scientists/engineers and policymaking, by enabling scientists and engi-
neers to work directly with policymakers; policymakers benefit from the fel-
lows’ relevant expertise, analysis, and science communication skills. The STPF 
program currently places more than 250 fellows each year across the three 
branches of the US government.

AAAS STPF fellowship assignments are typically for 1 year. Fellows’ career 
stage ranges from recent PhD graduates through mid-career professionals, and 
even to senior professionals seeking out a unique career-capping opportunity.

While the AAAS STPF program offers an incredible opportunity for PhD-
level scientists and engineers to enter the policymaking arena, it is far from the 
only entry point. The National Academies offer other programs for PhD stu-
dents or recent graduates [17] or mid-career/senior academics [18]. The Twitter 
hashtag #scipol and the National Science Policy Network (NSPN) [19] are also 
good starting points for exploring options and learning about S&T policy. 
Table 1 highlights several S&T policy opportunities beyond the AAAS STPF.

Serving in a dedicated full-time position as a fellow is merely one way to 
make a S&T policy contribution. Many people contribute to S&T policy along-
side their work in academia, industry, or other settings by choosing to write 
about policy issues or otherwise engaging with networks or publications. As 
mechanical engineers, we often work in the policy realm, including in energy 
and the environment. I highly encourage engineers at all levels to consider the 
societal impacts of their work, and how they might engage to ensure our federal, 
state, and even local policymaking processes are based on sound science.
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	(b)	 Broader, non-research contributions by academic faculty
Academic faculty typically quantify their contributions through traditional 

metrics, such as number of journal publications, funded projects, invited talks, 
and graduate students advised. Hundred-page faculty dossiers contain bulleted 
list upon bulleted list, cataloging everything from the candidate’s journal arti-
cles and grants to service on committees.

Quantitative metrics are important and, to some extent, document research 
productivity and scholarly impact, but they do not necessarily fully capture con-
tributions. Many institutions allow candidates to tell their own story and high-
light their key contributions, research-based and otherwise. Letters of evaluation 
are also requested from external experts. While not ensured to be bias-free, 
external letters are a useful antidote to simple quantitative metrics because writ-
ers are often able to comment on the substance (not just the quantity) of the 
candidate’s contributions.

Academic faculty must meet expectations for promotion and tenure (P&T) 
to retain their academic positions. But quantitative output does not have to be at 
odds with other types of impact. Many faculty weave other types of impact into 
their publishable research (e.g., consideration of relevant equity issues). At 
some institutions, faculty may prioritize other types of impact entirely, such as 
commercialization and entrepreneurship, public scholarship, or curriculum 
innovation, if they are confident that their institution will support such choices 
during the P&T evaluation process.

Table 1  S&T policy opportunities beyond the AAAS STPF [17–22]

S&T policy opportunity Additional information and key components

National Academies Fellowships  
[17, 18]

Christine Mirzayan Fellowship
Jefferson Science Fellowship (foreign policy)

National Science Policy Network 
(NSPN) [19]

Annual symposium
Micro-grants for student chapters
Training via webinars, Science Diplomacy Exchange 
and Learning Program (SciDEAL), and science policy 
memo competition with the Journal of Science Policy 
& Governance

Journal of Science Policy & 
Governance [20]

Publishing platform
Resource for networking and finding training and 
events

Government Relations Committees for 
professional societies such as the 
American Society of Mechanical 
Engineers [21]

Policy paper development
Advocacy for priorities (currently including clean 
energy)
Briefings or events for Congressional members and 
staff
Expert testimony

State-level programs, such as California 
Council on Science and Technology 
[22]

State fellowship for PhD-level scientists and engineers 
in legislative or executive branch offices

Other opportunities University government relations offices, think tanks, 
etc.
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As a faculty member, my broader, non-research contributions included orga-
nizing and offering a 3-day workshop on hydropower for Pakistani students and 
faculty, and enabling students to do months-long fieldwork in East Africa on the 
use of highly-efficient cookstoves for water pasteurization. I am encouraged 
that so many others are also pushing beyond research contributions. Within the 
energy field, alone, at my current institution, one colleague utilizes computa-
tional design tools to improve modeling and optimize wave energy converters 
or sustainable product design. She brings this expertise into the classroom, and 
when combined with her theater background, is highly engaging in large lecture 
settings through her style and use of humor. Another colleague focuses on the 
design, implementation, and assessment of household energy technologies in 
developing communities. Since joining OSU in 2015, she has enabled 622 
student-days of research or coursework in developing countries, including 
through two offerings of the 10-day faculty-led field course in Guatemala that 
she designed.

Several of our senior mechanical engineering women faculty have made sig-
nificant broader, non-research contributions too. Specific to the energy field, 
one spent 6 years directing the Pacific Marine Energy Center, a US Department 
of Energy Funded Center, to facilitate understanding and development of 
marine renewable energies. Under her leadership, the center was awarded 
nearly $50 million in federal and matching funds to launch the first US full-
scale grid-connected site for wave energy.

	(c)	 Engineering for global development: partnerships, student mentoring, and cur-
riculum development

As my interests shifted from more fundamental to more applied research, 
chiefly because I wanted to see a closer link between my research and the ben-
efit to society, I became curious about the use of small-scale hydropower for 
rural electrification. In high Asia, particularly in Northern Pakistan, there is an 
intersection of abundant natural resources for small hydropower, limited access 
to the national grid, and low likelihood of near-term grid expansion. This inter-
est led to both research and broader, non-research contributions, as well as col-
laboration with several faculty in Pakistan. The research contribution was 
developing an approach for better estimation of hydropower potential for siting, 
investment, and improved design of micro-hydro systems in an area where 
access to various forms of data for sophisticated hydrological modeling is rela-
tively limited [8–12].

Our most significant broader, non-research contributions stemmed from our 
impact on students and faculty. Based on our early work on the topic and part-
nerships we’d developed, we participated in a US Agency for International 
Development Partner Center (PCASE-EN) led by Arizona State University, 
including partnerships with the National University of Science and Technology 
(NUST) in Islamabad and the University of Engineering and Technology–
Peshawar (UET-P). Over the course of 5 years, we hosted over 25 Pakistani 
graduate students as exchange visitors in our OSU mechanical engineering 
labs. Several have gone on to graduate programs in the US or UK as Fulbright 
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scholars or via other means, and we’ve enjoyed seeing their career trajectories, 
whether as continuing graduate students or energy professionals in Pakistan.

Our investment of effort toward PCASE-EN led to only modest research and 
publication output, due to the short-term nature of the exchange and highly 
variable background of our exchange visitors. However, we seized many other 
opportunities for impact. My colleagues and I engaged in iterative evaluation of 
our Pakistani partners’ new thermal energy engineering graduate degree pro-
gram curricula. During one of my visits, PCASE-EN hosted a number of indus-
try representatives and other Pakistani stakeholders to discuss the development 
of a hydropower curriculum, and organizing the 3-day hydropower workshop 
for students from NUST and UET-P was a highlight for me.

The draw to global development and curiosity about the use of engineering 
and engineering design to solve societal problems transformed my own career 
path, which evolved to include founding OSU’s humanitarian engineering pro-
gram and becoming involved with partners such as MIT’s D-Lab and their 
broader network. Since that time, my contributions at OSU have included lead-
ing the curriculum development for our humanitarian engineering minor, spon-
soring and mentoring a series of student capstone design project teams with 
international partners, and supporting novel interdisciplinary efforts at OSU 
like a dual major Master’s degree in mechanical engineering and applied 
anthropology.

Extensive design-related collaboration with international partners has been 
immensely satisfying, especially in seeing the impact on students who had new 
opportunities to participate in international field work or collaborate with inter-
national social entrepreneurs. Importantly, as we delved further into such part-
nerships, it became critical to look at not only what we were doing but how we 
were doing it. How equitable were the partnerships? Were the projects focused 
only on student experience, or did the partners also gain tangible benefits? 
Venturing yet further from typical mechanical engineering research, we 
explored these questions [23] with partners from the Community-Based Global 
Learning Collaborative [24] because of their previous involvement with Fair 
Trade Learning (FTL) [25] and the vision that greater knowledge of FTL con-
cepts would enhance global engineering education for sustainable development 
efforts writ large. Insights from our collaboration have proven very useful in 
thinking through how to approach and build partnerships with a much broader 
range of university and external partners, even now in my NSF position.

The administrative and organizational experience with the USAID 
PCASE-EN Partner Center, the humanitarian engineering program, and other 
international work served as an excellent foundation for my next transition to 
central university administration.

	(d)	 Central university administration
Between being energized by international work and curious about the pos-

sibility of serving in formal administrative roles, I jumped at the chance to serve 
as OSU’s Senior Advisor for Global Affairs. Taking on this role was distinctly 
rewarding, especially during the COVID-19 pandemic, a tumultuous period for 
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international students and activities. In this role, I had several opportunities to 
contribute in very different ways on energy and environmental issues. 
Developing strategic partnerships was one element of the new university-wide 
internationalization and global engagement strategy that we developed. During 
my relatively short tenure in the position, we laid the groundwork for efforts 
that leverage OSU’s expertise and reputation in climate science.

In one case, several well-respected and established faculty flagged an invita-
tion for us to join the International Universities Climate Alliance [26] as found-
ing member. This seems like a relatively easy ask, given OSU’s strong reputation 
in the areas of climate science, climate change, and resilience. But we had a 
myriad of other issues to consider. For example, what if the alliance takes advo-
cacy positions that run counter to other publicly stated positions? How much 
legal, reputational, and financial risk does signing-on actually entail? OSU’s 
Office of General Counsel meticulously reviewed documents to evaluate key 
risks to the institution. Prior to preparing any recommendation for the Provost 
and/or President, we had to show clear alignment of business purpose with 
institutional strategy, and demonstrate sufficient support from key academic 
faculty and administrative leaders. As an institution, we decided that we wanted 
to join this alliance, and our university President signed on. The next step will 
be to establish how OSU faculty will be engaged going forward, and how to 
both leverage and support this alliance. This effort did not yield research contri-
butions to energy and environment, but it is an excellent example of how being 
in an administrative position enables a dramatically different type of 
contribution.

For all of our international partnering efforts, one of the most interesting 
parts of my role was to negotiate on behalf of a large public research institution. 
The learning curve was very steep, especially regarding legal terminology and 
risks, but the staff in our Office of General Counsel have been patient and effec-
tive guides.

In 2020, I took on an additional partial administrative appointment as 
Associate Vice Provost for Faculty Development. I believe strongly in the 
importance of public scholarship, outreach, and engagement to our mission as 
a public land grant institution. Faculty research is all about the creation and 
application of new knowledge, and peer-reviewed publications establish rigor 
and credibility of research. However, as noted earlier in the S&T policy discus-
sion, research expertise is invaluable when applied to policy decisions and pub-
lic discourse. Curious about how to get started with public scholarship, I 
participated in a writing seminar offered by the OpEd Project [27], whose mis-
sion is to boost the number of underrepresented scholars emerging as thought 
leaders in the public sphere via authorship of op-eds and other avenues. With 
the emergence of COVID-19 in the US, I saw the dramatic and highly unsettling 
impact of rapidly escalating travel restrictions and changes in immigration pol-
icy on our international students. I subsequently worked with a mentor-editor 
through the OpEd Project to craft an opinion piece that was published in the 
Washington Post [28]!
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I thought that other faculty would be interested in learning more about how 
to engage in public scholarship. The OpEd Project partners with select organi-
zations to offer the cohort-based Public Voices Fellowship program for 6 to 12 
months. I pitched the fellowship to our senior university leadership and with 
their support, we offered the Public Voices Fellowship in Spring of 2021. 
Among the 24 fellows in our initial cohort, one cluster of expertise included 
climate change, climate impacts, and energy.

OSU’s cohort of fellows has since published pieces on a range of topics 
including the misrepresentation of science when scientists, journalists, and con-
servationists link butterflies to pollination of agricultural crops [29]; the impor-
tance of alleviating energy insecurity in the U.S. [30]; and the need for reform 
in faculty promotion and tenure systems to better support faculty in tackling the 
climate problem by encouraging rather than stymying outreach to the public 
and policymakers, and by encouraging high-risk research, innovation, and com-
mercialization of climate-friendly technologies [31].

I couldn’t be prouder of my colleagues’ contributions to public discourse.
Above, I’ve described four different types of opportunities that are accessible to 
many mechanical engineering faculty at different career stages. But opportunities 
are not limited to those I have described; remaining curious and open to the full 
spectrum of possibilities at every career stage is sure to yield many ways for women 
mechanical engineering faculty to boost broader, non-research contributions.

�Career Goals and Directions Don’t Have to Be Fixed

It’s all too easy to look at other women who appear to have clear and unwavering 
career goals and feel inadequate. They’re going after their dreams! They’ve always 
wanted to be a certain type of mechanical engineer, perhaps a combustion scientist, 
or renewable materials expert. They’re headed down a clear and seemingly preor-
dained career path.

Even before the Instagram age, what appears to be true on the surface may not 
really be true. But even if it were true that these other women had clear, unwavering 
goals, does that imply that everyone must have clear, unwavering goals to be “suc-
cessful”? Sure, eyes-on-the-prize is how athletes get to the Olympics, but allowing 
goals and direction to evolve rather opportunistically is an alternative approach for 
some people like myself.

Gilkey [32] suggests that our lives are a series of 3- to 5-year “projects” (or peri-
ods). Think about it for a minute. Can you break down your education, career, or 
even personal life so far into 3- to 5-year projects? Did your goals evolve over the 3 
to 5 years? This is a fun and insightful exercise!

In my own case, I had some underlying and approximate long-term goals (e.g., 
becoming a tenured engineering professor), but upon reflection, it’s easy to see how 
specific next steps and short-term goals very much evolved during shorter periods. 
In retrospect, it feels like connect-the-dots. It’s now easier to see how things fit 
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together, and how and why one experience led to the next. Even the disappointments 
and failures fit in, painful as it may be to revisit them. In some cases, it becomes 
clear that not getting a position I applied for led down a different path, one that was 
ultimately a better fit.

A related observation is that, during these 3- to 5-year periods, I do my best work 
when I focus squarely on being effective in my current position. Sure, I see other 
opportunities as they arise, but I’m unlikely to apply unless they strike me as simply 
irresistible at that point in time. I’m learning that, at least for me, it’s perfectly 
acceptable to take a step without knowing what the next one will be—it’s taking a 
step just because the step itself offers an extraordinary opportunity to be challenged 
and learn anew!

�You Can’t Say for Sure What the Future Holds, But Neither 
Can Anyone Else

After earning tenure at Penn State, it seemed like a change would be good for both 
me and my spouse. We were especially interested in moving to the western US 
because we wanted to be closer to the mountains, with a greater variety of outdoor 
activities at our doorstep. If I think of my story in Gilkey’s [32] 3- to 5-year periods, 
the 8 Penn State years were:

	(1)	 Pre-tenure: A time to focus on requirements to earn tenure, while also starting a 
family. Late nights at the office and hours of breastfeeding babies.

	(2)	 Post-tenure: A time to start exploring new directions. Two summers in the 
Netherlands whet my appetite for more international collaboration.

In the second period, I started to think that I might be able to have greater impact, 
or at least greater near-term impact, by moving into more applied research, espe-
cially in global development. I consulted a colleague who was both well respected 
and a little unconventional. I knew he was very involved in faculty-led study abroad 
and invested in global development issues. He suggested I get more involved with 
engineering design, because good design is so critical to addressing global develop-
ment issues. I subsequently volunteered to teach engineering design.

Around this time, I also saw an advertisement for a faculty position at OSU that 
seemingly offered more opportunities for collaboration and a more direct path to 
applied research. The timing was terrible; I was about to leave for the Netherlands 
to conduct research in a colleague’s laboratory! I applied for the OSU position any-
way, and my interview had to be sandwiched in between a quick trip to Delft with 
my infant to find a place to live and preparations to leave for the summer with two 
very young children. I was eventually offered the OSU faculty position. The nego-
tiation process was challenged by the 8-hour time difference between the Netherlands 
and Oregon. One conversation stands out. On a Dutch evening, sitting in a courtyard 
of a lovely little hotel we were staying at for the weekend, I was trying to negotiate 
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my new position over spotty cell service with a school head who was 6,000 miles 
away. My new school head was undeterred, and we agreed that I would start a year 
from the following January. Because we were negotiating for a move well into the 
future, there was plenty of time to second-guess everything.

Moving from a top-20 engineering school to much lower-ranked engineering 
school bucked conventional wisdom. Why on earth would one make such a move? 
Penn State received easily dozens of applications for each new faculty position, 
with candidates having increasingly dizzying records of publications and creden-
tials. I felt confident that I could never get this job back even if I wanted it—the bar 
for consideration had been raised too high. Seeds of doubt were planted every time 
a colleague expressed bewilderment about the possible move, or if I even perceived 
a sense of bewilderment. Those seeds of doubt grew into Jack-in-the-beanstalk-
sized beanstalks when a colleague I respected went so far as to say that I would 
never again have the same level of access to opportunities if I chose to move to OSU.

What I learned was that my colleague was (sort of) right. I wouldn’t have the 
same opportunities. Instead, I would have better ones (for me). Of course, it’s 
impossible to know what that other path (not moving) would have looked like. But 
what I do know is that, at the time I was making a decision, neither my colleague 
nor I could predict the future.

�Sometimes the Move That Goes Against Conventional Wisdom 
Might Really Be the Right One; It’s Okay to Take Risks

April 2000. I sat in a hotel conference room in a Washington, DC, ready to defend 
my policy paper on nuclear nonproliferation during my interview for an AAAS 
STPF Congressional Fellowship. I had a number of interviews for faculty positions 
in the final year of my PhD program. But this interview was different. There was no 
45-minute academic seminar where I tried to impress people with the precision of 
my experiments and depth of knowledge in microfluidics. There were no lab tours 
where I was expected to ask clever questions or discuss my teaching interests. It was 
me, in a conference room facing eight representatives from federal science policy 
circles. They asked tough questions about current policy issues, and they expected 
well-articulated responses to problems that seem intractable. Various phones kept 
ringing during the interview, and it was a struggle to stay focused on the interview. 
The panel was friendly enough, and at the end they lightened the mood by explain-
ing that while the phone ringing wasn’t staged or intentional, it did provide an excel-
lent simulation of what it’s like to work in a bustling Congressional office.

I later learned that I had lucked into that interview. I was an alternate, brought in 
only because another candidate had withdrawn from consideration. I also later 
learned that I was selected! My PhD advisor is a legend in experimental fluid 
mechanics, and a highly trusted mentor. I was almost afraid to tell him that I was 
considering such a nontraditional step. Over and over, I’d rehearse the words, the 
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justification of why this felt like a worthwhile career move. It was one of the first 
times I felt like I was truly stepping off the traditional track, choosing an option that 
might not make sense to those around me. Fortunately, he took my announcement 
in stride, testament to his genuine interest in seeing his mentees do what’s right 
for them.

I wouldn’t trade that year as a Congressional Science Fellow for anything. It was 
one of my most fun and satisfying years, and arguably one of the most formative in 
my career because it drove home the importance of scientists and engineers engag-
ing with policymakers and the public. It also opened my eyes to see that academic 
research is not the only viable and legitimate career path for an engineering 
PhD-holder.

As a Congressional Science Fellow, I found myself working on big problems, 
with big impact. I inhabited a small cubicle with a TV, almost always on. The fel-
lows’ area in our Senate office was cozy; there were about six other fellows, all in 
their own small cubicles. My core focus was on S&T workforce, nanotechnology, 
and, after 9/11, even airport security technology.

While accepting the fellowship was one of the biggest risks I’ve taken, it’s far 
from the only one. Moving from Penn State to OSU was a big risk. Having multiple 
children felt like a big risk. I wasn’t sure my colleagues would take me seriously as 
an academic, and I feared the responsibility would be too much to handle as a fac-
ulty member. Transitioning from fundamental fluid mechanics to more of an applied 
focus, eventually moving further afield into design for global development, was a 
risk, as was applying for (and accepting) a central administrative position in Global 
Affairs. My recent move, to NSF, is a risk, both professionally and personally 
because we will have to navigate the impacts of being a bi-coastal family. Each 
time, it’s been helpful to reflect on previous risks and realize that the biggest risks 
have offered some of the biggest rewards and opportunities to make satisfying con-
tributions, research or otherwise.

�Remain Curious and Open to Different Types of Career 
Opportunities, and Find the Right Mentors and Sponsors 
to Guide Exploration

Overall, the biggest lesson has been to remain curious and open to the many differ-
ent types of opportunities around me. What it means to be an academic faculty 
member in mechanical engineering is changing; many more faculty are exploring 
opportunities to innovate and commercialize technology; deepen their commit-
ments to equity, diversity, and inclusion; collaborate with international colleagues; 
or engage with policymakers and the public (including K–12). In addition to being 
open to the possibilities, finding good mentors and sponsors is critical, not only in 
terms of advancement, but also in terms of building resilience and being able to 
work through disappointments. But mentors and sponsors are not the same thing. In 
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Ibarra’s words, “While a mentor is someone who has knowledge and will share it 
with you, a sponsor is a person who has power and will use it for you” [33]. 
Sponsorship requires a greater commitment than mentorship, and is something that 
evolves over time as a stronger, more trusting relationship is formed. If you’re har-
boring an interest or curiosity toward any of these less traditional career opportuni-
ties, the right sponsor can reach out to their colleagues and potentially unlock a key 
invitation to participate on a committee, in a workshop, or as a collaborator in a 
new area.

�Conclusion

I hope I’ve piqued your curiosity about how as engineers we can engage produc-
tively in public policy, public scholarship, international collaborations, and even 
academic administration. I also hope this piece has encouraged reflection on your 
own contributions and future goals, whether they’re easy or hard to quantify. Perhaps 
the biggest lesson I’m learning is simply to remain curious, and to be open to the 
possibilities, including the unexpected. Or rather, to be open to the possibilities, 
especially the unexpected.
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The Changing Landscape of Mechanical 
Engineering: Learning to Embrace My 
Ecofeminist Identity Within the Elitism 
of Engineering

Robyn Mae Paul

�Introduction

Mechanical engineering is an essential profession to our world. Mechanical engi-
neers build infrastructure, design robots, develop energy alternatives, and create 
medical devices. The American Society of Mechanical Engineers (ASME) defines 
five core new technologies which are current areas of growth within the field: bio-
engineering, robotics, clean energy, manufacturing, and pressure technology [1]. 
Although mechanical engineering is often simply defined as the design and use of 
machines, or the study of objects and systems in motion, this list shows how 
mechanical engineering is much more than this, and is one of the most diverse and 
versatile fields of engineering.

So then, we must ask ourselves, what defines someone who identifies as a 
Mechanical Engineer? Engineering identity has been studied over the past few 
decades, and there is a general consensus that engineering identity is tied to one’s 
professional identity. Beam et al. define professional identity as “how closely an 
individual relates to a particular field, profession, or occupation” [2]. Other scholars 
also emphasize the importance of professional identities considering both how peo-
ple identify themselves, as well as how they are identified by others within the field 
[3]. This latter part of identity, where others are making judgments on who fits 
within the field, often comes from a comparison to the cultural norms that exist 
within the field [4]. Therefore, through better understanding of the professional and 
cultural norms of mechanical engineering, we can better understand what defines 
someone who identifies as a Mechanical Engineer. However, what happens when 
this identity and the underlying cultural norms are challenged? As we build a more 
inclusive culture, how do we integrate the core identity of mechanical engineering 
while also allowing space for a wider variety of identities?
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I am a third-year PhD candidate exploring the concept of the hidden curriculum 
of engineering, which includes the invisible norms, beliefs, attitudes, and values 
that we all unknowingly conform to, and that are engrained within classroom and 
professional environments [5, 6]. Specifically, I am applying principles from eco-
feminism to support the deconstruction of the hidden curriculum of engineering 
education. Simply put, ecofeminism recognizes the connections between the 
oppression of women and the oppression of nature. Further expanding, it “is the 
position that there are important connections between how one treats women, peo-
ple of color, and the underclass on one hand and how one treats the nonhuman natu-
ral environment on the other” [7, p. xi].

Within our society there is higher value and power given to the male–human–
culture relationship than to that of the female–biological–nature. For example, our 
society, particularly within technical contexts such as engineering, values problem-
solving with rational approaches above emotional perspectives. We see technical 
problems and critical thinking as requiring rational decision-making and there is 
little value for using emotions and feelings to support this decision making process 
in engineering [8]. For example, when designing a bridge, rather than just doing a 
logical data analysis from stakeholder engagement surveys, it would be beneficial to 
put more value on factors such as previous experience (what feelings have you had 
on bridges in the past?) and emotional empathy (what sociotechnical considerations 
should be made for the local communities and ecosystems?). We also tend to associ-
ate rationality as one of the qualities that makes humans superior, whereas we see 
emotions as being a more feminine approach closer linked to nature. This value 
hierarchy operates as if it is inevitable and logical, when in reality it is an “invented 
superiority” [9, p. 64]. I believe that it is essential in our engineering classrooms and 
workplace environments that we deconstruct some of these fabricated value dual-
isms to promote a stronger integration of the human–nature connection, and nurture 
humans’ ecological connectedness.

Through my work so far, however, I have learned that throwing around words 
like ecofeminism in mechanical engineering brings up a lot of feelings. Some people 
are excited, curious, and eager to learn more. Others are immediately defensive 
where they don’t understand how social justice concepts such as ecofeminism have 
anything to do with engineering. They defend their male-dominated, and hierarchi-
cal Mechanical Engineering identity and argue that ecofeminism is not a true engi-
neering research topic.

Through this chapter, I explore my PhD journey so far, my past journey of where 
I came from, my internal journey that brought me to this work, my external journal 
in the comments and feedback I have received, and my future journey in the impor-
tance of continuing to pursue this work. I explore the values that are core to mechan-
ical engineering, and consider how these come into conflict with values which I 
believe are core to the future of engineering, particularly for addressing challenges 
such as climate change and achieving the sustainable development goals [10].

This chapter provides a new perspective on engineering and how I believe that 
through shifting some of the value hierarchies that exist within the culture of 
mechanical engineering, we will be better equipped to address the challenges of the 
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future. I have had conversations on these topics with people from across career lev-
els, including graduate students, early-career engineers, to late-career engineers. 
There is something different to learn from each of these conversations, and I always 
appreciate the wealth of knowledge and experience that people bring to understand-
ing and uncovering engineering’s value systems. Regardless of where you are in 
your educational journey or in your career, I hope you enjoy reading this chapter. 
And if you ever feel uncomfortable with my words, I hope that together we can 
explore where this discomfort is coming from and learn how to challenge and 
expand the identity that has been deeply engrained within us.

�My Past Journey: Where I Came From

My engineering education and career have meandered through many different dis-
ciplines and a variety of experiences. I completed my undergraduate degree in 
Manufacturing Engineering with a Biomedical Specialization; I worked in industry 
as a Lean Project Manager for 2  years; I went back and did my MSc in Civil 
Engineering; I worked as a staff member in academia for 3 years as an Engineering 
Accreditation Specialist; and currently I am pursuing my PhD in Mechanical 
Engineering. This wandering journey also represents a slow increase in my self-
awareness of the engineering identity I was developing.

During my undergraduate degree, I was fairly accepting of the education I was 
receiving, and I did a lot of “leaning in” to the culture. I knew that I was a woman 
in engineering and that this was an accomplishment in itself as people often 
reminded me of this fact, such as family members saying: “Wow, you must be a 
smarty pants if you’re in engineering!” However, I didn’t notice the microaggres-
sions and engineering identity that was being embedded within me throughout my 
undergraduate degree. Thinking back to all my lab groups and design teams, I was 
rarely with other women. Both in my first year and my final year design team, I was 
with three male students, and at the time, I didn’t notice the subtleties of always 
being the one responsible for taking meeting minutes, writing up the report docu-
ments, and organizing group meetings. I was assigned these tasks instead of the 
technical design tasks likely due to my gender and an assumption of my skillsets. 
Even when I was assigned technical tasks, this was typically on top of my more 
administrative tasks, often with me reassuring the others that it wasn’t too much 
work, “Oh no worries, I’m happy to help!” This lack of awareness is common; 
research has shown that female students often do not “question the profession’s 
central narrative about itself” [11]. I certainly did not question the gendered narra-
tive and work distribution that was perpetuated within my design teams.

The values that I was taught during my undergraduate coursework were core to 
what I believed engineering to be—these being the masculine, elite, and individual-
istic narratives that had been promoted through my classes [12, 13]. One of the 
strongest values that I held core to my belief system when I graduated engineering 
was that the profession aspired to be neutral and objective [11]. This presumption 
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of a neutral and objective engineering culture aligned with my apolitical approach 
to engineering, believing that the profession existed within a meritocracy where all 
groups have equal access to success and that the profession was free of politics. The 
emphasis on problem-solving and the application of the design process, especially, 
gave me the misguided impression that engineering was based on academic and 
technical ability in a way that was objective and value-neutral.

Immediately after graduating, I went into industry working at a small manufac-
turing plant as the Lean Project Manager. In this role, I was responsible for working 
with the employees who manufactured our products to reduce waste and increase 
efficiencies in their manufacturing processes. This experience was the beginning of 
my identity crisis and realization of my discomfort with the elitism that the culture 
of engineering carries. The manufacturing employees, who were all MUCH more 
knowledgeable than me on the manufacturing processes, assemblies, and products, 
often looked to me as their superior. I distinctly remember discussing ordering a 
new welding arm with the foreman. We were discussing different options, and then 
he looked at me and said, “You’re the boss, whatever you want we will make it 
work.” I felt this frustration that he didn’t want to collaborate with me, and he felt 
that somehow 4 years of engineering education made me the better person to choose 
a welding arm that he would be using every day, at a company he had worked at for 
over 20 years. Not to any fault of his, he had also been indoctrinated to believe that 
I was the elite and superior person, much more knowledgeable and powerful than he 
would ever be, simply because I had a degree attached to my name. Although I had 
often doubted my long-term career as an engineer, this was the first time I can 
remember having a sadness that as an engineer. I would be often doing my work 
very isolated and it would be assumed that I would need to take an individualistic, 
hierarchical approach to work.

Although this example highlights my growing identity disconnect with engineer-
ing’s hidden norms and values, it is not to say that much of my work as lean project 
manager wasn’t with a collaborative approach. In this job, I often was able to truly 
see the value of working and designing together. For example, I ran daily stand-up 
meetings with the employees to gather their feedback and ideas for improvements. 
These meetings were modeled after the Lean Six Sigma approach, with integrated 
practices from Agile methodologies (specifically, the “daily scrum”) [14]. I held the 
short 10–15-min meetings at the beginning of the day on the “gemba” (work floor), 
where we all remained standing, and each employee gave a quick update. Typically, 
the guiding questions asked employees to look back (how did I do yesterday?) and 
look forward (what will I do today? any issues or concerns?). During these meet-
ings, employees were encouraged to share and discuss their ideas for improvements. 
Ideas ranged from very small changes such as moving the location of a supply bin 
so that it was in closer proximity to the work area, to very large changes such as 
suggesting entire changes to the manufacturing process. I felt that these collabora-
tive discussions, although brief, were always highly valuable to the employees to 
learn and brainstorm together, and to feel that they were active members of the 
decision-making team.
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At this same organization, I also coordinated a half-day project to work with a 
group of five employees and redesign the stockroom, where we discussed current 
processes, outlined challenges, and brainstormed solutions for improving the flow 
of the stockroom and part ordering. In planning for this brainstorming session, I 
worked very hard to ensure the process would be bottom-up, and the employees 
would be empowered to take leadership on the redesign. They made the decisions, 
and then they helped to implement them and iterate on them. But even in these two 
situations, there was always a protective bubble that seemed to follow me around, 
making it difficult for me to truly connect with the manufacturing employees, all of 
whom were men. They stepped out of my way with a gentle bow of the body, any 
jokes or laughter stopped when I entered the room, and they always apologized for 
the one wall that was decorated with magazine cutouts of swimsuit women. Even 
when working collaboratively with them, I never truly fit in—being a young, female, 
engineer made me someone different, someone they viewed as both more intellectu-
ally elite and powerful, while also being more delicate and sensitive.

After 2 years at this company, I decided that it wasn’t for me. I didn’t quite know 
why; I didn’t quite have a plan on what I would be doing next, but I just knew I 
couldn’t stay there. When I quit, I felt like a failure and I felt like I hadn’t accom-
plished anything in the job personally or professionally. In retrospect, it was a job I 
really liked and excelled at, and I wonder if I had had a female mentor if I would 
have stayed longer. Being able to talk about my experiences with someone else 
might have helped me to label my feelings more easily. At the time, I didn’t under-
stand that my disconnect with the job wasn’t about my own ineptitude, but rather it 
was that my feminine, collaborative, and empathetic identity and leadership style 
conflicted with the implicit value systems of engineering which emphasize a more 
individualistic and elitist approach to the workplace.

�My Internal Journey: How I Came to This Work

Quitting my engineering job was the beginning of my transition into finding myself, 
my identity, and my value as an engineer. While I was unemployed, I met up with a 
professor who was a friend and she had an opportunity I couldn’t resist. Although I 
never saw myself going back to school for a graduate degree, she was specifically 
interested in finding someone who could research our engineering faculty’s leader-
ship program to better understand the impact of the program on students who had 
been in their career for a few years, which eventually became the focus of my MSc 
thesis [15]. This field of research, known as “engineering education,” was some-
thing I had never heard of, but it was a perfect blend of my two strengths: I was able 
to use my engineering background and the ways of thinking I had been taught 
through my undergraduate degree, and apply these to investigate and understand 
engineering education, engineering leadership, and pedagogy.

As I progressed through my master’s degree, I truly felt seen and felt I was gain-
ing a better appreciation for my engineering identity. Within engineering identity 
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research, scholars have used the concept of figured worlds to conceptualize engi-
neering identity into three areas of development:

•	 Acting as an engineer: This is the making of worlds which describes that through 
our actions we may shape the world we live in.

•	 Others recognizing them as being an engineer: This is the positionality of iden-
tity which acknowledges the hierarchy, social positioning, the importance of 
power in social interactions.

•	 Believing themselves to be an engineer: This is the space of authoring which 
understands how one integrates into the space/culture [4, 16].

For myself, during my MSc, I started to develop within each of these areas. By 
studying engineering leadership, I truly felt that I was able to act and use my engi-
neering knowledge to shape and improve engineering education. As I spoke to more 
people across a wide variety of roles, including members from industry, professors, 
and students, I always received positive commentary on the importance of the work 
I was doing and I truly felt that I was recognized as an engineer. And although previ-
ously I had struggled to believe that I was a “real” engineer, I felt I had found my 
place in engineering and believed that I could do this work as an engineer. This is 
not to imply it was not without struggles—in fact, along with peers from across 
Canada, we conducted research and published a paper on the experience of engi-
neering education graduate students. We found that students in this area often expe-
rience an identity crisis due to the epistemological differences between engineering 
research and educational research. Additionally, we often face critique and judg-
ment when studying these topics from some engineering faculty members who 
often do not see the work and methods used as “real” engineering research (e.g., 
qualitative approaches are misunderstood and not valued as an accurate data analy-
sis method by engineers who are only familiar with quantitative approaches) [17].

Fast forward a few years, and after my Master’s degree I was now making the 
decision to continue my graduate studies and begin my PhD with a focus in engi-
neering education (through the department of Mechanical and Manufacturing 
Engineering). As engineering education is not an official program at my university 
and there are only a few professors who study in the area, my supervisor did not 
have a specific focus or topic of study to give me. Rather, unlike my MSc, my area 
of research was left open-ended for me to choose a topic, as long as I pursued a 
project which investigated engineering education in some way. In my personal life, 
my identity was also transforming, where I had recently come out as queer and I 
was developing my passion for social justice work and grassroots activism. For this 
reason, I knew that I somehow wanted to bring a social justice or feminist perspec-
tive to engineering education in my PhD work.

Feminist thought was first brought into fields such as science and engineering by 
early scholars in the late 1980s including Haraway [18] and Harding [19]. These 
critical feminist theories have been powerful in bringing forward the invisible cul-
ture of STEM disciplines and many scholars in engineering education continue to 
build on this early work. Feminist pedagogies can observe the hidden ideologies in 
our programs and challenge the dominant assumptions of science and engineering 
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[20]. They make visible “engineering’s gendered boundaries,” and consider whose 
identities are excluded from the universal narratives of engineering [21]. However, 
engineering and other technical fields are often very resistant to feminist discourses 
because of the presumption that engineering operates as a neutral and meritocratic 
field of study [11].

Meritocracies assume not to bias any group and assume that all groups have 
equal access to success. Engineering culture promotes the idea that a meritocracy is 
possible and we believe that engineering operates within a meritocracy. In other 
words, we see engineering as a value-neutral field where measurement of student 
success is based on purely objective assessment, and there is a positivistic approach 
to knowledge where there is one objective truth that we are seeking. However, 
although societies may aspire to be meritocracies, a purely meritocratic society is 
not possible, and research has shown over and over again that genetics, social class, 
upbringing, and just plain luck often play the most significant role in one’s success 
in life [22]. The consequence, though, is that this belief of meritocracy renders 
social justice topics irrelevant in engineering, because any social injustices are 
unconnected when we believe the most talented and hard-working are rewarded [23].

As I further explored the literature on feminist thought in engineering, I was 
fascinated by the amount of work that had been done, with Donna Riley publishing 
a feminist approach to thermodynamics almost 20 years ago [24]. I was inspired and 
knew there was something I could do within this area of study. However, I also knew 
it would not be without challenges. Many of the publications talked about the dif-
ficulties of getting this kind of work recognized in engineering due to the confronta-
tion with deeply rooted beliefs in engineering culture. For example, Beddoes [25] 
published an entire thesis which documented and reflected on her efforts to publish 
three gender-theory informed articles into engineering education journals. While I 
was still searching for a specific topic that I could research for my PhD, my supervi-
sor introduced me to a professor from our Women’s Studies department who teaches 
a course on ecofeminism. During our meeting it hit me like a ton of bricks—engi-
neers have (mostly) adopted the idea of sustainability, and the “eco” lens of eco-
feminism would be the perfect gateway for me to be able to talk about feminism in 
engineering without losing most of my audience.

Simply put, ecofeminism recognizes the connections between the oppression of 
women and the oppression of nature. More specifically, at its core, “ecofeminism is 
the belief that coinciding ecological and feminine repressions are often more than 
coincidental” [26]. Ecofeminist perspectives highlight the fact that there is higher 
value in our society given to masculinity, humanity, and culture as compared to 
femininity, biology, and nature. One of the biggest risks is that this value hierarchy 
operates as if it is inevitable and logical, when in reality it is an “invented superior-
ity” [9, p. 64]. Within engineering these value hierarchies are especially prominent. 
For example, we emphasize the importance of innovation and technological prog-
ress. By “progress” we specifically mean that we value human and cultural prog-
ress, often with limited consideration for the impact of our progress on nature and 
the biological ecosystems around us. This value hierarchy is often taken even fur-
ther, where we value technological solutions so strongly that we solve problems we 
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have created with further technologyengineering education, and ensure that our 
future engineers understand the importance of nurturing human’s ecological 
connectedness.

Table 1 summarizes these hierarchized dualisms from ecofeminism and which 
are most prevalent within engineering culture. These represent maps that have been 
created through a process of cultural socialization within engineering culture, where 
we both internalize these maps and project ourselves onto them [9]. The higher 
value elements on the left side of the table are seen as correlated, and we notice 
when something is out of alignment. For example, this is why male students are 
believed to be more rational, and better at technical work, whereas female students 
are seen within to be more emotional, and to be better at social-oriented work. 
Additionally, our society sees these dualisms as two extremes, rather than as a spec-
trum across a scale.

For decades, engineering education scholars have been aware of the technical–
social dualism which is prevalent within engineering culture [28]. For example, 
engineering students and professors will often publicly belittle other faculties, par-
ticularly anything related to the liberal arts as they see this as “weak” and strongly 
in opposition to their technical engineering identity [13]. Both symbolically and in 
practice, this techno-social dualism is considered mutually exclusive, because “at 
the core of engineers’ identities and engineering practice lies a sense of the techni-
cal which specifically excludes the social” [28]. This mutual exclusion not only 
reinforces a very masculine approach to engineering, but it also promotes a culture 
of power, elitism, and often arrogance [29]. The gendered techno-social dualism 
also reinforces the gender binary of two genders that are directly in opposition with 
each other and hierarchical, with man being valued higher than woman and there 
being no spectrum between these two discrete genders [30].

Regardless of the dualisms present, it is important to note that engineering prac-
tice is fundamentally heterogeneous and needs to integrate across these dualisms. 
To succeed, engineers must effectively integrate both the technical and the social to 
meet the needs of society. Often, this heterogeneity of engineering is used to encour-
age more women to come to engineering, where advertising campaigns emphasize 
the social elements of the technical work. However, “the assumption that women 
will both be more attracted to, and have more to offer to engineering if it is defined 
in non-technical terms leaves intact the equation of technology and masculinity” 

Table 1  Hierarchized dualisms

Higher value Lower value

Culture Nature
Man Woman
Rational Emotional
Active Passive
Technical Social

Adapted from [9]
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[28]. This approach of attracting more women into engineering does not address the 
deep-rooted educational practices and continues to promote the mutually exclusive 
techno-social dualism. We need to be aware of how our discourses about engineer-
ing reinforce these dualisms and more actively work to deconstruct them.

As I learned more about ecofeminism and I relished the wealth of expertise from 
feminist engineering scholars, my theoretical framework was coming into view for 
my PhD thesis. I was now feeling more confident speaking to people about the work 
that I would be doing. Through these conversations with others, I truly began to 
understand how my work would be pushing the boundaries and making people feel 
uncomfortable as I attempted to break down their beliefs about what is core to engi-
neering identity.

�My External Journey: What Others Think/Feel About 
This Work

Generally, I have been very lucky to have mostly positive and inquisitive experi-
ences in response to the work that I am doing. People are often very curious and 
want to learn more, and typically they have some personal experience that they can 
relate to my work. Through my workshops and presentations, I have found that 
people appreciate being able to label their feelings. After a recent conference pre-
sentation, one of the attendees connected with me on LinkedIn, and talked about her 
experience of often feeling marginalized at STEM conferences and that my “presen-
tation helped [her] to find the words to articulate what was happening.”

Although I have not been met with direct criticism, there is certainly sometimes 
a feeling of discomfort which comes out in the questions being asked. After a work-
shop I facilitated for a national organization, one of the participants reached out to 
me and asked to connect so we could further discuss the topic. In our chat, he admit-
ted to me directly that he believed engineering did exist within a meritocracy and 
that this was not a bad thing—that we should be rewarding effort and that it is true 
that not everyone can be an engineer and there are certain capabilities which are 
required in order to succeed in engineering. We had a productive conversation, and 
dove into understanding why a meritocracy is not possible, which is why believing 
in one is dangerous and leads to inequities in our classrooms. It was an insightful 
discussion for both of us. I am still learning myself how to manage these conversa-
tions, and how to articulate my arguments. Luckily this work drums up lots of curi-
osity in others, so I will have plenty of practice before my final thesis defense!

The biggest wins I have noticed in conversations with others is when I am able 
to observe small shifts in thought, where someone builds on where they are cur-
rently at and moves slightly toward a more inclusive lens of engineering or justice 
work within engineering. For example, I was once in conversation with a professor 
about feminism and he was arguing that feminism gives off the wrong tone because 
we should consider more than just the women. During this conversation, I 

The Changing Landscape of Mechanical Engineering: Learning to Embrace My…



144

introduced the idea of intersectionality, which can be defined as “the interaction 
between gender, race, and other categories of difference in individual lives, social 
practices, institutional arrangements, and cultural ideologies and the outcomes of 
these interactions in terms of power” [31]. He had never heard this term before, and 
was so excited to have the words to describe his feelings—which in essence was that 
much of the diversity work in engineering tends to prioritize white, western, hetero-
sexual, cisnormative, middle-class women [25], without considering other margin-
alized populations.

As I continue through my PhD it will be important for me to regularly reflect and 
consider how I can provoke these dialogues that help nudge people to slightly 
expand their perspectives on what it means to be a mechanical engineer. Keeping in 
mind that as I continue my journey, each conversation is also a learning opportunity 
for me, to better understand the identity tensions that exist and to expand my own 
perspectives.

�My Future Journey: Where Do I Go from Here

I believe that through facilitating workshops, engaging in conversations, and fol-
lowing-up on connections across my network, I have been able to make a difference. 
Although one-on-one conversations are not the most efficient way to make change, 
this grassroots approach provides me with the opportunity to learn and grow myself. 
I have been continuously learning from others, and I have been building my own 
knowledge to be able to better articulate myself. Slowly with time, I am gaining a 
clearer picture of how to make long-term, sustainable recommendations to change 
engineering culture. Change is often slow and difficult (especially in academia), but 
over time I hope I am able to continue making a larger impact, through bigger con-
versations, publications, and, eventually, systemic, sustainable change. This chapter 
is just another step in that direction. And systemically I am also making progress—
our university is proposing a new program Sustainable Systems Engineering and 
they invited me to sit on the program design committee so that the program could 
have foundational elements of ecofeminism integrated into the program design [32].

As I continue this work, it’s also important for me to consider activism burnout 
which comes with educational justice work [33]. Activism burnout has been shown 
to decline the emotional and physical health of individuals, and to cause a loss of 
hope in some activists. Although my supervisors have been extremely supportive of 
my PhD work, it is important for me to intentionally seek out mentors who can sup-
port me in my activism and feminist approach to engineering education. For every 
difficult conversation I have, I hope to be able to have triple the number of inspiring 
conversations to keep my energy and hope for a better future in this (sometimes) 
overwhelmingly depressing capitalist, white supremacist, and hetero-cis-normative 
society that we live in.

If this chapter has piqued your interest, you might also be asking yourself, what 
can you do? I don’t expect that every engineering student, faculty member, and 
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practicing professional become a feminist and social justice advocate in their engi-
neering careers. However, I think we can all start somewhere. We can be more 
observant of the culture around us and label what we observe. We can see the dual-
isms that exist in our engineering culture, and break down these hierarchies to bring 
light to the spectrum of perspectives. We can be honest about why someone might 
feel a disconnect with engineering, and help them understand that it’s not them—it’s 
the system and culture that’s making them feel like they are not part of the elite 
brand of engineering. We can resist changing ourselves to fit into this culture, and 
bring our own unique perspectives to the table. We can connect with and support 
each other on our journeys, so that we all feel a little less alone in this crazy world.
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From Watching Planes in the Sky 
to Making Turbines More Efficient

Karen A. Thole

For both propulsion and power generation, the efficiencies of gas turbine engines 
dictate how much fuel, predominantly fossil fuels, is used. Increasing the efficien-
cies of gas turbines lowers the amount of fuel which ultimately reduces our carbon 
footprint. How much? A 1% increase in turbine efficiencies corresponds to a reduc-
tion of carbon dioxide that is equivalent to removing 2 million cars from the road. 
Another illustration of the impact of increased turbine efficiencies is the recent tech-
nological breakthrough of the geared turbofan for aircraft. A plane like the Boeing 
747 uses about 1 gallon of fuel every second, which corresponds to 3600 gallons per 
hour [1]. The highly efficient geared turbofan engines, manufactured by Pratt & 
Whitney, have been shown to save 100 gallons of fuel per hour, which is nearly a 3% 
reduction of burned fuel [2].

As illustrated in Fig. 1, the three main components of a gas turbine are the com-
pressor, the combustor, and the turbine.

Conventional gas turbines use the thermodynamic Brayton cycle with air as the 
working fluid, which means that high combustor temperatures lead to high efficien-
cies. The heart of my work lies in the desire to keep component temperatures below 
their melting point as combustor exit temperatures increase. For that to occur, 
sophisticated strategies are needed to cool the turbine parts because the tempera-
tures of the gases in the engine are already hundreds of degrees hotter than the melt-
ing temperatures of the turbine components. For single-aisle aircraft, gas turbines 
achieve approximately 50% thermal efficiencies during cruise. Two paths lead to 
higher thermal efficiencies:

	1.	 Advancing materials and coatings to make sure turbine components can with-
stand increasingly higher temperatures.

	2.	 Improving cooling of the turbine components.
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It is advancing cooling technologies that I have studied since starting my doctoral 
work at the University of Texas at Austin.

As with so many academics, my professional path to where I am now was not 
straight. Seemingly small lessons that I learned along the way resulted in important 
turns on that path. However, my story and my first lesson began with my parents, 
my brother, and I watching airplanes in the backseat of our family’s Ford LTD at 
Lambert Field in St. Louis.

�My Education and my Father’s Profound Influence

�Lesson 1: Be Brave in Trusting your Instincts

Growing up on a farm in a southern Illinois town of fewer than a thousand people 
provided me with a close-knit family and strong work ethic. However, the experi-
ence did not provide me with a particularly wide vision about how I could contrib-
ute to the world. The choices seemed to be either a farmer or a teacher. Despite 
having only an eighth-grade education, my father was a progressive farmer. His 
openness to change likely resulted from his service in the army during the Korean 
War. Fascinated about how things worked, he drove our family on Sunday after-
noons to an airport about 50 miles away to watch the planes take off and land. His 
fascination became my fascination.

Fig. 1  Illustration of a gas turbine engine manufactured by Pratt & Whitney
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I was the oldest child in a small family. Although farms are traditionally passed 
from father to son, my parents expected me to work in the fields, milk the cows, and 
sometimes help repair broken parts. By the time I was 10 years old, I was driving 
tractors and my summers were filled with hard work.

