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A Survey of Biomedical Design Projects to Inform Skill Development in a New
Undergraduate Biomedical Engineering Curriculum

Abstract

Hands-on design projects are widely used in engineering curricula to improve hardware/software
skills, develop design mindsets, and tie real-world problems to engineering curricula with an eye
toward increased student engagement and retention. In Fall 2018, Kansas State University (KSU)
accepted its first cadre of incoming freshmen into a new Biomedical Engineering (BME) degree
program. In an effort to increase the effectiveness of the program’s design courses, which will be
offered annually to students of various ages beginning in Fall 2020, the authors performed a
search of recent engineering education literature related to the inclusion of design projects in
undergraduate BME curricula, focusing on (a) projects that could be reasonably incorporated
into courses that support undergraduate students with little-to-no design experience, (b) efforts
that map to the emphasis areas for this new BME program, (c) student-learning assessment
techniques that have proved useful in these hands-on contexts, and (d) projects that would make
interesting recruiting examples for high school students considering such a program. The overall
goal of this work is to allow lessons learned from these earlier efforts to inform projects offered
as part of this new BME curriculum. This paper presents (1) an overview of this new curriculum,
(2) the skillsets that this new BME program intentionally addresses and the courses that will
support that skillset development, (3) BME project-based efforts described in the literature that
relate thematically to the emphasis areas in this curriculum, (4) assessment methods that have
appeared useful when applied to such projects, and (5) suitable categories of starter projects for
this new curriculum, including those that can be prototyped prior to the Fall 2020/2021 onset of
the initial junior/senior-level design sequences.

1. Introduction

A. Motivation and Goal

A new Kansas State University (KSU) undergraduate Biomedical Engineering (BME) degree
program was approved by the Kansas Board of Regents in June 2016 [1]-[3], and the first
incoming cadre of freshman joined this program in Fall 2018. This program, partially spurred by
demand from prospective students and their families, (a) strengthens the preexisting biomedical
teaching/research synergy in the KSU College of Engineering, (b) attracts new students who
might not otherwise have enrolled at KSU and/or in an engineering curriculum, (¢) increases
tuition revenue, and (d) helps to provide a pipeline of engineering talent for the growing Midwest
U.S. biomedical industry. Consistent with similar, well-established BME programs nationwide,
this program incorporates substantive hands-on design, as this learning format is known to (1)
improve student engagement and retention [4]—[8] and (2) develop an engineering mindset and
the hardware/software skillsets essential for success in industry [9], [10]. This intentional skillset
development is especially important in BME curricula, as these skills help to remedy the breadth
versus depth challenge faced by all BME programs [11]. That is, the need to address a broad
collection of curricular topics bears the risk that specific topics and their requisite skillsets will
not be covered in much depth unless they are explicitly singled out for emphasis. In other words,
skill development in some areas may not well occur unless those skills are intentionally built into



the curricular foundation, and these skills make students useful to employers and therefore
hirable.

Some of the design elements embedded in the first instantiation of this undergraduate curriculum
begin in Fall 2020/2021, at which point the first cohort of KSU BME students will engage in
their two-semester junior/senior design experiences. To help prepare for these experiences, the
authors thought it sensible to perform an early search of recent (~2008 and newer) engineering
education literature focused on design projects supported by undergraduate BME curricula. The
goal is to use lessons learned from earlier hands-on design efforts to guide the BME curriculum
committee in their choice of projects and educational venues that map to the learning outcomes
and skillsets emphasized in this BME curriculum. Such projects should be suited for
undergraduate students with little-to-no design experience and preferably be appropriate thematic
matches to the emphasis areas in the degree program. Further, project elements should align well
with effective student-learning assessment methods. Ideally, these projects should also be
interesting by nature to potential incoming students so that the projects can serve as program
recruiting mechanisms.

B. Paper Contents

This paper takes a two-pronged approach to address undergraduate design in the context of this
new biomedical engineering curriculum. First, Section II addresses the courses that comprise this
curriculum and identifies the specific courses targeted for the development of specific skills.
Second, Sections III and IV lay out the literature review approach/results and offer thoughts
based on the results of that survey, where the restated goal is to allow published lessons learned
from earlier undergraduate BME design efforts to inform projects offered as part of this new
KSU BME curriculum. An appendix presents a tabular listing of these academic papers and
some of their descriptors.

