
COMMENTARY

The Application of Engineering Principles and Practices to Medical
Education: Preparing the Next Generation of Physicians

Mishan Rambukwella1 & Aniksha Balamurugan1
& Henry Klapholz1 & Paul Beninger1

Accepted: 14 January 2021
# International Association of Medical Science Educators 2021

Introduction

Modern medicine is a dynamic, complex field that continually
introduces new technology, seeks greater interconnectedness
among disciplines, and faces increasing unpredictability about
healthcare’s future landscape. It is surprising, then, that the
current scope of typical allopathic medical education con-
tinues to focus largely on inpatient clinical experience and
thus is inadequate to the task of training future physicians to
cope with dynamic, systemic changes in areas such as digital
health, quality improvement, personalized medicine, regula-
tions, and reimbursement models [1–4]. Historically, academ-
ic medical education sought to address these gaps in education
through the creation of combined degree programs, such as
the MD/PhD, MD/MPH, and MD/MBA; these programs al-
low medical students to pursue training in the non-clinical, yet
crucial, aspects of medicine including research methods, pop-
ulation health, healthcare delivery, and healthcare manage-
ment science [5–7]. Given the increasingly technological na-
ture of healthcare changes, MD/MEng [8] programs are now
beginning to gain traction because they help students acquire
technical interdisciplinary skills that bridge the gap between
clinical medicine and the increasingly demanding technolog-
ical dimensions of the healthcare environment. The growing
popularity of these engineering-focused combined degree pro-
grams indicates a pressing need for future clinical profes-
sionals to acquire skills and expertise beyond the traditional
medical curriculum.We propose ways in which to incorporate
fundamental aspects of engineering education to help medical
students acquire these skills.

Rationale

The decades-long expansion of biomedical device innovation
and the dramatic recent growth of digital health have expand-
ed the opportunities for the fields of engineering and medicine
to find common ground over the past several decades. The
traditional medical school curriculum has a primary focus on
training physicians to diagnose medical conditions and man-
age treatment courses; however, it offers little to equip future
physicians with the skills needed to assess the clinical rele-
vance of novel medical devices, operational changes, or new
approaches to providing treatments for patients with unmet
medical needs [9]. As of 2017, there are approximately
190,000 engineering degrees awarded annually, with a yearly
growth rate of nearly 6% [10]. Nevertheless, only approxi-
mately 1–2% of graduating engineers apply to medical school
[11]. Data collected from the Association of American
Medical Colleges (AAMC) shows that engineering majors
comprise only 3–5% of applicants and matriculants alike
(Tables 1 and 2) [12]. In contrast, applicants with majors such
as Biological Sciences make up an overwhelming majority of
medical school applicants and matriculants [11]. Thus, while
engineers are well-prepared to offer effective solutions to
medical problems, only a small percentage of engineering
graduates matriculate to medical school.

Why Engineering?

Engineering education is an interdisciplinary practice that em-
phasizes the application of scientific principles to find creative
solutions to everyday problems that may have limited infor-
mation available. Engineering requires both technical and
inter-professional skills that blend creativity, collaboration,
and experience with business acumen and entrepreneurship.
An engineering education teaches students how to apply their
knowledge and skills in a variety of occupations across many
industry sectors [12]. Thus, the field of medicine stands to
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gain significant benefits from the contributions of students
with engineering backgrounds.

Engineers have well-honed quantitative and analytical
skills to solve problems, understanding that solutions often
require an iterative approach. Thus, engineers have the per-
spective, expertise, creativity, and pragmatism needed to suc-
cessfully craft new systems, methods, and processes to adapt
to medicine’s highly dynamic environment. For example,
three of the fourteen Grand Challenges for Engineering in
the twenty-first century put forth by the National Academy
of Engineering (NAE) involve healthcare [13]. These Grand
Challenges were developed under the guidance of internation-
al technological experts to improve society through engineer-
ing. By including the theme of healthcare, the Grand
Challenges exemplify the synergy that is needed between both
fields. Specifically, these challenges are as follows: (1) to
reverse engineer the brain, (2) to engineer better medicines,
and (3) to advance health informatics.