When it was time to go to college, my parents were supportive, but they had no 
idea how to advise me. It was my first year in college when I was walking to my 
apartment from chemistry that a classmate told me that I should become an engi-
neer. After that first semester, I called McDonnell Douglas (now Boeing) in St. 
Louis, which was the closest large city to my farm, to ask whether they had an 
engineer working there. After some laughter, the operator put me through to one of 
their male engineers who answered my question about what an engineer’s typical 
day was like. What I learned was that no day was “typical”—engineers were called 
upon to solve a host of different problems. It was then that I decided to pursue engi-
neering. However, when I told my parents, they stated matter-of-factly that I was not 
smart enough to be an engineer. Despite their response, or perhaps because of it, I 
trusted my instincts and made my first brave move.

Engineering was challenging, but I earned my bachelor’s in mechanical engi-
neering at the University of Illinois at Urbana-Champaign. I continued on to my 
master’s there and later pursued my doctorate at the University of Texas at Austin. 
In doing so, I knew one thing: My research had to be aimed at contributing to pro-
pulsion. In addition, my instincts were that I needed to be passionate about some-
thing if I really wanted to make a contribution.

My master’s research at the University of Illinois was related to rockets, and I 
had the opportunity to work with a world-renowned expert in base pressure flows, 
Professor Helmet Korst, who was originally from Austria. Although I learned 
important fundamentals from him, what I learned most from him was how to be a 
better person. Professor Korst showed tremendous interest in me both as a future 
researcher and as a person. Sometimes this support came by way of a trip to Baskin 
Robbins in which he would build back my confidence. I had setbacks in my research 
(as everyone has), but I also had detractors (which most engineers do not). For 
instance, one male graduate student told me that I should not be there because I was 
taking the place of a male who would need to support his family. My instincts, and 
Professor Korst, told me to pursue this field despite having no women role models 
and despite the detractors.

After completing my master’s work, I accepted a job at Lawrence Livermore 
National Laboratory. Two life-changing events occurred. Although the position 
there was very good, I had moved away from my research passion of propulsion. 
Second, and most important, I met my husband, Michael Alley, who gave me confi-
dence to return to a university to get a PhD. Without his support at that time, and 
continued support since, I would not have had the confidence to pursue and continue 
an academic career. He has been my inspiration and my rock in many difficult times.

It was during my doctoral research under Professor David Bogard at the 
University of Texas that I learned to conduct thorough experiments and to explain 
my results starting at the most fundamental level. Moreover, it was at the University 
of Texas where I learned about the challenges related to turbine cooling from a 

From Watching Planes in the Sky to Making Turbines More Efficient



154

fundamental perspective. The research I did was to evaluate how high levels of tur-
bulence affected heat transfer, which was critical to understand for predicting how 
much heat transfer a turbine blade experienced. As an example, mis-predicting tur-
bine blade temperatures by as little as 25 °F means that the blade lifespan would be 
reduced by a factor of two in a turbine engine. Considering the gas flow passing 
through the turbine is on the order of 3000 °F and the “coolant” flow temperatures 
passing through the blades is on the order of 1000 °F, a mis-prediction of only 25 °F 
is quite small. My research found that the turbulence levels on the order of 20% 
exiting the combustor increased convective heat transfer by as much as 20%, which 
led to new predictive correlations for turbine heat transfer.

At the University of Texas, I also researched film-cooling, which is one of the 
cooling technologies used in turbine blades and vanes, as illustrated in Fig. 2.

Film-cooling takes place as the coolant circulating inside the turbine airfoils is 
exhausted out of small cooling holes that are placed on the blade surface. The result 
of this exhaust is a film layer that further cools the external airfoil surface. Findings 
from my research identified relevant nondimensional parameters that scaled the 
effects of film-cooling. This work I had the opportunity to present at my first-ever 
international conference. Although Professor Bogard was unable to attend, he had 
the confidence to send me alone to present the work—a decision that I marvel at 
even today. From the lively discussions at that conference, I gathered how competi-
tive the gas turbine research field was. In addition, I came home from the conference 
with an offer to do a post-doc at a reputable university in Germany. Despite having 
to persuade my husband to leave his teaching position at the University of Texas, my 
instincts told me this experience was a once in a lifetime opportunity.

Fig. 2  Illustration of a 
turbine blade with 
film-cooling holes
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�Building a Research Laboratory as a New Professor

�Lesson 2: Know When to Change Course Even When It 
Is Difficult

While I was printing out the last chapter of my dissertation at the University of 
Texas, Professor Bogard told me it was time to start thinking about a faculty posi-
tion. Exhausted from doing the experiments, the writing, the proofreading, and 
everything it took to finish the degree, I let him know that an academic position 
would be the last job I would ever take. Besides, I was off to Germany, intent on 
doing more research, and expecting to return to a national lab when the post-doc 
was finished.

However, working at the Karlsruhe Institute of Technology made me realize the 
freedom that academia afforded to shape one’s research directions, albeit with 
responsibilities. Most important, academia allowed one not only to work with 
vibrant, bright engineering students but also to shape those students’ careers. 
Although I had a job waiting for me at a prestigious Department of Energy research 
lab after I completed the post-doc, I realized that a university position was where I 
needed to be.

My first academic position was at the University of Wisconsin-Madison. Both 
my husband and I had received good offers. As a young researcher, though, what I 
failed to realize was that this university lacked important scaffolding for my research 
area. Still, I had a good start-up package and was so proud to be a faculty member 
at such a prestigious university. Building my lab from the ground up was both excit-
ing and daunting. The experience was like placing a bet—I placed all of my start-up 
funds on turbine heat transfer research. On the negative side, the field was competi-
tive, and I was starting with nothing and had no industry partners, which was an 
essential ingredient in my field. Exhausting my small pot of precious travel money, 
I attended an important workshop in my field sponsored by a federal agency and 
involved many industry sponsors. Not only was this meeting tied to a call for 
research proposals, but it was also well attended by those from industry. At this 
meeting, one company representative told me that he was not interested in talking 
with me because academics did not want to work on real-world problems. A repre-
sentative from another company told me that they were not interested in my ideas. 
Yet a third company simply ignored me. Later, after submitting my first proposal to 
the program and then learning that it was not funded, the program manager told me, 
“You did pretty good for a girl.” Was this the time to change course? My instincts 
and my investments told me it was not.

When beginning my research program, my strongest competition naturally 
would be my doctoral advisor (Professor Bogard); however, he also became my 
strongest supporter. In those first days, we talked about how we might parse out the 
various regions of a turbine airfoil and how we would each stay in those swim lanes. 
He agreed on this arrangement, but only until I got tenure which was more than fair. 
After failing in my first six proposals, I thought that tenure was not in my cards. 
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Proposal writing is a skill, but in the end requires some luck. Most experienced 
academics know this point, but that does not soften the blows from rejection. Like 
most academics, I have my stories in which the proposal reviews seemed unfair, 
inconsistent, or wrong.

After the failure of my sixth proposal, my former PhD advisor, Professor 
Bogard, came to the rescue by supporting my case to be included in a computa-
tional fluid dynamics (CFD) competition that was being conducted by one of the 
major turbine manufacturers, Pratt & Whitney. This project was my first one, 
funded at a total of $30 K. At the time, that amount seemed like a goldmine, espe-
cially since I was considering taking out a personal loan to support my graduate 
students. In addition, this project was definitely a change in course given I was an 
experimentalist. Being part of the project was the good news. The bad news was 
that my competition consisted of well-respected researchers who focused solely 
on CFD development. While each of them had about 30 years of experience and 
constructed their own codes, I had about 2 months of experience and was using a 
commercial CFD code. My strength was that I understood both how the problem 
needed to be modeled and what results to expect. My graduate students and I pre-
sented this work to the community as did the others who in the competition per-
formed state-of-the art CFD modeling [3]. My success in this competition was the 
start of a long-lasting research relationship with Pratt & Whitney that is present 
even today.

In my new laboratory at UW-Madison, my first experimental project, which was 
also funded by Pratt & Whitney, investigated the secondary flow structures in the 
endwall region of a turbine vane. The endwall region for a turbine airfoil is complex 
because of the boundary layer separation that occurs as the flow approaches the 
leading edge of the airfoil. The airfoil, specifically the first vane, turns the flow such 
that it is directed into the downstream blade, which causes it to spin. The separation 
that occurs causes a horseshoe vortex, as illustrated in Fig. 3.

These vortices result both in component inefficiencies because of entropy gen-
eration and in increased heat transfer as the vortex scrapes the endwall region. While 
nature-inspired engineering is now quite common, it was not so well known in 
1996. At that time, though, I realized that a turbine vane had a similar shape to that 
of shark’s dorsal fin. It is well known that sharks are able to swim at high speeds 
with minimal effort (little drag). The geometry of a turbine vane also looks a bit like 
a conning tower on a submarine, but when I tried to discuss this similarity with the 
US Navy, they abruptly cut off the conversation—apparently, I was treading into 
what was classified information at the time. Suspecting that I was onto something, I 
noticed that a big difference between the dorsal fin of a shark and the vane of a gas 
turbine engine was that the shark’s fin had a nice fillet between its body and the 
protruding fin. It was not time to change course but to continue researching this 
area. Eventually, what we developed in our laboratory became the basis of what is 
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being used in designing turbine airfoils today [5, 6]. Ironically, after the student 
doing the project completed his degree, he went to Pratt & Whitney and soon 
became my research project monitor.

After that first $30 K proposal to Pratt & Whitney was successful, I became bet-
ter at writing proposals, but equally as important, I started to build my reputation in 
the field. My next ten proposals were funded, including an NSF CAREER award in 
1995. In 1999, while still at UW-Madison, I realized what I had not seen when 
beginning as a faculty member there—namely, that this institution lacked important 
scaffolding for me to succeed as a researcher in my field. When I took the position, 
I had not been bothered by the university’s (or, specifically, the department’s) lack 
of commitment to my particular research area. Like many institutions, UW-Madison 
has a strong reputation, which they have built by supporting particular research 
strengths. Three years into my position, though, I was told that the college consid-
ered gas turbine heat transfer to be a dead field. Rather than return to my cubby hole 
and accept that my research program would always be small, I took the college’s 
stance as a sign that I needed to change institutions, even though moving a big labo-
ratory and graduate students was a difficult course change, particularly in mid-
tenure. Although many advised me not to take this bold move, I knew that I needed 
to change course quickly if I wanted to continue impacting my chosen passion. My 
ultimate decision to move did come with strong support from my industry sponsors. 
The school I chose was Virginia Tech.

Fig. 3  Illustration of endwall secondary flow pattern (top) [8] compared with a predicted endwall 
flow pattern using a fillet (bottom) [4, 9]
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�Expanding My Research at Virginia Tech

�Lesson 3: Developing Long-Lasting Colleagues 
Through Collaborations

Although moving my laboratory and my students from UW-Madison to Virginia 
Tech was difficult, it was a game-changer for my career. Certainly, Virginia Tech 
had a long history of researching gas turbines. However, it also had something that, 
up to that point, was not on my radar: a network of successful alumni working as 
engineers at gas turbine companies. These alumni, who had immense pride in hav-
ing graduated from Virginia Tech, wanted to remain connected with the institution. 
Many such alumni had passed through the classrooms and research labs of the 
school’s faculty who were respected by the gas turbine community—professors 
such as John Moore, Felix Pierce, Joseph Schetz, Wing Ng, Tom Diller, William 
Davenport, Roger Simpson, and Walter O’Brien, the Department Head who hired 
me. Most important, many of those alumni made decisions about where research 
funding for gas turbines would go—and those alumni wanted that money to go, if 
possible, to Virginia Tech.

In starting over at a new university, I had the opportunity to address mistakes 
made when I had first set up my laboratory. Moreover, I was able to add to our lab’s 
capabilities. Through the turbine studies that our group previously did, we had 
learned the importance of simulating an engine-representative velocity and tem-
perature field upstream of the turbine vane. We also had identified the importance of 
the inlet conditions through CFD studies [7]. When we had presented these results 
to Pratt & Whitney, we had hoped that they would be willing to support our first 
study at Virginia Tech. They were willing, and that study was to build a non-
combusting simulator upstream of our turbine vane test section in the wind tunnel 
that provided a relevant combustor-exit flowfield. The combustor simulator, which 
is illustrated in Fig. 4, was placed upstream of the corner test section that contained 
three large-scale turbine vanes [8].

Fig. 4  Penn State’s Experimental and Computational Convection Lab (ExCCL) low-speed wind 
tunnel with a combustor simulator upstream of the corner test section containing turbine vanes
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The exiting flow and thermal fields in Fig. 5 showed that these turbine inlet con-
ditions are dramatically different from those assumed with a uniform flowfield [9].

This combustor simulator, which was the first such facility in the open literature, 
became the cornerstone of many subsequent studies not only to determine relevant 
effects on the vane heat transfer and vane endwall flows, but also to evaluate com-
bustor liner cooling designs as well. The facility drew international attention, par-
ticularly from the US Air Force, who decided to replicate our simulator in their 
Turbine Research Facility [10].

In the early years at Virginia Tech, continued research support came annually 
from the Department of Energy (DOE) – UTSR Program, the NSF GOALI Program, 
and Pratt & Whitney. Moreover, I was able to expand my industry collaborations to 
include Siemens and Mitsubishi Heavy Industries (now called Mitsubishi Power). 
Up to this point, my support and interactions with Pratt & Whitney had all been 
through their Military Engines Division in West Palm Beach, Florida. In 2005, 
United Technologies Corporation (now known as Raytheon Technologies 
Corporation) decided to significantly downsize their operations in Florida. Given 

Fig. 5  Measured thermal fields (top) and flowfields (bottom) in the wind tunnel combustor simu-
lator showing high turbulence levels
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many of my collaborators were native to Florida, they elected to find other positions 
in Florida rather than move to East Hartford, Connecticut. While the decision to 
downsize in Florida was life-changing for the employees there, it also posed risks 
on my own research programs given that several of those employees were my pri-
mary collaborators. However, one of my first technical contacts at Pratt & Whitney, 
who elected not to move back to East Hartford, introduced me to numerous engi-
neers in East Hartford. This experience taught me a great deal as a researcher in 
working with companies—the most important lesson being the importance of 
expanding my network in a company and making sure those relationships endured. 
In other words, it is important to work with many engineers rather than solely rely-
ing on just one, given that one person could change his or her career direction with-
out warning.

While growing my research at Virginia Tech, I was also able to see the impor-
tance of academic administration. After being courted by the Department of 
Mechanical Engineering at Penn State by a faculty member who I met in the prior 
years and was part of my network, I applied for the position as Department Head 
and was selected. Much to the dismay of Pratt & Whitney, I accepted the position 
and consented to abandon my research program and become a full-time administra-
tor. After announcing that decision and then not being able to sleep for several 
nights, I called my new boss, Dean David Wormley to request whether I could con-
tinue my research. Although giving up one’s research was the norm for Department 
Heads at Penn State at that time, Dean Wormley saw the value of me continuing my 
research and supported my request. For the 5 years that I worked with him before he 
retired, Dean Wormley was an incredible supporter whom I am grateful to and still 
admire. While the choice to leave Virginia Tech was difficult, I could not pass on 
both having a prestigious Department Head position and continuing research at 
another school also with a strong history in gas turbine research. The most impor-
tant piece, however, was that my collaborators would follow.

�Moving My Research to Penn State

�Lesson 4: Take on Risk

For the move from Virginia Tech to Penn State at the end of 2006, my research team 
packed up the big blue wind tunnel and all the equipment that went with it. Our 
caravan consisted of two 50-foot transport trucks plus and a smaller truck moving 
everything in the lab from Virginia Tech to Penn State. Fortunately, most of my 
graduate students decided to move as well.

Although it is not possible to talk about all of the projects done in our Experimental 
and Computational Convection Lab (ExCCL) at Penn State, one stands out because 
it provides an important lesson about research risks. Having access to relevant tur-
bine geometries is extremely difficult because of their proprietary nature by the 
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turbine companies. For decades, university researchers have used simple round 
film-cooling holes as a relative baseline for comparison because it was in the open 
literature. While round film-cooling holes do exist in turbine airfoils, so do many 
other complex shapes. It is well known that at high blowing ratios, the jet separates 
from the surface after it exits a simple round hole, whereas by adding a diffuser, 
such as the one in Fig. 6, high blowing ratios can be achieved that allow the jet to 
remain attached to the surface for better cooling.

However, there were no baseline cooling hole shapes that the research commu-
nity could use for comparisons against more advanced designs. Despite my success 
in having proposals funded, no agency wanted to take on the project costs to support 
the development of a shaped film-cooling hole, but I thought it was important for 
our field. For that reason, I took on the financial risk of developing it through a stu-
dent supported by a NASA Fellowship. More important than the financial risk was 
the risk of whether it would be accepted as a basis by our community. The shaped 
film-cooling hole we developed is shown in Fig. 6 and is referred to as the 777 cool-
ing hole resulting from the three expansion angles each being 7 degrees. Now used 
by over 50 organizations (national labs, universities, and even some industries) as a 
basis for comparison, this cooling hole was an unqualified success given how com-
mon it appears in the literature [11]. The lesson here is that sometimes it is impor-
tant to take on risk even after being told no by funding agencies.

At Penn State, research continued to grow at a steady pace until one day in 2011, 
when over a dinner in State College, me and one of my research staff were offered 
an opportunity by Pratt & Whitney to build a new “turbine lab.” We quickly said yes. 
Later, though, we realized that we had no idea at the time what we had taken on. 
First, the project was enormous—only a handful of such facilities existed is the 
world. Second, because the project had much risk, we needed university support to 
gain some viable space, meaning someplace that would allow us to create noise and 
had the estimated 2 MW of power needed. Again, stepping up to help was Dean 
David Wormley, along with our Vice President for Research and our Provost. These 
discussions were made easier when a third research partner emerged: the Department 
of Energy – National Energy Technology Lab. The three-way partnership among 
Penn State, Department of Energy, and Pratt & Whitney was critical at the 
beginning of this project and continues to be important. These partners emerged 

Fig. 6  A public 777 film-cooling hole geometry used by over 50 organizations and resulting cool-
ing levels [6]
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because of the long-lasting research partnerships we have had over the previous 
decades.

After understanding the size of what we agreed to build, I relinquished ExCCL 
to one of my former Virginia Tech doctoral students, Dr. Steve Lynch. Dividing the 
laboratories in this way was the logical choice since it would have been too risky to 
have Dr. Lynch (who needed to secure tenure) involved in building the new lab. 
Although leaving ExCCL was harder than I had anticipated and involved high risk 
since I could no longer fall back on doing research in a known lab, namely ExCCL, 
it proved to be the right decision. We were able to build the new turbine lab, and 
ExCCL continues to be successful under Dr. Lynch’s leadership.

In developing the new turbine lab, we built a brand through a competitive naming 
process. The name chosen was the Steady Thermal Aero Research Turbine (START) 
Lab. START called for a one-stage test turbine that included a vane portion that 
remained stationary and a blade ring that spun at 10,000 rpm. Our vision was to 
develop a turbine lab in which we obtained high-quality data using actual engine 
hardware. Because we are at a university, we made it a priority that students gain 
firsthand experience in running the turbine through closely supervised efforts of 
permanent research staff. No other turbine lab operated in this manner and we were 
told by many experts that it was too risky to involve students. However, the year 
prior to starting our lab construction, the entire US had graduated only one doctoral 
student with experience in the operation of a turbine. My instincts told me that a 
need existed for more. Another priority for START was that the turbine had to be 
able to operate in a continuous manner, even though that made the facility more dif-
ficult and costlier. In other words, the facility would not be operated in a blow-down 
manner (lasting only a fraction of a second) as occurred at the majority of other 
research turbine labs in the US.

As it turned out, the seemingly straightforward project that we agreed to over 
dinner was actually much more complex than we could have imagined. Much of this 
complexity is represented in the schematic shown in Fig. 7.

Aside from the components and instruments, we needed a highly talented perma-
nent research staff to maintain the systems, build testing and sensors, manage the 
various projects, and, most of all, operate in a safe manner. To give you a sense of 
the safety challenges, if a turbine blade, which is about half the size of a clenched 
fist, were to break off while spinning at 10,000 rpm, it could fly more than a mile 
(unless it were to strike something or someone). In addition to the safety risk, taking 
on four staff to operate such a lab was a financial risk that required me to also trust 
my instincts on supporting them all through external funding, which we have since 
demonstrated.

After 4 years of construction and initial testing and much support and guidance 
from Pratt & Whitney, we achieved an operational test turbine in 2015 [12, 13]. Our 
START Lab is the only lab in the US with a state-of-the-art turbine that both con-
tains actual engine hardware and operates in a continuous mode. START has four 
primary goals: (1) advance novel turbine cooling technologies, (2) validate sensors 
in rotating environments, (3) develop additive manufacturing for turbine cooling, 
and (4) use the benefits of additive manufacturing for sensor integration.
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One of our current projects is to develop the National Experimental Turbine 
(NExT). Support for this exciting endeavor has come from Department of Energy 
and four gas turbine companies: Honeywell, Pratt & Whitney, Siemens, and Solar 
Turbines. NExT is to serve as a testbed for US companies to advance turbines. 
Currently, this turbine is in the design phases, but we expect to have components in 
late 2021 to start testing. Other than building START, this project is, no doubt, my 
riskiest to date. This project requires us to design a turbine, which is already some-
thing that no other university has taken on. In addition, that turbine has to meet the 
needs of four turbine manufacturers—and everything within budget and in the time 
allotted.

Fig. 7  Schematic (top) and picture (bottom) of the START test turbine research facility at 
Penn State
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�Lesson 5: Trusting My Instincts That Gas Turbine Research Is 
Alive and Well

After working for four decades to address a host of challenges in gas turbines, I can 
confirm my instincts that research in gas turbines is not dead [14, 15]. While renew-
able energies are coming on strong, backup and supplemental power production 
will still be needed, and currently the most reliable solution for that is gas turbines. 
While we strive to reduce the carbon footprint, there will even be more opportuni-
ties that arise including hybrid electric propulsion where the heart of such a system 
will be a gas turbine. Another such opportunity is hydrogen fueled turbines that will 
most likely take on a very different design to maximize efficiencies for power gen-
eration applications.

Development of new gas turbine concepts is slow relative to fields such as micro-
processors. However, the high degree of accuracy in gas turbines arises because of 
safety for both power production (imagine a power plant going out during a cold 
front) and for propulsion (if the engines failed, our planes would fall). The ability to 
cast single crystal turbine blades for development engines adds to the difficulty in 
which advances can be made. This level of difficulty is a principal reason that 
research in gas turbines is not dead. Advanced manufacturing methods and new 
high temperature materials such as ceramic matrix composites will lead to more 
efficient engines. In addition, new tools for gas turbine research are needed, such as 
sensors integrated into the turbine blades and machine learning for controls and 
maintenance.

I continue to be excited to do research in my chosen field and am grateful to the 
many students and long-lasting supporters I have had along the way. Without my 
supporters, including my father who told me that engineering was difficult, my 
research successes in gas turbines would not have been possible. The lessons that I 
learned along the way were certainly not apparent in real time, but in looking back 
each were so important to where I am today. I hope the audience for this article can 
use these lessons and achieve even higher successes leading to a fulfilling academic 
career in mechanical engineering.
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Nonlinear Pathways into Mechanical 
Engineering

B. Reeja-Jayan

I believe my perpetually immigrant family is an example of the good that can come 
out of immigration. I was born in Kerala, India, and brought to the Emirate of Abu 
Dhabi in the United Arab Emirates (UAE) when I was just a baby. My father emi-
grated there over a decade before in pursuit of better economic prospects. A zoolo-
gist by training, he became an accountant to earn a living. Like other wives then, my 
mother stayed back in Kerala until my father could find a visa for us to join him: A 
terribly difficult feat at that time. My brother was born in UAE. My family returned 
to India when I started high school and has remained there ever since. I immigrated 
to the US, and my brother to Singapore and later Japan.

The country of my birth, India, is the world’s largest democracy; the US is the 
oldest. Both Singapore and Japan are democracies. UAE has a ruling royal family. 
These international experiences shaped my family and me in every sense: The lan-
guages I speak, the religions I follow, the values I hold, my political views, the 
relationships I keep, the fears I live with, the ambitions that define me, and the 
(nonlinear) paths I have followed in my career. This chapter focuses on the last 
one—the many divergent paths that led me to an academic career in engineering in 
the US. To my readers, I wish to share with you the joy, risks, and hardships I expe-
rienced while taking these road(s) less travelled.

�Path to Engineering

In my early days of school, I was not considered a “good” student. I think I existed 
and went through the daily motions without delighting or annoying anybody in 
particular. My earliest memory of an “accomplishment” was a memory test in the 
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first grade. The teachers organized a large number of objects (from foods to toys) on 
a table, asked us to observe them, and then took us to another room where we had 
to list out as many items as we could remember from memory. I won that competi-
tion and received my first award. It felt good but not enough to motivate me any 
further in my daily learnings of math, science, language, and so on. I particularly 
did not like math (or maths as it was called then). As the years went by, my lowest 
score in this subject was even a zero. My mother tried to get me to sit down and 
study an hour every evening but I preferred to play with the neighborhood kids.

I loved watching cartoons on TV, though. They were in Arabic and this helped 
me learn the language and I did very well in Arabic classes (which were mandatory 
in schools in the UAE at the time). Star Trek (animation) reruns and Japanese sci-fi 
anime (all translated to run on TV in Arabic) were really the turning point which got 
me interested in science. These anime spanned everything from space exploration 
and extraterrestrials to robots and artificial intelligence. While these are all buzz-
words and very real now, in the late 1980s they represented impossible dreams 
bordering on fantasy. I watched the 1987 movie Robocop so many times I knew the 
dialogues by heart. Research on such human–machine and other organic–inorganic 
hybrid systems are at the forefront of biology and materials engineering today, 
bringing the 8-year-old me of back then so much joy.

All the while, I continued to do poorly in school. One day after a particularly 
brutal parent–teacher conference in the sixth grade, my father had a serious talk 
with me. He told me how hard it was for him to afford the costs of sending my 
brother and me to school in UAE (there was a time I was almost kicked out for not 
making the fee payment deadline. An uncle stepped in and paid the fee). My father 
said he tried his best so we could have a good education and a future. He said he 
understood if I was not interested in school, but insisted that I persist and somehow 
pass the tenth grade exams. He said he is okay if I did not want to study further, as 
I could be married off early, which is typically what happens to girls in our fam-
ily anyway.

I am not sure if it was the despair and disappointment I saw in my father or the 
mention of marriage, but something snapped inside me that day. I wanted to make 
my father proud of me, but more than that I wanted to have nothing to do with mar-
riage. I saw all around me what that meant in our community. Women like my 
mother were not allowed to work after they had children. She diligently attended to 
our every need, spending 8  h or more in the kitchen, cooking every meal from 
scratch, cleaning and washing. Not to mention, I was an irresponsible child who 
never helped her in these chores. I have never seen my mother enjoy anything for 
herself. There is always a noticeable sadness in her and it makes me guilty every 
time we are together these days. A recent movie The Great Indian Kitchen does an 
accurate job in highlighting what is expected of married women hailing from Kerala, 
India; nothing fundamental has changed, even in 2021 [1]. Women in my family and 
the one I married into live this life.

After my sixth grade conversation with my father, I decided to take one chance 
to try and escape this cycle. I decided to study every day and review what was taught 
in each of my subjects the same day instead of my usual habit of opening my books 
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the day before a test or exam. I thought this new resolve would last a week at the 
most, but that practice remains with me (in some form or the other) to this day. I 
ranked third among all students in the sixth grade classes in my school that year. 
The next year, I ranked second in seventh grade, first in eighth grade, and so on, 
until I ranked first among all students who took the tenth grade exams in the UAE.

�Early Experiences in Engineering

My family moved back to Kerala, India, when I entered high school. I continued to 
do well in academics, especially in science subjects like chemistry and physics. 
When it was time to choose a path after graduation, I gravitated toward studying 
engineering as it seemed most in line with the science fiction (Star Trek, Robocop) 
that inspired me as a child. At the time, Kerala conducted entrance examinations to 
select students for engineering schools. Millions of students sit for these exams and 
the top 1000 or so get a free ride. The ranking determines the school and the branch 
of engineering you get to study. My rank was 594, and I was admitted to the 
University of Kerala in my hometown of Trivandrum/Thiruvananthapuram to study 
Electronics & Telecommunications Engineering, which is similar to what is consid-
ered Electrical & Computer Engineering (ECE) in the US. Solid state electronics 
was my favorite subject, which incidentally remains critical to the work I do today.

I did well in undergraduate engineering, and ranked first in the university upon 
graduation. My professors recommended I pursue graduate studies. Some of my 
peers applied to graduate schools in the US. I grew up on a healthy dose of American 
shows like Star Trek, which is why I became an engineer in the first place. An 
opportunity to study in the US was a dream. However, my family had fallen on 
financial hardships after my father left his job in UAE. I found work as a computer 
software programmer at a start-up to help my parents out and to support my broth-
er’s undergraduate studies. Nevertheless, I did not give up on my US dreams. I 
saved a little money from my salary each month toward paying for the GRE tests 
required to apply to the US schools. I studied on the weekends and did very well on 
the GREs, but my family found it inappropriate that I travel overseas without a hus-
band. They refused to let me go alone to a country like the US (where we knew 
absolutely no one) unless I got married first. I knew what this meant. No husband 
was going let me hop on a plane and leave. Marriage tends to represent the expira-
tion date for a woman’s dreams in Kerala and most of India. In anger, I crumbled up 
my GRE scores and threw them into a box. I still wonder why I did not trash them. 
Perhaps a part of me held on to hope. The scores were valid for 5 years after all.

Two years later, I was selected (after a highly competitive process) to a scientist/
engineer position at the Indian Space Research Organisation (ISRO) in the city of 
Bangalore/Bengaluru. ISRO surprised the world with their highly cost-effective 
mission to Mars in 2014 [2]. At ISRO, I got introduced to research that connects 
electromagnetism and materials. Spacecrafts in dangerous environments in space 
must be shielded to protect electronics and other subsystems from radiation and 
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plasma. I got an opportunity to work with ultralight electromagnetic interference 
shielding materials based on sheets of amorphous metal alloys or metallic glasses. I 
currently research the fundamental origins of such electromagnetic field matter cou-
pling behavior. This work has implications for applications from energy-efficient 
manufacturing to quantum electronics.

After 4 years of post-undergraduate work experience in various types of indus-
tries, I finally got my chance to pursue graduate studies. Ironically, this happened 
because I got married. My husband is the reason I am where I am in my career 
today. I had the equivalent of a tenured and permanent position at ISRO, we had 
bought a house in Bangalore, and were hoping to start a family. Friends and family 
told me it would be reckless to throw all this away and that this was the worst time 
to pursue my dreams. However, an offer to attend graduate school in the US 
(University of Texas at Austin, ECE) was not something I was about to turn down, 
no matter what sacrifices I had to make. On the day of my flight in August 2006, I 
woke up not knowing where/when I would next have a bed to sleep on. I was to fly 
from Bangalore, India, to Paris, France, and then Atlanta and finally into Austin, 
Texas. I made this journey alone. My husband, my biggest supporter, stayed behind 
and kept our enraged families at bay. Immigration rules prevented him from joining 
me, but he made it clear that I must pursue my dreams. I sold all my jewelry (wed-
ding gifts from my parents) and used all our savings to finance my tuition and 
expenses for the first semester. I am grateful to The Ratan Tata Trust [3] for sponsor-
ing my airfare to the US.

Like all international students, I, too, relied on the kindness of fellow students for 
accommodation, food, and generally learning the ropes. Two graduate students 
from India, Dr. Ashwini Gopal (ECE) and Dr. Chinmayi Krishnappa (Computer 
Science) remain my closest friends to this day. Their intelligence, scientific curios-
ity, sincerity, and accomplishments inspire me. Their support got me through very 
difficult times emotionally when I was lonely, separated from my family by oceans. 
My thrust area in ECE was called Plasma/Quantum Electronics and Optics. I was 
particularly interested in working at the intersection of quantum effects and nano-
materials. This was quite new in 2006, but is now a thriving scientific area. True to 
my nature to explore outside disciplinary boundaries, I started working in a depart-
ment outside ECE.  Professor Miguel Jose Yacaman in UT-Austin’s Chemical 
Engineering department is a pioneer in atomic-scale studies of nanomaterials, par-
ticularly using transmission electron microscopy (TEM). He kindly allowed me to 
become a research assistant in his lab. Professor Selene Sepulveda, who was then a 
visiting postdoctoral researcher from Mexico, taught me everything I know about 
materials synthesis. I learned to synthesize and characterize nanostructures (parti-
cles, rods, wires) of materials like ZnO for broad applications in electronics, optics, 
and biology. I published my first peer-reviewed journal papers with Selene and the 
diverse group of brilliant researchers in this lab. Liquid phase materials synthesis, 
particularly under electromagnetic stimuli, is now at the core of my research pro-
gram on energy and sustainability.
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�Doctoral Pursuits in Engineering

When I first saw atomic columns while imaging a gold nanoparticle specimen under 
the TEM, I felt very emotional. It was almost like finding a fundamental signature 
of God. I am a practicing Hindu, and our belief system is based on the principle of 
creation of matter (Brahma), conservation (Vishnu), and destruction (Shiva). This 
holy trinity is akin to the first law of Thermodynamics and connects all existence to 
the smallest of particles or atoms (anu). This experience with TEM had a profound 
impact on the rest of my academic journey. I decided I wanted to learn more about 
how materials form at the most fundamental level. This required learning Materials 
Science, which potentially meant changing majors. This is exactly what I did in 
2008, when I completed my MS degree in ECE.

My future PhD adviser Professor Arumugam Manthiram offered me a position in 
his clean energy lab at UT-Austin. He suggested that I move disciplines to study 
Materials Science as part of the Texas Materials Institute (and I gladly accepted). 
This meant several additional years of course work and learning a whole new vocab-
ulary (structure of materials, kinetics, phase transformation, electrochemistry, etc.). 
Once again, I was at a crossroads and I gladly took this fork in the road. I am so 
grateful I did this because Professor Manthiram’s guidance continues to have a pro-
found impact on me as a scientist and educator. In 2019, Professor Goodenough was 
one of three researchers awarded the Nobel Prize in Chemistry for inventing the 
lithium-ion battery that revolutionized portable electronics and is now set to save 
our planet by powering electric, pollution-free automobiles [4]. Professor Manthiram 
gave the Nobel lecture on the request of Professor Goodenough, who is now 98. The 
contributions made by both these extraordinary human beings to energy storage 
research is profound. For a nervous PhD student from India, seeing Professor 
Manthiram’s passion for his work, scientific rigor and diligence, meticulous organi-
zation of his day-to-day activities, infallible work ethic (he used to be in his office 
every day around 6 am), and passion for teaching and mentoring inspired the way in 
which I advise my students now.

Professor Manthiram believed in me from the very beginning. So much so that as 
a first-year PhD student he put me in charge of setting up an energy-harnessing 
(solar photovoltaic) research thrust in his group. Step 1 of my PhD thesis was to find 
a broom; clean out an old furnace lab; and carve out space for a workbench, glove-
box, and a solar simulator. Together with a dedicated team of undergraduate and MS 
students I was able to get this project going. We eventually discovered a process for 
low-temperature synthesis of ceramic oxide thin films using microwaves, which 
found use in the electron transport layer of flexible polymer–ceramic hybrid solar 
cells [5]. Along with materials for solar cells, I also developed coatings to passivate 
the reactive electrode–electrolyte interfaces inside lithium-ion batteries. NASA 
funded these fast-charging batteries, for use in spacesuits worn by astronauts during 
extravehicular activities [6, 7].

My husband had joined me in the US by this time and just as things were starting 
to feel well again, I suddenly got very sick. It began as stomach problems, which got 
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worse after I got a stomach bug during a 2011 trip to India to renew my F1 student 
visa. One night it got so bad I had to go to the ER with severe vomiting and diarrhea 
preventing me from even keeping down water. Doctors could not find anything 
wrong and sent me home to rest. As the weeks went by, I felt better but started shed-
ding weight, I lost 40 pounds in a span of months. When tests revealed nothing 
wrong with me, I was sent to a dietician who suggested I might be bulimic. Even 
family members and several acquaintances also thought I was doing this to myself. 
It was a dark and miserable time and I threw myself into my research work to escape 
it all. I read scores of books on all sorts of topics. I also read a lot about the interac-
tion between microwaves and matter, and how these effects can help synthesize new 
materials with interesting properties. Years later, this idea would become the scien-
tific nucleus for my own lab. I have this time of sickness to thank for it. If I had not 
fallen ill, I would not have had the time to pause, reflect, and think.

Sometime in 2012 my weight started dipping again and reached as low as 85 lb. 
as shown in Fig. 1. Fearing cardiac damage, I was subjected to a battery of tests to 
figure out what was wrong. Celiac disease was suggested (based on my gastrointes-
tinal symptoms). Celiac is an autoimmune condition in which the ingestion of food 
containing the protein gluten (found in wheat, barley, rye, etc.) triggers the immune 
system to attack the gastrointestinal tract. Over the years this attack damages the 
ability of the intestinal villi to absorb nutrients from food, resulting in undiagnosed 
patients literally wasting away (as I was) [8]. However, testing blood markers for 
Celiac disease was still new and insurance would not approve the highly sensitive 

Fig. 1  Sudden and excessive weight loss is a symptom of undiagnosed Celiac disease. Coupled 
with the stresses of graduate school, my weight dropped to dangerously low levels and I was at a 
very low point in my life in 2011–2012
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Celiac test suggested by my doctor. I was not a Caucasian and it is widely (and 
wrongly) presumed that Celiac disease does not affect people of color. Months later 
I got the test conducted, and tested positive for Celiac disease in the summer of 
2012. I continue to suffer from Celiac consequences even now. I joke that I have 
visited ERs in all the major tourist places in the US. I even went to the one in Napa 
Valley during a vacation. The reason for all these ER admits is that it is almost 
impossible to maintain a gluten-free diet in our modern world. Gluten is the second 
most widely used material in the food industry (after sugar). I was particularly sen-
sitive to even trace levels, which made it very hard for my intestines to heal.

When I showed up for my PhD defense in May 2012, many members of my dis-
sertation committee did not recognize me because of how frail I had become. They 
were extremely concerned. But I soldiered on and passed. I stayed back in UT-Austin 
as a Postdoctoral Research Fellow in Professor Manthiram’s lab. I am grateful for 
this time, which gave me space to heal and plan for my future. In academics, taking 
time off the perpetual treadmill is usually frowned upon. Once again, this time was 
critical to the next step in my career.

My husband and I wanted to start a family but decided to wait due to my ongoing 
health issues and uncertainties with our immigration status (neither of us had a 
green card or permanent resident status yet). Disapproval from family and my own 
awareness of the fertility time limit facing me as a woman were constant sources of 
worry. Years later as an early career faculty, I would be faced with these questions 
again: “Is this the right time to have a baby? What happens if I wait too long?” This 
is a dilemma faced by all women pursuing growth in their careers.

�MIT Bound

In 2013, I started applying to jobs in industry (becoming a faculty member was the 
farthest idea from my mind then. I simply believed I was not good enough for such 
a job). After a disastrous industry job interview, I decided to also apply for postdoc-
toral research positions at universities. I had taken up a part-time position as the 
Associate Technical Editor for the Materials Research Society (MRS)‘s flagship 
journal MRS Bulletin. MRS is the largest international society for materials scien-
tists. I edited journal articles in the Bulletin for their technical content. While editing 
one such article, I learned about the work done by Professor Karen Gleason’s lab at 
MIT Chemical Engineering on paper-based photovoltaics, sensors, and other 
devices. It was a long shot but I was so excited that I curbed my fear and wrote to 
her. I immediately got a reply asking if we could meet. My husband bought me air 
tickets to fly to Boston and meet Professor Gleason. Years later, Professor Gleason 
said she liked my “chutzpah” for just showing up in her office. That—along with my 
background in lithium-ion battery work, polymers, and devices—made her offer me 
a position in her lab. For me, this opportunity to train at MIT was unbelievable and 
as far away from the dreams of the shy immigrant girl who consistently felt she was 
not good enough to be an engineer.
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In Chemical Engineering, I learned a whole new discipline yet again, this time 
about reactor design, transport phenomena, and process engineering. These topics 
helped form the foundation of the ceramic manufacturing thrust in my lab. Professor 
Gleason was the first female professor with whom I have worked. She is my role 
model. She taught me to be confident, to believe in the quality of my work, to stop 
second-guessing myself. Her scientific prowess (she discovered the vapor-phase 
polymerization process using chemical vapor deposition (CVD) and developed it 
into a commercial technology now used internationally); her engineering acumen 
and all-around optimism and confidence is so infectious. As the first woman to get 
tenure in MIT Chemical Engineering, Professor Gleason has experienced her share 
of challenges, and she works tirelessly to mentor and support her students and post-
docs. She is especially sensitive to the challenges faced by her female trainees. She 
once told me that every time I come to her with data, I spend the first 5 min berating 
myself for the things I did not do, before finally getting to the data from the experi-
ment I actually ran. As women, we tend to assume intellectual modesty is the 
“proper” thing to do, but it can have consequences to succeed in the self-promoting 
world of academia. I still suffer from imposter syndrome [9]; it never goes away. 
But over time I learned to consciously tame it. Working with Professor Gleason was 
instrumental to this change in me.

While my PhD focused on ceramic and polymer–ceramic hybrids, my postdoc-
toral work at MIT went deeper into polymers, particularly CVD polymerization 
which allows us to precisely engineer complex surfaces with a variety of function-
alities. I focused on the applications of these conformal coatings in 3D microbatter-
ies, a way of miniaturizing energy storage. These days we talk a lot about scaling up 
batteries for electric vehicles, but going the other way to scale down batteries is 
still hard.

I collaborated across departments and even institutes on campus like the Institute 
for Soldier Nanotechnology [10]. A frequent hangout for me was with Dr. Andrea 
Mershin’s team at the Center for Bits and Atoms [11], a wonderous place where 
engineering intersects with space exploration, movie making (Star Trek director 
J. J. Abrams hangs out in the building), building artificial life and intelligence, and 
other extraordinary pursuits. These experiences helped me dream big, I mean really 
big, when it became time to contemplate my next steps.

Professor Gleason was clear that I should apply for tenure-track jobs at R1 uni-
versities. She connected me to other mentors at MIT like Professor Hadley Sikes, 
who coached me through the application, interview, seminar, chalk–talk marathon 
of around 10 faculty job interviews. A challenge for me was managing Celiac dis-
ease. Long days on the road and eating out at restaurants were dangerous for me due 
to chances of inadvertent gluten exposure. Almost all my hosts accommodated my 
requests and made every attempt, but sometimes things just went wrong. I gave one 
job talk while being very sick (my faculty host kindly pointed out that I must rest 
before the next event on my agenda). One of the ideas I was pitching as part of my 
independent research was to engineer polymer-based sensors to detect gluten. This 
personally inspired research goal was highly appreciated in the interviews and this 
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hobby of a project eventually became a funded research thrust in my lab, graduating 
my second PhD student, Dr. Phil Smith.

�Starting My Own Lab @CMU

In 2015, when I started at Carnegie Mellon University (CMU) as a faculty in 
Mechanical Engineering, I was a lot older than other starting faculty in my cohort, 
mainly on account of the extra time I spent to get there. I could feel the weight of all 
these experiences. Indeed, the Dean of the college told me during our first meeting 
that my degrees and diverse experiences made me a candidate that stood out in the 
search that year. An academic career is stressful, period. There is no way to sugar-
coat this. My autoimmune condition is triggered by gluten, but my physicians told 
me that stress accelerates these responses.

However, I also got to do some extraordinarily fun things. I had heard about work 
being done in game-based learning. This, along with my own early interest in video 
games (I played Atari games a lot), inspired me to develop a course where I used the 
game Minecraft to teach materials science to mechanical engineering students. 
Minecraft is a game where you can start with simple cube (blocks) and build any-
thing from a Tesla Gigafactory to a space station. Students in my course can browse 
through rooms that teach them about Bravais lattices, crystal structures, defects, 
etc., as shown in Fig. 2, as well as build their own projects dealing with materials 
processing (plastic recycling, brick-making factory). Experiences from my first job 
as a computer programmer helped me embark on this project, which I believe can 
one day replace or augment traditional pedagogical methods. This project [12] was 
made possible by the Wimmer and Struminger Fellowships, the 2018 National 
Science Foundation CAREER award, and most importantly by my student Michael 
Oden working with a dedicated team of CMU undergraduate students.

An overarching goal of research in my lab (J-Lab) [13] is to use electric and 
electromagnetic fields for engineering energy-efficient processes to synthesize 
materials. When we succeed, our work can impact the way we produce ceramic 
materials that find applications in energy devices, sensors, electronics in areas as 
diverse as environment monitoring, transportation, aerospace, telecommunications, 
and healthcare [14]. Currently, producing these materials requires extremely high 
temperatures, making these processes highly energy intensive. We engineer reactor 
systems that allow us to use synchrotron X-rays to monitor the growth of materials, 
under electromagnetic fields (microwaves). Our highly multidisciplinary research 
merges together insights in electromagnetics, engineering physics, and materials 
chemistry. Events along my personal journey were often trigger points that helped 
me to navigate the map of these diverse disciplines and form connections that 
became invaluable to my career. My first PhD student, Dr. Nathan Nakamura (now 
a National Research Council (NRC) Postdoctoral fellow at National Institute of 
Standards and Technology (NIST)) collected the very first experimental evidence 
that microwaves change the atomic-scale structure of metal oxides. He took a 
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chance on me as a new faculty with a strange idea. My PhD student, Dr. Laisuo Su, 
was able to apply our techniques to develop faster charging lithium-ion batteries. He 
is now a Postdoctoral fellow in Professor Manthiram’s lab. Laisuo starting his post-
doctoral work in my old lab was a proud and emotional moment for me. I am grate-
ful to all the undergraduate and graduate students (not enough space to name them 
all here) who continue to push hard so that our lab can pursue and realize seemingly 
impossible feats.

In 2019, my husband and I had a son, as shown in Fig. 3. Mine was a complicated 
pregnancy with many ER visits, ending in an emergency C-section, and our baby 
spending time in the NICU. It was a difficult time but we are grateful and lucky to 
have him. Coming back to work a few months after was hard. My parents flew from 
India to help me and I am ever so grateful for their support when I was so vulnera-
ble. Then COVID-19 hit and my parents could not travel back home. Cooped up 
indoors during this strange time brought back old arguments and resentments but I 
am glad we got this time together. We agreed to respect each other’s choices and 
perspectives, and to be thankful that we have each other to love.

Fig. 2  Video games and science fiction inspired me to become a scientist and an engineer. 
Teaching engineering using games like Minecraft is a dream come true to me. This picture shows 
examples of various learning modules set up in my course to teach processing–structure–property 
relationships in materials
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�Science Fiction Dreams

In true journal fashion, Fig. 4 summarizes all the forks in the road that I took to 
become a faculty member in a top Mechanical Engineering program. I don’t even 
hold a Mechanical Engineering degree! Could I have planned such a nonlinear tra-
jectory for myself? I believe not. Did I have mentors? Yes, definitely. Was it luck? 
Yes, partly. But it was also a philosophy. Did it always work? Definitely not. At each 
of these transitions in my life, the decision-making had nuances and sometimes I 
took one fork, followed it, failed, and went back to the road to take the other fork. 
Along the way, also came the challenges of immigrant life, family pressures, and 
health struggles. Failure is especially hard when you come from years of imposter 
syndrome. But you can push back through hard work, determination, continuous 
improvement, and never giving up. This philosophy that defines my journey is the 
one piece of me I wish to leave with my students.

In all our endeavors, it is important to keep dreaming. For me the magic comes 
from science fiction. Through our electromagnetic field–assisted synthesis work, we 
may one day make a Star Trek–style replicator that can assemble any material and 
tailor its properties to our liking. I am so thrilled to be working with colleagues who 
are pushing the boundaries of human–machine interfaces (something that was fan-
tasy when I watched Robocop in 1987). Materials play a key role in these advance-
ments. I am so excited that a part of my dreams are coming true already: Through 

Fig. 3  Our first child and my best friend is a Hungarian Puli Tiberius (Tubby) who is named after 
the father of Captain James T. Kirk (Captain of the Starship Enterprise in Star Trek). This was the 
moment where my husband Aji introduced our newborn baby to Tubby
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our collaborations on Terminator-style liquid metal–based stretchable batteries [15] 
and using machine learning for autonomous discovery in science and engineer-
ing [16].

When this pandemic ends, I hope we can all start to dream again and search for, 
find, and journey down strange new roads we previously might not have considered. 
These roads not taken may make all the difference in our new post COVID world. 
As the Robert Frost poem goes [17]:

I shall be telling this with a sigh.
Somewhere ages and ages hence:
Two roads diverged in a wood, and I—.
I took the one less traveled by,
And that has made all the difference.
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My Journey from Fixing the Lawnmower 
to a Career in Fuels and Combustion

Elana Chapman

Sometimes we look back to determine if there was a single event that might have set 
us on our course in life, especially an event or experience connected to our personal 
interests and eventually our careers. As I made an intentional and mindful effort in 
pondering this question, I realized that there was not one single event that set me on 
my course, but perhaps a few events that guided and directed me to where I now find 
myself in my career. As I thought about it, I recalled my youth when I used to hang 
out in the garage with my Dad while he fixed the lawnmower and I curiously won-
dered how it worked. I remember those who buffered me and boosted my growth 
when I was stuck trying to figure out the next challenging “lawnmower” question—
parents, educators, friends, family, sorority sisters, professors, and advisors who 
grounded me to “keep it simple” like the lawnmower. I have been a Senior Fuels/
Biofuels Engineer for General Motors for the last 12 years. I am aspiring to become 
a Society of Automotive Engineers’ Fellow through my technical accomplishments, 
leadership, and service, and, potentially, someday honored to be an invited member 
of the National Academy of Science and/or Engineering. In this chapter, I would 
like to give a historical perspective on those instances that impacted my course in 
life and talk about how I went from fixing the lawnmower to my career in fuels and 
combustion. In these instances, there are lessons and key learnings about intellec-
tual curiosity, lifelong learning, and pursuing and rising to new challenges for young 
women interested in pursuing careers in science and engineering, college graduates 
thinking about going to grad school, PhD students working on their research, and 
educators and advocates interested in increasing women in engineering and science, 
technology, engineering and mathematics (STEM).

It was Christmas time between the Fall and Spring sophomore semesters while I 
was attending the University of Dayton studying Mechanical Engineering. I was 
exhausted and struggling with school. I just thought that there was some other 
degree that I should pursue, and I had decided to change my major. But before I did 
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that, I had to let my mom know what I was planning to do. I was not looking forward 
to the conversation, but I knew that I had to talk to her about it. Even though I knew 
that I could figure out how to fix the lawnmower, I was doubting that I could finish 
the coursework to get the degree. However, my mom knew that I was giving up on 
myself. As we talked through the entire night, she heard all the reasons that I had to 
give up and convinced me that I should not give in to my defeated feelings. But let 
me start from the beginning.

There were lots of things that interested me as an inquisitive young learner. I can 
recall some of the struggles of being at a new grade school, trying to fit in with the 
cliques, and just trying to keep up with the homework. Yes, I was one of those stu-
dents who took an interest in learning, but also worried that I might forget my 
homework at school, or which book I needed to bring home. I found myself bring-
ing home perhaps more than I needed each night, but I was confident that I had all 
my materials and references with me to complete my tasks. My memories are quite 
clear on those instances which had the most profound effects on me. During my 
fourth grade year, I recall an outside group coming to the classroom with a special 
project and presentation. While it escapes me who the group was, I was most 
impacted by how those adults in that group helped us to be successful, as well as by 
the materials that I was given to build my own digital timer circuit. In fact, I still 
have these parts to this day. I still recall the adults circulating in the room to make 
sure we were able to get the circuit built and confirm with each of us that it was 
working. That was perhaps my first introduction to electrical circuits, and to 
problem-solving. Looking back on this now, groups that bring simple projects like 
this to the classroom actually encourage and inspire young children to be inquisi-
tive, interest them in how things work and foster continued curiosity. Throughout 
my life, trips to Radio Shack for those electronic projects and parts would be part of 
my continued curiosity.

My mother supported my curiosity and, during this time, she specifically looked 
for toys that would interest me; I played with such things as Lego blocks, Erector 
sets, Matchbox cars, and a children’s tool kit for woodworking. And given my insa-
tiable curiosity, I soon tired of these and searched for something even more interest-
ing. I found it in the garage at my Dad’s workbench with the many tools and garden 
equipment on hand. While the tools were interesting, they were used to make some-
thing or fix something. And the things that needed to be fixed were the garden 
equipment, especially the lawn mowers. We had two riding lawnmowers and two 
push mowers to cover the large yard we had to mow each week. Usually my dad did 
all the maintenance, but when he was not around my mom asked if I could take a 
look. I was enchanted and of course, I had to first figure out how they worked. My 
mom was good at suggesting and then showing me the owner’s manuals. It was 
good practice to look at diagrams of how the parts fit together and the direction they 
should turn, and then look back at the parts on the actual machine. Although I was 
not always successful at fixing them, I was learning about them. Even more so, I 
was also learning that I wanted to learn more.

I thought the most effective way for me to “tinker” would be for my parents to 
buy a crashed car at the junkyard for me to work on. Looking back now, I realize 
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why that never happened; my parents knew this would have created a nice “mouse 
house” while living out in the country at the farm. I was left to settle for opening the 
hood of my mom’s car and learning what I could from observation, and tinkering 
with and comparing to the lawnmowers. Actually, it was a bit more than tinkering. 
When the mower’s engine would not start or was hard to start, it was a problem to 
solve. I had to focus my mind on how it was supposed to work and think through 
what might be causing it not to start. The first thing was to check if the engine had 
the proper fluids and if they were getting to the engine. Of course, when we tried to 
start it over and over again it was deemed “flooded” with fuel and fuel vapor, and 
then we needed to let it set for a while and try again later. I wouldn’t understand then 
why that seemed to work, but it just did. It was learning by trial and error, yet not 
understanding how to explain it.

I carried that questioning curiosity throughout grade school, which especially 
showed up with the subjects I liked to learn about the most—math and science. I 
was placed in the advanced classes in grade school, with the hope that I would 
advance into the honors classes in High School. Although I chose to go into the 
Honors Sciences in High School, I was hesitant to take Honors Math. It was not 
until after my Freshman year, and being bored relearning Algebra that, when offered 
to springboard into the Honors Math track, I immediately took the offer and studied 
Honors Geometry and Trigonometry the summer of my Freshman year. (Thanks to 
the Chaminade Julienne High School Honors Math teacher Mrs. Martha Duffy for 
her encouragement and lessons that summer to springboard a select group of stu-
dents forward.) I was now in both the Honors Math and Science tracks for my High 
School career. During those years, besides studying what I could from my texts and 
the library, my research also included both Popular Science and Popular Mechanics. 
They were certainly not the most technical literature, but they did peak my interests 
and allowed me to view aspects of science that I had not considered. I am thrilled to 
say that I finished third in my class and was given many awards including, to my 
surprise, the award for highest achievements in Honors Chemistry.

While reading those Popular Science and Popular Mechanics magazines, I began 
considering what might be next for me. I recall thinking that working on a project 
like hip replacements might be really interesting and an engineering degree might 
be the avenue to do that. I dreamed about going to Massachusetts Institute of 
Technology (MIT), however, knowing that it was quite far away and quite expen-
sive, I chose the University of Dayton (UD), much closer to home and with scholar-
ships, it was affordable. I decided on entering Mechanical Engineering, as it was a 
degree that would be a “Jill of All Trades,” meaning that I would not focus specifi-
cally on electrical, chemical, or materials engineering, but would have knowledge 
and a skill set of all. I was glad to know that the curriculum had some classes related 
to the focus area of energy and internal combustion engines as well.

College was extremely tough, and I eventually found my cohort group who sup-
ported me throughout my Mechanical Engineering degree and through college in 
general. I am grateful for the group of women who helped me in a class when I was 
struggling, and I’m grateful that I could return the favor and help them through 
classes when they needed it. I recall how much our group of four was there for each 
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other, especially when studying for a Mechanical Vibrations test, and meeting at 
midnight to review the materials. I was relieved to be able to count on my tribe for 
support throughout this time. (From this UD Mechanical Engineering tribe, every 
one of us went on to graduate school in engineering, with three of us going on for 
and receiving PhDs. This was and continues to be a very unusual thing!)

In addition, that tribe expanded into a bigger support system at UD. One of our 
fellow woman engineers pulled a larger group together to consider starting a social 
sorority on campus. Since my smaller tribe was all in, we decided to embark on the 
new adventure. Founding a social sorority on campus was a little harder than we 
imagined. Despite concerns from the university with the nature of the group and the 
potential liability, the drive behind the group of women engineers was such that a 
small group went to the College of Engineering and the University Vice Presidents 
to make their case. The group was not going to take “no” for an answer. Through 
their perseverance, this group became the University of Dayton Gamma Chapter of 
Phi Sigma Rho sorority. In that process, many of us came to understand the liability 
concerns, and committed ourselves to evolving the sorority to a point of financial 
stability. During this time at UD, this was not just the fun group of women student 
engineers to hang out with, but a community of women who could best understand 
the struggles of working hard to become an engineer. It is through this tribe that we 
were able to be successful and make it to the finish line to complete our degrees. 
And it was not until the end that we found out how impactful this group was to our 
success (Fig. 1).

Along my journey, there are many individuals who shaped my direction and, 
perhaps, changed the course of my life. The first was during my time at the University 
of Dayton. Dr. Kevin Hallinan, professor of Mechanical Engineering, invited me to 
support him with some of his research activities. While it was only a small amount 
of work that I did for him, he taught me about many aspects of research. At one 
point, he suggested I consider going to graduate school. “Who me?”—I was think-
ing inside my head. Most days I felt like I was barely surviving and succeeding in 
my classwork. However, he must have seen something in me then that I did not 
recognize. Perhaps it was the abstract and paper I wrote from my cooperative/
research experience for ASME which won the prize for Best Student Paper at the 
regional meeting, and he saw that I was capable of doing research, drawing conclu-
sions, and had a skill with writing. Or was it the senior design lab project which Dr. 
Hallinan helped me with measuring flame speeds of fuels by video frames in a 
Lexan Tube? I didn’t pursue graduate school right after graduation and followed the 

Fig. 1  Current logo of Phi 
Sigma Rho Sorority for 
Women in Engineering and 
Engineering Technology
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rest of the graduating seniors into the job market. It wasn’t until a few years later 
when I became somewhat disinterested in what I was doing, and more interested in 
learning about engines and fuels, that I realized something about myself that per-
haps Dr. Hallinan saw in me. I realized that I thirst to learn, and I needed to be in a 
position where I am continually learning. Those are good skills to have when you 
are a researcher. It was then that I decided to start looking at grad schools and apply-
ing to programs.

During my Senior year at the University of Dayton, I was offered and took a 
position at Delphi Delco Electronics, which was a components provider for General 
Motors (GM). Rather than go directly to graduate school, I needed to find a job so 
that I could take care of my needs. Also, I was not ready at the time to go back to 
school, and I was not sure I was capable of achieving an advanced degree. I started 
as an Electronics Packaging Engineer in the group that made engine controls for 
both GM and many of the International GM and non-GM groups. Through this posi-
tion, I learned that I was also interested in the work of the others on the team which 
included the Systems Engineering role, the objective of which was to architect the 
hardware and software functions, as well as the Software Engineering role which 
programmed the controller to operate the engine. It was one of those “how does that 
work and what does that do” moments for me. I was very interested in their kind of 
work since they interfaced with the engines and vehicles that the equipment was 
designed for, and I wanted to have the same “hands-on learning.”

My first approach to gaining additional education to make the transition to these 
roles was to get a bachelor’s degree in Electrical Engineering Technology at Indiana 
University–Purdue University—Indianapolis (IUPUI) in hopes that I could become 
a Systems Engineers. However, taking the classes while working full time proved to 
be too difficult. But the seed that was planted in me to go to grad school grew faster, 
taller, and stronger. My interest in “hands-on learning” working on a project involv-
ing an engine and a vehicle also grew. So, I investigated programs at universities in 
which I could work on engines and controls, with a preference for the project to 
move the design work from an engine dyno laboratory onto a concept vehicle dem-
onstration. It wasn’t until I decided upon the combustion research area that I began 
to explore schools and faculty advisors.

Perhaps it was my fortune at the time that all the schools I applied to accepted 
me. After a review of my decision matrix, I chose to go to Penn State University and 
work for Dr. Andre Boehman, Assistant Professor of Fuel Science, and father of Dr. 
Louis “Lou” Boehman, Professor at the University of Dayton, who taught me about 
internal combustion engines and was instrumental in putting me on my initial trajec-
tory. I feel fortunate to say I am perhaps the one and only student who was taught 
by both father and son. The project at Penn State involved a diesel engine and a bus 
demonstration project. The graduate degree was in Fuel Science, and a program that 
interested me involved fuel utilization in an engine, with the ability to take courses 
in Mechanical Engineering and Combustion, as well as Fuel Science. I wouldn’t 
realize then that this was a special program and that the fuel would play a major role 
in my research work while the engine was just the tool used to design the system 
and collect the data. I was right where I wanted to be (Fig. 2).
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My project in grad school involved a diesel engine, and a special fuel called 
dimethyl ether (DME). I was not thinking so much about the fuel when I chose the 
school and the degree program, but I was very interested in just working on an 
engine and in the lab. Working with my colleague on the project, our plan was to run 
the engine with the DME blended in the diesel fuel (diesel–DME blend) to enable 
the fuel system operation similar to diesel fuel operation, but to demonstrate the 
potential for environmental improvements (particulate matter and NOx reduction) 
with this fuel combination versus a normal diesel fuel operation. I can recall one day 
working really hard to just get the engine started. Everything seemed to be set up 
correctly, but nothing happened. It was frustrating and a point at which I thought, “I 
can’t do this. I don’t know what to do.” However, I thought back to the days I was 
working on that lawnmower at home. I did not know then what was wrong, but I 
focused on the simple aspects of the operation: It needs fuel and air to start, then it 
needs an ignition source. “I CAN do this.” Remembering that helped to keep me 
focused on the simple aspects of how the engine should operate, and what was 
needed to start it. Eventually, I was checking wiring harness voltage sources and 
sensors, and finally traced the issue to the throttle position sensor. It was a huge 
achievement just to get the engine running. But it was also a confidence booster to 
learn that I was ready to tackle the next part of the research.

Fig. 2  DME Shuttle Bus Project team. From left to right: Dr. Andre Boehman, Dr. Elana Chapman, 
Dr. Louis “Lou” Boehman, and Jennifer Stefanik. (Photo credit: Andre Boehman)
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Our first project regarding diesel–DME blends, blossomed to an evaluation of 
which materials in the fuel system could withstand the blend and which would 
degrade. To begin, we contacted technical experts and learned all we could about 
DME and potential issues of the fuel with the elastomer interactions (swelling of the 
elastomers, degradation of the materials, loss of function, and fuel leaking from the 
engine). We eventually determined that certain seals and O-rings had to be replaced, 
and only specific tubes could be used in the fuel system. Next, we had to understand 
if the fuel properties would potentially compromise the fuel system, especially the 
fuel injectors. Again, another project blossomed from this issue, which was 
addressed through the testing of lubricity additives mixed with the fuel blends. 
Lubricity additives in the fuel reduce the amount of wear that occurs in the fuel 
injector. The most challenging fuel property to master was the phase-change behav-
ior of the DME. The fuel itself is a gas at standard temperature and pressure (20 °C 
and 1 atmosphere), or the normal conditions in a room. The fuel system had to be 
developed so that it could keep both the diesel and the DME blended in a liquid state 
as it passed through the engine and fuel system. Through trial and error, we pur-
chased a large enough heat exchange bath to remove the heat that was injected into 
the fuel through the engine head, thus the fuel would remain a liquid in the closed 
fuel system. We also needed to ensure that we had enough pressure in the system to 
keep the fuel in the liquid state as well as to push the fuel into the fuel system lines 
for the testing. So, we needed to not only develop the loop for the fuel system, but 
also the tank and blending approach for preparing the fuel prior to testing. All of this 
was done to prove the fuel system operation and integrity, as well as demonstrate the 
improvement in emissions from the vehicle concept. Once this was accomplished, 
it was time to move this to the vehicle demonstration [1] (Figs. 3 and 4).

The fuel system would be replicated on a university bus which was only operated 
for short time periods. The bus fuel system was similar to our lab version, except for 
a few things that needed to be adapted for use on the vehicle. The cooling system 
developed for the laboratory was adapted for use in the vehicle, and the fill up and 
daily close down procedures were modified as well. At the end of every day, the fuel 
tank would go through a “blow down” procedure to release pressure in the lines. 
This was necessary since the closed fuel system would continue to increase in heat 
after the engine and cooling system was turned off. That increase in heat would 
build pressure in the system, which was unsafe for those working around it, and also 
the pressure would be so high that the special fuel pump and cooling system would 
not be able to overcome the vapor pressure in the system below the threshold for the 
DME to change phases from gas to liquid. To resolve this issue, we installed a short 
off-gas tube on the bus, well above the bus top, for the daily close down procedure 
which we called the fuel system blow down. We did not want to release the DME at 
the ground level due to a potential fuel ignition issue with the mixing of the gaseous 
fuel and air at the ground. So, it was released perhaps 20 ft above the ground, and 
5 ft above the bus. As an interesting aside, we did not have a concern with the poten-
tial toxic release of the DME into the air as we knew that DME not only degrades in 
the atmosphere in 3 days but is also a very common gaseous chemical used in the 
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Fig. 3  Photo of the Navistar T444E Turbodiesel Engine in the 450 hp. engine test cell prior to 
conversion to DME–diesel blends

Fig. 4  Navistar T444E showing conversion to DME–diesel operation
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delivery of hair spray. Therefore, it was relatively safe to use and safe for the envi-
ronment [2].

For my PhD work, I continued my study of DME at Penn State, but with another 
fuel system concept application, and with a light duty diesel engine. In this work, I 
focused on using a combination of the DME as a gas mixed with the intake air and 
running the engine with a normal diesel liquid fuel injection. I studied specifically 
the direct impact of this combination on the particulate emissions, NOx, and other 
criteria pollutants [3]. For this concept, the intake air system had an upstream heater 
on the inlet side so that the DME and air combination could be heated, and the fuel 
easily ignited in the engine. This kind of fuel system made delivery of the DME a 
bit easier, but more difficult to keep track of the fuel and air in each combustion 
cycle [4]. To monitor the fuel and other hydrocarbon species in the exhaust, a spe-
cial gaseous gas chromatograph (GC) was set up and used to collect the data. 
Separately, I was wondering if there could be some increase in the efficiency of the 
engine due to the DME assisting with a more consistent autoignition of the diesel 
fuel. Studies were carried out with both diesel fuel and with a 20% blend of bio-
diesel. There were clearly reductions in the particulate emissions with this concept. 
However, the other emissions increased, due to the lack of sufficiently controlling 
the ignition and complete combustion of the DME and perhaps some internal fuel 
mixing that led to complications with the NOx. I completed explaining the research 
results using Chemkin, a reaction chemistry simulation software, (https://www.
ansys.com/products/fluids/ansys-chemkin-pro) to model the fuel radical species in 
the DME ignition process. The work and process involved in explaining my research 
was not easy, but I kept my mind on the lawnmower to ground me each time I was 
struggling (Figs. 5 and 6).

In addition to the work I did for my Fuel Science PhD degree, I was also involved 
with some very interesting Department of Energy/university student sponsored pro-
grams. Future Truck, Challenge X, and Eco Car are a few of the Department of 
Energy (DOE) student competitions. These student programs were a great opportu-
nity for me as a graduate student to work with and teach undergraduate students, 
and to diversify my education by working on other energy and vehicle related proj-
ects. For all of these student-based hybrid electric vehicle projects, the objective 
was to highlight advanced hybrid electric technologies, potentially resulting in high 
efficiency and lower emissions. As the graduate student team lead for the diesel 
engine and aftertreatment package, I was given the task of developing the aftertreat-
ment approach which included inviting suppliers to participate with us in the dem-
onstration of their technology. I had the opportunity to learn a lot about Selective 
Catalytic Reduction (SCR) (also known as urea-SCR because the urea is the reduc-
tant) which is used to reduce and remove hydrocarbons and NOx from diesel exhaust 
emissions. Also, I worked with a separate supplier to bring forward a Diesel 
Particulate Filter (DPF) sized for the engine to remove the diesel exhaust particu-
lates. Each student-sponsored program involved the choice of fuel for improved 
overall CO2 reduction (net carbon CO2 through the fuel and powertrain selection), 
or as we also call it, a renewable fuel. For the project we only had one choice for the 
diesel engine which was biodiesel blended as a B20 (20% biodiesel blended with 
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diesel). With my support of the project, our team was able to finish in fifth place out 
of 20 teams that year. Most important to me was that the vehicle ran through the 
entire emissions testing and the system was able to function correctly [5].

During my PhD research, I was funded by a National Science Foundation Grade 
K–12 program. This involved using the technical aspects of the DOE student com-
petition based on advanced transportation research to educate both teachers and 
students in the classrooms in central Pennsylvania. This included developing K–12 
content for the classrooms, providing a website to document the K–12 lessons, and 
preparing updates for the K–12 students about the DOE student vehicle 

Fig. 5  Custom intake air manifold aspiration system used for fueling the engine, connected in 
front of an intake air heating system [4]

Fig. 6  Layout of the intake air heating system prior to installation on the engine stand [4]

E. Chapman



191

competitions. The college students involved in the NSF program and the vehicles 
competitions were pursuing a certificate in the DOE program called GATE: Graduate 
Automotive Technology Education. This program focused on Advanced Storage 
Systems technologies for transportation, including batteries, fuel cells, flywheels, 
and ultracapacitors. I was fortunate to take classes in all these areas, developing a 
breadth of knowledge in these technologies and earning a second Master’s Degree 
in Mechanical Engineering.

I finished my PhD work at Penn State and accepted a position at General Motors 
(GM) in the Advanced Diesel group. I was not in the Advanced Diesel group very 
long before I was sought after to fill a role as a Senior Fuels/Biofuels Engineering 
in the Fuels Group at GM. My work in this group involves understanding all the 
basic fuel properties of gasoline and ethanol fuel blends, and how those combust in 
engines to produce improvements in efficiency and reductions in vehicle emissions. 
This includes research fuels used for engine studies, and market fuels that are from 
retail stations.

Since 2010, I have been working on this issue called Stochastic Preignition 
(SPI). Stochastic is defined as something that occurs randomly and without an 
explainable and understood pattern. SPI is a phenomenon in an engine cylinder 
which causes the early ignition of the gasoline (spark ignition) fuel and air prior to 
the spark discharge. This abnormal engine combustion cycle event causes many 
issues with the normal operation, reducing fuel efficiency, degrading emissions, and 
potentially causing damage. It has been very difficult to find not only the cause of 
this but the potential solutions as well. As a typical researcher might do, I looked to 
the literature to determine if “we have been here before” [6]. Our literature review 
on the subject provided the technical community a comprehensive review and pro-
pelled us forward with an idea of where to start and how to work the issue. Because 
it is stochastic, it takes a significant number of engine cycles (almost a million 
engine cycles per test which takes about 16 hours to collect) to get enough events to 
occur to be able to differentiate the causes. Additionally, those of us working on this 
particular issue have become experts in statistical analysis and how to renormalize 
data. (In data collection, we understand that a data set is “normally distributed,” 
which means it has a Gaussian distribution with a peak and a tail on either side. 
When the data set is non-normal, there are methods that can be used to renormalize 
the data so that the traditional statistical methods can be used to draw conclusions 
from the data.) The quest to understand this issue has led me to understand the 
impact of the engine oil and oil additives, the engine fuel property relationship, and 
engine operating conditions that increase and decrease the propensity of this kind of 
event. Some improvements have been made to engines and oils, but continued 
research in this area is ongoing due to the need to reduce overall costs, improve fuel 
economy loss and emissions, and to allow for continued downsized boosted turbo 
direct injection engines as a technology option.

In 2014, I decided to set myself the goal to become a Society of Automotive 
Engineers (SAE) Technical Fellow. As part of the nomination process, I needed a 
significant number of reference letters. Now, I needed to be intentional in what I was 
asking for from my mentors. One of the amazing skills I gained from being a PhD 
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researcher is being humble with the ability to be open to learning and to coaching. 
With this goal in mind, it became clearer to me where I needed help and how to 
ask for it.

Along my journey, I’ve learned some things about myself that guided my choices 
and I wanted to end with these insights. Most important is that I keep myself 
grounded by remembering the lawnmower and that I am resilient and can succeed 
in whatever I decide to do next.

�Key Learnings About Myself

•	 I love to learn, so I needed a career where I would be continually learning.
•	 Be mindful of yourself and what stimulates your passion—for me that was con-

tinually learning about fuels, combustion, and engines.
•	 Use positive self-talk to get you through those tough situations—You CAN do it!
•	 Believe in yourself. With every new challenge, there is a new opportunity to learn.
•	 When it is hard to believe in yourself, turn to your tribe to build you up and 

keep going!
•	 Be mindful of and trust your instincts.
•	 Be humble and be open to coaching. Ask for coaching and ask for help.
•	 Build a network of colleagues, advisors and mentors.

�Key Things That Supported Me—From Parents, Faculty, 
and Others—In My Eventual Career

•	 When my dad was not around to fix the lawnmower, my mother asked me to see 
what I could do. Listen to your mom!

•	 Using the opportunity of the research at my cooperative experience, writing up 
the work in an abstract and paper, and presenting at a conference during my 
undergraduate degree.

•	 Having a professor plant a seed in me that I might consider graduate school.
•	 Having a great graduate degree research project, a great advisor, and the tools to 

succeed.
•	 My tribe of colleagues during my undergraduate degree who were always cheer-

ing me on.
•	 People in my life who were building me up and believing in me until I could 

sustain my own confidence and belief in my abilities.
•	 DOE- and NSF-funded programs that develop technical talent in K–12 students, 

teachers in the K–12 classroom, and students at universities.
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�What Helps Me Now

•	 Believe in yourself. With every new challenge, there is a new opportunity to learn.
•	 Exude confidence.
•	 Take a pause to consider where you are at, what’s missing, and then what’s next.
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Do Pipeline Engineers Want to Pollute 
the Environment?

Claudia Soriano Vazquez

When I graduated with a BSc in Mechatronics Engineering in Mexico, little did I 
know that my professional career would take me to Canada to develop their energy 
industry. The purpose of this chapter is twofold. First, I want students to know that 
engineering is a rewarding profession for those of us who stay curious, and that the 
possibilities to shape their careers depend on how nimble they are to challenge 
themselves and welcome opportunities. Second, I want to inform the general public 
that pipelines are an intrinsic part of our life and share how engineers like me use 
the best of our collective expertise to supply the energy that society needs while 
protecting people and the environment.

�Why Study Engineering?

Engineering is still a male-dominated profession. In my career, there have been 
many times where I have been the only woman in the room, but through the years I 
have seen a significant change in the workforce as more and more women choose 
exciting careers in engineering, to the point where I have also been part of all-
female engineering teams.

My interest in studying engineering was thanks to early exposure to it. My dad 
was a communications engineer who worked at the Mexican national telephone 
company. In his career, he was involved in many milestones that transformed peo-
ple’s lives, from replacing vintage rotary telephones to modern phones with buttons 
and voicemail, the advent of the Internet and cell phones, and implementing city-
wide surveillance systems for vehicle traffic control. He instilled my interest in 
engineering by bringing home magazines that highlighted technological advances. 
My favourite one was a Concorde special edition with a two-page picture of the 
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supersonic plane being inspected by an aeronautics female engineer. This image 
made me think how cool engineers are!

But what finally defined my choice was a scholarship to study at a French high 
school, where I took mechanical and electronic courses in grades 11 and 12. I 
remember having lots of fun learning basic programming, loading the program into 
a machine and seeing how the machine would follow my commands. So when my 
time came to choose an undergraduate program, I wanted to learn how to create 
solutions to problems in everyday life using the combined knowledge of mechanical 
and electronics engineering. A novel program called Mechatronics Engineering was 
offered at the Universidad Nacional Autonoma de Mexico and I knew this is what I 
wanted to study.

�A Young Engineer in Oil and Gas

When I graduated from university, I was interested in industrial automation, so I 
accepted a rotational trainee position at a company recognized as one of the world’s 
industry automation leaders. In my first year, I worked on short assignments in sev-
eral business units in Mexico City, and at the end of it, I was offered a permanent 
position as a Project Engineer in the Oil and Gas Department. I confess that the oil 
and gas industry is not one that I was particularly interested in, mostly because I did 
not know much about it, except that it is a main contributor to the economy in North 
America. My boss-to-be explained to me that I could participate in automation proj-
ects in this sector, so with all the excitement of a young engineer eager to learn 
everything, I gladly accepted the position. This is how my journey in the energy 
industry started.

Shortly after, I had many opportunities to visit oil and gas facilities in the coun-
try. Wearing personal protective equipment such as coveralls, steel-toe boots, hel-
met, and safety glasses was always a requirement and quickly became a normal part 
of my job. My earliest visit was to a refinery where we were to commission a gas 
turbine. When we arrived, I remember feeling appalled because my presence was 
not acknowledged by any of the all-male workers who addressed all their conversa-
tion only to the senior engineer I was with. As it was my first site experience, I did 
not know how to handle the uncomfortable situation so I said nothing. Later, I was 
shocked when I realized that there were no female washrooms near my worksite, 
while the men’s washrooms were just a few steps away. Seriously? No women’s 
washrooms around in 2010? Certainly, these anecdotes were uninviting for some-
one new to the industry, but I was not going to let those minor incidents get in my 
way of gaining valuable engineering experience. If anything, they only made my 
skin a bit thicker.

For the next 3 years, I worked on a variety of projects. The most memorable one 
for me, due to its magnitude, was the turnkey construction project of a combined 
cycle plant for a mine. In a nutshell, the project would allow this client to produce 
its own energy, and we were in charge of building the plant from the ground up. I 
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was managing the project coordination, which was important to facilitate work on 
site, but I was still interested in understanding the nuts and bolts of the plant. 
However, I noticed that the engineers in charge of designing the plant and giving 
technical recommendations were based in the USA and Germany. I wanted to 
become an engineer like them, capable of answering detailed technical questions 
and I realized that I would need to prepare further. So, I looked for the best engi-
neering graduate programs in the world and I found a dream graduate student and 
research assistant opportunity in Vancouver, Canada, in the Department of Materials 
Engineering at the University of British Columbia.

�Corrosion Is Not ‘Bad’, Corrosion Is ‘Natural’

My first interaction with materials engineering was during my undergraduate years. 
It blew my mind to learn that the atoms of metallic materials are arranged in crystal-
line structures and that these structures can change with processing, which results in 
different mechanical properties. Material engineering students also learn about the 
stress–strain curve, which describes the mechanical behaviour of materials when an 
external load is applied to them. The explanation of this curve can be found else-
where [1], but for this chapter, suffice to say that most metals can be stretched like 
an elastic band to a certain limit, called the yield point. If the external load is 
removed before the material reaches the yield point, then metals return to their 
original shape (formally known as Hooke’s Law). However, if the metal is stretched 
beyond the yield point, the material will be permanently deformed. Furthermore, if 
the external load continues to be applied, there will be a point where the material 
reaches its maximum strength, known as ultimate tensile strength, and then will 
inevitably break.

These basic concepts are fundamental to designing engineered structures because 
any design begins with material selection and stress–strain calculations to ensure 
the structure will have the ability to withstand the required service conditions. This 
is valid whether we refer to planes, ships, bridges, pipelines, or other engineering 
marvels.

But what happens with materials over time? I learned more about this in my 
graduate years when I was engaged in corrosion research [2]. Before being educated 
in corrosion science, I used to associate corrosion with red rust on steel and to char-
acterize it as ‘bad’. However, I have learned that corrosion is simply a ‘natural 
process’. This was important to understand because it is the foundation of my cur-
rent role as an integrity engineer, where we aim to protect ageing infrastructure 
against corrosion. But let me elaborate.

Very few metals exist in nature as we know them; gold is one of them. Most met-
als are found in nature in the form of oxides on rocks. To obtain these metals, inten-
sive extraction and processing are required. Such processes place the material in a 
higher energy level than it had in its natural form. But just as a ball at a high altitude 
tends to drop to the ground when it is released, materials at a high energy level 
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‘want’ to return to a lower energy state. This tendency is what produces corrosion, 
which is nothing else than the metal naturally returning to its original oxide form.

As engineers, we see corrosion as detrimental because it reduces the design life 
of engineered products. The good news is that corrosion can be managed. How? 
Let’s first take a peek at the corrosion process.

Corrosion is an electrochemical process that requires four elements in order to 
take place as shown in Fig. 1 [3]:

	1.	 Anode is the component that corrodes, it loses cations (ions with net positive 
charge) and electrons, which results in loss of material.

	2.	 Cathode is the component that receives the electrons lost by the anode.
	3.	 Ionic path is the electrolyte that facilitates the transfer of ions.

Water is the best example of the ionic path, but it is not the only one. Other 
examples are blood that surrounds metallic implants in the human body [4] and 
concrete that covers steel reinforcements in a bridge [5].

	4.	 Electronic path is the path through which the electrons lost by the anode travel 
to the cathode. This electronic path is provided by metals themselves, because 
they are excellent conductors.

Corrosion can be stopped by removing one of these elements. For example, a 
coating adequately adhered to the substrate material will be a barrier between the 
metal and the ionic path in the environment and hence prevent corrosion from hap-
pening. But if the coating gets damaged, the four corrosion elements may be at 
play again.

After gaining more knowledge in materials engineering and corrosion, I was 
ready to go back to work in industry. This time, I found an opportunity as a Pipeline 
Engineer in Calgary, Alberta. I was ecstatic about my first professional job in 
Canada. As I had to relocate, when I shared my good news and bid farewell to my 

Fig. 1  Four elements in the corrosion process
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friends, I was shocked when one of them said: “A pipeline engineer? So, do you 
want to pollute the environment?”

“What? Where does the association between being a pipeline engineer and pol-
luting the environment come from?”

I hope that through sharing some personal stories and learning from almost 
7 years working in this industry, I am able to address that pipeline engineers care 
about the environment and do everything in their hands to protect it.

�Delivering Energy

Pipelines are the arteries that deliver the energy that our daily life demands. Consider 
that every time we wear manufactured clothes, cook our food, turn the lights on, 
work on a computer, make a cell phone call, make our daily commute, get health 
services at the hospital, take a flight, etc., in every single moment of our lives, our 
quality of life depends on energy. Traditionally, oil and gas have been the primary 
sources to generate this energy. Even now, despite the rise of renewables, fossil 
fuels continue to represent the main share in the energy mix to meet global energy 
demand. In 2018, they accounted for more than 60% of total world gross electricity 
production [6] and it is expected that the global oil demand will continue to grow at 
least for the next decade before flattening out.

However, these fuels need to be transported from the remote sites where they are 
produced to the locations where they will be further processed and then consumed. 
Pipelines are the safest and most reliable method to transport oil and gas [7].

While there are various types of pipelines, the remainder of this chapter focuses 
on transmission pipelines, which are superhighways that travel hundreds to thou-
sands of miles to carry the natural gas or crude oil from the sites where they are 
produced to refineries.

The transmission pipeline infrastructure in North America consists of more than 
117,000 km (72,700 mi) in Canada [8], 620,000 km (385,250 mi) in the USA [9] 
and 27,000 km (16,777 mi) in Mexico [10, 11], according to public records of gov-
ernment agencies in each country. If these pipelines were aligned one after the other, 
their length would be almost enough to get to the Moon and back. Even if we do not 
see them, pipeline networks are ubiquitous. The reason why we do not see them is 
because, generally, they are buried. But pipeline networks are as geographically 
spread out as telecommunication and electricity networks.

Pipelines are stringently regulated throughout their life cycle. No pipeline can be 
built without the regulators’ approval, and in order to obtain it, a series of strict 
conditions must be met. These conditions include landowner and indigenous con-
sultations, environmental and archaeological studies, and technical requirements 
[12, 13], to name a few. But in recent years, operators need to also consider accep-
tance from society, from which there is increasing scrutiny and concern. My friend 
who asked if I wanted to pollute the environment was only the first person of many 
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who have questioned what I do. I think it is a fair question and people have the right 
to be informed, so I invite you to keep reading.

�Winter Pipeline Construction

A few years ago, when I was still fairly new to the pipeline industry, I had the great 
opportunity to participate in the construction project of a natural gas pipeline. With 
the ever-decreasing number of approved transmission pipeline projects, this was an 
experience that I feel lucky and proud to count under my belt.

The segment we built was a short one (about 30 km or 18 miles) but it had many 
of the technical challenges that one can imagine. This pipeline was to be constructed 
in a mountainous region, crossing sensitive ecological areas, farmers’ fields, several 
creeks, an important river, and a highway. To make things even more complicated, 
this was a winter construction project in northern Canada. For those of you unfamil-
iar with Canadian winters, they are bitter. Temperatures on any given day at that lati-
tude can vary between −15 °C (5 °F) and − 25 °C (−13 °F) and some days during 
that project, they dropped to less than −30 °C (−22 °F). With the humidity in the 
region, it feels even colder. There is no way to describe this cold to someone who 
has not experienced it, but instead of feeling cold, the skin feels pain, it aches, and 
if you are not careful, exposure of the skin over a prolonged time can cause frost-
bite. On top of that, with the constant snowfalls, the pipeline corridor was buried 
under at least a foot of snow.

There I was, the most junior member of the team, the only female engineer and 
the only non-Canadian participating in my first pipeline construction project. After 
having discussed the job duties with my supervisor, I was eager to travel to that 
remote location and spend a few months rotating every couple of weeks in and out 
of a town with a population of 2000 people to be part of this project and learn as 
much as possible. Only, there was a problem. This town was a 3-h drive from the 
closest airport and, being from Mexico, I had never driven in wintery conditions. 
Being surrounded by colleagues who consider snowy conditions as a normal part of 
life, I felt slightly apprehensive to speak up about my fear of winter driving. 
Nonetheless, I was not going to let this fear step in my way of gaining valuable site 
experience. Furthermore, I had been constantly reminded ever since I started work-
ing in the pipeline industry that ‘safety is first’. So, I spoke with my supervisor 
about my concern with my lack of experience with winter driving skills and felt 
relieved when he showed empathy and understanding. He immediately registered 
me in a winter driving course and developed a communications plan with the team 
on site. Once I finished the course, I gained confidence about driving myself to the 
site. But also, I felt protected by the communications plan: I was to inform the site 
office when I was about to start driving from the airport and they would be expect-
ing to see me within 3 h. If for any reason I did not show up or failed to communi-
cate with them, they would send someone to look for me in case I had driven into a 
ditch in an area where there was no cell phone reception. Luckily, this plan never 
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had to be implemented because I always made it safe and sound to the project site 
and back to the airport.

Every workday would kick off at 6 a.m. with the construction meeting where all 
inspectors would report to the construction manager. Lacking any site experience, I 
thought that people started to gather at 6 a.m. and perhaps have some informal con-
versations before going to the construction corridor because it was too early and too 
cold. So, the first day, I arrived at 6 a.m. to the office trailer site and I was surprised 
because all the parking spots were already taken! It took me a while to drive to the 
far end of the parking lot, make myself a parking spot on a pile of fresh snow and 
then walk through the thick layer of snow to the trailer where the meeting was held. 
Needless to say that I made a big entrance. I arrived about 20 min late and when I 
opened the door, I felt all eyes on me. There must have been 30 or more older men 
in the room. I sat at the nearest chair I found, at the far back. The purpose of the 
daily construction meetings is for every person in the room to report their progress 
of the previous day and the challenges for the present day. The chief inspector did 
the roll call, but he missed asking me if I had anything to say, maybe he did not see 
me. But a voice at the other side of the room pointed out his omission. The chief 
inspector excused himself for it and gave me a chance to speak. As it was my very 
first day on site, I did not have anything to report, really, so I simply introduced 
myself to the crowd. The voice that spoke up for me belonged to the other woman 
in the room that I had not seen before. She was older than me and much more expe-
rienced in fieldwork; she was a safety inspector. Her gesture was extremely power-
ful to me because she showed me that even if I had nothing to say and I was new, I 
had the right to be acknowledged. I deeply appreciated it.

After a few days arriving earlier each time, I realized that 5:30 a.m. was the best 
time to start the day to have the chance to discuss face to face with inspectors any 
questions before they headed to the pipeline corridor to continue with construction 
activities. The workdays were 12-h journeys that started at 6  a.m. sharp from 
Monday to Saturday. Despite the long work hours, time on site evaporated between 
the many challenges that arose.

My duty as a field engineer was to resolve any design or engineering questions 
from the construction crews or inspectors. This was a huge responsibility! Although 
there were other engineers on site, I was the only one from the engineering depart-
ment designated to be the first line of response to an assortment of queries, all 
important and urgent. But I was not alone, similar to the winter driving experience, 
I could always reach out to senior design engineers and subject matter experts in the 
head office to discuss the issue and provide direction to the field. By addressing 
those questions, I grew a bit wiser every day.

Sometimes the questions could be fairly easy to answer, such as what are the 
applicable construction drawings and procedures for a given section of the line. 
Other times, the questions could be very specific, such as what is the voltage range 
that should be used for jeeping Fusion Bonded Epoxy coating. Jeeping? Is this 
English? It turns out, that the pipe comes in short sections that are coated at the plant 
by the pipe manufacturer. Each joint is welded on site to the next joint and so on and 
welds are non-destructively inspected to ensure their good quality. Before the 
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longer pipe section is laid down in the trench that has previously been excavated for 
it, the coating is checked to ensure that it has not been damaged by scratches pro-
duced during construction because any damage can remove the protectiveness of the 
coating. This coating inspection procedure is called jeeping [14]. If holidays, which 
are minute discontinuities in the coating and not visible by the bare eye, are found 
beyond the acceptance criteria, the coating needs to be repaired. The objective is 
that the welding and coating conditions are optimum before burying the pipeline.

Other issues were more difficult to resolve, even for the seasoned construction 
manager and chief inspector on site, and required a multidisciplinary approach. For 
example, the crossing of a river. In a similar way to the rest of the pipeline corridor, 
the depth of cover, which is the thickness of the soil layer between the top of the 
pipe and the soil surface, must meet certain requirements to protect the pipeline 
from damage by external factors. One impressive trenchless method that exists for 
installing pipelines beneath obstructions, such as river crossings, is Horizontal 
Directional Drilling [15]. This process entails boring a path for the pipeline by 
launching a directional drill from the entry point on one side of the river to the exit 
point on the other side, without disturbing the ground surface. Once the bore is 
completed, the pipeline segment is pulled through. With this method, the pipeline 
crosses several meters underneath the river and is protected from threats such as 
water erosion, or being hit by rocks or debris carried by the river during flash floods. 
This way, the pipeline is protected and therefore the river itself is protected from a 
potential release of the products transported by the pipeline.

Towards the end of the construction project, when the entire pipeline has been 
built, buried and ready to start operation, a pressure test is conducted. In this test, the 
pipeline is filled up with a fluid, typically water, and the pressure is gradually 
increased to beyond the intended operating pressure of the line by a safety factor but 
less than the burst pressure that is calculated based on the strain–stress principles 
discussed earlier. The purpose of this test is to identify any possible imperfection 
remaining on the line that could pose a threat in the future. If there were any manu-
facturing or construction defects, the pressure test would uncover them. If the pres-
sure test is successful, the pipeline operator sends all the required information to the 
regulator and once approved, the pipeline can begin operating. The pipeline we built 
is one segment of a natural gas system that delivers energy to the Vancouver metro-
politan area and the United States.

By the time the construction project was completed, I did not feel like a foreigner 
anymore, but rather an important member of the core project team. Being a field 
engineer was a phenomenal learning experience and one that marked my future 
approach with field personnel. Now that I work mostly in the office, when I receive 
a call from them, I consider it of high importance because I know that timely 
responses are of the essence.

C. S. Vazquez



203

�How Are Pipelines Inspected?

After the pipeline construction ended, I moved to a new role as a pipeline integrity 
engineer, where I have developed for over 5 years. Pipeline integrity is a branch of 
engineering that focuses on identifying and managing threats to the pipeline for the 
operating life of the asset, as explained herein [16]. In simple terms, pipeline integ-
rity engineers are like pipeline doctors because analogously as the human body 
requires medical attention for diverse reasons throughout a person’s lifetime, pipe-
line infrastructure also needs to be inspected and maintained to continue operating 
safely for decades.

Pipeline integrity engineers are well aware that a pipeline incident, such as a leak 
or rupture, could have catastrophic consequences for people and the environment. 
Our goal is to prevent any incident from happening. Given the diversity of pipeline 
threats, integrity engineers must be specialized, just as doctors are. Some integrity 
engineers specialize in managing external forces of geotechnical or hydro-technical 
nature; others focus on providing adequate cathodic protection to the pipeline, 
which is an additional layer of protection against corrosion; and others, like me, 
focus on guaranteeing that the condition of the steel the pipeline is made of is appro-
priate for continued service. The remainder of this section focuses on the latter type 
of integrity engineering.

Pipelines are fully inspected at selected frequencies, which usually span a few 
years, with in-line inspection (ILI) tools. As their name suggests, all in-line inspec-
tion tools travel inside the pipeline and cannot be seen from the ground surface 
because pipelines are generally buried. ILI tools are cylindrical-shaped machines 
that carry a multitude of sensors to collect vast amounts of data about the condition 
of the steel pipe. ILI tools detect, identify and size imperfections and provide their 
specific dimensions (length, width, and depth) and exact position (clock position, 
relative and absolute distances, and coordinates).

Due to the varied nature of possible material imperfections, ILI tools are also 
specialized in detecting and identifying specific type of imperfections, as listed in 
Table  1. ILI tools are powerful instruments because they provide information at 
every inch over the hundreds of miles of the pipeline. Integrity engineers use the 
data of the steel imperfections reported by the tools to assess if any imperfections 
are of concern. To do this, we perform calculations to determine the burst pressure 
at the corrosion points, the strain on the pipeline at deformations and predict the 
time to failure of any imperfection to determine which ones need to be repaired.

All imperfections that have the potential to initiate a failure are scheduled to be 
repaired promptly. In these cases, the pipeline is excavated, the coating is removed, 
the pipeline is sandblasted and inspected with non-destructive examination methods 
such as magnetic particle inspection, radiography, ultrasonic, etc. After a thorough 
inspection is completed and sufficient data exists, the appropriate repair method is 
selected. Once the repair is completed, the pipe is recoated and reburied.

On a day-to-day basis, I assess every inch of the line and it is my responsibility 
to make educated and informed decisions that ensure the integrity of the pipeline 
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Table 1  ILI tools and pipeline threats

ILI tool 
technology Description Threat What causes it?

Why is this a 
threat?

Magnetic flux 
leakage (MFL)

Primarily 
designed to 
identify metal 
loss in the 
pipeline
Most of the 
time, metal 
loss is due to 
corrosion but 
in some 
instances it 
may also be 
caused by 
scratches from 
machinery
MFL tools can 
discriminate 
whether the 
imperfection is 
on the external 
or the internal 
surface of the 
pipeline

Corrosion
(internal and 
external)

External corrosion 
may be caused by 
damaged or disbonded 
coating that no longer 
isolates the steel from 
the environment or it 
may be an indication 
that the cathodic 
protection system is 
not being effective
Internal corrosion 
may be a symptom of 
water being 
transported in the 
fluid or 
microbiologically 
influenced corrosion, 
which results from the 
metabolic processes 
of bacteria that form 
colonies adhered to 
the pipeline

A loss of metal 
translates into a 
reduction of the 
thickness of the 
pipe wall. 
Therefore, the 
maximum 
pressure that a 
given pipeline 
can withstand is 
reduced in the 
areas where 
corrosion exists

Caliper Primarily 
designed to 
identify 
geometric 
deformations

Deformations
(dents, buckles, 
wrinkles, 
ovalities)

Dents may be caused 
by equipment that 
accidentally hits the 
pipe, or sometimes by 
rocks that were buried 
under the pipeline and 
were not seen at the 
time of construction 
but overtime entered 
in contact with the 
pipe and dented it
Buckles are caused by 
combinations of loads
Wrinkles may be a 
symptom of ground 
movement that applies 
large forces on the 
pipe

Deformations 
might introduce 
additional strain, 
pushing the pipe 
properties closer 
to the point of 
failure [13]

(continued)
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and, hence, guarantee the safety of the public and the environment. For this reason, 
I believe it is a profession to be proud of.

�Future Opportunities

As the millennial that I am, I acknowledge the challenge posed by climate change 
and I aim to be part of the transition to a net-zero energy future. As a pipeline engi-
neer who has been confronted by people questioning if I want to pollute the environ-
ment, my answer is no. Engineers who work in the pipeline industry do not want to 
pollute the environment. On the contrary, we are committed to using the best of our 
collective expertise to safely deliver energy using the best methods available.

Looking into the future, I am convinced that pipelines will continue to transport 
energy for decades to come and they will contribute towards a decarbonized future 
[17]. How? Over the past year, various governments have launched initiatives to 
advance the use of hydrogen as a fuel that has the advantage of producing energy 

Table 1  (continued)

ILI tool 
technology Description Threat What causes it?

Why is this a 
threat?

Inertial mapping 
units (IMU)

IMU tools 
provide 
positioning 
(coordinates) 
and altitude 
along the 
pipeline 
trajectory

Pipeline 
displacement

Ground movement Pipeline 
displacement 
from its original 
centreline may 
introduce high 
strain and 
potentially 
rupture the line

Electromagnetic 
acoustic 
transducer 
(EMAT)

Designed to 
identify cracks

Cracks are 
brittle linear 
indications with 
sharp tips and 
no volumetric 
loss of steel

Various mechanisms 
(e.g. environment, 
fatigue, mill defects)

Cracks could 
initiate brittle 
fractures

Hard spot (HS) Designed to 
identify hard 
spots

Hard spots are 
areas of higher 
hardness 
compared to the 
rest of the pipe 
and they may 
reside in the 
pipeline from 
the time it was 
manufactured

Localized quenching 
of the steel plate 
during the hot rolling 
process. Quenching is 
a rapid drop in 
temperature produced 
by droplets of water 
splashed on the hot 
steel

Hard spots are 
not a threat by 
themselves, but 
they make the 
pipe susceptible 
to hydrogen stress 
cracking if they 
are subjected to 
sufficiently high 
stress levels in 
the presence of 
atomic hydrogen 
[18]
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without CO2 emissions. In alignment with this vision, Canada has already piloted 
pipeline projects that transport blended hydrogen [18, 19], while Europe is propos-
ing a continent-wide pipeline network that will supply hydrogen in the next two 
decades [20, 21].

To finalize, I hope that this chapter has planted a seed of curiosity about the vari-
ous aspects of pipeline engineering and reassured the public about the careful work 
done to safely operate them. Lastly, I wish that the energy sector, which is the least 
gender-diverse with only 22% of women in the global workforce [22], will gain 
more female engineers that choose to take the lead to generate and deliver the energy 
of the future.
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Intelligent Control to Reduce Vehicle 
Energy Consumption and Greenhouse Gas 
Emissions

Bo Chen

�Introduction

The transportation sector is a large energy consumer and one of the largest contribu-
tors to the US greenhouse gas (GHG) emissions. Energy use for transportation was 
about 26% of the total US energy consumption in 2020 [1]. In addition, transporta-
tion accounted for the largest portion (29%) of the total US GHG emissions in 2019 
[2]. To reduce the energy consumption and emissions of the transportation sector, 
the market for electric vehicles (EVs) and hybrid electric vehicles (HEVs) is grow-
ing at an unprecedented pace. The electrified transportation presents two areas of 
research trends: (1) building efficient EVs/HEVs and EV charging infrastructure to 
form an EV ecosystem for all-electric future; (2) exploring advanced technologies 
using vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communications 
to further reduce energy consumption of connected and automated vehicles (CAV). 
My recent research in automotive controls aligns with these two emerging areas.