In The Engineer of 2020: Visions of Engineering in the
New Century, the NAE highlights key attributes of an engi-
neer that are gained through appropriate education [14]. As
shown in Table 3, these closely parallel the 15 core compe-
tencies for enteringmedical students set forth by the American
Association of Medical Colleges (AAMC) [15]. The virtually
complete overlap of these competencies points to the marked

similarity of the fundamental skill sets that are needed in both
the engineering sciences and medicine, which suggests that
having a background in engineering could be helpful prepara-
tion for medical education. We highlight examples of how
engineering training in problem-solving, innovation,
systems-based thinking, collaboration, and interdisciplinary
education can be translated to, and thus benefit, the field of
medicine. We choose to highlight this subset of skills because
they serve as a proxy for most of the core competencies listed
in Table 3 and they provide the clearest examples of those
aspects of engineering that are most applicable to medical
education.

Problem-Solving Physicians require strong problem-solving
skills. Engineering is one of the few undergraduate disciplines
that explicitly focus on application-based, analytical problem-
solving that offers important clinical reasoning skills for future
physicians.

Problem-solving in the engineering realm is grounded in
the “engineering design process.” Though analogous to the
hypothesis-driven experimental process, a key differentiating
feature of the design process in engineering is the use of fail-
ures and unforeseen circumstances to adapt [16]. Although
welcoming failure may seem counterintuitive to medicine, it,
in fact, parallels medical practice. Medical students, residents,

Table 1 Raw data obtained from
the AAMC showing the number
of applicants to medical school
with an engineering degree
compared to the total number of
applicants from the application
cycles of years 2010–2011 to
2018–2019

Year Number of engineering
applicants

Total number of
applicants

Percentage of engineering
applicants

2010–2011 1856 42,741 4.34%

2011–2012 1905 43,919 4.34%

2012–2013 1969 45,266 4.35%

2013–2014 2060 48,014 4.29%

2014–2015 2042 49,480 4.13%

2015–2016 2040 52,549 3.88%

2016–2017 2035 53,042 3.84%

2017–2018 1562 51,680 3.02%

2018–2019 1931 52,777 3.66%

Table 2 Raw data obtained from
the AAMCdisplaying the number
of matriculants to medical school
with an engineering degree
compared to the total number of
applicants from the application
cycles of years 2010–2011 to
2018–2019

Year Number of engineering
matriculants

Total number of
matriculants

Percentage of engineering
matriculants

2010–2011 930 18,665 4.98%

2011–2012 967 19,230 5.03%

2012–2013 1036 19,517 5.31%

2013–2014 1042 20,055 5.20%

2014–2015 999 20,343 4.91%

2015–2016 960 20,631 4.65%

2016–2017 970 21,030 4.61%

2017–2018 787 21,338 3.69%

2018–2019 958 21,622 4.43%
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and practicing physicians alike are regularly faced with com-
plex problems heavily weighted with either the potential for
failure or the inability to solve a problem on the first try. For
example, when the decision is made to treat a patient with
depression with an antidepressant medication, treatment is
usually initiated on a “trial and error” basis: a physician puts
a patient on a “trial” of a certain antidepressant medication and
adjusts dosing based on a patient’s response to treatment;
there is no “one size fits all” approach for treating all patients,
even for those who present with similar symptoms [17]. Thus,
clinicians must optimize solutions for their patients through a
range of strategies: dose titration, addition of another drug, or
transition to another treatment modality altogether. Closely
linked, iterative thinking processes, another engineering trait,
are therefore essential to medical practice, which become sec-
ond nature through years of training.

Innovation Engineering training is likely to improve a physi-
cian’s ability to understand the strengths and limitations of
technologies that play an increasingly broader role in modern
medicine. Likewise, a fundamental understanding of medical
technology enables physicians to streamline patient care by
redirecting their mental energies to patients themselves.

One approach to understanding technology and innovation
is through design thinking and project-based learning, which

are distinguishing features of an engineering education [18].
Design thinking is a method used to drive innovation and
improve services in sectors such as healthcare [19]. Design
thinking is often included as a capstone course in engineering
education in which students translate an idea into a prototype.
One of the initial steps of design thinking focuses on teaching
students how to ask appropriate questions to define a problem
that meets user criteria, given available resources. Other as-
pects of design thinking include considering system dynam-
ics, reasoning about uncertainty, preparing estimates, and
conducting experiments [18]. These aspects are directly trans-
ferable to the practice of clinical medicine when troubleshoot-
ing a broad range of issues, such as improving health out-
comes, standardizing clinical processes, and reducing costs
[20]. For example, during the early days of the COVID-19
pandemic, physicians were forced to create innovative solu-
tions to help develop respirators and required personal protec-
tive equipment when faced with acute shortages of these items
in the USA [21].

In another example, Dr. Herman Morchel, an emergency
room physician at Hackensack Meridian Health, directly
harnessed his engineering background to spearhead develop-
ment of high-technology mobile emergency medical units,
essentially intensive care units on wheels, as a way to extend
critical care to where it was most needed while limiting spread
of SARS-CoV-2 [22]. Such efforts, in addition to fostering an
innovation-inclined mindset, greatly benefit from the design
thinking process ingrained in engineering education.

Physicians with engineering backgrounds possess both
clinical and technical skills that enable them to bridge the
divide between engineering and medical disciplines to im-
prove healthcare through technology. With the increasing
popularity of technologies, including 3D printing, machine
learning, and artificial intelligence, physicians with engineer-
ing backgrounds are uniquely positioned to contribute to med-
ical education and biomedical research involving medicine,
engineering, and technology. Additionally, since the imple-
mentation of new technologies in a medical setting is often
quite challenging, physicians with engineering backgrounds
are in the strategic position of being able to translate medical
terminology into engineering jargon and vice versa, lessening
the risk that valuable information will be lost in translation [9].
Furthermore, physicians with technical understanding are also
able to facilitate physician buy-in regarding the integration of
such new technology [23].

One clear example that shows how technology and inno-
vation can come together in the healthcare setting is quality
improvement (QI) initiatives. The expansion of these initia-
tives is due largely to the relatively recent requirements im-
posed by the US Accreditation Council for Graduate Medical
Education (ACGME) that asks residency programs to provide
QI education for medical trainees [24]. Individuals with back-
grounds in design thinking, innovation, and technology are in

Table 3 Comparison of the National Academy of Engineering key
attributes with the 15 core competencies for entering medical students
set forth by the AAMC

NAE key attributes AAMC core competencies

High ethical standards Ethical responsibility to self and others

Strong analytical skills Quantitative reasoning

Critical thinking

Scientific inquiry

Living systems

Communication Written communication

Oral communication

Resilience Resilience and adaptability
Flexibility

Agility

Dynamism

Leadership Teamwork
Business and management

Professionalism Reliability and dependability

Cultural competence

Social skills

Human behavior

Service orientation

Lifelong learners Capacity for improvement
Creativity

Practical ingenuity
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an ideal position to identify and drive QI initiatives that occur
at the rarefied intersections of technology with medicine, pol-
icy, and business.

Systems-Based Thinking The human body can be viewed as a
complex physiological system. An engineering perspective
facilitates understanding of systems-based thinking of the hu-
man body’s physiological processes (e.g., modeling the car-
diovascular system as an electrical circuit). Viewing these
basic pre-clinical concepts through the lens of engineering
can power the development of novel medicines and
technologies.

Medical students are clearly expected to graduate with a
competency in systems-level problem-solving abilities, ac-
cording to the AAMC and the American Medical
Association (AMA), but the means of attaining this compe-
tency and the degree to which it is integrated into students’
medical education are less clear. One proven method of teach-
ing this skill is inclusion of design thinking and innovation-
related collaborative activities into medical education, as de-
scribed above [1]. However, documentation of competence in
the application to systems-level problem-solving will require
further research.