Prior to joining Michigan Tech in 2007, I was a postdoctoral associate in the 
department of Mechanical and Aerospace Engineering at the University of 
California, Davis. My postdoctoral research primarily lies in intelligent agent sys-
tems. An intelligent agent is an autonomous computational entity that is able to 
perceive, reason, and initiate activities in its environment. It is intelligent and adap-
tive, usually programmed with artificial intelligence approaches. It can communi-
cate with other agents, work cooperatively, and take autonomous actions in order to 
achieve its design goals. I developed a mobile agent system called Mobile-C [3]. 
Mobile-C supports mobile agents by integrating an embeddable C/C++ interpreter 
into an agent system platform as a mobile agent execution engine. Mobile agents are 
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intelligent agents that can move from one computer to another in a network, while 
being executed in multiple computers. Mobile-C provides communication services 
to support agent communication and migration through message passing. With 
mobile agent systems, a control network is able to adopt newly developed control 
algorithms and make adjustments in response to operational or task changes. To 
apply Mobile-C in intelligent transportation systems, a comprehensive literature 
review has been conducted and resulted in a survey paper [4] (Best Survey Paper 
Award) that has been cited over 680 times. Mobile-C has been applied for distrib-
uted traffic detection and management to enhance the flexibility and reduce raw data 
transmission [5]. After joining Michigan Tech, I received research funding from the 
National Science Foundation to explore fundamental scientific issues that could 
potentially lead to adaptive sensing and monitoring based on agent technology and 
immune-inspired pattern recognition methods. My research group established a 
mobile agent–based monitoring paradigm to overcome the major limitations of a 
wireless monitoring network, such as the adaptability and communication band-
width. A mobile agent–based monitoring network was developed by integrating 
Mobile-C with high-computational power-sensing hardware [6]. The mobile agent–
based monitoring network moves detection algorithms instead of raw sensor data, 
which significantly reduces the amount of data transferred. Multi-objective optimi-
zation algorithms were developed to optimally control the generation and distribu-
tion of mobile monitoring agents [7]. The agent distribution was controlled to 
increase the detection probability and extend the network lifetime. The immune-
based pattern recognition algorithms for damage detection, classification, and emer-
gent pattern recognition have also been developed [8, 9]. The developed pattern 
recognition algorithms mimic immune recognition mechanisms that possess adap-
tation, evolution, and immune learning capabilities. The damage patterns are repre-
sented by feature vectors that are extracted from structure’s dynamic measurements. 
The training process is designed based on the clonal selection principle of the 
immune system, which allows the classifier to improve the quality of representative 
feature vectors based on input data. One paper based on this research work received 
a Best Paper Award at 2010 IEEE/ASME International Conference on Mechatronic 
and Embedded Systems and Applications.

Shortly after joining Michigan Tech, I realized that it is important to expand my 
research areas so I can submit proposals to more funding agencies. I also noticed 
that research collaboration is common in large research projects. To write collabora-
tive research proposals, I actively searched the potential collaborators who have 
synergy with my research expertise. An opportunity arose in a project in which I 
collaborated with colleagues at Michigan Tech to develop engine controllers for 
Nostrum Energy LLC. The research area is very different from my prior research in 
intelligent agent systems. Through the collaboration, I not only learned required 
knowledge in internal combustion engines, but also gained research experience in 
conducting industrial research projects. This collaboration also helped me to build 
long-lasting research collaborations, which has resulted in multiple large research 
projects funded by the Department of Energy and industrial partners. These projects 
include an Interdisciplinary Program for Education and Outreach in Transportation 
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Electrification; MTU subcontract for Ford DOE Project: Advanced Gasoline 
Turbocharged Direct Injection Engine Development; NEXTCAR: Connected and 
Automated Control for Vehicle Dynamics and Powertrain Operation on a Light-
Duty Multi-Mode Hybrid Electric Vehicle; Energy Optimization of Light and 
Heavy-Duty Vehicle Cohorts of Mixed Connectivity, Automation and Propulsion 
System Capabilities via Meshed V2V–V2I and Expanded Data Sharing; and 
ARPA-E NEXTCAR Phase II – L4/L5 CAV Enabled Energy Reduction, where L4/
L5 stands for level 4/level 5 of vehicle autonomy. My experience has shown that 
research collaboration is important for junior faculty members to gain research 
skills necessary to conduct large research projects, expand professional network, 
and build long-lasting research collaborators. Through these research projects, my 
research in automotive control has also expanded from small-scale to large-scale 
automotive control systems, such as the development of engine controller, HEV 
powertrain supervisory controller, predictive vehicle dynamics and powertrain con-
trol, and connected vehicle control for intelligent transportation systems.

In addition to collaboration with colleagues at MTU, I also seek external 
research collaborations to build long-term partnerships. During my sabbatical 
leave from 2014 to 2015, I worked with the EV–Smart Grid Interoperability 
Center at DOE Argonne National Laboratory (ANL) in Chicago. The ANL EV 
Smart Grid Interoperability Center supports global harmonization of standards 
and technology for the EV–grid interface, as well as charging interoperability to 
ensure future electric vehicles and charging stations worldwide work together 
seamlessly. The work experience at ANL expanded my research area into EV–
smart grid integration and provided me opportunities to work with other national 
laboratories and international organizations, such as the Joint Research Centre of 
the European Commission.

In the past 14 years, my research group has developed various control algorithms 
for internal combustion (IC) engines, energy management strategies of hybrid elec-
tric vehicles, predictive control systems for connected and automated vehicles, and 
advanced control strategies for EV grid integration. My research projects have been 
supported by grants and contracts totaling over ten million dollars from government 
funding agencies, Argonne National Laboratory, and industry. The research has 
resulted in over 100 refereed publications in premier archival journals and conference 
papers and a number of Best Paper Awards/Best Student Paper Awards. My research 
and educational achievements have been recognized by the American Society of 
Mechanical Engineers (ASME). I have been elected a Fellow of ASME in 2020.

This chapter introduces my research and educational efforts in the automo-
tive control area to reduce vehicle energy consumption and greenhouse gas 
emissions. The rest of the chapter is organized as follows. Section “Research on 
developing intelligent control systems for advancing vehicle electrification” 
introduces my research work on control development for HEVs, connected and 
automated vehicles, and electric vehicle–grid integration. Section “Educational 
effort to prepare students for transportation electrification” presents my educa-
tional effort for transportation electrification. Section “Conclusions” concludes 
the chapter.
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�Research on Developing Intelligent Control Systems 
for Advancing Vehicle Electrification

This section introduces two of my research areas: vehicle control and electric vehi-
cle–grid integration. The scope of vehicle control ranges from powertrain compo-
nent control such as IC engine control, HEV control, connected and automated 
vehicle control, and energy optimization of vehicle cohorts. The electric vehicle–
grid integration research studies the impact of EV charging on grid and develops 
optimal control strategies to mitigate this impact.

�Advanced Vehicle/Powertrain Control and Predictive Control 
of Connected and Automated Vehicles

Over the past decade, my research group has been collaborating with Ford Motor 
Company and Nostrum Energy LLC to develop advanced control strategies for IC 
engines. The group has developed stochastic knock detection and control strategies 
for a Ford EcoBoost engine. The developed algorithms have been integrated with a 
production engine controller for the real-time knock detection and control on an 
engine test cell [10]. A recent work in combustion engine control is a model-based 
control system for cycle-by-cycle control of a gasoline turbocharged direct injection 
spark-ignition engine using an economic nonlinear model predictive controller 
(E-NMPC) [11, 12]. The E-NMPC engine control system is designed to meet driver-
requested torque output, minimize fuel consumption, and reduce NOx emissions. 
These control objectives are achieved by controlling throttle position, spark timing, 
intake and exhaust valve phasing, and wastegate position with the consideration of 
engine operating constraints, including both physical limitations of actuators and 
thresholds of abnormal combustion metrics comprising high variation of indicated 
mean effective pressure and combustion knock.

With the experience gained from engine control projects, I have learned working 
principles of engines and vehicles, which enables me to expand my research scope 
to HEV control. In the hybrid electric vehicle control area, my group has studied 
various optimal control strategies for HEV energy management, such as Equivalent 
Consumption Management Strategy (ECMS), adaptive ECMS, dynamic program-
ming, and model predictive control. The group has received three Best Student 
Paper Awards for HEV modeling and control. One example of this area of work is 
the development of a predicative HEV energy management strategy with the con-
sideration of both fuel economy and quantified lithium-ion battery aging [13]. In 
this work, the battery aging rate is quantified based on an electrochemical lithium-
ion battery model, which is able to provide quantified aging characteristics for the 
increase of internal resistance and decrease of battery capacity. The battery aging 
factor is quantified by changing factors of the battery, including state of charge 
(SOC), charging rate and internal temperature of the cell. The energy management 
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system is developed using a nonlinear model predictive control (NMPC) method to 
find an optimized control sequence over the prediction horizon, which minimizes 
engine fuel consumption and improves battery aging. The NMPC energy manage-
ment considering battery aging is compared to an NMPC that does not consider the 
battery aging. It is found that with the optimized weighting factor selection, the 
NMPC with the consideration of battery aging has better battery aging performance 
and similar fuel economy performance compared to the NMPC without the consid-
eration of battery aging. In addition to HEV powertrain energy management, my 
group has also studied the driving pattern recognition using features such as average 
cycle speed, acceleration, percentage time of low/medium/high speed, etc. to iden-
tify driving scenarios such as urban driving or highway driving [14]. The impact of 
aggressive driving on HEVs has also been investigated with a focus of powertrain 
energy flows, the energy consumption of individual powertrain components, their 
operating regions, and the energy losses of these components.

My recent research on vehicle control has shifted from isolated and reactive con-
trol to connected and predictive control. Vehicles on road currently operate in isola-
tion and rely on a human driver to provide high-level dynamic control of the vehicle. 
The vehicle controllers lack the ability of prediction and automatic adaptation to the 
changes of traffic and road conditions. With the advancement of V2V and V2I tech-
nologies, more and more real-time information regarding traffic and transportation 
systems will be available to vehicles. As the control thrust leader of the MTU 
NEXTCAR project funded by DOE ARPA-E, my group has developed a model 
predictive control system to reduce energy consumption of a multimode plug-in 
hybrid electric vehicle (PHEV) by leveraging future traffic and road information 
obtained through V2V and V2I communications. This information is incorporated 
with vehicle dynamics and constraints for making the control decisions on vehicle-
operating mode and powertrain energy management. The model predictive control 
system is also designed to enable connected and automated vehicle applications 
such as eco-approach and departure at signalized intersections, platooning, and 
cooperative adaptive cruise control.

The predictive control system is a multilevel control system as shown in Fig. 1. 
The predictive control system receives velocity bounds and road grade for a predic-
tion horizon from a cloud computing center. The velocity bounds define a range of 
velocities within which a connected vehicle can operate. These bounds are gener-
ated by a traffic simulator considering real-time traffic condition and safety. The 
control system outputs can be displayed on a human–machine interface (HMI) to 
provide real-time feedback to the driver. The top level of the predictive control sys-
tem is a novel algorithm that uses velocity bounds and powertrain information to 
generate an optimal velocity trajectory over the prediction horizon [15, 16]. The 
objectives of the velocity trajectory generation algorithm are to reduce dynamic 
losses, required tractive force, and to complete trip distance with a given travel time. 
When applied to a GM Volt-2, the generated velocity trajectory saves fuel compared 
to baseline energy consumption for a real-world drive cycle for both charge sustain-
ing and charge depleting operations. The charge sustaining mode of a PHEV utilizes 
a combination of engine and motor power to maintain the SOC at a specified level, 
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while the charge-depleting mode operates the vehicle solely on the battery energy. 
The simulation results show the energy savings ranging from 1.36% to 9.16% for 
charge sustaining case and 6.91% to 9.63% for charge depleting case. The baseline 
energy consumption is obtained using logged vehicle velocity profiles for the same 
drive cycle. The middle level of the predictive control system is the optimal mode 
selection for the drive unit using a discrete optimal mode path planning (OMPP) 
algorithm [17]. GM Volt-2 has five models: 1-EV mode, 2-EV mode, low extended 
range mode, fixed ratio extended range mode, and high extended range mode. The 
optimal mode at each time instant within a given prediction horizon is selected to 
minimize the engine fuel consumption, the deviation of the actual SOC from the 
reference SOC, and the energy required for mode shifts. The bottom-level of the 
control system is an NMPC power-split controller [18]. With the vehicle velocity 
trajectory and the drive unit mode selected by the upper levels of the control system, 
the NMPC power-split controller makes torque-split decisions among two electric 
motors and one combustion engine such that fuel consumption is minimized while 
battery SOC and vehicle velocity targets are met. The OMPP algorithm is integrated 
with NMPC power-split controller in order to create an integrated predictive pow-
ertrain controller (IPPC). The IPPC has been extensively tested in simulation across 
multiple real-world driving cycles where energy savings have been demonstrated. 
Simulation testing reveals that the IPPC can provide a 4–10% energy savings in 
standard drive cycles and a 3–7% energy savings over nonstandard, real-world drive 
cycles. The IPPC has also been deployed and tested in real time on test vehicles 
equipped with rapid prototyping embedded controllers. Real-time in-vehicle testing 
shows that the IPPC provides an energy savings of 4–6% over baseline vehicle con-
trol while achieving computational turnaround times suitable for real-time control. 
This work has demonstrated the feasibility of utilizing CAV technologies and pre-
dictive controls to reduce the energy consumption of connected vehicles.

Fig. 1  Overview of MTU NEXTCAR predictive control system for connected vehicles
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My research in vehicle electrification to reduce energy consumption and GHG 
emissions continues. Currently, I am participating in two recently funded research 
projects by the Department of Energy. One project, “Energy Optimization of Light 
and Heavy-Duty Vehicle Cohorts of Mixed Connectivity, Automation and Propulsion 
System Capabilities via Meshed V2V–V2I and Expanded Data Sharing” aims to 
reduce energy consumption through expanded V2V–V2I communication and the 
use of cloud computing and multi-agent optimization. Energy optimization for con-
nected and automated vehicles has been focused for a single vehicle or a fleet of 
identical vehicles. This MTU project, in partnership with AVL Powertrain 
Engineering Inc., Borg Warner Inc., Traffic Technology Services Inc., American 
Center for Mobility and Navistar, will investigate the energy optimization for mixed 
vehicle cohorts consisting of light and heavy-duty vehicles with various levels of 
connectivity, driving automation, and propulsion systems.

The second project is MTU NEXTCAR Phase II. The shift to fully autonomous 
transport is moving forward fast. Based on NEXTCAR Phase I technologies, MTU 
NEXTCAR Phase II is developing connected and automated vehicle technologies to 
demonstrate energy saving on level 4/level 5 autonomous vehicles. Partnership with 
GM and FCA, technologies for level 4 automated vehicles will be added to Chevrolet 
Bolt EV, 48  V mild HEV RAM1500, and Chrysler Pacifica PHEV. The level 4 
vehicle test fleet of the project provides representative propulsion systems: EV to 
HEV and compact to full-sized truck. The diversity of vehicle and propulsion sys-
tems will provide an understanding of the energy reduction potential for level 4 
autonomous vehicles with respect to mass, size, and propulsion system.

�Electric Vehicle and Smart Grid Integration

Accelerating EV adoption requires more public charging stations nationwide in 
addition to charging capability at home and at work. The evolution of electrified 
transportation represents a potentially large growth in electrical load that may 
impact electrical power grids by contributing to peak loads and changing the load-
ing patterns of electricity distribution equipment if vehicle charging is not properly 
coordinated and integrated as part of a larger electricity system. I started to do 
research in this area when I was on sabbatical leave at Argonne National Laboratory 
from 2014 to 2015. Since the sabbatical leave, my group has been working with 
ANL EV–Smart Grid Interoperability Center to develop advanced control strategies 
for effective EV and grid integration. A Hardware-in-the-Loop (HIL) framework, 
which consists of a real-time power grid simulator Opal-RT, various types of EV 
charging stations (AC/DC/extreme fast charger), solar panels, and building loads, is 
developed to validate vehicle-to-grid integration (VGI) communication and control 
algorithms at different power levels and scales. The HIL system is able to read real-
time power generation/consumption measurements, simulate charging impact on 
power grid, and communicate with charging controllers via cloud communication 
for the coordination of EV charging with renewable energy generation and building 
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loads to mitigate charging impact. Currently, the work is focused on translating 
charging behavior of ANL Smart Energy Building to a distributed network model, 
integrating utility grid, and testing the impact of EV charging on grid stability with 
EVs at scale.

In the EV–grid integration area, my group has investigated various aspects as 
shown in Fig. 2, including the estimation of EV charging load, the impact of EV 
charging on distribution grid, optimal EV charging control strategies to mitigate this 
impact, and using EV battery to provide grid services such as frequency regulation 
and voltage regulation [19]. The optimal EV charging control strategies have been 
developed for different levels and scales, including bidirectional power flow control 
of an onboard charger [20], plug-in electric vehicle (PEV) charging control in 
microgrids with renewable energy sources [21] (Best Student Paper Award in 2017), 
integrating utility demand response control signals for charging control, game the-
ory approach for the management of PEV-charging activities in a distribution net-
work [22], and transactive energy–based charging control [23] (Student Paper 
Award in 2019), which enables the integration of a market in charging control to 
achieve a socially optimal solution. Paper [24] studies the impact of aggregated resi-
dential and PEV charging load to several aspects of a grid, including load surge, 
voltage deviation, and the aging of distribution transformers. An optimal charging 
control method is proposed with the consideration of utility demand response con-
trol signals (time-of-use and direct load control) to mitigate the impact. Paper [25] 
presents a distributed control strategy to solve the power management problem for 
large-scale PEVs. Paper [26] further considers the use of EV batteries to put the 
energy back to the grid for regulating grid frequency. This grid service is called 
vehicle-to-grid (V2G) integration. Unlike stationary energy storage systems, using 
EVs to provide grid service is difficult because the EVs are movable and the 

Fig. 2  EV–grid integration research in the Laboratory of Intelligent Mechatronics and Embedded 
Systems at Michigan Tech
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available battery energy (the state of charge of the batteries) depends on individual 
travel plans. A distributed control scheme is developed that is able to make real-time 
charging/discharging control decisions based on the current grid frequency devia-
tion, real-time electricity price, and individual EV charging requirements. The con-
trol algorithm is able to handle the dynamics of available EVs, the location of EVs, 
and the grid conditions.

The successful research collaboration with National Laboratories has made me 
an expert in EV–grid integration. I have contributed to a DOE EV–Smart Grid 
Integration Requirements Study conducted by multiple National Laboratories to 
define the engineering requirements for smart grid operations to enable vehicle-to-
grid integration in the US.  I identified key VGI factors and suggested research 
opportunities in various aspects of VGI, including system architecture, communica-
tion standards, sensing, control, grid management, and cyber security. I have also 
been invited to attend technical meetings on the cybersecurity of electric vehicle–
charging infrastructure organized by several offices at DOE and NIST to identify 
the gaps and vulnerabilities in this threat space. I have also participated in a series 
of DOE-organized conversation topic calls on forecasting approaches that address 
the growing adoption of electric vehicles.

�Educational Effort to Prepare Students 
for Transportation Electrification

I have actively participated in curriculum development and contributed to an 
Interdisciplinary Program for Education and Outreach in Transportation 
Electrification funded by DOE. The primary objective of this project is the develop-
ment of an interdisciplinary curriculum that can lead to a Master of Engineering 
degree, and graduate and undergraduate certificates in Advanced Electric-Drive 
Vehicles. I developed a graduate-level course, “Distributed Embedded Control 
Systems,” for this project. The course is co-listed in both Mechanical Engineering–
Engineering Mechanics (ME–EM) and Electrical and Computer Engineering (ECE) 
departments. The course aims at developing an understanding of the model-based 
embedded control systems design and provides students with hands-on experience 
that is critical for the control development for hybrid electric vehicles. Several 
teaching labs and a final project have also been designed allowing students to 
develop control strategies, using an industrial standard rapid control prototype sys-
tem. The course has been very well received by graduate students in both ME–EM 
and ECE departments at Michigan Technological University. This course has been 
selected as one of the courses of a graduate certificate in Advanced Electric-Drive 
Vehicles and a graduate certificate in Automotive Systems and Controls.

Requested by graduate students both from ME–EM and ECE departments, I 
have developed 20 project-based courses related to Vehicle Electrification, includ-
ing Modeling and Hardware-in-the-Loop Test of Hybrid Vehicle Powertrain 
Systems, Model Predictive Control for Hybrid Electric Vehicle Powertrain Systems, 
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CAN Communication for dSPACE HEV HIL Simulation System, Optimization and 
Scheduling of PEV Charging/Discharging, and Path Planning and Tracking Control 
for Automatic Parking Assist Systems. Project-based courses offer opportunities for 
graduate students to learn by actively engaging in real-world engineering projects 
that they are interested in. Through project-based courses, students develop critical 
thinking, creativity, and communication skills. Feedback from students reflects that 
this learning experience is very helpful and valued by the companies that they have 
interviewed with.

I advise graduate students in both ME–EM and ECE departments. Most of my 
graduated students work in the automotive industry after graduation. These students 
are well prepared for the control development for electrified vehicles. They have 
very good academic records which are evidenced by multiple awards received by 
them, including four Best Student Paper Awards, one Best Paper Award, one Student 
Paper Award, one SAE Oral Presentation Award, four Michigan Tech Outstanding 
Graduate Student Teaching Awards, one Michigan Tech Finishing Fellowship 
Award, and four Outstanding Scholarship Awards in the Mechanical Engineering 
Department.

I have contributed to education outreach for undergraduate students. My NSF 
project “REU Site: Research in Advanced Propulsion and Fuel Technology for 
Sustainable Transportation,” provided the opportunity for 30 highly talented under-
graduate students from the US universities to participate in interdisciplinary research 
projects related to advanced propulsion control and sustainable transportation. REU 
students spent 40 h per week on research activities over a 10-week period in the 
summer. REU students also attended professional meetings, seminars, and in-depth 
information sessions related to applying to graduate school and obtaining funding. 
These opportunities increased students’ interest in conducting research, problem-
solving skills, ability to effectively collaborate as part of a team, and improved com-
munication skills. I also mentored several undergraduate students in research 
projects and summer undergraduate research fellowship programs.

�Conclusions

In this chapter, I have presented the research trends of transportation electrification 
and my professional journey at Michigan Tech. Several emerging research areas in 
electrified transportation and smart mobility have been discussed, including vehicle 
electrification, connected and automated vehicles enabled by V2V and V2I com-
munications, EV-charging infrastructure, and EV–grid integration. For smart mobil-
ity, vehicle control has shifted from isolated and reactive control to connected and 
predictive control to allow vehicles automatically adapting to the changes of traffic 
and road conditions.

My professional career at Michigan Tech spans more than a decade from an 
Assistant Professor to a Full Professor. I feel that establishing an externally funded 
research program is important, however, this may be challenging for junior faculty 
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members. From my experience, research collaboration helps to expand research 
areas, gain research skills for conducting large research projects, learn graduate 
student mentoring, expand professional networks, and build long-lasting research 
collaborators.

References

	 1.	“Energy use for transportation.” eia.gov. https://www.eia.gov/energyexplained/use-of-energy/
transportation.php (accessed July 3, 2021).

	 2.	“Fast facts on transportation greenhouse gas emissions.” epa.gov. https://www.epa.gov/green-
vehicles/fast-facts-transportation-greenhouse-gas-emissions (accessed July 3, 2021).

	 3.	B. Chen, H. H. Cheng, and J. Palen, “Mobile-C: a mobile agent platform for mobile C/C++ 
agents,” Software-Practice & Experience, vol. 36, pp. 1711–1733, 2006.

	 4.	B. Chen and H. H. Cheng, “A review of the applications of agent technology in traffic and 
transportation systems,” IEEE Transaction on Intelligent Transportation Systems, vol. 11, 
pp. 485–497, 2010.

	 5.	B. Chen, H. H. Cheng, and J. Palen, “Integrating mobile agent technology with multi-agent 
systems for distributed traffic detection and management systems,” Transportation Research 
Part C: Emerging Technologies, vol. 17, pp. 1–10, 2009.

	 6.	B.  Chen and W.  Liu, “Mobile agent computing paradigm for building a flexible structural 
health monitoring sensor network,” Journal of Computer-Aided Civil and Infrastructure 
Engineering, vol. 25, pp. 504–516, 2010.

	 7.	W.  Liu and B.  Chen, “Optimal control of mobile monitoring agents in immune-inspired 
wireless monitoring networks,” Journal of Network and Computer Applications, vol. 34, 
pp. 1818–1826, 2011.

	 8.	B. Chen and C. Zang, “A hybrid immune model for unsupervised structural damage pattern 
recognition,” Expert Systems with Applications, vol. 38, pp. 1650–1658, 2011.

	 9.	B. Chen and C. Zang, “Emergent damage pattern recognition using immune network theory,” 
Smart Structures and System, vol. 8, pp. 69–92, 2011.

	10.	W. Luo, B. Chen, J. Naber, and C. Glugla, “Stochastic knock detection, control, software inte-
gration, and evaluation on a V6 spark-ignition engine under steady-state operation,” presented 
at the SAE 2014 World Congress, Detroit, MI, 2014.

	11.	X. Wang, “A study of model-based control strategy for a gasoline turbocharged direct injection 
spark ignited engine,” Ph.D. dissertation, Mechanical Engineering – Engineering Mechanics, 
Michigan Technological University, Houghton, MI, USA, 2020.

	12.	X. Wang, A. Khameneian, P. Dice, B. Chen, M. Shahbakhti, J. D. Naber, et  al., “Control-
oriented model-based burn duration and ignition timing prediction with recursive-least-square 
adaptation for closed-loop combustion phasing control of spark-ignition engines,” presented at 
the ASME 2019 Dynamic Systems and Control Conference, Park City, Utah, 2019.

	13.	M. Cheng and B. Chen, “Nonlinear model predictive control of a power-split hybrid electric 
vehicle with consideration of battery aging,” Journal of Dynamic Systems, Measurement and 
Control, vol. 141, 2019.

	14.	L. Feng, W. Liu, and B. Chen, “Driving pattern recognition for adaptive hybrid vehicle con-
trol,” SAE International Journal of Alternative Powertrains, vol. 1, pp. 169–179, 2012.

	15.	P. K. Bhat, J. Oncken, R. Yadav, B. Chen, M. Shahbakhti, and D. Robinette, “Generation of 
optimal velocity trajectory for real-time predictive control of a multi-mode PHEV,” presented 
at the 2019 IEEE 90th Vehicular Technology Conference: VTC2019-Fall, Honolulu, Hawaii, 
USA, 2019.

	16.	B. Barik, P. K. Bhat, J. Oncken, B. Chen, J. Orlando, and D. Robinette, “Optimal velocity 
prediction for fuel economy improvement of connected vehicles,” IET Intelligent Transport 
Systems, vol. 12, pp. 1329 – 1335, 2018.

Intelligent Control to Reduce Vehicle Energy Consumption and Greenhouse Gas…

http://eia.gov
https://www.eia.gov/energyexplained/use-of-energy/transportation.php
https://www.eia.gov/energyexplained/use-of-energy/transportation.php
http://epa.gov
https://www.epa.gov/greenvehicles/fast-facts-transportation-greenhouse-gas-emissions
https://www.epa.gov/greenvehicles/fast-facts-transportation-greenhouse-gas-emissions


220

	17.	J. Oncken, K. Sachdeva, H. Wang, and B. Chen, “Integrated predictive powertrain control for a 
multi-mode plug-in hybrid electric vehicle,” IEEE/ASME Transactions on Mechatronics, vol. 
26, pp. 1248–1259, 2021.

	18.	J.  Oncken and B.  Chen, “Real-time model predictive powertrain control for a connected 
plug-in hybrid electric vehicle,” IEEE Transactions on Vehicular Technology, vol. 69, 
pp. 8420–8432, 2020.

	19.	C. Cao, Z. Wu, and B. Chen, “Electric vehicle – Grid integration with voltage regulation in 
radial distribution networks,” Energies, vol. 30, 2020.

	20.	L. Wang, C. Cao, and B. Chen, “Grid-tied single-phase bi-directional PEV charging/discharg-
ing control,” SAE Int. J. Passeng. Cars – Electron. Electr. Syst. , vol. 9, pp. 275–285, 2016.

	21.	C. Cao, L. Wang, B. Chen, J. D. Harper, T. P. Bohn, D. S. Dobrzynski, et al., “Real-time mod-
eling to enable hardware-in-the-loop simulation of plug-in electric vehicle-grid interaction,” 
presented at the 2017 ASME/IEEE International Conference on Mechatronic and Embedded 
Systems and Applications (MESA2017), Cleveland, Ohio, 2017.

	22.	C. Cao and B. Chen, “Generalized Nash equilibrium problem based electric vehicle charging 
management in distribution networks,” International Journal of Energy Research, vol. 42, 
pp. 4584–4596, 2018.

	23.	Z. Wu, C. Cao, and B. Chen, “Transactive energy based approach for large-scale plug-in elec-
tric vehicle charging control,” presented at the 2019 IEEE PES Asia-Pacific Power and Energy 
Engineering Conference (APPEEC), Macao, China, 2019.

	24.	C. Cao, L. Wang, and B. Chen, “Mitigation of the impact of high plug-in electric vehicle pen-
etration on residential distribution grid using smart charging strategies,” Energies, vol. 9, 2016.

	25.	L. Wang and B. Chen, “Distributed control for large-scale plug-in electric vehicle charging 
with a consensus algorithm,” International Journal of Electrical Power and Energy Systems, 
vol. 109, pp. 369–383, 2019.

	26.	L. Wang and B. Chen, “Dual-level consensus-based frequency regulation using vehicle-to-grid 
service,” Electric Power Systems Research, vol. 167, pp. 261–276, 2019.

Dr. Bo Chen  is a Professor with the Department of Mechanical 
Engineering—Engineering Mechanics and the Department of 
Electrical and Computer Engineering at Michigan Technological 
University. She is the Director of the Intelligent Mechatronics and 
Embedded Systems Laboratory focused on the investigation of 
advanced controls, optimization, and artificial intelligence for 
connected and automated vehicles, electric vehicle–grid integra-
tion, and smart mobility. Sponsors of her research include 
National Science Foundation, US Department of Energy, Argonne 
National Laboratory, Ford Motor Company, Nexteer Automotive, 
Nostrum Energy, and Michigan Space Grant Consortium. Dr. 
Chen has authored or co-authored more than 100 peer-reviewed 
journal/conference papers. She has received one Best Paper 
Award from IEEE/ASME International Conference on 
Mechatronic and Embedded Systems and Applications, one Top 
Cited Article Award from the journal of Computers & Graphics, 

and one Best Survey Paper Award from IEEE Transactions on Intelligent Transportation Systems. 
She was also the co-recipient of four Best Student Paper Awards and one Best Paper Award at 
IEEE/ASME conferences with her graduate students.

Dr. Chen is an ASME Fellow. She has served as the Chair of the Technical Committee on 
Mechatronic and Embedded Systems and Applications in the ASME Design Engineering Division 
and the Chair of the Technical Committee on Mechatronics and Embedded Systems in the IEEE 
Intelligent Transportation Systems Society. She was the General Chair of 2013 ASME/IEEE 
International Conference on Mechatronic and Embedded Systems and Applications. She was an 
Associate Editor of the IEEE Transactions on Intelligent Transportation Systems from 2012 to 2019.

B. Chen



221© Springer Nature Switzerland AG 2022
M. Bailey, L. Shackelford (eds.), Women in Mechanical Engineering, Women in 
Engineering and Science, https://doi.org/10.1007/978-3-030-91546-9_15

Silicon Solar Photovoltaics: Slow Ascent 
to Exponential Growth

Santosh K. Kurinec

�Introduction

Semiconductors such as silicon (Si) and gallium arsenide (GaAs) are materials that 
generate free carriers and include some organics that generate excitons (which are 
dissociated to form free carriers) when exposed to photons with energies exceeding 
their optical bandgaps. The principle of photovoltaics (PV) is that the photo-
generated excess carriers get collected by the junction built in electric field and 
extracted at the contacts, providing useful power output. PV devices and modules 
made from crystalline silicon currently dominate the market. In a continued quest 
for lowering their cost, many efforts are being pursued to involve the use of alterna-
tive materials and multi-junctions.

The US National Renewable Energy Laboratory (NREL) maintains a plot of 
compiled values of highest confirmed conversion efficiencies of research cells, from 
1976 to the present for a range of photovoltaic technologies [1]. This chart high-
lights cell efficiency results within different families of semiconductors: (1) multi-
junction cells, (2) single-junction gallium arsenide cells, (3) crystalline silicon cells, 
(4) thin film technologies, and (5) emerging photovoltaics. The graph sums up the 
historic quest of the solar industry to improve the conversion efficiencies in all PV 
technologies.

The first silicon p–n junction solar cell was fabricated in 1954 at Bell 
Laboratories [2]. It drew limited attention as it was perceived as a feeble power 
source. However, the solar cells successfully powered the first Soviet Sputnik sat-
ellite launched in 1954, triggering the space race. In 1958, the American satellite 
Vanguard 1 entered orbit with six silicon solar cells, which generated about 1 watt 
power in total [3, 4]. In comparison, the power produced by a typical rooftop solar 
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PV system 63 years later is a thousand times greater [5]. Why did it take so long? 
In contrast, the invention of the first transistor in 1947 took just 11 years to lead 
to the creation of the first integrated circuit by Texas Instruments, Fairchild, and 
Intel. The limited momentum of the PV industry was due to the absence of a few 
dominant players like IBM, Intel, and Motorola, resulting in PV remaining in 
research laboratories [6]. Most PV interests in the US were for space applications. 
Growing interest in reevaluating terrestrial applications emerged with the release 
of small commercial modules by Sharp, Philips, and Solar Power in the early 
1970s. The energy crisis and subsequent oil embargoes stimulated the rapid devel-
opment of PV technology in the mid-1970s, with the first modern modules fabri-
cated in 1976. In 1978, President Carter founded the Solar Energy Research 
Institute (SERI) in Golden, Colorado, and later in 1991, President George 
H. W. Bush elevated SERI to a national member of the Department of Energy 
(DOE)—National Renewable Energy Laboratory (NREL).

After dramatic achievements in module designs supported by the US Government 
programs, declining funding and interests shifted the key research and development 
to other countries in Europe, Japan, and Australia. Martin Green, PV pioneer and 
world-leading specialist in crystalline silicon solar cells, founded in University of 
New South Wales, the largest and best-known university-based photovoltaic 
research group in the world in 2003 [5, 7]. Remarkable progress was made with 
cells on high-quality monocrystalline, multicrystalline (Generation I), and thin film 
amorphous silicon, while III–V GaAs-based single junction and multi-junction 
solar cells were investigated for space-based applications. Generation II, III, and IV 
photovoltaics include thin film, multi-junction, multiband, hot carrier, and 
perovskite-based solar cells and all these technologies are promising, showing 
record efficiencies. For terrestrial applications, cost, environmental stability, and 
long lifetime with minimum degradation (>25 years) are the key factors. The US 
DOE SunShot initiative was launched in 2011 with a goal of cost reduction of 
utility-scale solar to approximately $1 per watt or $0.06 per kilowatt-hour. The pro-
gram is now at 90% of its goal and recently expanded its target to $0.03 per kilowatt-
hour by 2030 [8]. This chapter provides a comprehensive overview of silicon 
photovoltaics and my experiential journey encountering its reluctant ascent to a 
dominating technology.

�Brief Historical Lookback

My interest in Physics sparked when my science teacher in high school tenth grade 
taught about the peaceful use of nuclear energy using controlled nuclear fission for 
power generation. I decided to pursue a BS and MS in Physics at the University of 
Delhi. I interned at the nuclear research reactor of Bhabha Atomic Research Center, 
India, during a summer of my Master’s program. After graduating, I joined the 
National Physical Laboratory (NPL), New Delhi, India, for my PhD research. India 
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was exploring the development of magnetic materials for booming electrical, elec-
tronics, and automotive industries, using indigenous raw materials.

�Dust in Rust

Iron oxide is the main raw material used in magnetic ceramics like ferrites. Silicon 
dioxide is a common impurity in indigenous iron oxide. My PhD research was 
focused on understanding the effect of silicon impurity on the magnetic properties 
of Mn–Zn ferrites. The Indian Institute of Technology in Delhi had acquired its first 
scanning electron microscope (SEM) from Cambridge Instruments (Cambridge 
Stereoscan S4–10 SEM). I employed it to examine microstructures by imaging sec-
ondary electrons, electron dispersive diffraction (EDX), and electron beam induced 
current (EBIC) modes. It was found through detailed microstructural examinations 
that a certain level of silicon is soluble in the ferrite and, in fact, improved the mag-
netic properties. When it exceeds solid solubility, it segregates at grain boundaries, 
degrading the magnetic properties such as permeability and loss factor. Figure 1 
shows SEM and EDX image of a Mn–Zn ferrite sample showing Si segregation at 
the grain boundaries [9]. At the time I finished my PhD, the energy crisis was being 
felt worldwide, directing a focus on renewables. Major research institutions drew 
attention to photovoltaics.

Fig. 1  SEM (a) and EDX map and line scans (b, c) of Mn–Zn ferrite grain showing Si segregation 
at the grain boundaries; (d) mc-Si solar cell examined at a grain boundary using Auger Electron 
Spectroscopy (AES) showing Fe segregation at the Si grain boundary
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�Rust in Dust

The Department of Materials at NPL set up a complete process for purification of 
metallurgical grade silicon obtained from a regional steel plant. It consisted of 
reacting silicon with HCl to get liquid trichlorosilane (TCS), which was fractionally 
distilled to purify to solar grade level. After purification, TCS was cracked in a reac-
tor to get polycrystalline silicon (polysilicon) rods. On the industrial scale, it is 
known as the Siemen’s process and is the flagship process for silicon purification 
developed in the early 1980s. The polysilicon rods were zone-refined for compac-
tion and we obtained large grain polysilicon rods (Fig. 2). Then, wafers were cut, 
lapped, and polished. The wafers were n-type as the silicon obtained was rich in 
phosphorus. We had in-house doping techniques using solid paper and liquid spin-
on dopant sources. Solar cells were fabricated with Al/Ag and Ti/Al/Ag metalliza-
tion yielding 10% efficiency [10]. Detailed analyses revealed significant iron 
impurity in silicon that affects the PV quality of the material. My research in PV 
began with investigating the effect of iron impurity in multi-crystalline silicon 
solar cells.

�TAET Program

The University of Florida and the US Agency for International Development estab-
lished a training program in Alternative Energy Technologies (TAET) in the 1980s. 
The TAET program provided training in both the technical principles and socioeco-
nomic aspects of the selection and implementation of renewables. In 1982, I was 
selected as a participant from India among 35 participants from around the world. I 
carried out a project on investigating the nature of grain boundaries and their influ-
ence on the photovoltaic properties of polysilicon. This work attracted me to join 
the University of Florida as a Postdoctoral Research Associate to further my PV 
research.

Fig. 2  In-house developed silicon purification process followed by float zone refining, used at 
NPL to fabricate mc-Si solar cells of 10% efficiency
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�Photovoltaics

The solar spectrum is modeled as a black body radiation emitted by the Sun at its 
surface temperature of 5800 K according to Planck’s law. The reference Air Mass 
1.5 (AM1.5) spectrum describes solar insolation on a terrestrial horizontal surface 
at a solar zenith angle of 48.19° and it is specified as 1 kW/m2. In a single junction 
diode solar cell, incident photons with energy equal or higher than the bandgap of 
the semiconductor create electron hole pairs, which are collected by the junction 
electric field. This gives rise to radiation-generated current, shifting the diode cur-
rent–voltage curve to power generation mode. Figure 3 shows a baseline cell fabri-
cation process, electrical equivalent circuit, and current–voltage characteristics of a 
solar cell. The power conversion efficiency is defined as the ratio of the maximum 
power generated to the incoming incident power.

Shockley and Queisser obtained the theoretical limit to the conversion efficiency 
through detailed balance limit of p–n junction solar cells on the basis of absorption 
and reemission processes [11]. AM1.5 solar spectrum with distinct dips due to 
molecular absorption in Earth’s atmosphere is shown in Fig. 4a. Photons with ener-
gies below the band gap (Eg) are not absorbed, whereas the energy of photons with 
energy higher than the band gap is not fully converted to electrical energy and is 
dissipated as the thermalization loss. The inset in Fig. 4a depicts the electronic band 
structure with the separation of the quasi-Fermi levels determining the open-circuit 
voltage Voc. Theoretical Shockley–Queisser detailed-balance efficiency limit as a 
function of band gap (black line) is shown in Fig. 4b. The record efficiencies for 
different materials are plotted for the corresponding band gaps. An optimum band-
gap (~1.4 eV) gives the highest theoretical limit of the efficiency as 33%. NWO-I 
Institute for Atomic and Molecular Physics, Netherlands, constantly updates this 
efficiency chart [12].

Fig. 3  (a) Process flow for a basic n + p solar cell; (b) equilibrium band diagram of n+pp.+; (c) a 
two diode equivalent circuit of a solar cell; (d) typical current–voltage characteristics of a solar cell 
defining the key parameters: open circuit voltage (Voc), short circuit current (Isc), maximum power 
(Pmax), and power conversion efficiency
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Crystalline silicon with the bandgap of 1.12 eV has this limit of ~30%. Silicon is 
the second most abundant element on the Earth, and mostly exists as oxide (SiO2, or 
silica). Silicon has the diamond crystal structure and is chemically stable, nontoxic, 
and very well understood as the base semiconductor for microelectronics. It forms 
a very high-quality oxide, which is used as passivation and dielectric component 
and masking layer for patterning diffusion of dopants.

Figure 5 shows a flowchart of manufacturing silicon photovoltaics starting from 
sand. It begins with a highly energy-consuming process of carbon arc reduction of 
SiO2 to metallurgical-grade Si (~98% pure). It is then purified, grown with crystal-
line structure, followed by wafering, cell and module fabrication. Each step requires 
process optimizations for efficiency improvements and cost reductions.

Fig. 4  (a) AM1.5 solar spectrum and (b) fundamentals solar cell efficiency limits [12]. (Reprinted 
with permission)

Fig. 5  Process flow chart for fabricating monocrystalline silicon solar PV systems
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�Innovations in Si PV

Over the last several decades, academics, scientific laboratories, and niche indus-
tries worldwide have remained diligently committed in achieving higher efficien-
cies across cell, module, and system level. These accomplishments are summarized 
in the following subsections.

�Cell Level

The simplest form of a solar cell is a p–n junction connected with grid top metal and 
blanket back metal contacts as shown in Fig. 4a. In order to improve the efficiency, 
approaches to reduce reflection losses, optimization of diffusion, improved minority 
carrier lifetimes, and reduction of parasitic resistances were necessary. These 
improvements required novel cell structures. A series of high-efficiency crystalline 
silicon solar cell structures have emerged, which include passivated emitter rear cell 
(PERC), passivated emitter, rear locally diffused cell (PERL), interdigitated back 
contact cell (IBC), heterojunction with intrinsic thin-layer cell (HIT), heterojunc-
tion solar cells with interdigitated back contacts (HBC), bifacial cells, and TOPCon 
solar cells [13, 14]. When deployed on a conventional solar farm, bifacial cells 
absorb direct incoming light, while also taking advantage of ground reflection, 
which can contribute up to additional 30% power generation [15]. PERC cells with 
another addition of a special nano-coating layer, known as Q cells, can capture pre-
viously unused sunlight back into the cell where it can be converted into solar elec-
tricity [16]. It enhances cell efficiency further. Table 1 gives the schematics of these 
structures and their best known efficiencies to date.

The first efficient silicon solar cell was made on a n-type substrate. The selection 
of p-type as the substrate was primarily due to the development of Al-BSF process 
that creates back surface field (BSF) to mitigate minority carrier recombinations at 
the back contact. On a per-watt basis, passivated emitter and rear totally diffused, 
silicon heterojunction (SHJ or HIT), and interdigitated back contact cells currently 
cost more than standard aluminum back surface field (Al-BSF) and PERC cells 
owing to smaller production scales and use of n-type wafers [14]. However, if 
demand for high-efficiency cell architectures grows, these advanced cell technolo-
gies may gain market share and their cost may decline due to benefits from econo-
mies of scale. Cells with higher efficiencies could reduce per-watt balance-of-module 
and balance-of-system costs [17].
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�Substrate Level

Solar-grade polysilicon typically has purity levels of 6N (99.9999% pure) to 8N 
(99.999999%) and it is used to make solar cells; 9N polysilicon may also be used in 
some premium solar cells. Electronic-grade polysilicon has higher purity levels of 
9N to 11 N for producing silicon wafers for integrated circuits. The Siemens pro-
cess, mentioned above, is the most widely used method for polysilicon production. 
Polysilicon sits on top of the photovoltaic supply chain. One megawatt (MW) of 
photovoltaic power requires 7 tons, or 7000 kg, of polysilicon material [18].

Polysilicon is cast into monocrystalline (mono-Si) or multicrystalline (mc-Si) 
silicon. Mono-Si is grown using the Czochralski (CZ) crystal growth process. At 
the beginning of the CZ process, the polysilicon is melted in a cylindrically shaped 
crucible. After the feed material is completely molten, a seed crystal with a diam-
eter of typically a few millimeters is dipped from top into the free melt surface 
forming a melt meniscus at the contact interface between seed and melt. Then, the 
seed is slowly withdrawn from the melt (often under rotation) and the melt crys-
tallizes at the interface by forming a new crystal portion. During the further 
growth process, the shape of the crystal, especially the diameter, is controlled by 
carefully adjusting the heating power, the pulling rate, and the rotation rate of the 
crystal [19]. Silicon ingots are cylindrical giving circular wafers, which require a 
larger surface area of a solar panel compared to square-shaped. Multicrystalline 
silicon (mc-Si) is produced by melting Si and directionally solidifying into bricks. 
The mc-Si process yields rectangular wafers, which can be packed densely on a 
panel. The production of mc-Si is cost efficient compared to the mono-Si CZ pro-
cess and therefore has prevailed as a major technology for the solar panels. 
However, the defects present in the mc-Si because of the production process lead 
to less-efficient solar cells.

Thinner wafers are preferred to lower the cost and the weight of the panels. 
While the technical limit of slurry-based wire saws lies at a wire thickness of 
100 μm, diamond wire can be as thin as 60 μm and thus reduce the kerf loss sig-
nificantly [20]. The cylindrical ingot is first cut along its length on four sides to 
make its shape closer to a square in cross section, known as the pseudo squares. 
Pseudo square diameter is the diameter of a square within a circle. Wafer sizes 
have increased over the last 7 years from M0 (156/205 mm, flat length/diagonal 
length) to M2 (156.75/210  mm), and to M6 (166/223  mm). Larger wafer size 
offers balance of systems cost reductions. For installation, a 72-M6-cell module 
weighs around 30 kg, which is near the limits of manual installation. Considering 
the increased power output, including potential bifacial gains, the M6 wafer will 
increase the operational current to around 13 amps, which is the limitation of cur-
rent string inverters. Modules using M6 wafers are also compatible with central-
ized inverters [21].

In August 2019, Zhonghuan Semiconductor unveiled its latest wafer product—
the new M12 size—featuring a much bigger size of 210 mm in length and 295 mm 
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on the diagonal [22]. A 60-cell PV module with this enlarged wafer would easily 
boost module power output above 600 W. M12 is targeting next-generation PV cell 
technologies such as interdigitated back contact technology. Figure 6 shows a pic-
ture of a wafer puller capable of pulling M10–M12 ingots developed by Linton 
Crystal Technologies [23], a Rochester, New  York–based company. This puller 
employs the Magnetic Confined Czochralski method that lowers oxygen contami-
nation in the crystal.

Most PV modules are fabricated using p-type silicon substrate, which is highly 
susceptible to light-induced degradation (LID) when exposed to sunlight. Boron-
doped p-type silicon thus requires additional processing steps to mitigate this deg-
radation [24]. An alternative method for the production of stable lifetime material is 
to dope silicon with a different Group III element, such as aluminum, gallium, or 
indium. Gallium is being explored as the dominant dopant for p-type silicon solar 
cells [25]. However, it has much lower segregation coefficient (k = 0.008), which 
means that gallium has a much stronger thermodynamic tendency to stay in the melt 
rather than be incorporated into the solid silicon crystal. One way to overcome this 
is to constantly replenish the melt with gallium during the crystal growth to achieve 
uniform resistivity (1–2 Ohm.cm) along the crystal. Another method being consid-
ered is the Continuous Czochralski method, which does not require a large crucible 
as Si is fed while the ingot grows [26].

Fig. 6  Czochralski (CZ) crystal puller (Courtesy: Linton Crystal Technologies) designed to grow 
M10–M12 ingots. Circular wafers are shaped into pseudo squares with dimensions shown in Table 
II for each generation
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�Modules

Solar cells are connected in series and parallel to construct modules for required 
voltage, current, and power output. Series connection adds voltages and parallel 
connections add currents of individual identical cells. Typically, PV modules are 
fabricated by electrically connecting 36 to 72 solar cells together in a sealed, 
weather-proof packaging and are the fundamental building block of a PV sys-
tem [27].