Collaboration The importance of collaboration in medicine is
well-established: it is widely accepted and appreciated that
healthcare is a multidisciplinary field that requires close col-
laboration and communication among all of the different
healthcare specialties and professions to deliver high-quality
patient care. Additionally, medicine is a rapidly changing field
that demands timely adaptability on the part of both the indi-
vidual and the team. Thus, cross-functional communication is
critical as patient cases are infrequently simple and uncom-
monly isolated to one profession or even one specialty.
Finally, collaborative learning goes beyond simple crosstalk
and seeks to instill values of shared goals, teamwork, trust,
continual learning, individual responsibility, and self-
discipline [25].

While most medical schools recognize the need for stu-
dents to develop collaborative skills, attempts at teaching best
practices are often overshadowed by the rigor and competi-
tiveness of other required course material. Notably, for under-
graduate students in the USA, pre-medical education encom-
passes the “formal curriculum as well as informal and hidden
curricula”; collaborative learning remains largely a part of the
hidden curriculum [26]. While certain pre-medical courses,
such as biology and chemistry, may involve collaboration,
such as having a partner for laboratory exercises, the emphasis
is still placed on the individual and not on collaboration or
teamwork. In fact, pre-medical curricular requirements gener-
ally include “weeder” courses that, to the contrary, emphasize
competition among students based on exams, individual as-
signments, and letter grades [26]. Even those who seek

additional opportunities, such as research or volunteer work,
have no assurance that they will be exposed to team-based
learning or collaboration, since these endeavors may be pur-
sued in isolation, for example, under a fume hood or behind a
desk. Once these students reach medical school, theymay find
it challenging or even uncomfortable to develop adequate
flexibility in assuming roles and responsibilities in different
team environments while they ascend the generally lock-
stepped medical hierarchy as medical students, residents, fel-
lows, and attending physicians.

Weak collaboration skills can also have detrimental effects
on the students themselves: by choosing individual ap-
proaches to work habits over collaborative approaches for
the sake of comfort, they could isolate themselves from po-
tential peer support systems that are crucial to the develop-
ment of resilience and success in medical school. It could be
argued that, given the lack of insight needed to seek support
from classmates, the under-emphasis of collaborative skills
during pre-medical education may actually accelerate early
withdrawal of students from the pre-medical track [26].
Furthermore, collaboration may be key to combating physi-
cian burnout and the resulting shortage of healthcare profes-
sionals in the USA.

In contrast, the cornerstone of the engineering field is an
emphasis on collaboration: Engineers recognize that a com-
plex problem is rarely solved by an individual. Instead, a team
effort is required to produce a solution to a complex problem.
While all engineering students must participate in a core cur-
riculum of lower division courses that may be individually
focused and initially exam-based, most upper division courses
require extensive amounts of group work and collaboration
[27]. This requirement leads to a learning environment that
encourages students to efficiently resolve challenges arising
from interpersonal conflict and to quickly adapt to changing
roles throughout their educational journey.

While efforts at the medical school level to increase collab-
oration through small group sessions and problem-based
learning are laudable, looking to the model of engineering
education may help to solidify such skills earlier in the overall
educational process and accomplish the task in more robust
way.

Interdisciplinary Education There is indirect evidence for
medical school recognition of the importance of an engineer-
ing background. AAMC data from the application cycles of
2010–2011 to 2018–2019 show the matriculation rate
for engineering majors is consistently greater (6.44–
9.50%) than the average overall matriculation rate for
applicants (Table 4) [11]. This finding suggests that
students who complete engineering curricula are better
positioned for admission to medical school than the
general, non-engineering trained applicant, based on
the attributes highlighted above.
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In a similar manner, there is an evident trend in interdisci-
plinary medical curricula related to engineering. The Carle
Illinois School of Medicine, discussed below, is the first
engineering-based medical school to focus on furthering im-
provement and innovation of patient care in this manner [28].
This trend is not a novel concept. For example, Dr. René
Favaloro (July 12, 1923–July 29, 2000), a cardiovascular sur-
geon well-known for his contributions to the standardization
of coronary artery bypass surgery, felt strongly that “individ-
ualism had to be replaced by collective interests… through
daily preventive education” and that “projects are more im-
portant than disciplines” [29]. Thus, a new, interdisciplinary
curriculum is proposed that integrates engineering with bio-
logical sciences to inform functional interoperability, ex-
changes rote memorization for applied knowledge, and sparks
creativity [29]. This type of integrated curriculum could alter
the relationship between medical education and biomedical
research by encouraging physician-scientists to couple bio-
medical research with engineering and technology. As another
example, select MD/PhD programs have established
partnerships with engineering schools to take advantage
of the intersection of their highly specialized knowledge
and skills with rapidly advancing fields of medical tech-
nology [30].