Mismatch occurs when some cells degrade in their performance due to shading 
effects or other degradation causes. Series strings are more prone to shading effects 
and therefore bypass diodes are used to allow bypassing current through the dam-
aged cell. Solar cells transport current using the thin metal ribbons that connect 
them to neighboring wires and cells, which leads to some energy lost. By cutting 
solar cells in half, the current generated from each cell is halved resulting in lower 
interconnect resistive losses. Two parallel half-cut cell strings replace one full cell 
series string. Half-cut cell modules increase module power by ~1.5% due to reduced 
electrical losses in cell connectors. Parallel substrings allow the module to save up 
to 50% of the string’s power under partial shading conditions [28].

Another simple and accessible way to reduce resistance losses in solar cells is to 
add more busbars. Adding more busbars reduces the gap between them, which 
shortens the finger length. The forthcoming trends are—increasing the number of 
busbars, while maintaining the same shading factor, and switching to multi-busbars 
using round wires (9–15 wires) instead of flat ribbons as interconnections [29]. The 
round-shaped busbar, a wire indeed, increases the light scattering effect towards the 
cell surface for higher cell absorption, resulting in increased power generation.

Most bulk silicon PV modules consist of a transparent top surface, an encapsu-
lant, a rear layer, and a frame around the outer edge [27]. The main attributes of 
glass used are transmission, mechanical strength, and specific weight. The front 
surface of a Si PV module must have a high transmission in the wavelength range 
of 350–1200 nm. In addition, the reflection from the front surface should be low. 
Currently, 3  mm–thick glass is the predominant cover material for PV modules 
accounting for 10–25% of the total cost. The cover glasses can also provide enhanced 
ultraviolet protection of polymeric PV module components, potentially increasing 
module service lifetimes [30]. The properties of PV module materials are of great 
importance to ensure optimal light capture and module lifetime as well as ultimately 
reducing the cost. Traditional opaque-backsheeted panels are monofacial. Bifacial 
modules expose both the front and backside of the solar cells. When bifacial mod-
ules are installed on a highly reflective surface (like a white thermoplastic polyole-
fin roof or on the ground with light-colored stones), gains can be up to a 30% 
increase in power production just from the extra power generated from the rear [31]. 
Fig. 7 shows a PV system under installation at City Center Bishop Ranch, California, 
that I recently visited to learn the installation processes.

Silicon Solar Photovoltaics: Slow Ascent to Exponential Growth



232

�PV Systems

A stand-alone PV system is made up of a number of individual PV modules (or 
panels) usually of 12 V with power outputs of between 50 and 300+ W each. These 
PV modules are then combined into a single array to give the desired power output. 
A small-scale PV system employs rechargeable batteries to store the electrical 
energy supplied by the PV array. Stand-alone PV systems are ideal for remote rural 
areas and applications where other power sources are either impractical or are 
unavailable to provide power for lighting, appliances, and other uses. In these cases, 
it is more cost-effective to install a single stand-alone PV system than pay for the 
costs of extending power lines and cables. Residential PV systems (4–10 kW) are 
grid connected and some may have additional battery storage (Fig. 8). Production 
and consumption is metered using net metering systems. Utility-scale PV systems 
are community shared via the grid. For hundreds of megawatt-scale solar farms, 
how will electricity get from large solar farms to cities? At present, the majority of 
high-voltage transmission lines are alternating current, but recent innovations sug-
gest they are increasingly likely to be high-voltage direct current (HVDC) lines. 
HVDC are cheaper at longer distances over land and at very short distances under-
water and underground [32]. This means that HVDC will enable electricity to travel 
long distances from renewable locations, connecting islands to the mainland and 
even continents to one another potentially.

Fig. 7  Bifacial horizontal roof top solar arrays using 12 multi-busbar mono-Si modules (left); 
inclined half-cut 6 busbar Q-cells panels (right) under installation at Bishop Ranch, California. 
Single panel and cell schematics are shown. (Photo courtesy Distributed Solar Development)
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�My Research at the Photovoltaics 
Microelectronics Intersection

While I was working on polysilicon for PV, the semiconductor chip industry was 
looking to use polysilicon as the gate material in complementary metal oxide semi-
conductor (CMOS) field-effect transistors for integrated circuits. In addition, inter-
ests in photodetectors and light-emitting diodes emerged for optical interconnects 
when the Strategic Defense Initiative “Star Wars” was announced (1983) [33]. 
Many PV researchers moved to these fields, including myself. Since then, my 
research and teaching has been in both semiconductor devices and photovoltaics.

The growth of innovative techniques that enabled the integrated circuit technol-
ogy to become efficient in the high volume manufacturing of extremely small and 
complex systems (with nanometer-scaled billions of stacked devices) on large sub-
strate, set up a sound base for the PV industry. Between the two, they share a com-
mon substrate—silicon and common thin film deposition techniques. PV contrasts 
itself from CMOS in being relatively simpler in device structure (essentially one 
large area ~ 250 cm2 diode), relaxed in lithography and particle contamination con-
trols. However, it differentiates in applications that require large area end-products, 
much larger than the flat panel displays, and is available at lower costs. Even though 
the PV industry inherits an experienced workforce trained in defining and following 
the roadmap driven by the Moore’s law, engineering education needs to address 
developing the next generation of PV engineers.

I developed a cross-disciplinary course—“Photovoltaics Science and 
Engineering” at the graduate/senior undergraduate level in the college of engineer-
ing at Rochester Institute of Technology (RIT) in 2007. Students from various pro-
grams—electrical, microelectronic, chemical, materials science, industrial 
engineering, and physics—have enrolled in this course and many students have 

Fig. 8  PV systems ranging from stand-alone to grid connected residential, commercial, and utility 
scale systems
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moved on to the PV industry, PhD in PV-related areas, and published papers and 
chapters in these areas [26, 34]. The following subsections (“Cell Level”, “System 
Level” and “Spectrum Conversion”) summarize my PV-related research.

�Cell Level

At RIT, we developed a turnkey process for fabricating solar cells—a platform that 
was intended to investigate different approaches in diffusion, metallization, and top-
surface reflectance [35]. During my sabbatical at IBM Watson Research Center in 
2009, I investigated upgraded metallurgical-grade silicon for solar cells using this 
turnkey process.

The University of North Carolina and Georgia Tech founded the Silicon Solar 
Consortium, an Industry–University Cooperative Research Center in 2007. My 
group joined this consortium and worked on developing copper metallization to 
replace silver in silicon solar cells. Silver represents >48% of the metallization cost 
of a solar cell, or about 11% of the total raw material cost of a solar module. Copper 
presents a viable alternative to silver with the potential to reduce metallization costs 
by approximately 50% while maintaining device performance in solar cells. The 
primary concern with copper is its rapid diffusion in silicon, lowering the minority 
carrier lifetime, and therefore greatly diminishing the efficiency of the device.

IBM rocked the microelectronic industry by implementing copper as the inter-
connect metal in integrated circuits in 1997, as copper was undesirable due to its 
fast diffusion in silicon and difficulties in etch patterning. Special liners, diffusion 
barriers, electroplating, and patterning by chemical mechanical planarization pro-
cesses were developed. Copper interconnects have since become the industry stan-
dard, enabling future generations of smaller and faster microprocessors.

Some metal silicides (TiSi2, CoSi2, NiSi) exhibit low resistivity and higher tem-
perature process capability compared to aluminum which was used as the gate elec-
trode in early days in integrated circuits. Self-aligned silicide process was developed 
in the mid-1980s that reduced gate and contact resistance by using metal silicides. 
Silicides are formed by metal deposition on silicon followed by annealing to form 
the desired low resistivity phase. Nickel monosilicide (NiSi) with a resistivity of 
10–18 μΩ.cm consumes less silicon during its formation, and is widely used in ICs.

NiSi is a strong contender as a contact, as it shows promise as a copper diffusion 
barrier. My group studied the NiSi/Cu contacts for front metallization of silicon 
solar cells [36]. NiSi/Cu/TiN contacts with contact resistivities as low as 
4  ×  10−5 Ω-cm2 were formed to the emitter of solar cells fabricated at RIT and 
2 × 10−3 Ω-cm2 on NREL fabricated tunneling contacts [37]. Contact resistance is 
related to the metal semiconductor specific contact resistivity, which is the funda-
mental property of a metal–semiconductor junction. We investigated the effects of 
transmission line measurements (TLM) geometries on the extracted value of spe-
cific contact resistivity [38]. This work, in collaboration with Professor Zhang, 
Michigan State University, and Professor Kris Davis, University of Central Florida, 
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led to the development of standardized TLM structures for specific contact resistiv-
ity measurements.

�System Level

�System Monitoring

The Golisano Institute for Sustainability (GIS) building at RIT is equipped with 
mc-Si PV modules with an annual capacity of 45,241 kW-h. In our study (with my 
graduate student Felipe Freire), yearly power output of the GIS PV system was 
investigated using a mathematical model developed and comparing with real data 
collected from the monitoring system. The objective was to predict PV modules’ 
performance with respect to changes in environmental parameters such as tempera-
ture, irradiance, and cloud coverage. The results were compared with the actual PV 
output data for the year 2014 and showed a very good correlation [39]. This math-
ematical model has been applied to several PV systems with known parameters—
location, time of the day, panel orientation, and weather conditions.

Interestingly, it was used to explain the power dip in a residential PV system dur-
ing the partial solar eclipse of August 21, 2017 [40]. The solar coverage was calcu-
lated using astro-imaging the Sun during the eclipse and calculating insolation over 
the eclipse time (Fig. 9). Strange coincidence, during the February 16, 1980, eclipse 
in India, as a student, I monitored a solar cell short-circuit current to provide insola-
tion data to researchers investigating cosmic flux of gamma rays during the eclipse.

Fig. 9  Power output of a residential PV system during the partial eclipse of August 21, 2017 (left); 
monitoring solar insolation using a solar cell to calibrate cosmic gamma ray flux during the eclipse 
of February 16, 1980
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�PV Degradation

PV modules are considered the most reliable component of a photovoltaic system, 
and according to the manufacturers, have a lifetime from 25 to 30 years. However, 
some modules degrade or fail along their service time under outdoor exposure. To 
further understand the mechanisms behind the degradation and failure of PV mod-
ules, our study reviewed the governing degradation modes and investigated a 
10-year-old operating crystalline silicon PV module installed at an active farm and 
animal sanctuary [41]. Field current–voltage testing and infrared imaging for 
hotspot detection were employed in examining this PV module showing localized 
damaged regions.

�Spectrum Conversion

Currently, I am working on photon management techniques to enhance power con-
version efficiencies. Development of special coatings that can shift the spectrum 
toward the favorable wavelengths would result in enhanced power output. For Si 
PV, down conversion of shorter wavelengths to longer wavelengths, which give 
higher quantum efficiency, is desirable. This is fostering innovations in photonic 
coatings. In collaboration with a startup company—SunDensity [42]—we have 
demonstrated increase in power output of a high efficiency PERC Si solar cell 
(Fig. 10) using a designed special coating.

�Silicon Photovoltaics from Present to Future

The primary ambition of PV is to offer a cheaper, reliable, and resilient renewable 
energy alternative. The motivation and willpower for large-scale implementation of 
PV has been steering the innovations in materials, devices, and systems. Following 
the unprecedented growth and success of the semiconductor industry, the PV indus-
try has its own “Moore’s law.” Figure 11 shows the advances in wafer sizes and cells 
in module architectures.

Table 2 lists and defines some key figures of merits (FOM) indicators and their 
current estimated values. The key economic FOMs are the payback time (PBT), the 
energy payback time (EPBT), and carbon payback time (CPBT). Depending on the 
technology and location of the PV system, the EPBT today ranges from 0.4 to 
1.5 years [43]. Energy return on investment (EROI) is defined as the lifetime energy 
output to the energy invested. In general, on the average solar panels are estimated 
to generate ten times more energy than used to make them [44]. A typical solar 
panel saves over 900 kg of CO2 per year resulting in a carbon payback period of 
~1.6 years [45].
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The cumulative PV installations from 2010 to 2020 are reaching 800 gigawatt-
peak (GWp) (Fig. 12) [46]. A 2019 review in Science led by researchers from NREL 
describes an ambitious plan, in which 30–70 terawatt (TW) of PV capacity making 
it a central contributor to all segments of the global energy system by 2050 [47].

Most energy forecasters suggest that the installed cost of a complete PV system, 
including modules and balance of system (BOS) components will need to fall below 

Fig. 10  Spectrum down conversion using a special coating (developed by SunDensity) tested for 
a high efficiency Si solar cell

Fig. 11  Trends in silicon PV wafer sizes, emerging cell architectures toward bifacial, multi-
busbar, and multi-cut modules
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$0.25 per watt for this goal. NREL’s 2019 roadmap for continued innovations antic-
ipates that the cost of crystalline silicon modules will decline to 0.24 per watt 
by 2030.

The International Energy Agency (IEA) Renewable 2020 reports that power gen-
eration from solar PV is estimated to have increased by 22% in 2019 to 720 TWh. 
Solar PV is well on track to reach the Sustainable Development Scenario level by 
2030, which will require electricity generation from solar PV to increase 15% annu-
ally, from 720 TWh in 2019 to almost 3300 TWh in 2030 [48]. In 2019, PV genera-
tion overtook bioenergy and is now the third-largest renewable electricity technology 
after hydropower and onshore wind.

Table 2  Economic/environmental performance indicators for Si PV

Fig. 12  Cumulative photovoltaic installations from 2010 to 2020 [46]
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A major renewable energy project in Australia billed as the world’s largest solar 
farm is in development. The farm will have a peak capacity of around 10-GW and 
will spread across an area of roughly 20,000 football fields! That is so large that it 
should be visible from space, once built. The project aims to transport its solar 
energy to Singapore using a 4500 km high-voltage direct current network, 3700 km 
of which will be undersea. It is projected that the project will be able to provide up 
to 20% of Singapore’s power needs. Construction is expected to commence in 2023, 
with the farm expecting to begin exporting energy by 2027.

The intermittency of solar PV requires smart energy storage and dynamic power 
distribution systems. Hardware and software innovations will play a key role in 
managing storage resources, shifting capacity during peak periods, providing sec-
ondary services in the off-peak hours and standby power for emergencies.

�Conclusions

Growing up during the Cold War, my interest in energy began with learning how 
nuclear reaction can be used for energy production. Nuclear energy technology with 
its high capacity factor and zero carbon emission, however, has the perception of 
safety risks. As we moved to the energy crisis era of the 1970s, interest in PV 
emerged. Subsequently, the growth of semiconductor technology dominated, lead-
ing to the Internet revolution. At present, energy consumption in computing is 
increasing super exponentially. My current work on semiconductors is also dedi-
cated to energy-efficient computing devices. I foresee a future—using nuclear 
power plants for silicon production and solar cell manufacturing, and solar PV 
farms powering the energy-hungry data centers.

I have experienced the Si PV journey over the last four decades. Attention on Si 
PV got accelerated, slowed down, and recovered primarily due to economic circum-
stances. While major research innovations were achieved in the US, Europe, Japan, 
and Australia, China took the lead in manufacturing and currently shares 95% of the 
market share.

Today, Si-based solar PV cells are becoming more affordable and are being 
installed in large numbers with gigawatt (GW)-scale solar farms. Larger area mono-
Si cells with advanced cell designs, multi-busbars, are being incorporated on multi-
cut modules. Trends toward heterojunction with intrinsic thin layer (HIT), bifacial, 
and interdigitated back contact cells are promising. Just recently, scientists at The 
Australian National University (ANU) have produced a type of bifacial Si solar cell, 
using laser processing, setting a new world record effective power output of approx-
imately 29%, well exceeding the performance of the best single-sided silicon solar 
cell [49]. On the other hand, major market players are likely to invest more in 
research and development to increase the efficiency of photovoltaic cells and find 
more effective material than silicon to build solar cells. However, these improve-
ments will take time and are possible only if solar cells undergo bulk manufacturing 
and installations. In addition, although c-Si remains the dominant PV technology, it 
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would need to continue to compete against evolving alternative PV technologies 
such as cadmium telluride (CdTe), copper indium gallium diselenide (CIGS), and 
perovskite modules. This competition will likely drive innovations for cost reduc-
tions across all technologies while presenting additional opportunities for system 
optimizations. Si PV may be augmented with multi-junction approaches with other 
semiconductors if the processes can be large-area centric and environmentally sta-
ble over the lifetime. Moving forward, new chemical approaches may be needed to 
make sand-to-Si reduction process more energy efficient [50]. Silicon is resilient. A 
42 year-old, 42 W, 3.5 A, 12 V Kyocera solar panel exposed to environment is still 
reported to be working in Concord, NH [51]. Silicon PV has become “too big to 
fail.” The future of solar cells is as bright as the Sun. Photovoltaics is set to become 
a dominant complementary energy technology of the world’s energy portfolio.
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From Nuclear Engineering to Roller 
Coasters: The Ride of a Lifetime

Cynthia Sypher

How does one know that they are on the path to the right career? As a senior high 
school student, I considered taking theoretical mathematics in university but was 
unsure of what my career options would be upon graduation. My queasy stomach 
(later verified by a very embarrassing, short-lived attempt as an intern at a veterinary 
clinic) put a medical career off the table. My industrial arts (a.k.a. “Shop”) teacher 
suggested that I apply to engineering. At that time, I had no idea what engineers did; 
I was the first person in my family to even apply to university. Upon researching the 
profession, I was captivated by the idea that you could have a full-fledged career 
after finishing your degree. The co-operative (co-op) program at the University of 
Waterloo, in Waterloo, Ontario, Canada would also provide the financial means for 
me to attend university without accumulating student debt. The co-op program also 
provides the opportunity to obtain valuable work experience during the five-year 
program.

What I did not know is that an engineering degree provides you with a frame-
work to solve problems, even for those graduates who choose not to stay in 
engineering.

My last co-op work term in college was for an engineering consulting company 
that specialized in laboratory testing and engineering-procurement-construction for 
the nuclear industry. I was pleased when they provided me with the opportunity to 
start my engineering career there as a new graduate.

During my work term, I was hired to instrument a model steam generator with 
several thermocouples and instrumentation so that we could test the sample boiler 
for accident scenarios required in the design process of a nuclear power plant. In 
Canada, we had our own nuclear reactor technology called the CANDU reactor, 
illustrated in Fig. 1. Like all nuclear power plants, the splitting of atoms to produce 
a chain reaction, known as nuclear fission, is used to create heat. This heat is fed to 
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a steam generator and is used to turn water into steam. The steam rotates a turbine 
connected to an electrical generator, which produces electricity.

CANDU stands for Canada Deuterium Uranium. The CANDU reactor is a heavy 
water reactor design developed in Canada. Deuterium is the primary element in the 
heavy water moderator, and uranium is the fuel used in this reactor class [1].

While I initially found nuclear engineering interesting, as a young graduate it 
was very lonely to work for a small engineering firm of only seven people. An 
unusual part of the consulting services that we offered involved providing on-site 
safety engineering services to a major Canadian fair and the other events at the 
exhibition grounds where they were held. These services included providing amuse-
ment ride inspections, structural reviews, and inspections for all the events, life and 
fire safety reviews, and reviewing performances for general public safety. Our com-
pany had been providing these services since 1987. It was my dream job!! I begged 
my boss for an entire year to let me work there. Being old-school and traditional, he 
was not initially keen on this idea. He thought that I might be too sensitive for that 
type of fieldwork. (I am admittedly a very sensitive person, and even after all of 
these years, I still have “thin-skin.”) My tenacity got the better of him; and when a 
position opened on-site as a full-time safety engineer, I was transferred there.

Working for this small consulting company allowed me to learn about the nuclear 
industry and to apply engineering principles to the design and regulation of amuse-
ment rides, ski lifts, special events, temporary structures, festivals, and concerts.

While seemingly very different, there are several commonalities between the 
design and testing of nuclear power plant safety components and the design review 
of amusement rides. These similarities include but are not limited to the safety per-
formance level of the components, quality assurance programs, regulatory over-
sight, and public policy.
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Fig. 1  Basic CANDU nuclear reactor design. (Image © Canadian Nuclear Association)

C. Sypher



247

�Safety Performance Level of Components

The Convention on Nuclear Safety, in addition to local regulatory requirements, 
requires that the design and construction of nuclear installations provide for several 
reliable levels and methods of protection (defense in depth) against the release of 
radioactive materials, and that the technologies incorporated in the design and con-
struction of a nuclear installation be proven by experience or qualified by testing or 
analysis [2].

Qualification of equipment important to safety in nuclear power plants (NPPs) 
ensures its capability to perform designated safety functions on demand under pos-
tulated service conditions including harsh accident environment (e.g., loss of cool-
ant, or LOCA), high energy line break (HELB), and seismic or other vibration 
conditions. The designer must ensure that safety-related components meet the 
design requirements for what is known as a “qualified life.” The qualification pro-
cess ensures that each component has the capability to perform designated safety 
functions on demand for the length of its “qualified life.” The goal for this is typi-
cally a 30- to 60-year period. By the end of the qualified life, the components must 
be replaced. The design process helps to determine what the qualified life of a com-
ponent will be. Environmental exposures such as elevated temperature, pressure, 
cyclical loading, and humidity all play a part. Potential occurrences/accidents such 
as an earthquake, chemical exposure, a “loss of coolant,” or a “high energy or main 
steam line break” need to be planned for and incorporated into the design of safety-
related components. Some components are required to function beyond the design-
basis accident conditions.

The methods of qualification include:

	1.	 Performance of a type test on representative equipment
	2.	 Performance of a test on the actual equipment
	3.	 Application of pertinent past experiences in similar applications

�Engineering Analysis

In my early career, my position focused on the testing aspect of environmental and 
seismic qualification (EQ and SQ) of nuclear safety components. The EQ program 
ensures that all required equipment in a nuclear facility is qualified to perform its 
safety functions if exposed to harsh environmental conditions resulting from design-
basis accidents. The SQ program ensures that all seismically credited structures, 
systems, and components are designed, installed, and maintained to perform their 
safety function during and/or after an earthquake event [2]. Special attention must 
be given to non-metallic components. Exposure to heat, radiation, and humidity will 
accelerate aging effects of polymers. Aging of polymers affects hardness, elongation-
at-break, modulus of elasticity, compression resistance, insulation resistance, 

From Nuclear Engineering to Roller Coasters: The Ride of a Lifetime



248

voltage sensitivity, sensitivity to chemicals, sensitivity to aggressive gases, sensitiv-
ity to vibration, color, dielectric constant, phase equilibrium, etc.[2].

In the testing environment, non-metallic components are exposed to humidity, 
radiation, and cycle aging that they would reasonably be exposed to during their 
qualified life. The effects are achieved by accelerated thermal aging. The accelera-
tion is achieved through exposure to elevated temperature for a testing time. It is 
assumed that the relationship between temperature and the rate of degradation, r, 
follows the Arrhenius relationship:

	 r Ae
E

kT�
�

	

where

A is a constant for the material tested
E is the activation energy for the process (in eV)
K is Boltzmann’s constant
T is the temperature (in K)

The acceleration factor F is the ratio between the rate of degradation at the ele-
vated temperature (the temperature at which thermal aging is completed) and the 
rate of degradation at the field temperature at normal operation, as follows:
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where

r1 = rate of degradation in exposure to the temperature at normal operation
r2 = rate of degradation at the test (thermal aging) temperature
T1 = temperature (in K) at normal operation
T2 = test (thermal aging) temperature (in K)

The qualified life tqual is:

	
t F tqual test� �

	

where

	
tqual time of exposureat the test thermal aging temperature� � � 	

A safety margin is also added.
Once a test component has been aged to reach its “qualified life,” it is exposed to 

the environmental and/or seismic event(s) that it is expected to withstand. Our test 
lab had several thermal aging chambers, one boiler, a superheater, an environmental 
test chamber, and two seismic tables where we conducted the testing of nuclear 
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safety components. Part of my early role was to instrument not only our test equip-
ment but also special test set-up for various cycle-loading scenarios.

�Amusement Ride Safety

As with nuclear safety components, for amusement rides, design and the end envi-
ronment play a key role. There are three globally recognized standards for amuse-
ment rides: ASTM International F24 group of standards, EN 13814 “Euro Norm” 
Standards, and ISO 17842 standards. In most Canadian provinces, amusement rides 
are designed to the ASTM International F24 group of standards. The group of stan-
dards, shown in Fig. 2, is broken down into core standards, supporting standards, 
and ride-specific standards.

Rides must be designed for their environment. Wind, seismic, and rain/snow 
loads should all be considered. A ride designed to operate near the ocean will expe-
rience greater corrosion than one installed further inland. The significant and pre-
dictable acceleration that is generated by the ride is another key consideration in the 
design calculations. Dynamic factors are applied to impact loads. A pre-determined 
number of ride cycles is also considered in the design process. In accordance with 
ASTM F2291-20 “Standard Practice for Amusement Rides and Devices,” all pri-
mary structures of an amusement ride or device (e.g., track, columns, hubs, and 
arms) shall be designed using calculations and analyses that are based on the mini-
mum 35,000 operational hour criteria. The designer/engineer shall verify that the 

Fig. 2  ASTM F24 Standards relationships
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calculations and analyses meet or exceed this minimum operational hour require-
ment. This requirement is intended to ensure that all primary structures within an 
amusement ride or device are designed for at least a minimum fatigue life [3]. A 
simplified definition of fatigue is how long a component will last before failing due 
to cyclic loading. There are a number of factors which will affect a component’s 
fatigue life including: the type of material used, the temperature, and the shape of 
the component.

When designing an amusement ride, the designer is also required to consider a 
failure analysis for safety-related systems. The failure analysis shall include a fault 
tree analysis, a failure mode and effects analysis (FMEA), or other accepted engi-
neering practices [4]. The purpose of these practices is to apply a systematic 
approach to consider all of the factors that may lead to failure of individual compo-
nents of the ride or the ride as a whole. The Hazard Mitigation process outlined in 
ASTM F2291-20 is structured to consider the anticipated lifetime of components, 
based on their expected use, as well as the means and methods for detecting compo-
nent failures. Detection methods include but are not limited to automatic detection 
by a control system, periodic operational testing, and periodic inspection of compo-
nents including non-destructive testing.

The complex nature of both nuclear power plants and amusement rides led me to 
enroll in a master of engineering program. Under this program, I tailored my gradu-
ate courses with everything applicable to the challenges encountered in my career. 
This included courses on the Canadian Steel Code CSA S-16 “Design of steel struc-
tures,” dynamics, vibrations, impact biomechanics, fluid power systems, nuclear 
reactor safety design, engineering fire mechanics, and finite element methods. A 
part-time, coursework’s master’s degree is not for everyone (one of my professors 
referred to it as “the hard way [to earn a master’s degree]”). It took me 7 years to 
complete. At the start of my master’s program, I was managing the Risk Management 
Engineering Department. Throughout the program, which allowed me to take 
courses at three universities, as needed, I had a baby, my son Valek. Shortly after my 
return from maternity leave in 2005, I was promoted to division manager overseeing 
three departments: the Engineering Laboratory, the Commercial Grade Dedication, 
and the Risk Management Engineering Departments. (The Risk Management 
Engineering Department included third-party design review of amusement rides 
and ski lifts; and providing engineering services for special events, temporary struc-
tures, festivals, and concerts.) Working on my master’s degree while trying to man-
age an engineering division, having a new baby, and being a young mother made for 
an interesting journey.

�Quality Assurance

When I was promoted to division manager, the quality assurance program of our 
company became an integral part of my purview. A fundamental cornerstone in both 
nuclear and amusement ride design is the quality assurance programs for the 
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manufacture and testing/commissioning of the components. Quality assurance and 
quality control are a part of the overall management system in an organization. The 
relationship is shown in Fig. 3.

The successful implementation of quality assurance (QA) and quality control 
(QC) is essential to providing confidence in the nuclear industry. A high degree of 
reliability and integrity is required of products and services, and the requirements 
are particularly stringent for assuring nuclear safety. Failure of structures, systems, 
or components to perform their intended function, or their poor performance, could 
adversely affect the health and safety of workers and the public [4].

The QA and QC frameworks are shown in Fig. 4 and 5.
The parallel processes of QA and QC are shown in Fig. 6. Those shown in the red 

box were applicable to my role as the division manager of a supplier to the nuclear 
industry in Canada.

In the nuclear industry in Canada, there are quality assurance programs that fall 
under several nuclear standards. The four main standards are:

•	 ISO 9001 “Quality Management Systems”1

1 From the mid 1990s to 2016, ISO 9001 became the commercial quality standard that was gener-
ally adopted by the nuclear industry. It was augmented by other standards to create industry-spe-

Fig. 3  Quality assurance and quality control as a part of the overall management system [4]
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•	 CSA N299 series “Quality Assurance Program Requirements for the Supply of 
Items and Services for Nuclear Power Plants”2

•	 CSA N285.0–2012/N285.6 Series “General Requirements for Pressure-
Retaining Systems and Components in CANDU Nuclear Power Plants/Material 
Standards for Reactor Components for CANDU Nuclear Power Plants”3

cific quality management system. The previously withdrawn CSA N299 Series of standards was 
re-developed and released in 2016. This new group of standards acts to augment ISO 9001 to 
provide a comprehensive industry-specific standard for CANDU facilities.
2 This standard is a group of standards that provide quality assurance for the procurement of items 
and services for CANDU nuclear facilities. N299 focuses on the entire manufacturing and plan-
ning process. N299 documentation outlines the expectations of the supplier and the customer dur-
ing design, procurement, manufacturing, testing, and inspecting.
3 This standard series specifies the technical requirements for the design, procurement, fabrication, 
installation, modification, repair, replacement, testing, examination, and inspection of, and other 
work related to, pressure-retaining systems, components, and supports over the service life of a 
CANDU nuclear power plant.

Fig. 4  Responsibilities for quality assurance activities [4]
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•	 CSA B51 “Boiler, Pressure Vessel, and Pressure Piping Code”4

As my career progressed, that small consulting company of seven grew larger 
and was bought out by a US publicly traded company in 1998. With over a hundred 
employees and a growing focus on the nuclear sector, over time the differences 
between the nuclear part of the business and the small amusement ride safety-
engineering division grew more apparent. On the nuclear side, the contracts were 
very large and could handle all the stringent overhead requirements imposed upon 
them by a nuclear quality program. The numerous but seemingly minute safety 
contracts became almost burdensome to the company, and with the associated lia-
bility, that business sector was seen in an unfavorable light. After a corporate 

4 Part 1 of this standard contains requirements for boilers, pressure vessels, pressure piping, and 
fittings. It is intended mainly to fulfill two objectives: first, to promote safe design, construction, 
installation, operation, inspection, testing, and repair practices; and second, to facilitate adoption 
of uniform requirements by Canadian jurisdictions.

Fig. 5  Responsibilities for quality control activities [4]
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restructuring in 2009, I was in a position where I would have to focus my future 
career on nuclear work only. This broke my heart, as my true passion was the amuse-
ment ride sector. I was left with a choice to make: the safe path of continuing to 
work in the nuclear sector or to start my own business and follow my passion. I 
chose the latter, and in 2009 I left my 17-year job and ventured out to form a bou-
tique engineering company focusing exclusively on providing engineering services 

Fig. 6  The roles of QA and QC in a typical CANDU NPP [4]
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to the amusement ride and special event sectors. I followed the advice from my 
lawyer “not to burn any bridges,” and I was upfront and honest with my employer 
about my intentions. They were initially offended but understood my position. In 
the end, they decided that amusement ride business did not fit within their corporate 
strategy, and they referred all those clients to my new company.

The knowledge gained while preparing for nuclear quality audits enabled me to 
prepare quality assurance plans for amusement ride/device manufacturers once I 
had my own consulting company.

Amusement rides are also subject to strict quality program requirements. Under 
ASTM F1193-18a, the manufacturer of an amusement ride shall have a written 
quality assurance program for use in conjunction with the design, manufacture, con-
struction, modification, or reconditioning of the amusement ride [5]. The manufac-
turer is required to keep quality assurance documents including material 
certifications, test reports, and inspection reports. A drawing control procedure is 
required to track manufacturing drawings, engineering revisions, and related docu-
ments. The drawing control procedure ensures that proper distribution, movement, 
and keeping of all drawings is done and that those personnel requiring access to 
project documents will have the most up-to-date revisions and are aware of the 
document control process.

To ensure that materials, processes, and components (including raw materials) 
are in compliance with engineering specifications, the manufacturer shall have a 
material and component control procedure. Hold-point inspections are to be made 
on manufactured parts and subassemblies to verify conformance with the designer−/
engineer-specified criteria. Changes to the design-/engineer-specified criteria are to 
be documented and approved. Non-conforming components are required to be 
dispositioned.

All tools and equipment used for the inspection and testing of materials and parts 
for the manufacturing of ride components/parts/subassemblies should be calibrated. 
All calibration shall be traceable to a national standard. Calibration should be com-
pleted on an annual basis or at a more frequent interval, as required by the equip-
ment manufacturer.

In Canada, welding and welding procedures shall be completed by a certified 
welding company in accordance with CSA W47.1 and CSA W59 and shall be per-
formed by certified welders. Supervision shall be provided by a certified welding 
supervisor. Canadian Welding Bureau (CWB)–approved Welding Procedure Data 
Sheets (WPDS) shall be used. The information contained in a WPDS shall include 
the type of joint, joint geometry, welding position, welding symbol, welding con-
sumables, gas mixture, and the welding parameters that are to be used in making a 
weldment. CSA W117.2 shall be followed [6], as applicable for all welding proce-
dures and processes. All CWB documentation for the certified welding company, 
qualified welder(s), welding supervisor, and WPS/WPDS shall be maintained.

Pressurized systems are also subject to the requirements of CSA B51 “Boiler, 
Pressure Vessel, And Pressure Piping Code.”

Prior to shipping an amusement ride or component, the manufacturer shall gen-
erate a document certifying that the ride or component is in compliance with ASTM 
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Practice F1193. This certification shall be retained with other quality assurance 
documents for the ride or component. When requested by an authority having juris-
diction, purchaser, or owner, the manufacturer shall provide a copy of this certifica-
tion document.

�Regulatory Oversight

Regulatory oversight is a key component in the safe operation of both nuclear power 
plants and amusement rides. Nuclear programs have federal oversight in the United 
States and Canada, whereas amusement rides are regulated by the states/provinces.

Regulatory oversight is typically structured as shown in Fig.  7. Governments 
issue legislation, viz. laws, decrees, and orders. Regulatory bodies issue both legally 
binding regulations and non-legally binding guides. Standards are usually written 
by standards development organizations, and they may be mandatory or non-
mandatory, depending on the local authority having jurisdiction. Other mechanisms 
that may make standards mandatory are contractual stipulations [4].

Nuclear power plants in Canada are subject to the Nuclear Safety and Control 
Act (NCSA) and its regulations. The Canadian Nuclear Safety Commission (CNSC) 
administers and enforces the NSCA and regulates all nuclear activities at nuclear-
generating facilities, including their licensing and radiation protection programs. 

Fig. 7  Regulatory framework [4]
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The CNSC is an independent administrative tribunal set up at arm’s length from 
government. The Commission is supported by more than 800 scientific, technical, 
and professional staff. (In the United States, the Nuclear Regulatory Commission 
(NRC) is responsible for licensing facilities, commercial use of nuclear materials, 
facility inspection, and the creation of standards and regulations for nuclear power 
plant safety.)

In Ontario, Canada, where I reside and work, additional regulation for nuclear 
boilers and pressure vessels is done on the provincial level by the Technical 
Standards and Safety Authority (TSSA).

Amusement rides in Canada, the United States, and Australia are regulated on 
the provincial or state level. In Ontario, Canada, the regulator is also the TSSA. The 
adoption through TSSA’s Code Adoption Document of ASTM F2783–20, “Standard 
Practice for Design, Manufacture, Design, Operation, Maintenance and Inspection 
of Amusement Rides and Devices, in Canada,” provides a pointer document to draw 
in the core standards, supporting standards and ride-specific standards of ASTM 
F24 group of standards for amusement rides and devices (Fig. 2).

As a regulator, the TSSA encourages stakeholder engagement via its advisory 
councils and technical committees.

�Stakeholder Engagement

Throughout my career, I have had numerous opportunities to participate in public 
policy development for both the nuclear and amusement ride industries. These 
opportunities include participation in standards development, acting on advisory/
technical councils, in addition to stakeholders’ boards such as the Organization for 
Canadian Nuclear Industries.

One area where I was able to participate in the development of nuclear standards 
was through the Canadian Standards Association on the technical committee N289.1 
for the standard “General requirements for seismic design and qualification of 
CANDU nuclear power plants.” This experience showed me the value of participat-
ing in standards development as a means to give back, with the benefit of network-
ing with industry leaders.

During my tenure as the division manager of technical services, I was fortunate 
to hold a volunteer position on the board of directors of the Organization of Canadian 
Nuclear Industries (OCNI—formerly the Organization of CANDU Industries). The 
mission of OCNI is to promote companies in the Canadian private sector engaged 
in the supply of goods and services for CANDU and Light Water Reactor (LWR) 
nuclear power plants in domestic and export markets [7]. This volunteer experience 
allowed me to help to shape policy for the nuclear supply chain but also provided 
several personal benefits. These included: acquiring corporate governance skills, 
improving my strategic business thinking, enhancing confidence, providing first-
hand experience of board-level operations, and offering invaluable networking 
opportunities.
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In parallel to working on the CSA N289.1 technical committee on the nuclear 
side, I also worked on the (former) CSA Z267 technical committee for “Safety Code 
for Amusement Rides and Devices.” After the 2000 edition of this standard was 
released, our technical committee was informed by industry stakeholders that the 
industry wanted Canada to adopt the ASTM group of standards for amusement rides 
and devices. Unlike the CANDU technology of the Canadian nuclear industry, there 
were not a significant number of amusement ride manufacturers in Canada (apart 
from two prominent water slide manufacturers). In 2006, the CSA Z267 task group 
on harmonization embarked on a partnership with the ASTM F24 Committee. CSA 
and ASTM struck a subcommittee to develop a new ASTM F24 standard, a compre-
hensive, one-volume document, that provides a mechanism to:

•	 Adapt F24 standards to Canadian needs
•	 Provide greater two-way communication between CSA and ASTM
•	 Facilitate adoption by Canadian provinces and territories

Over the 8 years we took to develop the first release of ASTM F2783, “Standard 
Practice for Design, Manufacture, Operation, Maintenance, and Inspection of 
Amusement Rides and Devices, in Canada”, I have made many friends and col-
leagues through my involvement with both CSA and ASTM on this initiative. I am 
now the co-chair of the F2783 task group and am so proud of the contributions we 
have made to harmonize amusement ride standards globally.

The TSSA works with industry experts through advisory councils to gather 
information. This information assists the TSSA with making informed decisions 
related to their safety mandate. I was fortunate to have the opportunity to attend 
these meetings early on in my career in the amusement devices sector at times when 
my boss and engineering mentor was not able to attend. Upon his retirement in 
1998, I was given the opportunity to join the industry advisory council for the 
amusement ride sector. Today I am the chair of this council. I value our council’s 
ability to provide the TSSA advice and input in relation to safety strategies from 
stakeholders of our industry. Our primary focus is to:

•	 Identify strategic safety issues, current or anticipated, and to provide guidance 
for their resolution

•	 Provide input and advice regarding general enhancements in the service deliv-
ery by TSSA

I value immensely the volunteer opportunities I have been afforded for stake-
holder engagement. As a means to give back, these opportunities have also greatly 
benefitted me by providing leadership opportunities, enhancing my confidence, 
building my business networks, and expanding my technical and business acumen.
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�Conclusion

My journey as a mechanical engineer began as a co-op student for an engineering 
consulting company in the nuclear sector. I am appreciative of the opportunity to 
practice in seemingly very different fields of the nuclear and amusement ride sec-
tors. Seventeen years later, in 2009, I embarked on my next adventure when I opened 
my own boutique engineering consulting company providing risk management 
engineering to the amusement, special events, and manufacturing industries. In 
2020, after building a successful consulting company in the face of the COVID-19 
pandemic, I lost 90% of my business due to the ensuing lockdowns. I was able to 
pivot to work in the nuclear industry again, now with a focus on small modular reac-
tors (SMR). I have come full circle from nuclear to amusement rides and back to 
nuclear. I am grateful that being a mechanical engineer has made that possible. 
Having this degree has enabled me to be resilient throughout my career and cer-
tainly through the past 16 months which have been most challenging in my life.

If, as a young student who loves math and science, you are not sure what career 
path to take, I recommend mechanical engineering. Even if you pursue other career 
options after graduating, this degree will provide you with the problem-solving and 
technical skillset to lay the foundation for success in all your future endeavors.

My journey continues, and I look forward to the lessons to be learned from this 
next phase.
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Unveiling My Engineering Identity

Yen-Lin Han

“Please introduce yourself.”
“I am an associate professor of mechanical engineering at Seattle University. I 

teach energy systems and data acquisition courses this quarter. And I do research on 
how we can build a culture in academia that fosters engineering identity.” This is 
how I often introduce myself nowadays. Interestingly, I rarely say, “I am an engi-
neer,” despite having an advanced degree in engineering. As someone studying oth-
ers’ engineering identities, I cannot help but ask myself what my engineering 
identity is and what it means to present myself as an engineer.

So, what is identity? Identity is both within the individual (personal) and without 
(social) [1]; it is situated in the self and in the groups to which we think we belong 
[2]. Identity is a consistency of the self across time [3] and a reflection of the indi-
vidual’s environment [4]. Our identities shape the experiences we embrace, and 
those experiences shape our identities [5–7]. We behave consistently with our iden-
tities [8, 9], choosing behaviors with meanings that match our self-conceptions [10, 
11]. Identity may be an abstract concept, yet it is inseparable from the actions 
we take.

To answer the question of my personal engineering identity, I shall reflect on 
who I was, what I did, and whom I associated myself with. Through a retrospective 
examination of my identities and their development over time, I hope to better 
understand who I am today and whom I could become in the future.
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�I Am Chinese

I was born in Taiwan in the early 1970s. My grandparents moved to Taiwan with 
Chiang Kai-Shek’s troops during the “Great Retreat” when the communist party 
took over mainland China. When I was little, my grandfather would tell me our 
hometown was across the Taiwan Strait, and we were only in Taiwan temporarily. 
Even though he had not had any contact with his family in mainland for decades, to 
him, China was still home. We lived in a military dependents’ village where almost 
all families had someone serving in the military. We were a special group of people 
eating different kinds of food and speaking other dialects. My grandparents consid-
ered themselves as Chinese to the day they passed. The strong identity they brought 
to the little island in the Pacific certainly caused tensions. To some Taiwanese, at the 
time, the existence of families like mine in Taiwan was a threat; we were “foreign-
ers” to their land.

Growing up in a military village in the 1970s, we did not have very much, so we 
learned to live with what we had. Rather than hindering, the lack of resources pro-
moted my imagination and competitiveness. As a little girl, I played with rocks to 
build anything I could think of. I ran faster and climbed higher than boys in my vil-
lage. Raised by my paternal grandmother, who was widowed in her 20s, I witnessed 
her resilience and resourcefulness firsthand, and they certainly became a part of my 
traits. However, deep down, my grandmother was a traditional Chinese woman. She 
was happy to see me outrun boys, but she also cautioned me to behave like a girl. 
She stopped me from climbing trees so I would not get scars on my face, because a 
scarred face would not land me a good husband. In her mind, a woman’s role was to 
be a good wife and mother. There was no self, only the family.

Despite my grandmother’s traditional Chinese values and beliefs, she took from 
her own experience that a woman should also be capable of taking care of her family 
on her own. She never treated me unequally from my brothers when it came to edu-
cation. She knew a good education would give me a better future. She regretted that 
she could not be formally educated so she wanted me to go to the best school I 
could. She borrowed money and skipped meals just to pay for my tuition.

With her devotion, I was able to attend a private junior high school. Going to a 
private school allowed me to focus on my academics so I could score high on my 
entrance exams to get into a good high school and then college. I would not get a 
quality education without succeeding in entrance exams. As a teenager, all I did was 
to prepare for exams with the only goal of scoring high in them. There was never a 
doubt in my mind that my life would change if I could get into the best college, but 
I had never thought of what that life would be, and I had no clue who I wanted to be. 
Those were never the questions I asked.

I studied hard to ace the entrance exam and got into the best girls’ high school, 
where only the top 1% of girls of my age went. When I moved out of my military 
village home and to the capital city of Taipei to start high school, I noticed the dis-
parities among people. While my village friends and I could only afford the “beef 
noodle soup without beef,” some of my classmates could have pork chops every 
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meal. The different levels of socioeconomic status became more obvious to me. 
During that time, Taiwan was also going through drastic changes economically and 
politically. There was more access to the outside world, and things that used to be 
luxuries (like apples) were suddenly available to many. With the significant growth 
in GDP, people in Taiwan certainly felt wealthier and freer than before. I remember 
my excitement when I finally had a different haircut (all secondary school children 
were required to have the same hairstyle before 1987 when the martial law was 
lifted in Taiwan), and the time I waited hours for my bus to make its way through 
roadblocks caused by protests (my high school was right next to the Presidential 
Office Building of Taiwan). It was an interesting era to live in, nonetheless, and 
these experiences allow me to appreciate the freedom and the resources I have today 
so much more.

I was proud to put on my green uniform every morning when I was in high 
school, but it meant even more to my family. My grandparents and parents did not 
get much education. They fought in the wars and became “refugees.” They escaped 
their homes and settled on an island they had never been before. They lived through 
the hardships with nothing to spare. They had little to be proud of. Finally, the pres-
tige of my high school gave my family the bragging rights they had been longing 
for, but it also put a tremendous amount of pressure on me. I had the pride of my 
entire family weighing on my shoulders. It was in our Chinese culture to “save face” 
for my family, so I could not disappoint them.

�I Am a Girl

In the second year of high school (equivalent to 11th grade), I declared that I would 
take the college entrance exam for science and engineering majors. I could not 
recall why I chose this category, but if all my good friends chose it, why shouldn’t 
I? Isn’t it still how teenagers work nowadays? I honestly had no idea what engineer-
ing was about when I made this decision. I knew no engineers and, of course, no 
female engineers. I just went with my friends. I told myself, “They definitely know 
what they are doing. They are the smart ones.”

I certainly enjoyed my days in high school. This group of smart girls challenged 
me to always do my best. Despite our differences, we became friends for a lifetime. 
Many of my strengths today are attributed to them: they were caring, funny, and 
dedicated to their work. They showed me that there was no limit to our potential, 
and we could make a difference if we put our mind to it. We were supposed to be the 
girls who changed the world, and yes, thirty years later, my high school friends are 
all playing important roles in their respective fields, and we continue to support each 
other no matter where we are.

My days in high school went by fast with all the challenges and fun. The time for 
the college entrance exam came and went. I scored high enough to get in one of the 
best colleges in Taiwan. Because I did not really have any specific interest in engi-
neering at the time, I just filled in the bubbles on the survey for the majors I would 
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be in based on my score. And there I was, majoring in materials science and engi-
neering at National Tsing-Hua University.

Don’t get me wrong: I had no complaints. It was a good major at the best engi-
neering college, and I made my family proud again. It was the time that the semi-
conductor industry started to boom, and Taiwan Semiconductor Manufacturing 
Company (TSMC) was recruiting heavily from my department. It was almost guar-
anteed that I would have a great engineering job with my degree; many of my col-
lege classmates have been working at TSMC or other semiconductor companies 
ever since graduation. It was almost a no-brainer to take that route. However, despite 
all the objections from my family, I passed on that opportunity and went on an 
excursion to search for myself and my true interests. I simply could not imagine 
myself wearing white overalls working in a cleanroom the whole day. I literally 
needed more colors in my life.

College was very different from the all-girls’ high school. I finally lived on my 
own and felt some relief from my family’s expectation. As a young girl surrounded 
by boys, especially in an engineering college with a 4 to 1 boy-to-girl ratio, I was 
more interested in extracurricular activities than engineering subjects. My priorities 
had shifted. I no longer had to spend all my time preparing for exams. I thought “I 
had made it” (to college), so I cut myself some slack. Ironically, I lost my purpose 
to study hard and I felt like I was coasting without aims. It finally struck me that I 
did not really know who I wanted to be. I had no identity of my own.

Unfortunately, I did not find much inspiration in my engineering courses. All the 
faculty in my department looked the same, and most of my classmates looked just 
like them. I met no one like me who remained in engineering; I found no connection 
to engineering. One of my best friends entertained the idea of getting a minor in 
economics. I went along with her so I could possibly get out of being an engineer. I 
spent three years finishing the requirements for my engineering degree and the last 
year in college getting an economics minor. I enjoyed learning economics as it still 
required me to use math and logical thinking skills, but more importantly, I met 
more people who looked like me in the Economics Department. It was not odd for 
me to show up to my economics classes wearing heels and miniskirts as many oth-
ers did. I felt the same support I had in high school again and the sense of belonging 
that had been lacking in my engineering classes. Looking back, however, it was not 
like my engineering classmates were alienating me; in fact, many of them were very 
supportive. But my stronger association with my gender identity and the discomfort 
I experienced due to the gender gap in engineering at the time contributed more to 
my decision of leaving engineering.

Besides, “engineers don’t LOOK good and I want to look good when I go to 
work” – the younger me was definitely not above stereotyping engineers.
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�I Am a Fashionista

I always liked fashion ever since I had access to it. Flipping through fashion maga-
zines in bookstores was my favorite afterschool activity in high school. When I got 
into college, I began to tutor grade school kids so I could afford new clothes and 
accessories. To me, putting on a look was a way to express myself and acknowledge 
my unique identity. With little surprise, I earned my popularity in college as a fash-
ionista. I definitely showed more interest in fashion than anything else, and it gave 
me the recognition I desperately needed for myself at the time.

It seemed reasonable for me to find a job in fashion so I could dress up every 
morning to go to work. However, it was not a popular idea with my family who had 
high hopes of me being an engineer so my degree would not “go to waste.” In the 
end, my desire of exploring other identities won over my role as a traditional 
Chinese daughter who would live by their family’s wishes. I took actions that I 
would not if I had remained obedient.

I was offered a position as a manager trainee at a fashion retailer, which just 
started a program to hire college graduates and train them as store supervisors as it 
went through a rapid expansion. It was a move that aimed to shake the fashion retail 
industry, because traditionally, it was not a career path for college graduates. 
Looking back, I really appreciated this opportunity. I matured quickly and learned 
many essential interpersonal skills. However, the job really put a strain on my rela-
tionship with my family. In their minds, suddenly, I was no longer the sweet little 
girl who shouldered her family’s honor. Instead, I turned into an independent woman 
who called her shots and took charge of her life.

I moved quickly up the ladder at work, and the adrenaline rush of success pushed 
me further into adulthood at light speed. I was soon married and became a mother 
within a few years of graduating from college. My college roommate once said, 
“Yen just wants to cross all the milestones in life as fast as she can.” Perhaps she 
was right. Being a mother to me was certainly less ambiguous than unveiling any 
other identity, and it was possibly the most natural way for me to feel a sense of 
accomplishment in life.

While raising a baby, I continued to thrive in the fashion industry. I got a chance 
to work for an international brand and began traveling to Europe for business. Being 
immersed in different cultures was eye-opening, and it made me realize there were 
more possibilities in life.

�I Am Taiwanese

After almost five years in fashion, I reached a level that I needed to reposition 
myself. The repetitiveness of season after season in retail was tiring, and my per-
sonal growth had slowed down. Although I had been managing people and mer-
chandise for years, I likely only did it by mimicking what others did. I was not 
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equipped enough to shake things up in the fashion industry, so I wanted to educate 
myself more about management. The time I spent in Europe made me learn differ-
ent perspectives, which prompted me to search for new learning opportunities out-
side of Taiwan. I packed my bags and went to Los Angeles to pursue my MBA degree.

“Why LA?” someone at Business school asked me a long time ago. “The Lakers,” 
I said, and it was not a joke. I knew very little about LA and any knowledge I had 
was from pop culture. LA seemed like a vibrant city teeming with new experiences, 
so there I was. I took six classes per semester in business school with a toddler in 
tow. Every day was a busy day. But more importantly, being immersed in a multi-
cultural environment like LA made me reflect on my limited knowledge of diversity. 
Interacting with people from different countries with different cultural backgrounds 
pushed me to deeply examine my own identities.

“Where are you from?” Since coming to America, I have been asked this ques-
tion countless times. I did not think much about it at first, but nowadays, I would 
answer, “I am Taiwanese, and I live in Seattle,” trying not to embarrass people who 
ask such questions. I was born and raised in Taiwan, and it was my home for half of 
my lifetime. Most of my family lives there. However, I am a naturalized US citizen, 
and getting asked this question now makes me wonder if I have been accepted into 
the “club.” It is almost the same feeling I had when I was growing up in Taiwan – 
we, the people who lived in the military villages, were separated (and also self-
selected) into a different category in society. The divide was caused by identity. The 
us vs. them mentality did not help in solving problems we were facing. There is no 
easy answer on how a society could be more integrated, but we know a society will 
function better with contributions from all different parties. Keeping our own identi-
ties should not mean excluding others who may or may not identify themselves the 
same way as we do.

To me, the “American Dream” really is to encourage everyone to explore, 
express, and develop themselves and to work towards the common good. I could not 
help combining my collectivistic cultural background with my individualistic views 
as an Asian American.

�I Am an Engineering Student (Again)

I was fortunate to get the education I needed when I was growing up, which turned 
into a great gift for me so I could extend my knowledge and abilities quickly. I 
finally acknowledged that I was capable of using my abilities not just for myself, my 
family, but for more people in need. Going back to fashion after finishing my MBA 
degree simply did not sound appealing anymore. I wanted to do more than chase 
sales targets, but even with an MBA degree, it would still be difficult for me to land 
in any critical decision-making position to impact the fashion retail industry (or fast 
fashion in today’s terminology). I did not agree with the business approach of fast 
fashion and could no longer align myself with it. I had a broader responsibility to 
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the world we live in. Issues I witnessed before, such as poverty and access to educa-
tion, turned into issues I wanted to address in the future.

“But how?” I asked myself. Still at the stage of exploring possibilities, “more 
education may help,” I thought. With limited savings, it was more economical for 
me to take engineering courses with my BS engineering degree (less prerequisites) 
while figuring out what I could do to drive changes in our society. I enrolled myself 
in fundamental engineering classes again. This time, it was me who wanted to do it. 
Nobody else planned this for me and I made the decision based on my own curios-
ity. I was exposed to more projects that helped me connect everyday life with engi-
neering, and I saw the potential of using my engineering skills to make a positive 
impact. When I experienced learning engineering as a way to train myself how to 
think and solve problems logically, I really fell in love with it. I finally had fun 
learning engineering, and I believed, with the right motivation and guidance, many 
others could too.

�I Am a Researcher

While taking more engineering courses, I learned about MEMS (microelectrome-
chanical systems), which reminded me of my materials science labs in college. 
Although it was tiring to spend days in the lab sanding and polishing the surface of 
metal specimens, I remembered my excitement when I finally saw the metal grain 
structure under the microscope. I guess I was drawn to things we could not see with 
the naked eyes.

Wanting to learn more about MEMS, I came across research from Dr. Phil Muntz 
at the University of Southern California (USC). I began my study at USC and took 
Dr. Muntz’s Molecular Gas Dynamics class during my first semester. As he might 
tell you himself, Dr. Muntz was not the most organized lecturer, but he was the best 
advisor I could ever have. He was a brilliant researcher and an elected member of 
the National Academy of Engineers (NAE). He was also the “Mad Man Muntz,” 
who played as a fullback in the Canadian football league in his 20s. He was full of 
life when he talked about research, and he was always generous in sharing his wis-
dom. It was quite common that he would get distracted by a research problem in his 
head and begin working on the board while students sitting in his class scratched 
their heads. But his random talks about research really got me hooked on molecular 
gas dynamics. The thought of working on a problem that nobody knew the answer 
to inspired me. I visited his office often and wouldn’t stop asking questions until he 
finally accepted me as a volunteer in his lab. I was relentless in solving problems 
thrown my way. Dr. Muntz recognized my strengths and recommended I get my 
PhD in this area. Without a doubt, I was ecstatic to be taken under the wing of such 
a brilliant scholar.

My research focus was on the Knudsen Compressor, a micro-scale compressor 
with no moving parts [12–15]. Utilizing the rarefied gas dynamic phenomena of 
thermal transpiration (also known as thermal creep), the Knudsen Compressor can 
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pump gas through a porous membrane by applying a temperature gradient across it. 
To operate the Knudsen Compressor, the membrane pore size must be close to the 
gas molecular mean free path and the membrane should have a low thermal conduc-
tivity to maintain the required temperature gradient. Using carbon doped aerogel 
membranes which absorbed radiant energy to heat up its surface, I was able to dem-
onstrate the performance of a Knudsen Compressor operating at low pressures 
experimentally. In addition to the experimental results, I conducted numerical stud-
ies using Direct Simulation Monte Carlo (DSMC) technique to further investigate 
the thermally induced vortexes that impacted the performance of the Knudsen 
Compressor [16–23].

Getting a PhD was never an easy ride, but it was easier with a great mentor. With 
the support from Dr. Muntz, I learned many valuable lessons. He let me try things 
that I wanted to do but gave me pointers when I needed them. He respected my 
opinions and allowed me to develop my own thoughts. He taught me how to think 
critically and be curious every day. He taught me to be patient and enjoy the process, 
showing me that a researcher should not be afraid of the unknowns but should treat 
them as an opportunity for new discovery. He demonstrated how one should be pas-
sionate for their work and should generously share what they knew. I am eternally 
grateful to have had him guide me through the challenge and help me grow into an 
independent researcher. Although he is no longer with us, his influence lives on.

Having a PhD could open doors to many new opportunities. I certainly thought 
about what those opportunities could mean to me and my greater responsibilities, 
which pushed me forward to complete my degree. Having Dr. Muntz as my advisor, 
I naturally gravitated towards a faculty position where I could possibly replicate 
what he did in advancing science. However, when I finally finished my PhD degree, 
I could not wait to find a “dream” job. I needed the income to support my children 
after ending my previous marriage. Being a single mother with two young boys liv-
ing in LA on a graduate student stipend was difficult. My kids probably spent more 
time in my lab than on the playground, and they could not have most toys others had 
because we simply couldn’t afford much. I just could not see them sacrifice any 
more of their experiences for mine when I could finally provide them more.

In need of an income, I picked up a couple teaching assignments in my depart-
ment at USC as soon as I was able to. However, my mind was still focused on 
research. Phil1 remained a great supporter for me, but I gradually realized that—at 
least on paper—I was not as “prepared” as others who were in the faculty job mar-
ket. Phil did not believe the number of publications was the main factor a young 
faculty candidate to be ranked on. He valued quality over quantity and believed 
good research sometimes could take years to see results. He thought that creativity 
and enthusiasm should be more important for a faculty’s success, and that was why 
he trained his students to think, not just do. He also admitted that academia was dif-
ferent from when he started his career, and he did not prepare me enough for the 
“bean-counting” aspect of academia. Perhaps Phil was right in assessing the 

1 Dr. Muntz insisted I called him Phil because he saw us being equal once I got my PhD degree.
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“modern” academic job market, and I did experience serious setbacks in my faculty 
job searching. There were times I was told that my publications just were not 
“enough” despite my solid performance in interviews. However, I was not discour-
aged, but more determined to pursue a career in academia. It took me some time to 
really understand the differences among various types of faculty positions (e.g., 
tenure track vs. teaching). But the time I took gave me an opportunity to really pol-
ish my independent research abilities that were built on the essence instead of the 
content of my training. Today, I can conduct research in autonomous vehicles and 
medical devices – fields with little direct relation to molecular gas dynamics in con-
tent – because I am using the same problem-solving skills I possessed through my 
training.

�I Am an Educator

Teaching is an important part of the job as a faculty, but that is rarely a part of our 
training as an engineering PhD. There was no exception for me. I was the teaching 
assistant for several classes when working on my PhD, but that was the extent of my 
teaching training. Phil did not advise me much on how to be an effective teacher 
either, as this was not a priority of his. When I got my first teaching assignment, I 
had little idea how to really teach. All I had was my passion, my knowledge of the 
subject, and the dos and don’ts from my own learning experiences. I stumbled many 
times, but I learned from my mistakes and wanted to improve my teaching. I really 
enjoyed spending time with students. Witnessing the smile on their faces when they 
“got it” was such a special treat. Many of my students felt my motherly care and I 
could also sense their appreciation. The positivity I received from teaching allowed 
me to reexamine my career goal in academia. I wanted teaching to be an essential 
part of my job.

As a younger female faculty teaching mechanical engineering, I certainly had 
experienced difficulties. I was sheltered when I was teaching at USC—faculty 
treated me like their family because they were the ones who taught me and watched 
me grow in my career. I hardly noticed any bias towards me from students either. 
However, the situation was a lot more complicated when I took a teaching position 
at the University of Connecticut. My presence was a big change to the department; 
I was one of the few non-tenure track teaching faculty who was not retired from 
industry, and I was the only woman. As a teaching faculty, I taught three courses and 
advised several senior design projects every semester, which allowed me to hone my 
teaching and mentoring skills even more. Although it was not required, whenever 
time permitted, I still conducted research, switching my research focus to computa-
tional studies due to the lack of physical lab access. These experiences taught me 
how to utilize the resources I had to create new possibilities. All the positive out-
comes aside, however, I had a hard time adjusting.

The bustle of LA was nowhere to be found in rural New England. I did not have 
to worry about traffic; the scenery was beautiful, and the atmosphere was serene. 
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People I encountered were kind and generous. However, I just did not feel I was a 
part of the community as one of few Asians in a small town. Driving more than an 
hour in the weekend to get ingredients I needed to cook was normal. I finally real-
ized that I had only experienced a very special part of the United States and I had 
much more to learn about America. Better late than never though, I began to really 
pay attention to race and gender issues, especially in engineering. I could not stop 
thinking, “what is my job as a faculty?”

“There is no reason why I cannot do research if I also enjoy teaching,” I won-
dered. The fact was that I didn’t have to separate my passions in research and teach-
ing. I started to dive deeper into engineering education research after I joined Seattle 
University (SU) as a teaching faculty. The mission of Seattle University, educating 
the whole person, drew me to this Jesuit institution. The small class size allows 
faculty to build close mentorship with each student. I was surprised when I first met 
with a couple of faculty members to discuss capstone senior design projects; they 
not only knew each student’s name but were also familiar with each student’s inter-
ests and characters and were able to recommend the best suited senior design proj-
ect for each student. That was how I wanted to be as an educator—as Confucius 
said, “Teaching students in accordance with their aptitude.”

My first engineering education research project was to use authentic engineering 
problems in my heat transfer classes. Utilizing the inverted (flipped) classroom for-
mat, I invited engineers from industry to my classroom to give students problems 
related to their areas of practice. Students worked on those problems during class 
time and presented their solutions to practicing engineers every other week. Named 
Authentic Engineering Problem Centered Learning (AEPCL), this new approach of 
teaching engineering subjects has been shown to improve students’ problem-solving 
and design abilities [24–29]. This research experience broadened my views on ped-
agogy and gave me an opportunity to focus on engineering education research when 
I transitioned to tenure-track at SU in 2015.

My exposure to the American Society of Engineering Education (ASEE) and the 
Society of Women Engineers (SWE) also brought my attention to issues around 
underrepresented minorities (URMs) in engineering. Even in the mid-2010s, the 
percentage of female engineers was still below 20% [30]. I pondered what needs to 
be changed in engineering education so URMs are better represented.

Examining why I did not persist in my engineering path after college, my col-
leagues and I began to research on how identity could influence one’s decision on 
whether to enter and remain in engineering. We began working on a five-year proj-
ect, funded by the National Science Foundation (NSF) RED (REvolutionizing 
Engineering and Computer Science Departments) grant, to create a culture of inclu-
sion at the SU Mechanical Engineering department, where students and faculty are 
immersed in doing engineering and, in turn, fostering their engineering identi-
ties [31].

Since the beginning of the RED project in July 2017, many changes have been 
incorporated in the department’s shared vision, curriculum, faculty priority, and 
supportive policies [32–37] to enhance the connection between industry and aca-
demia. Practicing engineers regularly interact with students and faculty in various 
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courses throughout the curriculum. Faculty are encouraged to participate in industry 
practice through summer immersion. Implementing these changes over the last four 
years, I included practicing engineers in many course activities and spent one month 
for my summer immersion at PACCAR/Kenworth Truck Company. By rotating 
through different divisions at PACCAR/Kenworth, I learned new things in practice 
such as caring for customers and investing in employees. This immersion experi-
ence allowed me to better understand the responsibilities of engineers and the oper-
ations of an industry, and because of it, I am better equipped to advise my students 
in their transition to becoming professional engineers.

Research has suggested that culture is especially important for women to persist 
in a field [38], and my own experiences can attest to that. Building a culture that 
fosters engineering identities could potentially promote URMs’ participation and 
persistence in engineering. I am dedicated to this long-term effort of cultivating a 
more diverse and inclusive environment, something we all appreciate as important 
in today’s climate. I wish my work in this project could provide a clearer vision of 
changes needed to build engineering identities and how such identities affect stu-
dents’ sense of belonging in a program and their persistence in the major.

�I Am an Engineer

In an educational setting, a focus on identity encourages reflection and discussion 
about how students and faculty see themselves, their education, and their profes-
sion. Therefore, seeing myself as an engineer would allow me to be the bridge 
between engineering students and future engineers who are technically and profes-
sionally prepared to fulfill their duties.

I proudly identify myself as an engineer. I am curious and love solving problems 
using science and math. I take responsibility of others’ well-being, and I hold para-
mount the safety of the public with my work. I conduct myself honorably and ethi-
cally. I live by the standard any engineer would.

Identity is not just a buzzword we hear; it influences the decisions we make every 
day. Examining my own identities has not only made me see clearly how each one 
of them has shaped who I am and what I do today, but also gives me a direction of 
what I want to do moving forward. Being aware of our own identities can make us 
more cognizant of our own biases and guide us to work better together. The conver-
sation about identity should lead to a better understanding of how best to create an 
inclusive environment for all. I hope that this reflection on my identities has 
prompted you to think about your own identities, how they impact your journey thus 
far, and what you can build upon in the future.

Acknowledgment  I cannot appreciate my support system enough—my husband, Nick, my chil-
dren, Shang and Ethan, my family, colleagues, students, and friends. Without them, I would not 
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Connected by the Environment: 
The Unique Yet Intertwined Journeys 
of Two Energy and Water Researchers

Arkasama Bandyopadhyay and Yael R. Glazer

�Foreword: To Solve Global Energy & Environmental 
Challenges, We Need Women on the Team, by Dr. Michael 
E. Webber1

In the developing world, women are often victims of outdated energy systems and beneficia-
ries of modern energy systems. Primitive cookstoves and fuels such as wood or cow dung 
produce poor indoor air quality that leads to the premature deaths of millions of women 
annually. Access to better forms of energy such as electricity for water pumping and pro-
pane for cooking would alleviate the physical burdens of fetching and carrying water while 
reducing mortality from the avoided emissions. In the developed world, women are often the 
primary decision-makers for energy-consuming appliances.

Though women are the victims, beneficiaries, and decisions-makers of energy consumption, 
they are too seldom the engineers that design the solutions. Even less often are they the 
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executives that deploy the capital and set the business direction about the future of energy. 
The energy industry is famous for the low participation of women in its workforce, with 
females comprising less than 25% of total employees [1]. Female executives seem espe-
cially rare: females make up 1% of the CEOs of the oil and gas sector [1]. Thankfully, 
trends are looking better—and there are some notable examples such as Vicki Hollub (CEO 
of Occidental Petroleum) and Lynn Good (CEO of Duke Energy).

We need more women engineers to help design solutions. Not just because women are often 
the victims of poorly-engineered systems or lack of access, but because we need the insights 
and capabilities of women to move the world forward. Good engineering teams bring 
together a range of skill sets and backgrounds to solve difficult problems, and gender diver-
sity needs to be a central part of that approach.

To do this, we need inclusive institutions, starting with K-12 education, but also at the uni-
versity levels and in industry. And members of the white, male power structure—people like 
me—have a responsibility to be allies and champions in this cause.

My perspective as an American expatriate working in France as ENGIE’s (a global energy 
and infrastructure services firm headquartered in Paris) Chief Science and Technology 
Officer has given me some new confidence that it is possible to create inclusive educational 
and work environments. In the US, women make up less than 46% of the economy-wide 
workforce [2]. In France, women comprise more than half the workforce [3]. How did 
France get so far with gender balance among its workers? Because of other seemingly 
unrelated but important policies that are family-friendly: 12 weeks of paid maternity leave, 
three years of parental leave with social support (for both mothers and fathers), affordable 
and accessible healthcare, affordable and accessible daycare, and four weeks or more of 
generous vacation time. These protections, benefits, and support systems are much more 
robust than in the United States.

All in all, the French experience demonstrates that just saying you want women in the work-
force isn’t enough—those goals have to be backed up with a whole suite of policies. And it 
turns out that if you implement policies that are family-friendly in general, they will also be 
woman-friendly and mother-friendly.

Going forward, efforts to recruit and retain women in engineering in the United States (and 
globally) will require a consistent and system wide effort. A webinar on gender diversity 
once per year won’t be enough: the entire system will need to be rethought top-to-bottom 
and implemented in a slow-and-steady way.

This book is an important step in that long march towards diversity, equity and inclusion. 
And when we get to our destination, we will all be better off for it.

�Introduction

This book chapter chronicles the diverse yet intertwined journeys of two immigrant 
minority women and early-career academicians—Yael and Arkasama—who 
received their Ph.D.’s in engineering disciplines from the Webber Energy Group 
(WEG) at the University of Texas at Austin (UT Austin) in 2018 and 2020, 
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respectively. Arkasama is currently a research assistant professor in the Department 
of Mechanical Engineering at Texas A&M University working on distributed energy 
resources, residential demand response, and building energy systems. Yael is a 
research associate in WEG at UT Austin. Her research interests span the realms of 
energy, water, sustainability, food waste, and the environment.

Women currently comprise only about 28% of the STEM (science, technology, 
math, and engineering) workforce in the United States and an abysmal 13% of the 
engineering personnel [4, 5]. These statistics are surprising since surveys have 
shown that half of current US college graduates are female [4]. Women, even those 
who are “STEM-ready” in high school, generally tend to gravitate towards majoring 
in business, psychology, education, or nursing [6]. Some of the factors contributing 
to these choices include personal interest (rather than ability), aspirations to work in 
fields with social impact, conditioning by family members, and lack of female role 
models [6–8]. Further, nearly 40% of women who major in engineering fields 
choose to leave (or never enter) their chosen profession because of inequitable com-
pensation, demanding work schedules, uncomfortable work climate, sexual harass-
ment, gender-stereotypical experiences during internships, insufficient professional 
recognition, narrow promotion routes, and lack of female mentors in the engineer-
ing community [9–11]. The dearth of women in the engineering career force poses 
a risk to creativity, innovation, and productivity and exacerbates the shortage prob-
lem of qualified engineers [12, 13]. Experts say that increased support and guidance 
from female mentors and peer network groups as well as upheaval of gender biases 
in families, schools, and workplace policies can potentially make engineering a 
more gender-diverse discipline [8, 14, 15].

While raised in different continents, our personal and professional growth stories 
share uplifting parallels, shaped in part by our local and global environment. We are 
daughters of highly educated parents who did not let gender play a discriminatory 
role in our upbringing or the opportunities presented to us. We were both taught to 
be independent and encouraged to pursue STEM fields, unlike many families, par-
ticularly in developing countries, where marriage and child-rearing are still consid-
ered to be the most important goals in a woman’s life. We believe that our 
forward-thinking upbringing significantly impacted our ethos and played a major 
role in our academic careers as water and energy researchers. In this book chapter, 
we share experiences from our childhood, college, work (aka “the real world”), 
graduate school, and current career stage as well as the key motivators in each phase 
that led us to the next one. We hope that future engineers interested in a similar 
career path can glean some wisdom from our life journeys. We would also like our 
career stories to reach high school students and inform them about a career in engi-
neering. Finally, by providing narratives of our successes and sharing lessons 
learned in moments of adversity, we hope to inspire young women to pursue careers 
in STEM fields.
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�“When I Was Just a Little Girl, I Asked My Mother, ‘What 
Will I Be?’” [16]: The Formative Years

Arkasama was born and raised in Kolkata—a large metropolis in the eastern part of 
India. Her parents, who both have graduate degrees and work in STEM/medical 
fields, taught her from an early age that education is an important and effective way 
of climbing up the social and economic ladder. Although Arkasama was encouraged 
to cultivate hobbies when time permitted, her upbringing was centered primarily on 
family and education. Her family also travelled extensively across India as well as 
internationally, thus inculcating in her a passion for different cultures, cuisines, 
and people.

In a country like India where many families still lament the birth of a daughter 
and gender determination before birth is banned by the government to prevent sex-
selective abortions of female fetuses, Arkasama’s parents did not let gender play a 
discriminatory role in any aspect of her upbringing. Arkasama was always encour-
aged to pursue a STEM field—like many Indian kids, she jokes that her only options 
were either becoming an engineer or a doctor. While many of her peers in high 
school wanted to pursue a career in engineering, women were usually nudged 
towards computer engineering or chemical engineering instead of typically “hands-
on” and “fieldwork intensive” majors like mechanical engineering. However, 
Arkasama found a mentor in her high school physics teacher who imbibed in her a 
love for mechanics, and fueled by her parents’ support, she decided to move to the 
United States in August 2011 at the age of eighteen to pursue a bachelor’s degree in 
mechanical engineering.

As a part of an upper middle class family, Arkasama led a relatively sheltered life 
growing up in India. However, she was perceptive to the struggles of households in 
her vicinity that did not have access to clean water or uninterrupted supply of elec-
tricity. As an immediate consequence of the Indian economy opening up in the early 
1990s, there was a sea-change in the energy sector. The burgeoning middle class 
could now afford air-conditioners, and the huge spike in demand stressed the elec-
tricity grid, leading to frequent blackouts in residential communities, often lasting 
entire days. Little did Arkasama know that these childhood experiences would later 
motivate her to tackle the energy, water, and sustainability problems of the world.

Yael was born in Israel and immigrated to the United States with her parents as a 
preschooler. Although raised in a different part of the world, her upbringing was 
similar to Arkasama’s in many ways. Yael’s parents are both engineers who worked 
in the Silicon Valley and nudged her towards math and science from an early age. 
She was never treated differently from her older brother in terms of education, 
opportunities, and expectations. Yael recounts that she found it absurd when one of 
her friends (say ‘M’) casually mentioned to her that M’s parents were saving for M’s 
marriage instead of planning to help with college tuition—simply because M was a 
girl. We both agree that it is extremely important to have parents who advocate for 
their children and “walk the talk” when it comes to gender equality. It is easy to 
verbally support women’s empowerment but much more difficult (as well as 
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inspiring) to lead by example. Further, we think that a child’s beliefs and opinions 
are significantly shaped by the people they grow up around. For example, if a girl is 
raised by parents who believe that marriage and child-rearing are the most impor-
tant goals in a woman’s life, she might be more likely to make choices that prioritize 
those aspects of her adult life. This is not to say that twenty-first-century women 
should focus only on their careers, but we believe that the decision must not be 
biased by age-old doctrines.

Just like Arkasama, several of Yael’s childhood experiences motivated her to 
research water and sustainable energy systems in graduate school. Having Israeli 
parents and growing up in drought-ridden California (of the late 1980s and 1990s) 
meant that Yael learned the importance of water conservation both at home and at 
school. Furthermore, Yael experienced her share of brownouts during the California 
Electricity Crisis of 2000–2001 which revealed to her that when resources are not 
managed well, the living conditions in a developed country like the United States 
can quickly resemble those in the developing world. Thus, while both of our 
upbringings were shaped by the environments (and countries) where we grew up, 
having parents who worked in STEM fields and prioritized family and education 
were key components to our solid foundations.

�“To Face This on My Own, Well I Guess This Is Growing Up” 
[17]: The College Experience and First ‘Real-World’ Job

At the age of eighteen, Arkasama moved to the United States to pursue a bachelor’s 
degree in mechanical engineering at Oklahoma State University (OSU). Although 
she had grown up travelling extensively with her parents, studying abroad (thou-
sands of miles from home and anything familiar) presented its own share of chal-
lenges. However, Arkasama quickly learned that people were generally willing (and 
eager) to help; one simply needed to venture out of their comfort-zone and ask for 
assistance. During her sophomore year, Arkasama was enrolled in an “Introduction 
to Engineering” class in which students had to work on projects involving the use of 
a sawmill and lathe machine. On the first day of class, the machine shop manager 
quickly showed the students how to use the machines and went back to his office 
after announcing that he would be available for clarifications and any emergencies. 
Arkasama looked around and strangely all her American classmates, regardless of 
gender, had a clear idea on how to complete the projects. Most of them had grown 
up in a DIY environment, watching their parents fix stuff around the house or help-
ing their parents build small household items in their makeshift garage workshops 
on weekends. In contrast, Arkasama was used to her family calling a carpenter when 
a small piece of furniture needed to be built, a painter to freshly paint the house, a 
plumber to fix leaky faucets, or an electrician to change light bulbs. It was easy and 
inexpensive to find and hire professionals from these selected professions in India. 
Arkasama had no idea how to use the machines, and the 15-minute introductory 
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explanation of the process was clearly inadequate. She questioned her choice to 
pursue mechanical engineering and might have changed her major if not for her dad 
who, after patiently listening to her cry for hours, encouraged her to reach out to 
other students in her class asking if she could quietly observe as they worked on 
their projects. Arkasama hesitantly emailed a few of her peers who were more than 
willing to help out. She spent hours upon hours standing next to them as they 
worked—keenly observing and taking notes. Thankfully, this story has a happy end-
ing; Arkasama was not only able to complete the assignments but also got an A in 
the class. While she never wants to be near a sawmill or lathe in her life, Arkasama 
hopes to communicate to future generations of engineers that hard work, persever-
ance, and seeking out help can almost always make up for lack of experience.

Arkasama also considers herself blessed to have found several informal mentors 
during her undergraduate career who selflessly invested their time and effort in her 
success. In her first freshman Calculus class at OSU, her professor Dr. David Wright 
patiently interpreted the British mathematical terminology she had been taught in 
high school in India and “translated” those to the American system multiple times 
throughout the semester. Dr. Jennifer Glenn, who taught engineering economics 
during Arkasama’s junior year, met with her several times even after the class ended 
to help her polish her resumé and refine her statement of purpose while applying to 
graduate school. In a particularly demanding major like engineering, Arkasama 
found a role model in Dr. Glenn who had a successful career in academia while rais-
ing three children with her husband. Arkasama wanted to be just like Dr. Glenn 
“when she grew up.”

Arkasama enjoyed her undergraduate classes on thermodynamics, fluid mechan-
ics, heat transfer, and renewable energy and was motivated to pursue doctoral stud-
ies in the thermal fluid sciences. She knew that she wanted to be a university 
professor and a doctoral degree was a necessary stepping-stone in achieving this 
goal. She also loved tutoring physics and calculus at OSU as well as working as an 
undergraduate research assistant; these experiences further strengthened her desire 
to follow the academic career path. At this point in her life, Arkasama still didn’t 
know that she would later become an energy and sustainability researcher.

Yael received her bachelor’s degree in bioengineering from UC Berkeley. 
Looking back at her undergrad days, she has three pieces of advice for future engi-
neers: (1) Surround yourself with peers who are “better than you”; (2) reach out to 
professors and professionals to seek knowledge (as her mom says, the worst that 
people can say is no); and (3) make efforts to demonstrate your commitment. During 
her time at UC Berkeley, Yael’s closest friends were the brightest students who 
always scored better than her in exams. While it was frustrating (and humbling) to 
be outperformed by her friends every single time, those experiences motivated her 
to work on herself, continually strive to improve, and learn with the most brilliant. 
She also quickly learned that while she might rarely be the best student in any class, 
she was an incredibly hard worker and that quality would help her succeed in any 
path she took. Yael strongly believes that the college years are not only meant to 
receive formal education but also a great time to seek out experiences outside the 
classroom. If she found a class particularly interesting, she would approach her 
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professor to learn about their research. Those conversations and interactions helped 
her figure out the topics that she might be interested in pursuing professionally in 
the future. Additionally, Yael pursued several undergraduate research opportunities 
to learn more about life in academia as well as internships in biotechnology compa-
nies during the summers to acquaint herself with a career in industry. She also went 
out of her way to make professional connections with engineers who worked at 
companies she was interested in. These efforts helped her build a strong profes-
sional and peer network even before she had stepped out of college. To this day, Yael 
remains in regular contact with many of her friends, acquaintances, and professors 
from her college days and internships.

After graduating from UC Berkeley in 2004, Yael worked at Genentech, one of 
the world’s leading biotech companies, for seven years, developing and optimizing 
manufacturing processes to bring medicines to patients with unmet medical needs. 
The dependence of the industry on clean water and the usage of specialized water 
filtration systems—especially in contrast to the lack of clean water and sanitation 
facilities in many communities and countries around the world—motivated her to 
go to graduate school at UT Austin in the fall of 2012 and research water and sus-
tainable energy systems. During her time at Genentech, Yael worked on a variety of 
projects whose ultimate goals were to allow for, or maximize, the product yield of 
the therapeutics the company was developing. In one project, she was tasked to 
build a system to test cell shear stress under different conditions. With little direc-
tion—and alongside a peer—they built a system to conduct the testing and spent 
months working with the system they designed together. This project—and many 
like it—began as an overwhelming and daunting task. Where would she begin? 
How long would it take? What if she failed? But by keeping a positive mindset, 
patiently working through the challenges, tweaking the design, and collaborating 
with her peers and superiors, Yael successfully completed the project. And it was 
these types of projects that she is most proud of because the ambitious goals and 
steep learning curve made their successful completion that much sweeter. During 
this time, Yael also sought out mentors whose careers were inspiring to her and who 
were willing to regularly meet with her to discuss their career trajectory, help her 
objectively think through her own career aspirations, and overcome professional 
challenges. Similar to Arkasama, she found several people eager to invest in her 
success; she simply had to be bold and ask for help.

�“At First I Was Afraid, I Was Petrified…I Will Survive” [18]: 
Navigating the Ups and Downs of Graduate School

Arkasama moved to Austin, TX in the summer of 2015 to start graduate school at 
UT Austin later that fall. In addition to settling in and exploring the bustling city 
during the three months before school started, she reached out to several Ph.D. stu-
dents in the mechanical engineering program to learn about their research. Those 
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conversations helped her realize that theoretical research in the core thermal fluid 
sciences did not appeal to her. Instead, she was interested in solving real-world 
problems and making a direct impact on energy and society. Arkasama wanted to 
work towards mitigating the water scarcity and electricity blackout issues she had 
grown up seeing in India around her. The research goals and mission of WEG, led 
by Dr. Michael Webber, aligned perfectly with Arkasama’s values and aspirations.

After joining the research group, Arkasama quickly realized that despite her 
interest in renewable energy and electricity markets, she didn’t have enough knowl-
edge to partake in meaningful discussions on those topics with her lab mates. Rather 
than letting herself feel unworthy of belonging to a top tier graduate program, she 
came up with a plan of action to improve her grasp on those concepts. Arkasama set 
aside 30 minutes every day to read general interest articles about sustainability and 
renewable energy. Slowly but steadily, her energy-related vocabulary and concep-
tual knowledge improved; she could more confidently discuss sustainability issues 
with her peers along with being able to understand research topics that her lab mates 
were working on. As she made progress on her research, Arkasama sought out con-
ferences, symposiums, and research competitions (like the Three Minute Thesis 
Competition, UT Austin Energy Week poster competition, etc.) where she could 
present her dissertation work. While it was often uncomfortable to receive criticism 
during her presentations or not have the knowledge to answer follow-up questions 
from the audience, those experiences taught her to be a confident speaker.

Arkasama also wants to communicate to future engineering students that taking 
action (often by going out of one’s comfort zone) and making progress is the key to 
success in graduate school—a lesson she learned from her own experiences. During 
the summer after her first year of graduate school, Arkasama got the opportunity to 
work as a graduate engineer intern at Austin Energy—the local municipal electric 
utility in Austin, TX. One of the technical tasks assigned to Arkasama during this 
internship was a planning-related analysis investigating the effects of the intercon-
nection of a large number of small, distributed generation sources to the Austin 
Energy Distribution System. As a mechanical engineering major, it was initially 
daunting to not understand electrical engineering terms and not have any back-
ground on the software needed to conduct the analysis. However, Arkasama over-
came this challenge by undergoing formal training, asking clarifying questions to 
her co-workers and supervisors, and utilizing a variety of resources like user manu-
als and YouTube tutorials for self-training. At the end of the summer, her supervi-
sors were extremely pleased with her performance and this led to Austin Energy 
sponsoring the remainder of her Ph.D. studies.

Arkasama’s dissertation focused on developing novel techno-economic methods 
for analyzing the effects of solar, storage, and demand response on electricity sys-
tems. Her research required her to combine her background in thermal fluid engi-
neering with operations research methods and electrical engineering concepts—areas 
that she has not been trained in previously in her graduate coursework. Intimidated 
at first, Arkasama reached out to several (formal and informal) mentors to gather 
technical knowledge. Her Ph.D. co-supervisor at UT Austin, Dr. Benjamin 
Leibowicz, and electrical engineers from Austin Energy, Lisa Martin and Ralph 
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Daniel, were some of the people who were integral to shaping her dissertation 
research. Interestingly, during the last couple of years of Arkasama’s Ph.D., when 
Yael re-joined WEG as a research associate after her own graduation, Yael (along 
with postdoctoral research scholars Isabella Gee and Emily Beagle) was able to 
provide invaluable feedback on Arkasama’s dissertation research and academic 
progress. Thus, their friendship, which had been fueled by compatible personalities 
and similar interests since the semester Arkasama joined the research group, evolved 
into the relationship between a mentor and a mentee.

Yael had a challenging transition from industry to graduate school after a gap of 
seven years. She had to relearn many of the mathematical concepts she had been 
taught in college but had not used since and had thus forgotten. However, as Yael 
started to check out relevant books from the library to relearn concepts and spend 
extra time during office hours, she found the process of refreshing her memory 
much easier than she had expected. Thus, one of the key takeaways from her first 
semester at UT Austin was that she could learn or relearn anything as long as she 
confidently took action and sought out resources. Yael knew that it was extremely 
important to pick a research group in graduate school that aligned with her goals 
and values: she wanted to solve water and energy problems, and have smart and 
kind colleagues and an empathetic advisor who would advocate for her success as 
well as her physical and mental well-being. WEG was a perfect fit for her. Yael 
hopes to communicate to future Ph.D. candidates that the most important aspect of 
graduate school is choosing the right advisor and research group. Graduate school 
inherently has many challenges—demanding classes, qualifying exams, disserta-
tion proposals, and an often brutal defense to name a few—and spending five to 
seven years working for a difficult advisor can make life miserable. Yael’s years at 
UT Austin were made more challenging by the fact she became a mother (twice) 
during this period. In spite of having an understanding advisor and a supportive 
husband, the act of balancing motherhood and graduate school was exhausting for 
her. The sleepless nights, feeding, diapers, crying babies, conference presentations, 
assignments, journal articles, and research meetings seemed to blur into one another. 
However, Yael figured out that she could get through this phase by (1) being open 
and honest with her advisor and (2) seeking help with childcare and outsourcing 
household chores whenever possible.

Our graduate school years were made enjoyable, in particular, by the culture of 
WEG. The vibrant, brilliant, and kind group of researchers regularly discussed 
energy and water issues, brainstormed possible solutions, collaborated on projects, 
and partook in happy hours. We also celebrated each other’s achievements and acted 
as pillars of support during difficult times. Additionally, the team was gender diverse 
(almost 50% female)—a striking characteristic for a mechanical engineering 
research group. A man ahead of his times, Dr. Webber understood the many benefits 
of creating a diverse workforce and purposefully chose to build his team this way.
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�“Today Is Where Your Book Begins...The Rest Is Still 
Unwritten” [19]: Life as Early Career Academicians

After graduating with her Ph.D. from UT Austin in August 2020, Arkasama joined 
the Mechanical Engineering Department at Texas A&M University as a research 
assistant professor. Both her professional and personal aspirations led her to the 
quaint town of College Station, where Texas A&M is housed. Unclear as to whether 
to pursue the conventional academic tenure-track route, Arkasama wanted a transi-
tory academic position that would give her a taste of both research and teaching and 
help her figure out where she would be happy (and provide the most value) long-
term. Additionally, she was particularly looking for a position at Texas A&M where 
her husband is also a faculty member. This temporary position was the perfect mix 
of all that she was looking for. In the first few months of being in the “real world,” 
Arkasama quickly learned the importance of being an independent researcher and 
was incredibly grateful for having a hands-off Ph.D. advisor who had encouraged 
her to build this skill in graduate school. While it was often frustrating to not have 
an advisor to turn to for help whenever she was stuck at the initial stages of her 
Ph.D., she was forced to learn how to seek out resources, approach her peers for 
help, “Google” or “YouTube” complex concepts, and set internal schedules to meet 
sponsor deadlines. Each of these skills became her forté and demonstrated her pro-
fessionalism and competency to colleagues at Texas A&M. Arkasama currently 
works on research projects involving ground source heat pump systems, occupant-
centric building energy management, IoT-based residential comfort control and 
energy efficient solutions, and disaster-resilient sustainable energy systems. She 
also mentors first-generation LatinX engineering students as well as other graduate 
students in the Mechanical Engineering Department and volunteers to judge gradu-
ate research competitions. One key lesson that Arkasama has learned from her short 
stint as a faculty member and one that she hopes to communicate to future genera-
tions of engineering students is that it is better to strive for completion instead of 
perfection. A ‘B+’ performance is usually acceptable for most things in life, and it 
is more important to meet deadlines with “good enough” reports instead of jeopar-
dizing one’s mental and physical health trying to perfect every single sentence.

Yael completely agrees with this philosophy; as she likes to say, “A good dis-
sertation is a done dissertation.” After graduating with her Ph.D. from UT Austin in 
August 2018, Yael re-joined WEG as a postdoctoral research associate. Yael’s cur-
rent research interests span the realms of energy, water, sustainability, food waste, 
and the environment. She works on analyzing techno-economic opportunities for 
mitigating environmental liabilities (e.g., flared gas and wastewater) associated with 
oil and gas production, assessing the biogas potential of consumer-level food waste, 
and overseeing the development of an open-source electric grid modeling tool for 
capacity expansion modeling. In addition to academic research, Yael enjoys occa-
sional consulting projects where she helps clients assess the technical and economic 
feasibility of emerging innovations and energy projects. She also mentors under-
graduate and graduate students within WEG—meeting with them weekly to discuss 
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progress on research projects, helping them break down complex concepts, edit 
research articles, and prepare reports to meet sponsor deadlines. A key aspect of 
academia that she enjoys is the ability to maintain a flexible work schedule while 
leading and conducting research that is valuable to society.

During the Spring 2020 semester, Yael had the opportunity to teach an undergradu-
ate “Energy and Society” class. She found the process of preparing course materials; 
assigning and grading homework, quizzes, and exams; and lecturing in a way that 
captures the attention of the students for the entire class duration to be stressful and 
tiring. Further, as if the normal problems faced by a first-time lecturer were not 
enough, all classes at the university were moved online in the middle of the semester 
because of the COVID-19 pandemic. Instead of getting flustered, Yael reached out to 
Dr. Webber for advice (remember: don’t be afraid to seek out help) and utilized this 
opportunity to redesign the class in a way that was conducive to online instruction. 
She requested colleagues to give guest lectures and modified the assignments signifi-
cantly to keep her students engaged and involved. These endeavors were time-con-
suming and took time away from her research, but the end-of-semester reviews from 
her students praising her efforts and the notes telling her how some of them were 
interested in pursuing energy research in the future made all her efforts worthwhile. 
An important lesson that Yael gleaned from this once-in-a-lifetime experience is that 
adversities can turn into opportunities with advice from mentors, creativity, a positive 
mindset, and the willingness to invest time and effort. She hopes to communicate this 
wisdom to young engineers and future first-time instructors.

�Conclusion

During a lecture at the Energy and Nanotechnology Centre in Houston in 2003, the 
late Nobel laureate Richard Smalley identified energy, water, and food as the top 
three problems for humanity in the next fifty years [20]. As engineers, we strongly 
believe that our job is to attempt to play some small role in helping solve the world’s 
problems using our analytical skills and technological know-how. Thus, we plan to 
continue working on Smalley’s compelling list. Further, while we plan to focus our 
efforts on the energy and water sector in the near future, we are confident that we 
will continue making a positive impact on society even as our research directions 
and careers evolve. We also hope to utilize our knowledge to improve societal and 
environmental conditions in the developing world through collaborations with sci-
entists and engineers from those countries.

In addition to doing research that moves the world forward, we aspire to train the 
next generation of scholar-leaders who will also do their part. We both acknowledge 
the significant roles that several (formal and informal) mentors have had on our 
personal and academic success. We are motivated to play a similar role in the lives 
of young engineers so that they too can help address humanity’s biggest challenges 
in the future. Thus, we continually strive to give back to the profession by engaging 
and cultivating young minds through teaching, volunteering in outreach activities 
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aimed at increasing gender diversity, judging undergraduate research competitions, 
and mentoring graduate students. We hope this book chapter will serve as another 
asset in this endeavor and motivate the next generation, particularly women, to pur-
sue STEM fields.
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�“I Can’t!”

These are the words my five-year-old daughter screamed out in frustration as she 
tried so hard to accomplish a task. I looked at this perfect tiny replica of myself and 
thought of all the times I felt the same way. In that moment, I knelt down beside her 
and asked if I could help her. In true Jessica fashion she said, ‘No.’ she really is a 
tiny version of myself. I pulled her into a hug and told her I never wanted to hear the 
words I can’t come out of her mouth again. There is nothing she cannot accomplish 
as long as she really wants to. I told her that it is normal to feel frustrated when 
things are hard, but we have to keep trying until we finish. She dried her tears, 
turned around, and finished the task at hand like she had been doing it forever. 
Sometimes, you just need to be told you can. One day I will tell her my story.

As a child, I did not realize my own parents were instilling this same mentality 
in me. I watched as my mother went back to school as a non-traditional student to 
pursue her bachelor’s in elementary education while raising a young family. There 
are many nights I remember “helping” her with school assignments by testing out 
lesson plans she had carefully crafted. In my eyes we were just having fun together; 
I had no idea she was actually teaching me how to balance motherhood and accom-
plishing the goals we set for ourselves. My father was an electrical engineer work-
ing to develop cutting-edge technology for his employer. He is still an example of 
what innovative really means, with eleven granted patents and a twelfth one filed as 
of this publication. I watched him encourage my mother to accomplish her dreams 
all while they raised my brother and me. Naturally, if you had asked me at an early 
age what I wanted to be when I grew up, I wanted to be just like my parents. Like a 
sine wave I would swing back and forth between wanting to be a teacher or an 
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engineer. Never in my wildest dreams did I see being both at the same time. I can’t 
do that!

The older I got the more I fell in love with math and science, so naturally I gravi-
tated towards engineering. I knew I wanted to be an engineer, but I had no idea what 
kind. It was my 13th birthday and John Glenn was returning to space on STS-95. 
Having spent most of my childhood in Ohio, John Glenn was a big deal. I had come 
to love all things NASA and a shuttle launch on my birthday turned my love into an 
obsession. I can still remember being angry that NASA had “decided” to launch in 
the middle of a school day. How was I going to watch when I was in school all day? 
It would be a few more years before I understood the importance of launch windows 
and finally forgave NASA for such an indiscretion. Shockingly, I was not allowed to 
skip school to watch a shuttle launch so I settled on forcing my parents to record it 
for me so I could watch it after school. The whine of the VHS player still plays in 
my head when I think about anything space related. This was the moment I knew I 
was destined to be an aerospace engineer. The STS-95 flight patch hangs in my 
office over my desk to this day as a reminder that dreams do come true, just not 
always how you planned them.

At eighteen I felt like I was on top of the world. I knew who I was, I knew what 
I wanted to do in life, and I had the confidence to take on the world. More impor-
tantly I had a five-year plan, I was more than prepared when asked in interviews 
where I saw myself in five years. I entered my undergraduate studies ready to tackle 
aerospace engineering and graduate at the top of my class to land a job with 
NASA. Academics came easy to me; I never had to try all that hard to do well and 
college was eye opening to say the least. It was not as easy as I thought it would be. 
There were many nights when I would let the phrase I can’t flow through my 
thoughts.

Thankfully, when it came time to choose where I wanted to live my freshman 
year, someone gave me the advice of requesting to be in the Women in Science and 
Engineering (WISE) House. WISE was a dormitory floor of all female science and 
engineering majors. That would later turn out to be the best decision I made going 
into freshman year. I had a built-in study group and friends who all knew what it 
was like to be entering a male dominated field. I am positive we had far more fun 
than we should have that year. Our resident assistant was thoroughly annoyed with 
our impromptu study sessions in the hallway using mirrors as white boards. This 
group of women was the best thing that happened to me; they were always ready to 
say yes you can when I needed it the most.

I could have really used the WISE women in my senior year when I once again 
found myself saying I can’t do this; except this time, it was not in my own thoughts 
it was out loud to my major advisor. In aerospace engineering, two extra courses 
that also counted as technical electives would get you a minor in astrophysics. I 
found the idea of working in an observatory looking at celestial bodies romantic and 
one of the reasons why I fell in love with the field of aerospace engineering. 
Naturally, I chose to take introduction to astrophysics and an upper-level mathemat-
ical modeling course to complete my astrophysics minor. They both counted as 
technical electives for my major, so it was a logical decision. I can still remember 

J. Vold



293

my sweaty palms and racing heart as I sat down in my advisor’s office to discuss 
how I was going to graduate. I was in my final year and my mathematical modeling 
course was not going well; in fact I was failing. I had pushed very hard to finish my 
degree in four years, and as such there was no room in my final semester to fit 
another technical elective. At this point I really did not care if I finished my astro-
physics minor; I just needed to finish my aerospace engineering degree. He looked 
at me and said, “Just take a breath. Let’s think about what has to happen to ensure 
you graduate.” In reality I just needed to get a C but I did not think I was smart 
enough to do that. I was not good enough to get through a complex math course. I 
could and did design a two stage to orbit hypersonic scram jet, but I could not tackle 
complicated math. Then my advisor said the one phrase that I needed to hear, “You 
can do this.” I share this story with my students in my early general engineering 
courses to show them that STEM is hard for everyone, even their faculty members. 
We all have doubts about our own abilities and knowing that others share our strug-
gles can be very empowering.

Ten years after STS-95 launched, I walked across a historic stage to receive my 
bachelor’s in aerospace engineering and mechanics. In the depths of the Great 
Recession, I was a young, just-out-of-college aerospace engineer desperate for the 
job I had always dreamed of: designing anything that flies for NASA. At the time of 
my graduation, a bubble of retirements was about to burst in the aerospace industry. 
The recession meant that companies were promoting from within and not backfill-
ing to save money. I took a permanent position for a small company I interned for 
during my senior year. I had an aerospace engineering degree and had accepted a 
position as a computer programmer. This was the first time I truly felt lost in my 
adult life. I was going to work each day, going through the motions and dreading 
every minute of it. I can’t do this. Do not get me wrong, I learned so much during 
my time at this company; it just was not for me.