The combination of engineering and medicine holds the
potential to empower future clinicians to make an impact not
only in medicine but also in the larger healthcare sector by
leveraging the expertise needed to be at the forefront of
healthcare innovation, entrepreneurship, and research [8].
Thus, the integration of engineering-related concepts into
medical education should become more widespread.

Schools and Programs That Combine Engineering and
Medicine The Carle Illinois College of Medicine, created in
partnership by the University of Illinois at Urbana-Champaign
and the Carle Health System, is the first medical school in the
world to incorporate engineering principles into the traditional
medical school curriculum. Instead of compartmentalizing
medicine and engineering, Carle synthesizes the fields of

biological science, clinical applications, and engineering by
course [28].

While not as integrated as Carle, other academic institu-
tions also see the benefits of combining engineering training
and medical education to tackle the complexity of modern
medicine. By offering courses such as “Matlab for
Medicine,” Harvard’s Health Sciences and Technology pro-
gram, a collaboration with the Massachusetts Institute of
Technology, encourages medical students to engage in inter-
disciplinary research, “bring clinical insights from the bedside
to the bench,” and vice versa [31]. This program also requires
student applicants to “be comfortable with mathematics and
computational methods,” skills also required of engineering
students [32]. The Health, Technology, and Engineering pro-
gram at the University of Southern California (HTE@USC)
brings together medical and engineering students through
case-based instruction and project-based collaboration to
identify and solve real-world healthcare problems [33]. As
evidenced by these examples, there is growing appreciation
of the fact that bench-to-bedside research is rarely a straight-
forward collaborative enterprise and that there may be a mis-
alignment among the participants. For example, academia is
often satisfied with publications and grants, but healthcare
entrepreneurship requires further demonstration of proof of
concept and implementation [34].

How Can We Implement These Ideas?

In our present and increasingly competitive drive for talent,
medical schools and graduate medical education programs
could benefit from updated programmatic approaches that
specifically bridge the fields of engineering and medicine.
The following recommendations discuss focused diversifica-
tion of the student body through inclusion of engineering ma-
jors [1, 2]; improvements in the medical curriculum through
addition of engineering principles and collaborative work
styles [3–5]; and structural measures to sustain programmatic
changes through the establishment of new interdisciplinary

Table 4 Raw data from AAMC
comparing the overall (general)
matriculation rate of medical
school applicants compared to the
matriculation rate of those apply-
ing with engineering degrees
from the application cycles of
years 2010–2011 to 2018–2019

Year General matriculation rate Engineering matriculation rate Difference

2010–2011 43.67% 50.11% 6.44%

2011–2012 43.79% 50.76% 6.98%

2012–2013 43.12% 52.62% 9.50%

2013–2014 41.77% 50.58% 8.81%

2014–2015 41.11% 48.92% 7.81%

2015–2016 39.26% 47.06% 7.80%

2016–2017 39.65% 47.67% 8.02%

2017–2018 41.29% 50.38% 9.10%

2018–2019 40.97% 49.61% 8.64%
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societies and cross-disciplinary journals [6]. While the focus
of these recommendations is best considered at the in-
stitutional level, that is, the Liaison Committee on
Medical Education (LCME) and the ACGME, other
stakeholders in medical education are welcomed to as-
sist with their implementation:

1. That medical schools develop policies and procedures that
have greater flexibility with admissions requirements for
non-traditional applicants. Barriers such as admissions
committees’ negative perceptions of lower GPAs in engi-
neering majors due to increased course units and academ-
ic rigor can prevent acceptance of engineering students
into medical school programs. Flexibility with such re-
quirements may increase applicant number and diversity
and encourage prospective pre-medical students to pursue
engineering majors. Additionally, an emphasis on the
demonstration of collaborative activities through
coursework or extra-curricular activities may facilitate
earlier development of relevant skills that can then be
honed in a healthcare context.