I started applying for jobs only to receive rejection letter after rejection letter. A 
ten-minute phone call with a recruiter would change my entire career path. I remem-
ber sitting at my desk the morning of the phone call; I was nervous about someone 
finding out I was looking for a new job. A few minutes before the scheduled call, I 
snuck out the side door nearest my desk. It was a gorgeous fall afternoon, and our 
building was nestled in the woods, so I planned to take a walk around the building 
while chatting with the recruiter. My phone rang and I could feel my stomach drop: 
could this be the moment I was waiting for? I answered the phone, and the first 
words out of her mouth were, “I want to be upfront; we are filling this position from 
within the company.” My heart sank, I can’t do this. She continued on to say, “I 
wanted to connect with you because I was really impressed with your resume. For 
the position you applied for we would prefer a mechanical engineering degree. 
Maybe if you go back to school and get a mechanical engineering degree, when you 
are done, we will have the money to hire you.” Maybe I can do this. I hung up the 
phone and applied to graduate school to get a master’s degree in mechanical 
engineering.

Now, this was a move that those closest to me questioned: why would I want to 
leave a good paying job to get another degree I “did not need”? The money meant 
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nothing to me; having a job that did not feel like a job was much more important. In 
hindsight, this may have been because I applied to one school that I happened to 
have a boyfriend at. Do not worry. He is my husband and father of our two beautiful 
daughters now. What others around me did not know was I had a plan. I was going 
to get a master’s degree from a school that was thought of highly in our area and 
reenter industry as a design engineer. Nothing can go wrong, right? I can do this!

I spent the first few months of graduate school meeting the faculty within our 
department and learning about the research they did. I wanted to focus on aerospace 
applications, and there were several faculty in that space. I met with each of them 
and heard about innovative research in micro-UAVs. I could see myself working on 
any of the projects I heard about. Something kept pushing me to keep looking 
though, to find my real passion. Everyone kept telling me to go meet with one more 
faculty member; he had a great research group doing unique materials development. 
I was hesitant; materials science was the one class in undergraduate that I loathed. I 
never wanted to think about materials science again. What on Earth did it have to do 
with aerospace engineering anyway?

I happened into the office of my soon-to-be graduate advisor not knowing what 
a composite material was, other than they existed and the aerospace industry was 
just figuring out how to widely utilize them. His passion for his research was infec-
tious. The excitement he showed for the work he and his students were doing was 
what I was missing in my previous job. It took all of 30 seconds into our meeting to 
know this is what I wanted to do. Maybe I could learn to tolerate materials science. 
I left the meeting with his promise to let me know if he had a position open up. Not 
long after I got the email I had been waiting for, he had some funding, and it was 
mine if I wanted it. I want to do this, but am I smart enough?

I remember the cold metal stool I sat on and the exact location in the lab when 
my inner monologue of I can’t turned into maybe I can do this. In our weekly 
research meetings, we would always spend time introducing ourselves and our 
research focus to new members of the team. It was my turn that day and I rattled off 
my standard introduction: “I’m Jessica. I’m a master’s student, and I work on ther-
mally stabilizing biomass for introduction into high temperature plastics.” Then my 
advisor would normally crack a joke about me being a University of Minnesota 
Golden Gopher before moving on. Today though, he had something more profound 
to say, it may have been ordinary to him but for me it was life altering, “and you’re 
sticking around for your PhD, right?”

I sat in silence thinking this was not my plan, I can’t, I’m not smart enough. My 
plan was to graduate with a master’s and go out into industry not into academia. 
What else is there to do with a doctorate besides teach anyway? This was the point 
where I started to think maybe I can do this. As I shook my head no, the word yes 
came out of my mouth. If someone I respected so much thought I could do it, maybe 
I could. It took me a few more weeks to retrain my inner monologue to think I can 
do this.

A few years before graduation, I was asked to help teach a course within our 
department. Up until this point, I never really experienced the discrimination that 
females often talk about within engineering. Sure, I had my own self-doubts but 
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never an external voice adding to those doubts. The next conversation runs through 
my thoughts like it was yesterday. I was sitting in the same room where I had finally 
realized I can do this when the instructor teaching the other section of my course 
walked in. We had planned to meet to discuss goals for the course before the semes-
ter started. He opened with: “Well since you are a novice at teaching and a novice at 
[the course content], I think we should just plan to co-teach.” I had to fight the urge 
to say something I would later regret so I took a breath to pause before saying any-
thing. “While you are correct, I am a novice at teaching, I am what you would call 
an expert in [the course content].” What he did not know was I left a full-time job 
doing exactly what I was asked to teach to come back to school; how could he when 
he wrote me off as a nobody that was just filling an empty void. Now, I am not sure 
if he actually said anything after this; I was too furious to care or listen. How could 
he think so little of me before knowing anything about me? He did not know one 
more tiny fact about me; tell me I can’t, and I will do everything in my power to 
prove you wrong.

Six years after walking into his office having no idea what a composite material 
was, my advisor hooded me as I graduated with a doctorate I never thought I was 
smart enough to complete. In the middle of those six years, I was awarded a mas-
ter’s degree and married my best friend. To this day, I have moments where I doubt 
my abilities and wonder how I managed to graduate. While I was excited to be 
graduating, I was even more excited to be starting a job with a company that had 
licensed the technology I helped develop in my graduate studies. I had found my 
passion and was excited to see where I could go. Two weeks after I walked across 
that stage, I started working. Was this it? Was this my dreams coming true? The 
short answer was no, and this is where my journey takes some rather unexpected 
turns. Remember earlier when I said, never in my wildest dreams did I see being 
both an engineer and a teacher at the same time? Now, I saw how I could do that and 
it was all I wanted to do.

As I was approaching graduation, my husband and I had many conversations 
about what I wanted to do with my career. After I had come to the realization that I 
was indeed smart enough to get a doctorate, I started to seriously look into what I 
could do with a doctorate outside of academia. I had fallen in love with research and 
started to lean towards a research and development position within a larger com-
pany, preferably one that got us closer to our families as we looked to start our own 
family. He asked me periodically if I wanted to teach at the university one day. Of 
course I did; I felt at home in my classroom, but I never thought that was a possibil-
ity unless someone within the materials curriculum left. I had become comfortable 
with the idea of working in industry once again until I might have the opportunity 
to come back to academia. Secretly though, I can’t was still running though my 
head. I am not smart enough to be a faculty member. I am not innovative enough to 
start my own research program. I am not good enough to teach anywhere else. We 
knew my position was temporary, so I continued to apply only to receive rejection 
letters.

We were also starting our family. As I walked across the stage at graduation, I 
was fighting back waves of morning sickness. We were excited and scared all at the 
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same time but for different reasons. My husband was scared to be a first-time dad; I 
was petrified of what a family would do to my brand-new career. I was working on 
a contract to do some specific grant work, and the fall after I graduated, I was asked 
to also do some teaching as an adjunct faculty member. Teaching as an adjunct was 
a far different experience than teaching as a graduate student, and I enjoyed it even 
more than before. While I enjoyed my work, I felt unsettled. Life was about to dras-
tically change for me and my husband, and my career was more uncertain than it 
was established. I could not see a path forward but knew I had to keep going. I kept 
applying for jobs and still could not even get a phone call. I’m not smart enough.

My employer was more than supportive of me as I navigated a new career, and 
my husband and I welcomed our first daughter. When I left for maternity leave, I 
was working on some very interesting projects that I knew would be finished by the 
time I got back. It was disheartening to see someone else finish the work I had 
started. While I was on leave, the company picked up a new project that was a great 
combination of my aerospace and materials engineering skills. I was excited at the 
thought of a new project that was all my own, but I was terrified of leaving my 
daughter all day. I can’t do this. My first day back from maternity leave felt like my 
first day on the job. I felt like I was starting over.

Life was starting to settle into place finally. I was feeling more and more com-
fortable in my new role as a working mother. Part of my job was to write small 
business grant proposals. I had written more proposals than I could count and had 
yet to secure any funding. I once again felt inadequate. Like all the other well-timed 
moments of encouragement in my life, I was going to get one more that would for-
ever change my passion and career path. We had learned about the Innovation Corps 
program that lays out the process of validating academic research for commercial-
ization. The entire program is seven weeks long with a kick-off and wrap-up confer-
ence. This would be the first time I was away from my daughter more than a working 
day; I was terrified of leaving her. Would she forget who I was? In between confer-
ences, the team had to conduct interviews to vet out customers, strategic partners, 
and suppliers. Our goal with the program was to strengthen our commercialization 
pitch to secure grant funding, but in the process, I found a new passion for entrepre-
neurship. I loved talking with potential customers to understand their pain points 
and devising a plan to help alleviate them. It felt good to be helping others; I could 
see the difference I was making for our customers. I can do this.

I had gone from being an aerospace engineer to a materials engineer focused on 
entrepreneurship. I was enjoying my job and watching our daughter grow, but some-
thing was missing. I still felt unsettled in my career. I was once again asked to do 
some teaching and again felt at ease, dare I say settled, in my classroom. I never 
realized how much joy teaching brought me. Unlike in my engineering roles, I could 
easily see the good I was doing for my students. I knew the impact I was making. I 
had not allowed myself to think about it as I did not see a path to being a faculty 
member while allowing my husband to stay with his employer. About this time, we 
started thinking about adding to our family.

As we welcomed our second daughter, I once again left behind projects I had 
started at work and watched someone else finish them. I knew I would be coming 
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back to all new projects and had come to terms with it. Little did I know I would be 
coming back to a whole new job. While I was on leave, another small business with 
roots in academic research needed a scientist to help them complete some govern-
ment grant work. This company focuses on bio-based chemistries, something I 
knew nothing about. I knew the basics of conducting research and working in a lab, 
but the chemistry part was not my strong suit. I’m not smart enough for this, but I 
will try.

Once again, my first day back from maternity leave felt like my first day on the 
job because it was. Now I really could not see where I was going; my “new career” 
felt like it was restarting every year and I needed to find new traction on my path. I 
was splitting my time between two companies, and while I loved all the new oppor-
tunities to learn, I just did not feel like myself. I started actively applying for jobs 
once again only to receive rejection letters. Had I taken a wrong turn somewhere 
along this journey or was the right opportunity coming still? The fall after our 
youngest was born, my graduate advisor reached out to tell me about an opportunity 
he thought might be a good fit for me. The university had been gifted some funds to 
create a new position focused on encouraging entrepreneurship and innovation from 
the students, staff, and faculty within the college of engineering. This was my 
chance to become a faculty member.

The following spring, I got the call that I had made the initial cut for phone inter-
views, the first phone interview I would do since I was applying for jobs in under-
graduate. The interview went well, but when I was asked about grantsmanship, a 
rather important aspect for a tenure track faculty, I did not have a good answer. I was 
worried this would disqualify me for the job, but to my surprise, I soon got the 
request to schedule a campus interview. Maybe I am smart enough. My campus 
interview went as well as it could have. Interviewing with faculty and staff I had 
worked with off and on for nine years felt more like catching up with old friends 
than a job interview. The more time passed without hearing from the university the 
more lost I felt. I knew, after about a month of no news, I had not gotten the job; I 
was just waiting for the rejection letter. It eventually came, not that I was surprised 
but it stung just the same. I even got a phone call from the department chair I had 
interviewed with saying how impressed he was with my ideas and he wished he had 
a position for me. I was on my way into the office after dropping my kids off when 
he called; I remember hanging up the phone and trying not to cry the entire way to 
the office. How was I going to pick up the pieces and move on? I had to do some-
thing, so I finally took the plunge and applied to my undergraduate alma mater. This 
would require moving our young family, but if we were going to move, this was the 
time to do it before our kids were in school. We could finally move closer to family, 
and I was a little more confident in my qualifications to be a faculty member. I con-
tinued to apply for jobs in town, so we could stay where we were but was overquali-
fied for most of them. I just really wanted a place to call home where I felt I belonged.

Out of the blue, I was contacted by two companies in town to set up interviews. 
I was excited about the opportunity for growth and change. A few days before my 
first interview, I got an email that the university wanted to discuss an opportunity 
with me. I scheduled a meeting between my interviews and planned it during a trip 
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to campus to do some testing; why not kill two birds with one stone. I remember 
walking into my chair’s office to chat, my current co-worker waiting outside to go 
do our testing. Never in my wildest dreams could I have predicted what transpired 
next. After catching up on how work and my family were doing, he started describ-
ing the person they had hired for the entrepreneurship position I wanted so badly. I 
sat there in silence wondering why on Earth he is telling me this; it was like pouring 
salt on an open wound. I was half listening trying not to show the emotion that was 
boiling up inside; I can’t do this again. The conversation then took an interesting 
turn; the new hire never showed up. It was about this point that I was given several 
pieces of paper. Had my chair not verbally described what was written on the paper, 
I never would have realized exactly what was happening. My head was spinning. I 
was being given an offer for the position only months ago I had been turned down 
for and they wanted me to start as soon as possible. I really can do this.

If you asked me back at my undergraduate commencement where I would be in 
eleven years, doctorate, faculty member, and entrepreneurship would not have been 
part of my answer. This was not part of my well-crafted five-year plan. After a lot of 
thought, I accepted the offer and started a few weeks later. I did it; I really was smart 
enough to do it. I just needed something to point out that I could do it to drown out 
my own self-doubt. So often as women we allow our non-data driven self-doubt to 
define our path in life. Yet, as engineers we are focused on the data and facts at hand 
to show where our research should go next. What does the data say? We need to let 
the data of life show us where to go. Allow the external nudges of encouragement 
and the data of work well done show us the path to take; let it drown out the non-
factual inner self-doubt. Keep on trying and collect enough data to define your own 
unique path. A few weeks after I started, my husband looked at me and said, “You’re 
a whole new person. You’re happy again.” I had not realized just how unhappy and 
lost I had become trying to find my path. An invisible weight had been lifted that I 
never realized was holding me back. Do not let your own self-doubt cloud the data 
that says you are capable of accomplishing anything.

I openly share my journey with my students these days to show them STEM is 
hard for everyone and sometimes you end up with a job you never thought you 
would have. I remember the classes I dreaded going to or worried about my final 
grades in. They all chuckle when I tell them I hated materials science as an under-
graduate or that I nearly failed a math course that of all things was a technical elec-
tive. They sit in awe when I tell them; these are the classes I love teaching the most 
now. Looking back, the passion my instructors showed for their course material had 
a huge impact on how I felt about the courses. This is something my graduate advi-
sor showed me when I walked into his office twelve years ago vowing to never think 
about materials science again. Here I am today with a doctorate I never thought I 
was smart enough to get focused on advanced materials for some of the most out of 
this world applications. I consciously work every day to share my passion with my 
students. This comes easy when I feel settled in my classroom and know I am 
exactly where I am meant to be finally.

“I Did It!”

J. Vold
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My Most Valuable Lessons in Energy 
Engineering

Jessica F. Bull

It was late August in 2009, and I’m sitting on my couch with a former roommate, 
turned close friend, drinking a glass of wine and lamenting about my dead-end job 
working in insurance. I lived paycheck to paycheck and my job left me wanting 
more for my life and from my career. Christie said, “You like math. Why don’t you 
become an engineer?” I looked at her inquisitively and responded, “What does math 
have to do with engineering? Better yet, what does an engineer do?” Christie 
laughed and explained simply, “They build stuff!” That night changed my life 
forever.

I had a bachelor’s degree in psychology from Binghamton University, and I was 
licensed to sell personal lines property and casualty insurance. Neither my degree 
nor my career sparked any passion in me. That night, my friend and I got to work 
and Googled all the different engineering curriculums from local colleges, and we 
found mechanical engineering and sustainability. I was hooked; I felt like I could 
have a career I was passionate about, and I could make a decent living doing it! 
Without a second thought, I put wheels in motion that would lead me to quit my job, 
go back to school full time, and dedicate the next 5 years of my life to getting three 
more degrees, all in engineering.

I remember in the beginning of this journey I heard doubts and concerns from 
people close to me. My boss at the time scoffed when I put my notice in and told 
me, “HA! They are a dime a dozen.” My friends and family asked me, “Are you sure 
you can do this?” It’s hard to describe the resolve I felt, the sheer will and determi-
nation to get where I wanted to go, but I held no doubt. Going back to school as an 
adult has its advantages and its disadvantages. On the one hand, I had the experience 
of working full time and the maturity that comes from that. On the other hand, I 
wasn’t sure I knew how to interact with my peers who were mostly 10 years younger 
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than me. In the end, I made it out alive with an associate’s degree in engineering 
science from Broome Community College, a bachelor’s in mechanical engineering, 
and a master’s of engineering in mechanical engineering with a focus on sustain-
ability from Rochester Institute of Technology (RIT). I’d like to tell you some of my 
memorable and pivotal stories as they relate to my experience in engineering. Along 
with these stories, I will share what I have learned both technically and about life as 
a woman in engineering. My chapter is written for the person who may be interested 
in changing careers, re-entering the workforce, and starting out fresh in college or 
for academic educators looking to understand the experiences of women in the 
industry compared to their own experiences. What I have taken away from my own 
experience is that engineering and technology is always changing, just as much as 
your life will change. Finding your passion and following your heart (a.k.a. your 
gut) makes a substantial difference in the success that you experience in both your 
life and your career.

�College Time

It was my third year at RIT, and I was walking down the hallway when a professor 
I had worked for as a research TA stopped me and asked if I had the chance to apply 
to the Rochester Engineering Society (RES) scholarship; with the deadline being 
that week. Sigh. I didn’t get a chance since all I had been doing was trying to keep 
up with all the assignments, all the extras, all the projects, and meetings. Majoring 
in engineering (regardless of discipline) is no walk in the park. It’s demanding, but 
if you have the passion and determination, it’s an achievable and worthwhile 
endeavor. On this particular day, Professor Smith happened to catch me stressed out 
and my first feeling was annoyance. The scholarship required an essay, two letters 
of recommendation, and all my transcripts. I said to him, “I’m not sure I have the 
time.” He offered to write one of my letters and I realized this was an opportunity I 
should not ignore. This person took the time to support me in a way that professors 
don’t always have the ability or desire to do. I promised to complete the require-
ments and sent it off for review. I was called into a local engineering firm, CHA 
Consulting, to interview for their scholarship. I thought an interview for $1000 was 
a little strange, but sure, why not! When I sat down, the two gentlemen explained 
that the scholarship was in memory of a manager in their group who was tragically 
killed in a drunk driving accident. Every year, they interview three candidates that 
have the same passions and spirit, and I was one of those selected. (How nice!) They 
continued to tell me more about the firm and that their group (Mechanical Energy) 
was dedicated to energy efficient solutions for large industrial and commercial cus-
tomers in the area. I was stunned since that was precisely the type of work I was 
looking to do with my degree! I originally thought I would work in the residential 
sector, but as they say, “Go big or go home!” We had a great conversation, and by 
the end, I asked them for an internship. I had one remaining co-op, and if they had 
room for me, I was extremely interested in working for their firm.
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It turns out that I won that scholarship and they gave me the internship. That 
internship turned into a full-time job, and that full-time job turned into several pro-
motions in a rewarding career that I love. My career counselor at RIT said that it was 
not likely I’d find my dream job right out of college, but lucky for me, I found it 
while I was still in college. The thing that sticks out most in my mind is how I 
almost let this opportunity go because I had been consumed by the work and 
demands right in front of me. Sometimes, you need to stop and remove yourself 
from the current situation to be able to see the gifts right in front of you. Professor 
Smith probably saw more in me than I did at the time, and his persistence changed 
my life. There will be moments where you will want to keep your head down and 
ignore that gut feeling. Don’t. Follow your heart and allow the people around you to 
see your potential and accept their help when it’s offered to you. You never know, it 
can change your life.

While at RIT, I focused my studies on energy and the environment. As I men-
tioned, my passion was for energy efficiency and the future of renewable energy. 
While I was at Broome County Community College (BCCC), I took all the typical 
prerequisite engineering courses such as statics and dynamics, but never got into 
anything specific to my interests in energy. At RIT, I was able to take courses in 
heating, ventilation, air conditioning, and refrigeration (HVAC-R), advanced ther-
modynamics, renewable energy, and heat transfer. These courses were the basis for 
all the work I would end up doing in the field. I loved Thermodynamics so much that 
I became a teaching assistant (TA) for two semesters after taking it myself. Becoming 
a TA for a subject so crucial to my degree helped me master the concepts and foster 
good working relationships with my peers. I was a mentor and a friend to students 
that could come to me when they needed help in thermodynamics, or other areas. 
For the students out there reading this, I encourage you to take opportunities for 
leadership positions if they are available to you. These experiences enrich your col-
lege career and allow you to stand out to future employers.

While my experiences at both BCCC and RIT were exceptional and left me with 
a comprehensive set of skills and knowledge, I will admit that the majority of true 
learning is done on the job. If you are in school, please take any opportunity possible 
to obtain internships or cooperative work experiences. My co-op at LORD 
Corporation taught me that aviation manufacturing was not my true passion. I 
learned a lot from my experience there, but ultimately it was my co-op at CHA 
which really aligned with my passions and interest. You don’t know until you try!

�My Career at CHA Consulting

After completing my summer co-op, I was asked to stay on with CHA part-time 
through graduation. This work allowed me to pay for my living expenses and con-
tinue to grow within the organization. By Thanksgiving 2013, I was offered a full-
time position as an Engineer II upon graduation. One of our major clients is New 
York State Energy Research and Development Authority (NYSERDA). We had a 
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contract to perform technical review for their pre-qualified incentive program, and 
during my time as an intern, I functioned as the lead engineer and project manager 
for this contract. This experience taught me a great deal about the engineering con-
sulting world. While the work was reasonably straightforward and procedural, the 
hours fluctuated significantly and required us to respond with flexibility. Through 
communication to upper management about the workload assigned to us on a 
weekly basis, I was able to project the required hours needed to complete the work 
in the timeframe expected by the client. Consulting work is centered around staff 
being utilized with billable hours. I would come to learn more about utilization later 
in my career, but even in this early stage, I was able to illustrate the need to hire one 
more staff for this effort.

An engineering consulting firm is comprised of project management groups and 
technical groups. The project managers are responsible for business development 
and client advocacy, while the technical groups are responsible for meeting the 
deliverables outlined in the proposals and contracts. It’s important to note that this 
is a generalized statement of roles. Truthfully, a good engineer is going to do every-
thing while focusing on their specific responsibilities to the project. Establishing a 
good rapport with your client will lead to repeat business. In consulting, no matter 
what role you are in, you will interact with your clients. In the beginning of my 
career, I did not realize or appreciate how important this relationship is. Repeat and 
referral business can easily be 90% of the billable work for you and your team. As 
a consultant, it’s important to focus your energy on the value that you bring to the 
client. Just like you learn in school: identify the problem, devise a solution, and 
present your results. If you would like to simplify each project, think of it in terms 
of the following:

•	 A given set of variables (technology, reliability, quality, cost, etc.)
•	 Methods used to develop a solution
•	 Viable solutions to problems with pros/cons
•	 Present results to clients with supporting evidence

Clients seek out consultants to solve problems outside of their expertise. In the 
mechanical energy division, we are experts in energy efficient solutions for various 
clients and various energy-consuming systems. When I was first starting out, I 
needed all the hands-on training I could get, but at the time we had three new hires 
in Rochester, including myself.

While I appreciated the initial experience with the pre-qualified incentive pro-
gram, I was excited to expand my technical knowledge to new areas. CHA was 
actively performing multiple steam system energy studies and completing steam 
trap surveys for our clients. My two new colleagues informed me that Spirax Sarco 
was hosting a steam system basics training at their facility in Pennsylvania and our 
local representative was supporting our attendance by sponsoring the registration 
for only $100 out of pocket. This was a two-day event and extremely informative 
and valuable for a new energy engineer. My colleagues informed me that our 
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manager allowed them to sign up and would pay for the travel and lodging. I 
assumed that I would also be going, but to make sure, I dropped into my manager’s 
office. I told him that I was excited for the opportunity to get the steam basics train-
ing since I didn’t have nearly as much experience as my two new colleagues. He had 
a sad look on his face when he told me that there was only enough budget to send 
the two gentlemen in our group and he was sorry but promised to send me next time. 
I felt truly disappointed and left feeling deflated.

In the time, it took me to get from his office to my desk, several thoughts ran 
through my mind. When am I going to get this opportunity again? Why wouldn’t I 
go since I have so much more to gain from the experience? Was this gender dis-
crimination? Why isn’t my manager willing to support my professional growth? My 
disappointment rapidly grew into anger. I have not worked this hard to find my 
dream job, only to allow someone else to control my path. I know this was only a 
training seminar, but if I am going to pave my way, then I’ll just have to advocate 
for myself. Now that I had this great job, I realized a few things. We get vacation 
time, I have money for both the registration and hotel, and lastly, I can carpool with 
the other guys. I marched right back into my boss’s office and I let him know I’ll be 
taking those days off to attend the training. I told him how important it was for my 
professional development and then left feeling that I made the right decision. There 
were no other pressing projects that would prevent me from attending, so I had no 
reason to feel bad for taking that time off.

Ten minutes after that interaction, my manager sends me a note to come back to 
his office. This time, he’s not happy. He tells me that my “stunt” makes the company 
look bad for sponsoring two junior engineers and not the third with similar level and 
responsibilities. His hand was forced, and the company would pay for my trip as 
well. I was genuinely surprised, as if I had no idea how funds could magically 
appear in just 10 min. It was not my intention to get the company to pay; I only 
intended to get a fair and equitable experience.

I tell this story to young women looking to head into a career in engineering 
because I feel that we may question our abilities and what we deserve at times. 
Maybe this is my own unconscious bias, but sometimes I feel we are reluctant to 
stand up and advocate for ourselves. It is a skill to know when to challenge authority 
and the status quo. I don’t mean to advise you to reject all your manager’s decisions, 
but if you feel there is an injustice towards you that will limit your professional 
growth, you will have to work to overcome these obstacles. That manager is no 
longer with the company; and my current management is open, receptive, under-
standing, and supportive of my growth. Having respect for your colleagues and 
management will help them see you for what value you bring, and they will open 
doors for you to succeed. Find these people and learn as much as possible from 
them. Develop professional relationships with experts. Always ask questions, even 
if you think it’s dumb. If you were wondering, that steam training was actually an 
incredible experience that taught me a great deal that I still remember and appreci-
ate to this day.
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�Life Happens (Sorry for the Interruption)

After my experience with my first manager, things quickly changed for the better. 
Many other people were recognizing my contributions and my drive to accelerate 
my career. My passion to change the world (even a little bit at a time) was driving 
my desire to learn more and help others coming up behind me. It was just days after 
I returned from a vacation with my husband when something happened that would 
change my course. I woke up early and wasn’t feeling right, so I woke up my hus-
band and he told me not to worry. I went back to sleep and went about my day. Later 
that morning at work, I still wasn’t 100% right; I asked a female colleague if my 
symptoms seem normal to her and her face said everything she did not. She just 
said, “No and you should call your doctor.” I called the doctor and tried to phrase 
my experience as a no-big-deal situation, but she also wasn’t buying it. She told me 
to make my way to the ER. Three grueling days later, I received a diagnosis that 
would change my life. Even now, I am not inclined to talk about the specifics, but 
needless to say, it was serious enough. I was facing a life-long diagnosis, but fortu-
nately, not a terminal illness. This was my first experience with grief. I just spent 
5 years of my life reinventing my career, was just married, and was in the best shape 
of my life. Everything I had worked for felt like it was just taken away in one fell 
swoop. I was scared and didn’t know how this was going to affect my career.

Luckily, I had a great support system. I had friends, family, and especially my 
husband there to tell me that nothing was actually lost, even if I felt that way at the 
time. I used my successes at work to help me feel confident again, and I started to 
pull out of the fog that follows a tough diagnosis. There were several things I 
learned. My career was always my priority, but now I needed to make room for oth-
ers as well. Live every day like it matters, because they all do. If anyone should ask 
me about my five-year plan, I will try not to laugh out loud in their face. I like to 
plan out my plans; I’m an engineer. Ultimately, this had to teach me that life is going 
to happen, and you don’t know whether it will be a good or a bad shift in your trajec-
tory, but it’s wise to be prepared for the unprepared. This lesson feeds directly into 
my earlier advice: “Follow your heart.” All my life, I never wanted children, but I 
felt as though I had to stop and consider what experiences I wanted to have while 
I’m here and breathing. Kids are challenging, but I did want to experience the joy of 
having a child, now that joy was one of my new priorities. Luckily, my husband 
agreed to at least one, no more than two…

My son just turned three and our lives are, in fact, changed. It is most certainly 
harder while also rewarding and fun. I found that joy I thought I was missing, and I 
have no regrets. Starting a family did change the work-life balance, but I can talk 
about that more later.
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�My Career Continued…

When I got back from maternity leave, I dove right in. At the time, we were con-
ducting a compressed air study for a manufacturing plan and I was assigned as the 
lead. I haven’t had the chance to mention, but I love compressed air systems. I have 
completed some large-scale manufacturing compressed air studies and recom-
mended significant energy savings opportunities to our clients. Since I came into 
this project after it had already begun, I was not clear on the timeline and client 
expectations. Another junior engineer and I were waiting on the client for some 
missing data to complete our analysis. Once that was delivered, I was busy with 
another assignment and my colleague was going through a family crisis. No one 
communicated to the client and we were late with our deliverable. Even though the 
work product was of high quality, the fact that the communication was poor, and the 
deliverable was missed was a crucial error on my part. In engineering consulting, 
the client relationship is one of the most important aspects of the business. It did not 
matter whose responsibility it was to communicate changes or a delay; it is always 
important to be accountable and reliable as I would come to learn in the most impor-
tant project of my career to-date (Figs. 1 and 2).

Accountability comes in all shapes and sizes and it leads to integrity and trust. 
The more an individual exhibits these qualities, the more opportunity for experience 
and advancement there will be. At this point in my career, I was invited to join an 
interview with a potential high-profile client. Our company was short-listed for a 

Fig. 1  Proud selfie with 1950s’ vintage Ingersoll Rand reciprocating air compressor in operation 
at client site in Canandaigua, NY (September 2016)

My Most Valuable Lessons in Energy Engineering



308

major energy study in one of their highest energy-consuming buildings, and I was 
asked to sit at the table to represent our experience and abilities. We won the project, 
and were set to begin fieldwork in the building within a month. The audit was to be 
completed on a very prestigious laboratory building on an Ivy League campus, so 
this project had high visibility. If we were to do a great job, we would surely estab-
lish a great relationship with this client and win more business. I was assigned as the 
lead engineer on the project. After 2 weeks in the field, we came back with a ton of 
data, and I began to get to work. The major energy user was the HVAC system, since 
most of the building was served by 100% outside air handling units. This is relevant 
to energy consumption, as when you bring 100% fresh air into a space, it will need 
to be conditioned to the space setpoint which can be a huge change in temperature 
based on the season. Alternatively, recirculated air, or return air systems, use maybe 
20% of outside air for ventilation, significantly reducing the load on the cooling and 
heating systems.

This project was my first real introduction to airside systems, and the scope 
included approximately 400 labs and over 300 offices in a building with 7 floors. 
Due to the tight controls needed for these rooms, there is an extensive building man-
agement system (BMS) that monitors and records airflows, heating hot water flow, 
space temperature, etc. After all the data was collected, it was my task to create the 
energy models that would be the baseline to any potential modifications that would 
save energy throughout the building. I pulled in a few junior engineers to help where 
I could, but the truth was that I was in over my head. I could crunch numbers better 
than most, but knowing how to model energy conservation measures (ECMs) for a 
building like this needed some expert assistance. Due to my past experience, I didn’t 
feel as comfortable asking for help. I just plowed through feeling as though it may 
all just come together in the end. When my boss asked how things were going, I 
would always answer positively. I had forgotten how to ask for the help I needed for 

Fig. 2  Client site visit at a large industrial complex in Rochester, NY (July, 2018)
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this project to succeed. Due to this oversight on my part, we needed to pull in a large 
group of people working long hours to fill in all the gaps at the 11th hour. The failure 
here was that I was not accountable in admitting my inexperience. This trickled 
down to affect numerous crucial pieces of this very high-profile puzzle. We were 
late in delivering the product, were missing some items in the contract, went over 
budget, and created a tense relationship with the client. This was one of my largest 
and hardest lessons to learn.

Fortunately, due to the high quality of the final energy audit product, we went on 
to win the design proposal despite the previous issues. Most of my experience has 
been modeling energy, and this was my first real taste of detailed engineering design. 
The difference here is that in energy studies, the energy savings solutions are pre-
sented in a high-level manner. As an energy engineer, the solutions we come up with 
are vetted for feasibility, but the details of installation are not completely mapped 
out. A design engineer would take those initial recommendations and create the 
drawings and specifications specific to the modifications or upgrades for the client.

In the aforementioned high-profile energy audit and design, I learned about vari-
able air volume (VAV) boxes, venturi-style air valves, diffuser style and throw, fume 
hood operation, and space conditioning requirements for a vivarium. At the time of 
this writing, we have recently submitted the 100% construction drawing (CD) set 
which will go out for bid to the mechanical and electrical contractors who will con-
struct the proposed changes. They are relying on our expertise in these drawings to 
ensure what we are proposing is constructible. My boss and I remained deeply 
involved with the project, even after the audit phase. We were able to bring our past 
lessons learned into this design phase. When we were behind schedule, we called 
the project manager for help. When I didn’t know something, I immediately reached 
out to a colleague with more experience. Lastly, we communicated regularly with 
the client to ensure all the deliverables were known and being provided when they 
were expected. The relationship with the client has improved substantially, and we 
look forward to earning their business again in the future. I feel the largest lesson I 
learned here is to hold yourself and others accountable. Even if it is not your exact 
role on the project, own the outcome and be proud of your work. Some projects will 
need a team to meet the deliverable, but if you see something that is running amiss, 
always take ownership and speak up.

During the design process for this project, there were many pieces I wasn’t an 
expert on, as mentioned earlier. In order to ensure the project is constructible, you 
will need to learn about new equipment and how it works within a given system. 
There are several excellent sources of technical information, and one of them is 
your product vendors. When pricing out new equipment, you will find that many 
product sales engineers have been in the business long enough to see more unique 
situations than you. Do not just take information from a cutsheet without verifying 
its feasibility in the solution you are proposing. For example, if you are looking to 
replace an air-cooled compressor with a water-cooled compressor, you will have to 
consider the condenser water requirements. Talk to the cooling tower representative 
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to understand if the existing unit has enough capacity and where you will be able to 
tie into the system. What ancillary equipment would be needed? Being an energy 
engineer means you also need to be a design engineer and a proper cost estimator. 
Never propose a solution that is not feasible or does not consider extra cost to make 
it feasible. If you aren’t sure, check with a manager, a design engineer, or the vendor.

My manager approached me about a year after I came back to work (during the 
previously mentioned audit) with an opportunity to become a section manager. At 
my organization, a section manager is responsible for interviewing, assigning proj-
ects, supporting professional development, assisting with staffing and utilization 
goals, and coordinating with project managers on proposals. At the time, I was 
struggling with postpartum anxiety, and trying to figure out this “work-life balance” 
business so many talk about. My time at work was already dedicated to technical 
work and project management work with NYSERDA. Adding this role is something 
I desperately wanted to begin my role as a leader, but my gut told me it wasn’t the 
right time. Understanding that the opportunity would not be available for long, I 
decided to take it despite my reservations. My transition to management did not 
have a specific structure. I was given direct reports to manage and I would ask my 
manager what I needed to do. He would help me work on proposals and add me to 
other management level conversations. I was involved in my company’s first cohort 
of their new “Principles of Management” course. This helped me understand how to 
interact with my team and how to be the best leader I can be. It covered a range of 
topics on personality types, motivation, and performance management.

There was a lot to cover in my new additional role and, as you may have expected, 
I was overwhelmed. I tried to be a great manager to my new staff, and it caused my 
dedication to my current projects to fall below what I felt was acceptable. This was 
likely a contributing factor to the issues I had in the major energy audit I was work-
ing on. How can I be a good leader if I can’t also lead by example? I had a hard time 
finding the time to do everything I signed up for while still maintaining the family 
life I was enjoying. While my son was that young, I felt as though every minute 
counted. Everyone tells you how fast they grow up, and it’s true. While I’m not 
interested in stepping away from my career, I do want to keep balance between 
work obligations and family time. The only advice I can give is to be realistic about 
expectations of what you will be able to accomplish. Saying “yes” makes you agree-
able, not necessarily reliable. Decide what is most important and focus on complet-
ing this work most efficiently. Ultimately, I am grateful for the opportunity to 
become a manager and I’m thankful I stuck it out. The role and responsibilities do 
get easier over time and more rewarding as you are able to see your direct reports 
have their own successes with their careers.

Prior to starting a family, I spent much of my extra time involved in professional 
organizations and charities where I could. I’ve been a member of the Society of 
Women Engineers (SWE), American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE), and Association of Energy Engineers (AEE). 
Through the local SWE professional chapter, I have held positions as the Outreach 
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and Membership chair. Through the Outreach initiative and coordination with local 
engineering facilities, we were able to offer presentations for high school girls on 
the different engineering disciplines, showing them engineering in real time and 
sparking their interest to pursue a career in STEM. I have volunteered and fund-
raised for the Women’s Build through Habitat for Humanity and joined many other 
events for heart disease and Alzheimer’s disease. It’s a passion of mine to support 
the community, whether it is inside or outside of engineering. I’ve scaled back sig-
nificantly to balance out my time during these precious early family years but plan 
to go back when my gut tells me it’s the right time. It’s important to understand what 
drives you, what inspires you.

�What’s Next?

For me, my career is still young and there is an incredible amount of opportunity for 
growth. I am looking to expand my networking and business development skills, as 
well as my technical expertise. The type of work is changing as technological 
advances are surging forward. With the effects of COVID on the economy and the 
environment, more people are focused on both energy (cost) savings and indoor air 
quality (IAQ). The new question is, “How can I improve the IAQ of my facility 
while keeping costs down?” I want to be ready to answer this for our clients. How 
are smart buildings changing the future? How will we get to a carbon-free future? 
What new renewable technologies are emerging as the next champion to get us 
there? How will I have time for all this while I’m waiting for my second child 
to arrive?

As of this writing, the world is starting to open back up as we navigate the post-
COVID world and economy. Many things will change. The organization you are 
involved in will change direction and policies based on the market or needs of the 
people they serve. Your life may change, willingly or unwillingly. One thing will not 
change, and that is following your heart. I want to close out my chapter by saying 
that if you are accountable, determined, and true to yourself and others, you will 
find success in anything you do. If you are a woman or another minority within 
engineering reading this, you may have to try harder to be seen, to be heard, and to 
be valued. But I believe if you stay honest, ethical, and accountable, you will be able 
to overcome any obstacle. Keep trying, keep failing, keep celebrating the wins, and 
always keep learning. Make your career a meaningful journey instead of just a job, 
and you’ll find success (Figs. 3 and 4).
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Fig. 3  At 2018 World Energy Engineering Conference as a speaker on measurement and verification 
in Charlotte, NC (October, 2018)
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Fig. 4  Family Selfie at Corbett’s Glen in Brighton, NY (November, 2020)
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I Never Claimed to be a Lady

Mary Bonk Isaac

�The Priming Years

When I graduated from high school in 1973 as the second oldest of a brood of eight, 
I had no idea what I wanted to be. Playing with dolls was boring because I had sev-
eral of the real thing to burp and feed and change from the age of three on. My early 
spare time was spent reading, solving puzzles, and building doll furniture from 
cereal and shoeboxes when I wasn’t tending a sibling.

Life was mostly pretty idyllic in suburbia. Boys played Little League; girls were 
lucky if a couple of dads got together to coach an informal softball team, which hap-
pened the year I turned 12. Girls set the table; boys took out the garbage. Boys 
became engineers, policemen, and soldiers; girls became stay-at-home moms, 
teachers, and nurses, including most of the really smart girls who graduated from 
high school with me. Betty Friedan’s book The Feminine Mystique [1] was pub-
lished in 1963, and I read that, plus Susan Collins’ Valley of the Dolls [2] by the time 
I hit adolescence between 11 and 12, so I was one confused girl.

My mom had my last sibling when I was almost 10, and I still remember thinking 
it would be a funny Halloween costume for my mom to dress up as Mary, Jesus’ 
mom; she did not think it was funny. I switched to public school at a new junior high 
after the diocese raised tuition from a family rate to a “per student” rate. Most of the 
kids from our neighborhood went to the same school, so we sallied into our teens 
with a pretty cohesive group, albeit me being somewhat of an outsider due to spend-
ing eight years as a “Holy Roller.”

M. B. Isaac (*) 
Principal Consultant, HEDGE, San Diego, CA, USA
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�The Transformational Years

Although I was good at math and science and my dad was an electrical engineer, no 
one ever seriously suggested that I consider studying engineering, or if they did, I 
blocked it out. Engineering seemed too linear and it was the Age of Aquarius! I 
started playing guitar and singing in high school for folk mass, and my first aspira-
tion was to be a rock star.

I joined choir and enjoyed performing in front of others, so I figured rock star 
was perfect for me, especially since I didn’t have to work that hard at singing and 
performing, right? By now, I started accepting my female-ness and knew when it 
played to my advantage and when someone was trying to take advantage of me.

I did have a state Regents scholarship, but I dropped out after a year of liberal arts 
at a community college to search for myself (and maybe play a little music). I finally 
settled down in 1976 when I got my first “real” job after being a singer, waitress, 
caretaker, nurse’s aide, and/or maid, at the ripe-old age of 21. My dad mentioned 
they were looking for “girls” for a job at General Electric (GE) as an apprentice 
machinist, starting at $11.58 an hour (>$50 an hour today), plus pension and insur-
ance benefits. I applied and got in.

I was one of less than a few handfuls of women who went through the apprentice 
machinist program in Schenectady, NY, learning everything there was to learn about 
manufacturing turbine generators before I left to go back to college in 1979. I was 
one of less than 100 apprentices enrolled in the program at the plant, which would 
dwindle significantly over the years as the manufacturing landscape shifted.

We were a motley crew, my female colleagues and I; two of us got married and/
or pregnant during my time with the program. Most of us attended the vocational 
program, to save the college slots for the men. There was one woman who lobbied 
for the college program and she won; I was fine where I was, where expectations 
were lower.

One of the other machinist apprentices was a real girly-girl; me, not so much. My 
nails were short, my face naked; she had fake nails and wore full makeup, touching 
up her lipstick regularly. My hair was in a ponytail; she brought hot rollers to work. 
I wore work boots; she wore platform shoes with open toes until she was ordered 
not to. Many of the other women and I thought displaying such stereotyped feminin-
ity made it challenging for the men to accept us as equals and told her that over 
beers. She didn’t care.

It became a little harder to squelch our femininity for those of us who got preg-
nant, especially with regard to physical changes such as morning sickness, thicken-
ing body, and hormonal swings. Our jobs involved a lot of physical activity, so when 
I had to go out on short-term disability in the fourth month of my pregnancy due to 
complications, it was a first in the program.

I went to full term (he turned 42 this year) and returned eight weeks after having 
a normal childbirth, which forced me to have to address childcare needs at a time 
when the choices were very limited. Initially, my mother and mother-in-law helped 
fill that role, as moms and mothers-in-law like me STILL do in too many cases today.
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After I returned to the apprentice program, as part of coursework, I argued that 
the union include a childcare program in the upcoming contract negotiation, lever-
aging the community college that offered the apprentice associate degree, and solv-
ing the growing childcare crisis. Although they liked the idea, it would “be the first 
thing the union would give up, so what was the point?” Some things never change.

The few black men in the program and I gravitated together since we both expe-
rienced a similar shunning from our white male colleagues and could commiserate 
about “the Man.” One was a superb artist who was in the drafting program; another 
a radical who was perceived as an activist with a chip on his shoulder. I suppose we 
were all seen as rebels of one sort or another by the 99% white males around us. We 
certainly took courage from each other.

In early spring 1979, the Three Mile Island nuclear accident occurred about the 
same time as a new gas crisis, effectively throwing my work world into a tailspin. 
Steam turbine and generator orders got canceled, and for the first time, I started see-
ing 30–40 foot long wind turbine blades in the shop instead of turbine and generator 
forgings.

I was not adapting well to marriage and a new child with both of us working, and 
had an existential crisis as the person responsible for so recently bringing a new life 
into the world at a time when the future was not looking so bright. I missed the 
creative outlet I had found in music and was feeling burdened with having to care 
for both a child and a spouse who expected certain traditional things of a wife that I 
would never be willing to fulfill.

Three Mile Island, plus a 3rd-shift sweeper job staring me in the face, was the 
trigger to return to school so that I could finish my degree and take care of my son 
on my own if I had to. Although I was accepted into a music program at Skidmore, 
I chose engineering at Union College. I chose it because I was concerned that: (a) I 
was not good enough to make a decent living at music, and (b) I thought I might 
learn to hate it if it was my lifelong career.

I was not worried about hating engineering because I had never particularly liked 
it; my dad turned me off to it when younger with his process focus, drilling down, 
and making me think. The machinists I worked with had respect for very few engi-
neers, so my attitude had nowhere to go but up. I pragmatically considered my 
degree a stepping-stone in learning self-sufficiency and making a reasonable living 
while doing it.

Hubby #1 and I separated and I attended school fulltime year-round using schol-
arships and student loans. Welfare and food stamps covered the basics, along with a 
great roommate who stepped up to help with childcare, too. I bartered childcare for 
writing papers, fixing meals, and giving haircuts; when I could, I did music gigs 
with a partner in upstate New York.

Every quarter I went to the county Social Services office to turn in an affidavit 
that I was still enrolled and passing. Sitting in that waiting room hearing snippets of 
sad stories opened my eyes to who the primary recipients of welfare were, and why. 
It was a humbling experience but made me grateful that I was finding a way out; I 
figured I paid my benefits back in income tax after just a few years as an engineer.
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�The Performing and Quasi-Conforming Years

Having been away from any kind of serious coursework for nearly seven years, I 
averaged a C in my first three courses. I almost quit, but told myself that C just 
meant I was average. I had to learn to “settle” a lot in those years to keep from losing 
focus on the future—being less than perfect was a bitter pill to have to chew on from 
time to time over the years, but you learn how to succeed from your failures.

By the time I graduated, my average was up to a B (for balance), but not good 
enough for the elite entry-level programs at GE. Utility interest in nuclear power 
was picking back up and GE’s nuclear boiling water reactor business was looking 
for field engineers for construction, then field service. I passed muster, was rehired, 
and went to San Jose for a short training program with a dozen others, before head-
ing to one of the last nuclear power plants under construction in the Midwest, Perry 
Nuclear Power Plant in Ohio.

Since the training program was relatively short and the challenges of taking my 
four-year-old son with me to northern California felt monumental, he stayed in 
New York with my older sister who had two other young children. In later years, I 
would hear from him that his memory was that I was gone for a whole year, but 
really we were apart only from July until October, when we moved to Ohio.

The next three years in construction as a nuclear field engineer were a blur. I 
rotated through four different engineering assignments conducted from trailers at 
the power plant, which had both GE boiling water reactors AND turbine generators, 
quite the coup. There were initially two female engineers among the 40 or so GE 
employees on site, and a third joined us later on. My first assignment was under a 
very outspoken redheaded woman who processed extra work authorizations with 
the customer; we became best buddies when she learned I could cuss almost as well 
as she did.

My next assignment was in technical support, preparing drawings, specifica-
tions, and procedures to cover the extra work and rework, probably the least inter-
esting, but very important in the nuclear business. Some might say the nuclear 
business suffers from an excess of such process, but unless it was signed in black ink 
in triplicate, it never happened.

During the three years I worked at the power plant, my shift morphed frequently, 
which meant, as a single mom, my childcare arrangements also had to shift at a time 
when there weren’t many choices except church schools or a good network. My 
youngest sister came out to help me the first summer, which was a life-saver as I 
settled in to a routine. Over the years, making new childcare arrangements became 
a recurrent struggle every time I moved to a new assignment.

As a production engineer, I oversaw the installation of the “Inclined Fuel Transfer 
System,” used to transfer nuclear fuel bundles back and forth between the spent fuel 
pool on the reactor vessel head level and the lower pool for treatment, handling, or 
storage. I climbed ladders and scaffolding from the top to the bottom all day, 
approximately seven flights of stairs from top to bottom, with no elevator.
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Our work in the lower fuel pool also included mounting sensors to the pool wall. 
One day there was a big scuffle between trades on site that shut down work. The 
boilermakers considered any welding in the reactor to be under THEIR contract 
since it was just a big pressure vessel, but the pipefitters had the contract for all non-
pressure vessel pipe welding, while the millwrights contract covered welding things 
to the pool wall, and the electricians had the contract for all wire-pulling and sensors.

I had been told by one of my boilermaker foremen that their general foreman 
didn’t like me much because I was a girl and pushy to boot. The day of the work 
stoppage, I was in the bottom of the fuel pool talking to one of the millwrights while 
we looked at drawings hanging on the wall, which was about 40’ deep. I took off my 
hardhat to get closer to the paper on the wall so I could read a number when there 
was a loud BANG! within six feet of where we were standing. We both looked up 
and saw the boilermaker general foreman 30’ above, grinning down at us before his 
face disappeared. On the bottom of the pool was a two-pound stainless steel bolt and 
a small dent in the floor. The millwrights reported it, but fortunately I never had to 
work with him. He was just one of too many.

My last assignment was working with a millwright to complete as-built drawings 
of our work under contract, which took me to all sorts of places in the power plant 
and showed me how important it was to document changes as you go, especially 
related to systems that required sign offs. Once I completed the as-built drawings 
for the second, partially completed unit, it was time for me to move on to a different 
job or transition to a traveling field engineer.

As a single mom with a seven-year-old, I was not excited about arranging child-
care while I was on the road, so I headed back to NY as a turbine service engineer 
for GE’s service shop division, with repair shops worldwide where GE fixed broken 
turbines, generators, and motors. The service business was positioning itself to 
focus on upgrading and uprating existing gas turbine fleets using specialty parts 
with much healthier profitability than steam turbine components.

Over the course of two years, I worked on understanding the nature of (and who 
to go to for help in solving) typical service issues for gas, steam, and generator 
equipment, including several months at shops during outage season. My first job 
after the training program was turbine engineer in Cincinnati, where I applied what 
I had learned to plan and manage work to support gas and steam turbine generator 
outages.

Working in Cincinnati was the first time I truly felt unwelcomed as a female 
engineer. Most of the hourly workers accepted me as qualified once they learned 
about my machinist experience, but the lower level management team was not quite 
so ready for me. I learned some hard lessons about the expectations that go along 
with being a woman in a very gendered environment, not least of which was that I 
was expected to always behave like a lady, which I frequently failed at. It was in 
Cincinnati that I first uttered the phrase that is the title of this story.

Outage season is different depending on where you are and occurs during the 
time of the least energy demand, typically fall or spring. Utilities and industry 
schedule planned outages for these times versus when demand would be expected 
to be high because of ambient conditions requiring heating or cooling energy. By 

I Never Claimed to be a Lady



320

scheduling, they can arrange to buy the cheapest power elsewhere to support any 
base demand normally provided by the equipment on outage.

Forced outages can happen anytime, and every second that the equipment is 
down runs up cost that wasn’t planned for. Just a few months before I left Cincinnati 
for my next job, we had some equipment in on a forced outage, plus some that was 
on a planned outage from a different customer. I left the night before thinking that 
my turbine rotor would be balanced by morning and could be prepped for shipment 
that day, but when I went out to the shop floor, it was sitting in the same spot as the 
day before.

I was told by the balance guy that the production planner had told him to do 
another job instead, so I stormed up to the planner, put my hands on my hips, and 
said “W_T_F???” He said, “I won’t have a lady talk to me that way!” and I said, 
“Well, I never claimed to be a f*%@ing lady! That’s all in your head and you better 
get used to it!” Apparently ladies didn’t cuss in his world or maybe it was the talking 
back part. He was considered for my job before I came along, so that may have 
contributed to his pulling rank; but my tolerance for double standards based on 
legitimized myths, especially related to how women should behave in business, 
was waning.

My next few jobs at GE all had to do with getting involved with the commercial 
side of the business, while still keeping a foot in the hands-on side. A position as a 
marketing specialist taught me some of the basics of commercial selling: learning 
the product, how to schmooze, and how to ask for the order. I got to travel to Europe 
and all over the United States to negotiate equipment deals on behalf of my company.

Well, actually, for the first few years, I got to carry the bags of the MEN doing 
the negotiating, then began doing the negotiating myself, then I started teaching 
other people how to do it, and finally got the opportunity to be an executive hand-
holder just prior to my early retirement. Along the way, my rough edges began to 
soften and, although many thought my language was still too colorful for a woman, 
I learned to better control my impulse to express it in public.

In the intervening years, there were a few bumps in the road, the first one work-
related just before my 20-year work anniversary and the second just a few years after.

In 1996, five years before Jack Welch, longtime CEO of GE (aka “Neutron Jack” 
for taking people out of the businesses and leaving the buildings [3]), retired, the 
energy business was in a bit of a slump. It was immediately prior to the “gas bubble” 
which peaked early in the new century. The utility power market in the United 
States had been deregulated (1992), with many private utilities divesting and re-
aligning their generation assets under investor-owned utility (IOU) companies.

As the price of gas increased, IOUs and independent power producers (IPP) 
began somewhat speculatively looking at gas-powered equipment as a cheaper 
source of power than old, less efficient, coal-fired steam turbine plants, driven by 
the concept of “spark spread,” the real-time difference between the wholesale mar-
ket price of electricity and its cost of production using natural gas.

Many US-based energy companies had re-focused their investment strategies 
outside the United States, and I led a commercial team supporting equipment and 
power plant sales in the Indian subcontinent. Money was tight and the field sales 
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team submitted many proposals that went nowhere. The sales director in India 
moved on during this period and I threw my name in the hat for his role, but it went 
to someone I had trained who had less than five years of experience.

Initially, I just worked harder and stuffed my anger down so that I could continue 
working with the guy I had trained, who was now looking to me to tell him what to 
do. He did the best he could and we continued to function as well as could be 
expected as a team, but at 41 years old, the fire in my belly dimmed with that rejec-
tion. A few months later, the business issued a call for voluntary job eliminations 
(VJE) to reduce operating cost, and I applied and was accepted.

I had nearly half a year to find another job, but I was burned out and feeling 
undervalued, so I nursed my wounds for the first few months. I explored what I 
REALLY wanted to do with my skills and talents and also played a lot of walk-
up golf.

I also stayed in touch with the guy who got the job and knew he needed (and 
wanted) me back, so when pressed for what it would take to make that happen, I told 
him WAY-Y-Y more salary and working from home part of the time. He went to bat 
for me and I returned to essentially the same job I had eliminated six months earlier, 
only being paid more and feeling more valued. I was reminded by Human Resources 
upon my return how unusual it was for someone to return to the same role they had 
eliminated prior, which made me feel both special and cautioned as a person who 
did not play by the rules.

My life would have been different if that opportunity to take a break hadn't come 
up or if I hadn't taken it, but I do recall feeling so undervalued and used that I didn't 
feel like I really had a choice once it presented itself. In retrospect, many of my best 
life moves have been made taking risks that most would not.

One bump I couldn’t plan for, though, was discovering in 1999 that I had a brain 
tumor pressing on my right optic muscle and nerve.

Fortunately, it was a benign meningioma, which are apparently somewhat com-
mon in women in their early 40s, but still required surgery. Preparing for the possi-
bility that I might be different afterward, or possibly not even make it off the table, 
was a reflective experience. Work was very supportive, and my main legal colleague 
joked in a key customer meeting just prior to my surgery that “At least we have 
PROOF (MRI) that she has a brain!” Also very fortunately, I was in good health 
other than the tumor, so I sailed through unscathed other than a reduced peripheral 
field in my right eye.

Three weeks after surgery, I celebrated the closing of a key $350 million deal in 
London, still not 100% recovered, but ‘In It To Win It’ and not one to miss a party. 
Whether it was the brilliant health recovery or major deal closing or perhaps the 
stars aligning, from that point to when I finally retired in 2007, my career at GE took 
off. Certainly, my lifelong attitude that life is too short to drink cheap beer prevailed, 
but now I was more driven to do things that made a difference and not spend my 
time spinning my wheels.

I headed back to the field a year later as the general manager of GE’s largest US 
service sales region. I LOVED that job—I inherited a great team and in four years 
changed its face from one that was 95% white male to one that reflected all the faces 
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of the consumers our energy customers served. By my next gig, my staff was 35% 
female or non-white. If someone came to me with a candidate slate, it had to be 
diverse or they were sent back to the recruiting board. Sales practices like using 
expense accounts to take clients to gentlemen’s clubs for lunch or dinner were 
abandoned.

Unfortunately, one lesson you learn over a lifetime is not to count on the bosses 
you love to stick around forever. The first question the new manager (soon to become 
a VP) asked me at our introductory tête-à-tête was whether I had ever noticed that 
all of the women in our business who were in the executive band had husbands in 
lower roles. I hadn’t. Husband #2 also worked at GE, in the service side of the 
nuclear business. For the 25+ years we were married, we cohabited the same spaces 
only about half the time due to work; eventually, when we started spending 100% of 
our time together after his early retirement, we realized a mutual incompatibility 
and divorced.

I was both impressed that my new manager bothered to find out something per-
sonal about me and concerned that he had picked something that was not particu-
larly relevant to me, but apparently was relevant enough to him to bring it up. I 
tucked his comment away, but within a year, I knew it was time to find a new job. 
Whereas past staff meetings had always been very collaborative and productive, as 
the numbers got softer, they became ordeals laden with bullying and unprofessional 
behavior, all modeled by our leader.

One of the things GE tended to do well (or at least frequently) was re-engineer 
their businesses. When they decided to merge five US sales regions into four, I saw 
that as an opportunity to move on without major repercussions about why and asked 
Human Resources if I could start a search for my next role. They probed at Why 
much more diligently than I expected.

I was in a hard spot: if I called out the abuse being piled on another when it 
occurred, the bully might turn on me, but if I said nothing in defense of a colleague 
who was the target of the day and ignored the offensive behavior, where was my 
sense of right? I told them I just wanted to be away from the situation, to escape 
what I felt was a “hostile work environment” due to the bullying. I did not realize 
what those three words would trigger.

He was investigated and my comment determined to be valid; he would get addi-
tional “coaching and monitoring,” while I went through one final humiliation before 
escape: I would only be allowed to search outside the department after I went 
through “The Beauty Contest,” where my four male peers and I competed for one of 
the four reorganized GM roles.

Reading the writing on the wall, several key staff decided to find new roles, some 
outside GE; I was accused of poisoning the waters and not being a “team player.” 
After not being chosen (as planned, though it still hurt to be rejected), I found a 
customer quality executive role working out of the same facility as my husband, 
who was nearing retirement, something I wanted to do before age 60.

I had no idea how many years before 60 it would actually be, proving once again 
that when opportunity knocks, it pays to listen.
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�The Re-forming Years

In the engineering design process, new product solutions often come from revamp-
ing an existing one. The next opportunity to re-form myself happened when my 
executive hand-holder job was eliminated after my customer decided to buy equip-
ment from our competitor. Customer quality managers were only assigned to key 
customers and buying equipment from the “other guy” quickly removed that 
“key” honor.

At age 52, I jokingly asked the Human Resources person if I could retire, not 
knowing that once you reach the "magic number" (service plus age: 80 for GE), any 
benefits get carried through to age 60, including pension and health insurance. They 
told me they couldn't stop me, but I had to sign a separation agreement.

Taking the package meant that I did not have to worry about being able to afford 
retirement after age 60, and just needed to figure out how to afford paying bills for 
the next eight years until I started! Money would be a little tight for a few years 
between when my husband started his pension and I started mine, but still 
manageable.

Unfortunately, the bottom fell out of my 25+ year marriage, at the same time as 
the market started to tank. Hubby #2 and I separated in 2007 and I headed back to 
grad school remotely for secondary school teaching credentials. My son and 
daughter-in-law in California needed some childcare help, so I headed West to do 
both for a few years.

By the time I finished my master’s in 2011, I knew I would not have made as 
good a stay-at-home mom as my son seems to think I should have been, nor did I 
have the stamina to be a middle school teacher. While the middle school students I 
taught were mostly good kids, teachers spend more time on social work than teach-
ing, which didn’t equate to a stress-less slide into retirement.

As chair of the Society of Women Engineers’ (SWE) outreach committee, I was 
in the perfect playground for research exploring female engagement in STEM 
fields, so I ratcheted it up a notch and found a PhD program that wouldn’t involve 
moving at Old Dominion University in Norfolk, Virginia with their STEM and pro-
fessional studies doctorate [4].

While not a groundbreaking dissertation, evaluating the validity of data produced 
by a survey instrument that SWE used to measure middle school female interest in 
STEM was both a valuable exercise and opportunity for me to exercise some critical 
thinking muscles that had gotten flabby while overdosing on Blue’s Clues and Tele-
Tubbies as a grandnanny.

The most challenging part of completing my dissertation was synthesizing my 
experiences—having to prune and trim them (plus MORE reading) into something 
resembling a word bonsai, compact, and succinct. It took me three tries (and mul-
tiple committee chairs) over 14 months to get my prospectus approved [5]. There is 
definitely something to be said for being on campus versus remote when it comes to 
academic relationship building.
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In terms of personal relationship building, although husband #2 and I had sepa-
rated in 2007, we stayed loosely connected until our home in North Carolina sold in 
2012 and we could finalize our divorce amicably. Having no kids together definitely 
made it a little easier. By now starved for adult companionship, I joined an online 
dating site; and just before I deleted my account because it seemed everyone was 
looking for either a Sugar Mama or a nurse, I saw husband #3’s profile and asked if 
he would meet for a dog walk. He said yes and that was that. While at the county 
offices for a marriage certificate 14 months later, the clerk asked, “Why him?” I 
ticked off five reasons: (1) he was healthy, (2) had a good job and his own health 
insurance, (3) loved dogs, (4) had a great smile, and (5) adored me.

Somehow, husband #3 and I fumbled through my doctoral program, with him 
nursing, nurturing, and commiserating with me throughout. Since graduation in 
2015, although I am now officially on Medicare as of 2021, my mission and passion 
are still intertwined with several organizations focused on engaging more girls in 
engineering and technology careers through role models, including SWE and, since 
2019, the American Association of University Women, as camp director for their 
Tech Trek summer STEM camp program in San Diego and virtually across 
California [6].

In 2020, I planned and piloted a virtual robotics program in collaboration with 
Qualcomm’s Thinkabit Lab [7] to 40 girls who would have attended the in-person 
camp in San Diego had Covid 19 not occurred. Ten such camps in California (and 
several elsewhere) went dark in 2020, but in 2021, the pilot camp was scaled up in 
California to make it possible for 640 girls to be served virtually, with three different 
weeks of camp in June and July, and over 250 volunteer coaches and volunteers that 
helped make it possible.

The most challenging aspect of the camp (besides buy-in from branch leaders 
with an average age of 60+ who were NOT digital natives or particularly techie) was 
moving a paper process involving minors to online in a very short period of time. 
Due to the complexity of the application and selection process that had been devel-
oped over the last 20+ years since the program was first delivered in California, 
available camp software programs would have required significant customization to 
meet our needs.

So I took on designing and creating a NEW system and database using REDCap 
[8] in serendipitous collaboration with Monica McGill, the founder of CSEd 
Research in Tennessee and host to our database [9]. At the time, she was looking for 
people to learn and test REDCap’s potential usage in the non-profit world outside of 
the pure research realm so we were a great test case, especially given that I knew 
nothing about the tool when I started. The experience has been likened by the 
AAUW California leadership team to building the plane while flying it, which, 
while definitely a bumpy ride, got us to the destination with our passengers (minor 
campers) safe and secure.

In retrospect, my path may appear planned or prescribed, but I had no idea where 
I was going when it was happening, although I was confident, that I had it under 
control. What I hope I’ve left you with is the knowledge that it is OK to not know 
who or what you want to be or where you want to go in life, and sometimes you 

M. B. Isaac



325

need to loosen the reins and sometimes hang tight. Engineering is all about solving 
problems—if you like and are pretty good at it, you undoubtedly will find it is who 
you are and that is not a bad thing.

Even if you are a girl.
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�Trapped Within My Own Gordian Knot

Unfortunately, engineering has a “look” that often drives some people, particularly 
women and marginalized racial and ethnic groups in the United States, away from 
even considering it as a field of study. The face of engineering as predominantly 
white, male, and heteronormative persists. This imagery takes root in our psyches 
early. Researchers interested in K-12 engineering education use a “Draw an 
Engineer” prompt to capture these dominant narratives: One study [1] showed that 
when prompted to draw an engineer, only 18% of elementary schoolchildren 
(1st–5th graders) drew women: Of the 400 children studied, no male students in 
grades 1, 2, 4, or 5 drew female engineers (three male 3rd graders, however, did). 
This “default” image isn’t confronted as students move through their education and 
higher-level math, science, and engineering teachers tend to be male, nor is it con-
fronted in college, where math, science, and engineering professors—especially in 
advanced technical electives—are nearly all male. Depressingly, every single one of 
my women engineering faculty friends can count on one hand the number of women 
professors they’ve had—in over a decade of formal training (college, graduate 
school, and any postdoctoral study). Most of us have never taken an engineering 
course from a professor of color. Diversity, equity, and inclusion initiatives at all 
levels of STEM promote the persistence and retention of women and minoritized 
racial and ethnic groups for several reasons: first, because we are compelled to con-
front injustice and underrepresentation from a moral and ethical standpoint, and 
also because new and different voices and experiences can help the discipline of 
engineering confront problems from different points of view [2].

Growing up, I equally loved English, history, Spanish, and science. My rural 
high school didn’t have advanced math or engineering classes, but I did take 
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chemistry, a subject with which I promptly fell deeply in love. I decided to major in 
chemistry and Spanish for my bachelor’s degree. Engineering wasn’t an option: The 
university I chose didn’t have an engineering program. Only through an internship 
did I realize that I was supposed to be an engineer! I transitioned into aeronautical 
engineering for my master’s degree, which was an uphill battle in more ways than 
one. First, I had never worked so hard to be average at coursework—there were 
many courses where I had to make up lost time and learn undergraduate material on 
my own, while simultaneously learning graduate material. Second, I was suddenly 
plunged into the culture of engineering, which struggles with toxic masculinity [3]. 
Within engineering subdisciplines, aerospace engineering is among the most male-
dominated. If the climate of engineering is generally “chilly” toward women and 
minoritized populations, then the climate at my time in my laboratory was arctic.

The climate in my graduate program directly caused me to question whether I 
could or should stay in engineering. To exemplify, I’ll tell a couple stories. The first 
is pathetically funny—I have many others that are not. As a new graduate student 
(freshly twenty-two years old, the only woman in the lab and the youngest student 
by several years), I was working one morning in the lab and needed to join two pipes 
together. I didn’t know the name of the fitting I was looking for, so I asked a senior 
colleague for some help, to determine whether we had one in the scrap heap or if I 
needed to order a new piece. He fumbled for words for several minutes. He and I 
went around in circles as I kept describing the piece that I needed. Finally, embar-
rassed, he called the piece what it is: A “nipple”—a segment of pipe that is threaded 
on both ends to fit two “female” ends of a pipe together. The very definition of 
equipment as “male” and “female” is deeply engrained into technology, and the fact 
that my colleague was so embarrassed to tell me the actual name of the piece that he 
wasted 15 minutes of both of our time demonstrates the gendered nature of STEM. In 
this case, the very language used to name parts served as a gatekeeper to prevent me 
from being able to do my job. As I tell this story, I’m rolling my eyes. Another time, 
I was introduced to an important industry sponsor touring the lab as “the token girl” 
(apparently, I had no name). At the time, I wore that tokenization as a badge of 
honor, a sign that I was the only girl who could ‘hack it’ in the lab. Now I’m horri-
fied that this statement—a patronizing verbal pat on the head—was apparently 
meant to be a compliment.

Handling the gendered and hostile language prevalent in the lab was emotionally 
taxing. The favored insults for infractions both big and small were misogynist slurs 
for women, and these verbal assaults were often launched in quick succession, rico-
cheting around as if in a pinball machine. At first, attempting to fit in, I laughed 
along and probably used that language myself…but with each passing month, I 
realized I could no longer be complicit. I began gently questioning those words, 
stopped laughing at “jokes,” and immediately became extremely unpopular, to the 
detriment of my work. I began getting deliberately left out of work meetings about 
resource allocation and timelines that affected my research productivity.

Over time, the severity of offences seemed to ratchet up, or maybe I was just 
more aware: I vividly recall a new (woman) student coming to tour the lab. The 
instant she left, the guys greedily embarked on a crude review of her physique. 
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Another time, a woman faculty candidate was touring the lab, obviously dressed 
formally for her interview. One of her heels got caught for a split second on a grated 
section of flooring, and the male PhD students scoffed for days how “women 
couldn’t be experimentalists if they didn’t know how to dress for the lab” (despite 
the fact that this woman was and is well-known for her expertise). These types of 
comments were always followed by chest-thumping commentary about how the 
percentage of women faculty in each department should be capped at the percentage 
of women students—a disastrous proposition. As the youngest lab member with 
already-dismal levels of social capital, my arguments were dismissed.

People ask me if I reported these incidents. After I earned my master’s, I did talk 
to administrators at the request of a few other women who had their own experi-
ences to report. To my knowledge, no penalties resulted. In the thick of things, I 
didn’t have the self-worth to fight the long battle with administration out of fears 
that if I were to have brought them to the attention of administrators as they occurred, 
I would seem petty, or worse: “sensitive.” I also anticipated it would have wasted a 
significant amount of my research time to file and contest all the complaints. Events 
like these often fall into legal “gray” areas and underreported, because both ambient 
and direct gender harassment events are difficult to prove. However, it is optimistic 
that in the past few years these issues have drawn the attention from the National 
Academies [4], which synthesized decades of research in academic settings, docu-
mented the lasting harm of climate and harassment issues, and legitimized these 
often-invisible and stigmatized issues to administrators.

In retrospect, I was in a very dark place, though I didn’t identify it at the time. I 
had a persistent pit in my stomach, developed an eating disorder, and struggled to 
convince myself to go to the lab. I should have been referred to counseling services. 
I credit the graduate Women in Engineering Program, my roommate Lucie, and my 
now-husband, Reid, for helping me gather scraps of emotional well-being and pro-
viding me with community in those lonely years. In a moment of clarity, I realized 
that no matter how much I loved my technical research, for my own well-being, I 
couldn’t spend another four years in that lab to earn a PhD.

I’m going to admit something here that puts me in a vulnerable position in terms 
of academic merit (which is based on boastful and deceptively performative 
“perfection.”)

Can you keep a secret?
The secret is that I left my plan of study. I got a degree on the way, yes, but I left 

my plan, which was originally to continue through to a PhD. I earned a master’s 
degree, and that’s what counted to the university… no one cared how I got there, or 
how far I could have gone if things had been different. But I, Catherine Berdanier, 
am an attrition statistic.
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�Cutting the Links of My Gordian Knot

As I was writing my master’s thesis, I looked for alternate paths to a PhD. Earning 
a terminal degree was important to me for several reasons. First, I thrive on auton-
omy, so holding a PhD increased the chance that I’d be able to oversee my own 
directives in any future career. Second, I really loved research and the creation of 
new knowledge but wished for an academia where all students felt they could excel. 
To break the system, I had to work in the system! Lastly, and perhaps most impor-
tantly, I never wanted some guy to be “more qualified” for a position than me 
because of some letters at the end of his name.

I fatefully stumbled into the research field of engineering education and found 
my calling and life’s work. In stark contrast to the climate in my master’s program, 
I was welcomed with open arms. My first interaction with an engineering education 
professor was profound: I needed special permission to enroll in a class before offi-
cially being accepted to that program. In response to my request, Dr. Brent Jesiek 
wrote back one fateful line, something to the effect of: “Catherine, you may enroll. 
Welcome to Engineering Education! I look forward to having you in class.”

I was floored: I had been socialized into the false connection between rigor and 
exclusion for so long that the feeling of inclusion broke over me like a wave! That 
little tiny email was no longer than a terse, impersonal email would have been, and 
“cost” him nothing at all, not even extra typing time…but its warmth changed my 
trajectory.

His email welcoming me to the discipline was prophetic, as, indeed, I found “my 
people”—engineers who love both the discipline and the humans who make the 
discipline. Engineering education researchers love engineering so much they devote 
their careers to studying and improving the educational system. In engineering edu-
cation, I took classes on the sociological and psychological aspects of education, 
exploring how the United States’ struggles with race, class, and gender manifest 
within the culture of engineering. My eyes were opened as I studied rigorous 
research, methods, and theories that reveal underlying issues in engineering educa-
tion and how to improve them. As an example, even if our studies are not explicitly 
about gender or race, the understanding that engineering is a heavily gendered and 
raced discipline is often interwoven in the literature review and discussion sections 
of our publications. I loved this true systems-level perspective, and I committed to 
develop an expertise in studying the systems of graduate-level engineering. Under 
the mentorship of my esteemed advisor, Dr. Monica Cox, I developed a new sense 
of agency, purpose, expertise, and the moral compass and strength to work for 
change. I developed the methodological toolsets to funnel my past experiences with 
injustice into a research agenda that confronts serious issues in graduate engineer-
ing education.

In retrospect, it was fitting that in the process of forming my ideas about the 
inextricable links between graduate education and workforce sustainability (though 
I didn’t identify these processes as such at the time), I also had severed the links of 
my own Gordian Knot and escaped a dysfunctional trajectory.
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I had a radically different experience in my PhD than my master’s degree, with a 
cohort of supportive colleagues who are now still my closest confidantes. (We have 
vowed to always share hotel rooms at conferences, even when we’re as old as the 
hills!) Our professors demonstrated and demanded inclusivity in the classroom and 
in research, and even though I worked harder than I ever had in my life, I had a 
scholarly mission that supported my God-given calling.

My experiences in my PhD program—starting with that fateful email—reframed 
my standards of excellence for myself and my colleagues: My professors, who were 
(and still are!) stellar researchers, also demonstrated how they cared deeply about 
their students … and their colleagues’ students! How transformative! In my mind, 
these professors were just that much more worthy of awe. I wanted to work even 
harder for them! This was the first time I had witnessed such care, given that I did 
not have exposure to many other professors at that time for comparison. Still to this 
day, I reserve my highest professional respect for academic colleagues across all 
disciplines and domains who demonstrate technical genius alongside kindness, 
inclusion, respect, and warmth.

Because the false equivalency between academic merit and absence of emotion 
had been effectively decoupled for me, I felt “safe” enough to start a family while 
finishing a PhD. Historically, in academia, women who want families or have babies 
are often seen as uncommitted to their research. (Across sectors, this “motherhood 
penalty” is well established in terms of earnings, which correlate with promotions. 
Conversely, men statistically have a marriage and fatherhood premium, with mar-
ried men and married fathers earning more annually than single men [5].) My hus-
band defended his PhD one week before our first son was born, and in the months 
following, I finished my dissertation; we went “on the market” for academic jobs, 
bought a house, and moved across the country to start our current positions at Penn 
State. When interviewing, we paid close attention to how our potential future col-
leagues treated one another and used interpersonal climate as a primary criterion to 
decide which jobs to accept.

I am now an assistant professor of mechanical engineering at Penn State, and 
happy to report that I am thriving! I teach thermodynamics, the exchange of work 
and heat in energy systems, at the undergraduate and graduate levels. Unapologetically 
non-traditional, my research expertise lies in engineering education research, spe-
cializing in attrition, persistence, and career trajectories of graduate engineering 
students. Although graduate school is perceived as a privileged endeavor, graduate 
students are a highly disenfranchised group in higher education, often stuck in a 
liminal status between being a student and a university employee. As graduate edu-
cation systems in the United States are often still based upon antiquated visions of 
apprenticeship, many aspects of doctoral education outside of coursework are not 
formalized, and therefore invisible, varied, and highly dependent on timing and 
access to mentorship. As change agents, my research team and I use my research 
platform to advocate for disenfranchised groups in engineering, giving voice to 
those who have left academia or the profession altogether, identifying areas of ineq-
uity, and promoting mechanisms for change.

So, sustainability! How does this relate to sustainability?!
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�Severing the Gordian Knot of Sustainability Through the Lens 
of Engineering Doctoral Education 
and Workforce Sustainability

Because of my journey to, through, and nearly out of engineering, I have become 
convinced that a human-centric education system that sustains a diverse and thriv-
ing engineering workforce is the key to accomplishing environmental 
sustainability.

Related to technical definitions of sustainability, my calling as a professor is to 
help undergraduate and graduate students in my classes discover their own callings 
in engineering to solve messy sociotechnical engineering problems, like those 
related to energy and the environment. In a looser interpretation of “sustainability,” 
I am compelled to help develop and sustain a passionate and inclusive engineering 
workforce, for populations have been historically underrepresented in engineering.

The two missions are not mutually exclusive: Should our students, especially 
those with traditionally minoritized voices, be pushed out of engineering research 
careers either through political or psychosocial pressures, we lose thought leaders in 
both industry and academia who could drastically influence scientific research 
agendas, commercial opportunities, and technological innovations that could be lev-
eraged to solve energy and environmental issues. These people also represent 
thought leaders who could help disrupt disciplinary climate issues in engineering by 
being advocates, allies, champions, and mentors, or those who might one day rise 
into administrative roles to help reform policy—perhaps rectifying unhealthy work-
place climates and enhancing accountability.

It may seem elitist for my research to focus on the persistence of graduate stu-
dents—those pursuing master’s and PhD degrees in engineering—rather than focus-
ing on elementary school populations or undergraduate students. (Never fear, there 
are many researchers committed to these populations!) However, I argue that until 
there is diversity at every tier of engineering—in academia or industry, in adminis-
tration and leadership—we will not have the chance to hear different and perhaps 
more creative perspectives.

Without advanced degrees, individuals with good ideas may not be awarded the 
legitimacy to enact their vision or influence technological progress. This silencing 
is especially true for women and minoritized groups in STEM, whose accomplish-
ments are often ignored or discounted, seen as “lucky,” or resulting only from being 
from a minoritized population [6]. Attempts to self-promote are perceived as 
“unfeminine” or “aggressive.” As Foor and Walden note, “[w]omen who wish to 
answer the call for increased participation in engineering experience a cultural 
space enmeshed in a web of conflicting threads of possibility and frustration” [7 , 
p. 42]. As a complicating factor, in engineering most graduate students are adults in 
their 20s and early 30s. Therefore, grad school and junior faculty life overlaps with 
women’s healthy reproductive years, which causes some women to question or 
avoid academic careers [8, 9].
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We see the ramifications of a systemic “weeding out” of underrepresented voices 
in doctoral engineering in the macro-level statistics. True attrition is difficult to 
capture because it is poorly defined, with many students choosing to leave with a 
master’s degree instead of a PhD, rather than leaving with no degree, such that uni-
versities may count these as degree conferrals rather than attrition events. Although 
the median time-to-degree in the engineering PhD is five years, the ten-year com-
pletion rates (so, the numbers of students who have completed their degree in dou-
ble the median time) are estimated to be only 56% for women (compared with 65% 
for men) and 47% for Black and African American engineering doctoral students 
[10]. These percentages are large bites out of the already microscopic population 
pools of women and minoritized students that attempt a bachelor’s degree in engi-
neering and then pursue doctoral-level study (estimated to be only 16% women and 
13% from all racially minoritized groups across disciplines at the doctoral level 
together).

In my NSF-funded research, I specialize in using quantitative and qualitative 
methods to tease apart the factors that can contribute to the attrition of graduate 
students. While my work studies all doctoral students in engineering, as attrition 
disproportionately affects women and students from marginalized racial and ethnic 
groups, I do explicitly keep issues of race and gender in mind.

There are myriad anecdotal myths held by faculty that my research team and I 
systematically work to disentangle and disprove. The most pervasive of these myths 
is that any students that leave are not academically prepared or cannot pass doctoral 
qualifying exams. My team’s research has proven that academic coursework is 
rarely the reason that students choose to leave their programs: In fact, even students 
with prestigious, nationally recognized, merit-based fellowships consider departing 
their PhDs. My team’s recent research indicates that around 75% of students con-
sider leaving their PhDs at some point in their PhDs. Given this number, if we as 
faculty trust our admissions standards, then there intuitively must be much more to 
the attrition factor than academic preparation. Indeed, my group’s research reveals 
deep interconnections between factors related to attrition or persistence, including 
advisor relationships, a strong support network, development of academic identity, 
changing motivations and goals, and issues of well-being and mental health. The 
relative importance of these factors in the attrition calculus is also impacted by a 
student’s prior educational experiences, concurrent experiences, and other social 
identities such as gender and race.

The second-most pervasive opinion is that students that leave just don’t have 
“it”: An amorphous je ne sais quoi for success in grad school. Some researchers try 
to (incompletely) articulate this “it” factor as the ability to fit into the expectations 
and norms of a department or research group. My research participants overwhelm-
ingly tell a different story: With unclear and unstated expectations or guidance on 
how to thrive in graduate school, students who have had guidance, mentorship, or 
role models who (often unknowingly) teach and model hidden competencies seem 
to have “it.” Conversely, students who haven’t had sound formative experiences 
(often those who also come from traditionally minoritized groups in engineering) 
are playing a game where the rules seem capricious, dependent on the mood of the 
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advisor, and invisible. In a revision of the catchphrase from the old gameshow 
“Whose Line is it Anyway?” graduate students feel that the rules are made up and 
the points…well, the points matter a lot.

Graduate research is difficult and working doggedly through difficulties toward 
research breakthroughs is important to the development of independence and exper-
tise. But I argue the hard parts of a PhD should be pushing on the boundaries of 
science, not working to solve a mystery regarding invisible competencies that are 
required but not taught. Skills like writing research papers quickly and accurately 
while anticipating the needs of various academic audiences are infinitely important 
to graduate students as they work to support their research advisor. But academic 
engineering writing is rarely taught. (It’s not necessary to love writing, just to be 
effective. But my team’s research shows most graduate engineering students avoid 
writing at all costs and are paralyzed with perfectionism and procrastination when 
it comes time to write.) Progress in teaching these invisible competencies could 
greatly improve education for all graduate students but would likely be especially 
impactful for women and students with marginalized racial and ethnic identities, 
who have much higher rates of attrition.

Other invisible competencies include self-regulation, discipline, and time man-
agement. Few incoming graduate students fresh out of undergraduate programs 
know how to distribute their effort between multiple projects, including coursework 
and research obligations (which have few real deadlines, but are infinitely more 
important than coursework). While an individual’s strategies for time management 
can only be forged in the fire, cluing students into a variety of strategies would be 
easy. Anticipating an advisor’s needs is a related invisible competency, but graduate 
students are allowed to witness so little of the research cycle that their advisor’s 
demands seemingly come out of nowhere, as previously long-term projects come 
due and become urgent projects requiring late nights and stress.

My favorite thing about my work is how immediately I can put it into practice. 
When I give workshops and research talks, I immediately see students calmed when 
they realize they’re not alone, empowered through the “naming” of some of their 
struggles, and given agency when I articulate practical suggestions to make change. 
The most validating experience I had was being approached after a workshop by a 
student who told me that the interconnected model of factors related to graduate 
student attrition exactly described him, and even articulated some of the issues he 
hadn’t been able to find the words to describe. I also get to be a liaison between 
graduate students and faculty as I lead faculty workshops to help advisors become 
better mentors by accurately assessing needs and facilitating the development of 
invisible competencies.

I anticipate that some of my colleagues might scoff and say, “But this isn’t engi-
neering!” I vehemently disagree. Nor are these skills “soft.” (I hate the term “soft 
skills.”) These skills, instead, are foundational to the practice of research and the 
discipline of engineering so students can harness their technical potential. It’s true 
that there is an “it” factor for the ability to excel in graduate school, but we as fac-
ulty can’t be lazy and make each new generation of students figure “it” out for 
themselves. The “it” is a combination of these invisible skills, combined with 
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confidence and the sense that they can belong (and want to belong) to the academic 
community. By articulating and deliberately teaching these invisible competencies, 
we can provide an even playing field for graduate students who haven’t yet been 
blessed with effective mentors.

My research team also studies the important, but rarely discussed, distinction 
between graduate students “surviving” a PhD versus “thriving” in their PhD. When 
universities and departments report degree conferral statistics, they are interested in 
the number of students who make it to graduation, with no nuance on how emotion-
ally intact and healthy the individuals are that comprise those numbers. If we want 
to encourage students to consider joining the professorate, they need to want to be 
in academia! Graduate students are deeply affected by mental health issues stem-
ming from unhealthy work environments that cause isolation, pressure, and over-
work [11–14]. In engineering, we generally don’t talk about these unsavory 
emotional things, although they have a direct effect on metrics we do love to talk 
about, like research productivity [15, 16].

I would also be remiss to not discuss how the “real world” affects students: We 
don’t yet know the long-term impact of COVID-induced isolation and research 
delays on graduate engineering student populations. It is plausible that the concur-
rent flares in racism, white nationalism, and anti-immigrant policies and sentiment 
that affect both our domestic and international engineering students will compound 
the already fragile issues of isolation and mental health. Only time and research will 
tell the extent to which these factors affect our future thought leaders.

The disturbing (and often invisible) attrition statistics influence the United 
States’ ability to develop a sustainable workforce of diverse PhD-holding engineers 
and impair pathways to the professorate that serve as technical thought leaders and 
role models. Indeed, only about 14.1% of mechanical engineering faculty identify 
as women, and only 2.6% and 3.3% of mechanical engineering faculty identify as 
Black/African American and Hispanic, respectively. Only 0.3% (yes, that’s right, a 
third of a percent!) of all tenure-line engineering faculty in all engineering disci-
plines identify as Native American [17]. (As a note, the disaggregated demographic 
data by gender, race, and discipline cannot be reported because the numbers are so 
tragically low they would be immediately identifiable.) The feedback loop of under-
representation between faculty and students is self-sustaining.

I yearn for the day where all engineering students—both undergraduates and 
graduate students—would have professors who are women with kids, women with-
out kids, women who perform femininity in all types of ways, women who enjoy 
being nurturing, women who are blunt, and women from a variety of ethnic back-
grounds… rather than having a singular image of a woman faculty member to 
accept or reject. I yearn for the day when the system of higher education is equitable 
and overturns the notion that graduate students must be academically hazed to “sur-
vive” a PhD. I yearn for the day that all incoming graduate students feel supported, 
welcomed, and coached in the skills that are critical to thriving in research, and I 
yearn for the day that all engineers with good ideas to foster our planet’s sustain-
ability will be heard, considered, and appreciated.
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These visions sustain me, even though my work is hard and oftentimes sad. I 
carry the stories of my research participants along with me into every committee 
meeting and university initiative with which I’m involved, letting their experiences 
guide my decisions. Through support from my friends and mentors who continually 
champion me (including those who are also telling their stories in this book), a lot 
of hard work, a bit of good timing, privilege from the family into which I was born, 
and God’s grace, I am positioned now to join the generations of women and scholars 
before me who have worked to push the boundaries of their respective times and 
situations.

I acknowledge that I hold a radically different perspective from many other engi-
neers in thinking about graduate-level workforce development and education as a 
core element of sustainability in mechanical engineering. It’s a disruptive thought, 
but I couldn’t care less. Only through an upheaval of old ideas on what engineering 
is and who does it can we create a thriving and agile profession that can adapt to the 
technological needs of the future. We need to upend an ongoing climate of exclu-
sion to keep equity- and justice-minded future thought leaders in the engineering 
pipeline through to the doctoral degree and beyond, who can be forces for systemic 
“climate change” to make engineering more inclusive while piloting their visions 
for science. My scholarly work studying graduate engineering education, attrition, 
and persistence is personal salve on my own wounds while also being forged armor 
for those who are fighting against the exclusivity of engineering. I proudly stand on 
the shoulders of other “disruptors” to make change for future generations of schol-
ars. I maintain that there’s no way to disentangle the Gordian Knot of Sustainability—
workforce or otherwise—without being delightfully, unapologetically, passionately 
disruptive!

Would you like to join me?
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�Appendix

The AdvanceRIT (NSF ADVANCE 1209115) program’s goal is to increase the rep-
resentation, retention, and career advancement of women faculty in STEM.  The 
research team examines the unique challenges experienced by women faculty of 
color and deaf and hard of hearing faculty and refines interventions to address the 
needs of these key subpopulations. The AdvanceRIT program influences long-term 
changes that transform RIT’s culture, promote inclusion, and expand the representa-
tion of women on campus and among leadership.

Program objectives are to:

•	 Refine and strengthen institutional structures
•	 Improve the quality of women faculty’s work-life including reward structures
•	 Align systems of power and resources to support and sustain progress
•	 Enhance the working environment using symbolic measures that emphasize 

issues of meaning and significance within the organization

Prior to Advance, the capacity to discuss work environment matters, specific but 
not limited to, inclusion, diversity, conflict resolution, behavior issues, and open 
dialogue, was very limited. In leading the AdvanceRIT effort, Professor Margaret 
Bailey, P.E. and the research team facilitated both cultural and environmental trans-
formation initiatives and interventions. The group collaborated effectively with the 
faculty and all levels of the administration using a multifaceted approach addressing 
political, structural, symbolic, and human resource aspects of the organization.

In 2018, RIT established a permanent ADVANCE office in Academic Affairs 
with a director and staff. The project influenced long-term change that transformed 
RIT’s culture, promoted inclusion, and expanded the representation of women on 
campus and among leadership. Key achievements are below.
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�Key Project Achievements

	1.	 Promote Faculty Advancement and Research Success
(a) Created Connect Grants program to support leadership and career develop-

ment for all tenured and pre-tenured faculty at RIT by funding faculty projects con-
sistent with the goals of AdvanceRIT. Seven rounds of grants have been awarded 
($330K overall with average award of $5.7K) since 2014 with 58 awards support-
ing 111 unique faculty members. Dozens of scholarly products resulted including 
funding proposals, publications, short animations, and films. All of the RIT colleges 
have had Connect Grant awardees; 35 grants went to STEM fields, 11 went to SBS 
fields, and 12 went to other fields.

The Connect Grant program has resulted in strong impacts for the grantees of the 
programs as well as the broader RIT community, based on an evaluation of the pro-
gram. Individual impacts are related to improving women’s work-life, professional 
development, career advancement, and working environment. In particular, Connect 
grantees strengthened internal and external networks which led to career advance-
ment, benefitted from mentoring relationships as mentors and mentees, built skills 
(including leadership skills) to support their professional development, increased 
their research autonomy and project visibility, increased their confidence in dis-
seminating and being experts of their work, increased their value and influence, and 
supported the advancement of women and other underrepresented groups in their 
field, through their grant projects. Organizational impacts of the Connect Grants at 
RIT are less common than individual impacts but are related to refining institutional 
structures and installing practices to promote representation and advancement of 
women faculty. Some grantees worked to transform their institutional environment 
by strengthening community and raising internal awareness of their work and cre-
ated new learning and leadership opportunities that helped to modify institutional 
policies, practices, and procedures. Examples of past funded efforts include projects 
focused within the following four areas:

Networking

•	 Strengthen faculty’s professional visibility in national/international networks.
•	 Utilize social resources to support the creation/expansion of networks among 

RIT faculty and within professional disciplines.

Research

•	 Support research proposal development or re-submission efforts for external 
funding.

•	 Expand research and/or writing capabilities to enhance competitive proposal 
development and submissions.

•	 Promote interdisciplinary collaborations among faculty internal and external 
to RIT, which could include formal peer-to-peer reciprocal visits to mutual 
institutions.

Professional Development
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•	 Sponsor and coordinate a visiting scholar’s colloquium series.
•	 Present research at national/regional conferences.
•	 Specialized training to support scholarly collaborations.
•	 Engage the assistance of an external career/leadership coach.

Community Building and Engagement

•	 Unit-level efforts focused on recruiting and retaining exceptional faculty from 
broadly diverse backgrounds.

•	 Efforts designed to support organizational development.

(b) Created the Connectivity Series program with 189 professional develop-
ment events offered since the program’s inception in 2013. Offerings include inter-
active sessions focused on unconscious bias education, creating an inclusive 
academic environment, bystander awareness and action, and the recruitment, reten-
tion, and advancement of a diverse faculty. The Connectivity Series has reached 
1086 unique individuals (628 women and 458 men). The tenured or pre-tenured 
(TT) faculty attendees represent 83% of women TT faculty and 47% of men TT 
faculty. The Connectivity Series is intentionally inclusive. All RIT faculty are 
invited to sessions as well as staff who work closely with students. On average, 94% 
reported that attending events was a valuable use of their time.

The Women of Color (WoC) and Deaf and Hard of Hearing (DHH) Connectivity 
Series’ events comprised about 34% (64/189) of all mapped Connectivity Series 
events over the grant period. Faculty in each population lead these events, and con-
tent for each series was developed based on quantitative and qualitative research 
conducted by RIT researchers.

(c) Establish mentor access initiatives and the faculty-driven creation of mentor-
ing clusters through Mentoring Workshops for over 200 faculty participants. 
Piloted multi-level Women Leadership Development Program utilizing external 
and internal facilitators and experts as well as best practice benchmarking.

(d) Address length-in-rank issue at the associate professor level through detailed 
data analysis. Developed a white paper and a supporting faculty-driven program 
called Promotion Package Preparation (P3) Group, which is a series of work-
shops created to address this long-standing issue. Over 100 faculty have participated 
in a P3 Workshop since 2016.

	2.	 Recruit and Retain Top-Tier Faculty  – Focus on Culture Change Efforts – 
Following Programs Institutionalized
To support faculty retention, we focus on culture change initiatives. Through 

carefully crafted workshops, AdvanceRIT has led efforts that promote culture 
change toward a more inclusive and vibrant learning and work environment. This 
culture aligns with our university’s core values and strategic plan and will enable 
RIT to attract, retain, and advance top-tier faculty. To date, AdvanceRIT has hosted 
50 workshops on enhancing and improving campus culture including uncon-
scious bias education workshops, bystander awareness workshops using interactive 
theater, and ground rule discussions. Audiences have reached 850 unique partici-
pants (59% women) and have included campus leaders, members of RIT’s 
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Academic Senate, promotion/tenure committees, staff, entire departments and col-
leges, senior design coaches/sponsors, undergraduate and graduate students, depart-
ment chairs, and faculty.

Faculty retention efforts have resulted in the development of Connectivity Series 
for Women of Color, the successful P&T SMARTS program designed for faculty 
of color with broad offerings to all faculty, the recently launched allofus@RIT 
organization which hosts events that engage thoughtful campus change agents, and 
the successful Connectivity Series for Deaf and Hard of Hearing Women Faculty 
which has been expanded to include offerings for all members of the National 
Technical Institute for the Deaf.

	3.	 Policies, Practices, Structures, and Supporting Research
The project team worked closely with key administrative partners on faculty 

evaluation, compensation, and data analysis. The team developed an important 
knowledge base of topics through the creation of tip sheets and white papers 
reflecting relevant research, benchmarking, and faculty data.

Notable policy changes include the complete rewrite of RIT’s tenure policy 
E05.0 that incorporates an automatic tenure-extension provision; conducting bench-
marking research that informed expansion in 2015 of the parental leave benefits to 
all university members; conducting research to inform campus dialogue concerning 
key topics while considering work-life integration.

	4.	 Institutional Collaboration
The university’s newest Strategic Plan integrates several elements related to 

AdvanceRIT. The team engaged in productive collaborations resulting in new insti-
tutional practices, such as faculty exit interviews; COACHE climate survey; dual 
career program, gender-equity salary study; and NSF Indicator data. The proj-
ect has consistently worked toward increased transparency regarding resource allo-
cation through the creation of the Resource Allocation Committee.

�Project Evaluation

Achievements based on external evaluation (2018, Laura Kramer and Alice 
Hogan, Independent Consultants who served as project external evaluators)

•	 AdvanceRIT has been a model of the organizational agility that is part of the 
university’s strategic plan as evidenced by the project’s nimble adaptation to 
changing circumstances.

•	 Greater integration of faculty/administrators on cross-functional teams, building 
a more transparent culture.

•	 Further development of unconscious bias education for RIT faculty focuses on 
intentional cultural shift.

•	 Significant grassroots engagement in AdvanceRIT’s work over the past years has 
added positive and amplifying energy to the program, helping to demonstrate the 
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ongoing necessity and value of the work, while engaging a wider group of RIT 
faculty.

•	 Significant policy and practice changes in support of managing work-life 
integration.

•	 In terms of the institutionalization of project initiatives, many have been absorbed 
within the function of Human Resources and Academic Affairs such as faculty 
exit interviews, salary equity studies and dissemination, and dual career assis-
tance program.

•	 Based on recipient feedback, the Connect Grant initiative is a valuable addition 
to the array of internal resources for faculty development.

•	 The AdvanceRIT programming has had a positive effect on senior women in 
STEM, who appreciate the attention to networking and the changes in awareness 
of issues among the faculty and administration.

•	 Important faculty development and networking opportunities have grown from 
the project’s social science research strand. Efforts focused on deaf and hard of 
hearing women faculty and faculty women of color have each produced impor-
tant insights about the particular needs of women faculty in these subgroups.

Achievements based on internal evaluation (2018, Elizabeth Litzler, CERSE 
Director from University of WA who served as project internal evaluator)

•	 Increased Awareness was an impact of all of the AdvanceRIT offerings. 
Connectivity Series events often built awareness about bias and how to be proac-
tive at intervening against discriminatory acts. In addition, Connect Grants 
helped to build people’s self-awareness of their skills and improved self-
confidence that they could achieve their goals. The RIT Women Leaders pro-
grams also increased awareness, but in different ways. The RIT Women Leaders 
program had significant and meaningful impacts on the self-awareness of partici-
pating individuals.

•	 Increased Action occurred because of some of the AdvanceRIT grant programs. 
In particular, the unconscious bias-related workshops often increase attendees’ 
intention to change their behaviors or practices on campus and in the classroom. 
Connect grantees themselves often took additional actions on their research or 
for the good of the community as part of their grants; sometimes this resulted in 
broader community action as well.

•	 Sense of Community grew during the AdvanceRIT grant. Connectivity Series 
attendees were able to connect with other women to form new networks. These 
networks provided mentoring, learning, and sometimes collaboration. Connect 
Grants helped to improve working environments and women’s work-life and 
strengthened women’s internal and external networks. The visibility of the 
women of color and deaf and hard of hearing faculty events had an institutional 
impact by raising the internal visibility of the groups and strengthening the com-
munity. The RIT Women Leaders program had positive impacts on the sense of 
community for most of the participants.

•	 Career Progression and Development was a key impact of the Connect Grants 
and the Connectivity Series. Connectivity attendees reported progress toward 
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promotion and tenure, and finding other researchers with similar interests, which 
improved productivity. Connect grantees saw career-related benefits from men-
toring relationships, increased leadership skills, research autonomy, and visibil-
ity. Many Connect grantees also described a sense that they now had more value 
and influence with the university.

•	 Organizational Impact – There is an untold story of the work that was done to 
make these AdvanceRIT events and programs happen. Many of the interviewees 
described that they were thankful to RIT broadly for providing these programs 
and events; AdvanceRIT was not always named by the interviewees or directly 
cited for this work. This suggests that AdvanceRIT has helped to create an envi-
ronment in which people feel “cared for” by RIT at large. The many hours that 
went into planning and administering both the Connect Grants and Connectivity 
Series were repaid in terms of gratitude to RIT broadly. AdvanceRIT should be 
given kudos for its work in improving the university climate.

A list of project related publications at https://www.rit.edu/nsfadvance/.

This material is based upon work supported by the National Science Foundation 
under Grant No. 1209115. Any opinions, findings, and conclusions or 
recommendations expressed in this material are those of the author(s) and do not 
necessarily reflect the views of the National Science Foundation.
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