2. That medical schools actively seek students with diverse
educational backgrounds with experiences in an interdis-
ciplinary field, such as engineering, the humanities, or
social sciences. Such experiences are likely to enhance
skills needed in medicine, such as adaptability and toler-
ance of ambiguity, and contribute to the diversity of med-
ical professionals.

3. That medical schools seek opportunities to integrate engi-
neering principles and practices into the medical educa-
tion curriculum. For example, a brief electrophysiology
course in basic circuitry may better equip students to un-
derstand conductance and resistance related to the ner-
vous and cardiovascular systems. Additionally, incorpo-
ration of a course in design thinking would increase capa-
bilities in problem-solving, resilience, collaboration, inno-
vation, and creativity. Inviting guest speakers such as en-
gineers working on medically relevant projects may fur-
ther contribute to and reinforce integration of engineering
and medicine.

4. That medical schools augment their curricula with early
collaborative experiences to teach students how to seek
support, thus inculcating habits that can foster lifelong
resilience and success. Though exams are necessary prep-
aration for standardized tests and individual responsibili-
ty, a greater proportion of team projects may overcome
the hallmark rigors of medical school stemming from iso-
lation and individual work.

5. That graduate medical education programs incorporate
engineering principles during training for residencies
and fellowships in technologically heavy specialties such
as radiology [35]. Emphasis on working with other med-
ical professionals and offering master’s degrees in

engineering disciplines may facilitate the development
of innovative approaches to medical problems.

6. That the medical profession establishes interdisciplinary
societies and cross-disciplinary journals that emphasize
careers in physician entrepreneurship and innovation. By
harnessing problem-solving, systems-based thinking, col-
laboration, and interdisciplinary attitudes, these programs
would encourage physicians to be at the forefront of med-
ical innovation and technological implementation in the
healthcare field.

It is imperative to track the effects of the aforementioned
recommendations to understand their impact on medical stu-
dents and medical education. Continuing to track the propor-
tions of engineers in the applicant, matriculant, and graduate
pools across medical schools will help us understand whether
these changes have attracted more engineers to the field of
medicine. Regarding academic and curriculum changes, serial
assessments and surveys of students can provide further in-
sight into ways that will continue to enhance medical educa-
tion. For example, student grades and board scores can be
tracked for performance outcomes as engineering principles
are implemented in curricula. Additionally, students could be
asked explicitly through surveys whether the incorporation of
engineering principles facilitated better conceptual under-
standing and retention of key concepts after taking relevant
board or certification exams. Similarly, after group projects,
students may be surveyed about their experience and how they
felt about working in a team. As students progress into clinical
rotations and residencies, longitudinal surveys and evalua-
tions incorporating clerkship directors and program directors
can be used to track trainees’ willingness and adaptability to
collaborate. These surveys could also be done within or across
specialties. Innovation metrics can be tracked at different pro-
grams and institutions through numbers of intellectual prop-
erty filings, joint ventures, publications, and general garnered
interest in clubs and activities focused on technological ad-
vances. Finally, these changes, such as replacing individual
exams with more group evaluations, may improve student
well-being and mental health, and may ultimately be a factor
in addressing physician burnout. Since we believe these rec-
ommendations will have a long-term impact on an individual
student’s medical career, all outcomes can be tracked longitu-
dinally to verify these hypotheses and help inform medical
education practices.

Conclusion

Solving the challenges of a rapidly changing healthcare sys-
tem requires training and expertise beyond the basic and clin-
ical sciences of traditional medical education.We propose that
greater inclusion of engineers into the ranks of healthcare
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providers, introduction of engineering principles and practices
to medical education, and incorporation of the social skills
crucial to both engineering and medicine are all necessary to
drive the evolution of medical education.
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