I1. Overview of the New Kansas State University Biomedical Engineering Curriculum

The Kansas State University (KSU) Biomedical Engineering (BME) curriculum (128 credit
hours) incorporates core courses (102 credit hours — see Figure 1) coupled with technical
electives (26 credit hours — see Figure 2), where the latter comprise an area of emphasis [1]-[3].
Every student in the program takes the core courses, but technical electives vary depending on a
student’s chosen emphasis area and career path. For example, the BME core courses, when
coupled with the required technical electives for an emphasis area (see the next section) and 9
credit hours of properly chosen discretionary technical electives (e.g., CHM 550 & 532 —
Organic Chemistry II plus a lab (5 hours); BIOL 455 — General Microbiology with a lab (4
hours)), flesh out the courses required for entrance into nearby medical schools. Up to 13 hours
of additional courses are suggested as preparatory courses for the Medical College Admission
Test (MCAT) [12].

The following sections briefly describe these core courses, the emphasis areas, and the skills
addressed in specific classes. Overarching program outcomes and areas of knowledge
development can be found in the original curriculum proposal submitted to the Kansas Board of
Regents [1].



A. Curriculum Description

Core Courses and Credits. The four curricular cores amount to 102 credit hours. Core courses
address subject matter that the affiliated KSU faculty consider essential to a BME curriculum,
regardless of a student’s area of emphasis. High-level descriptions of these cores follow:

1. Math & Science Core (52 credit hours) — This core consists of math, physics, statistics,
and chemistry courses typical of an ABET-accredited engineering program [13], [14].
Additional courses in organic chemistry, biology, and human anatomy/physiology have
been added to strengthen the backgrounds of these students in preparation for their
upcoming BME courses and their subsequent career paths.

2. Biomedical Engineering Core (36 credit hours) — These core courses, consistent with
model programs across the U.S., address a range of subjects relevant to biomedical
engineering (refer to [1] for a representative topic listing). It is impossible to offer one
generic curriculum that prepares students for all biomedical engineering topical areas at a
suitable level of depth. As a partial solution, the BME core curriculum incorporates
courses that address cross-cutting subject matter intended to strengthen each student’s
knowledge base with regard to a number of topical areas:

e Biomedical engineering (BME 001, 200) — Application areas, research, and
career opportunities in biomedical engineering.

e Biomaterials (BME 430) — Interactions between materials and biological
systems, techniques to assess biomaterial characteristics, and the role of
biomaterial selection in the design of medical devices.

e Biomechanics (BME 451) — The mechanics of biological tissues and systems at
the macroscopic scale. This course addresses the structure and mechanics of
biological tissue based on the principles of statics and dynamics.

¢ Biomedical signals and instrumentation (ECE 512, ECE 540, and ECE 772/3) —
Signals that describe physiological processes, instrumentation to acquire those
signals from human and animal subjects, and means to process those data.

e Clinical systems (BME 575) — Biomedical “systems of systems” in health care
scenarios, including hospitals, home care settings, and ambulatory environments.
Material focuses on “clinical engineering” subjects, emphasizing institutional
implementation, training, ethics, design standards, and interoperability.

e Medical imaging (BME 674 and ECE 772/3) — Medical imaging modalities as an
extension of biomedical instrumentation. Methods for image data acquisition,
processing, and display form the core for these courses, which also address
industry standards for image storage and transmission.

The Biomedical Engineering Core supports two two-semester design sequences,
intended to produce graduates who can think through complex design challenges. Design
courses in the junior year are more scripted, whereas design courses in the senior year are
more open-ended. A sophomore-level design course, where each student engages in a
design effort mapped to each emphasis area, is being considered consistent with the
model adopted by the University of Wisconsin-Madison [15], [16].

3. Communication Core (8 credit hours) — This core involves oral/written communication
courses taken by all students in the KSU College of Engineering.

4. Humanities & Social Sciences Core (6 credit hours) — This core represents a 6-hour
block of humanities and social sciences credit typical for departments within the KSU
College of Engineering.




MATH & ScIENCE CORE Credits Semester

MATH 220 Analytical Geometry and Calculus | 4 FSSu
MATH 221 Analytical Geometry and Calculus Il 4 FSSu
MATH 222 Analytical Geometry and Calculus llI 4 FSSu
MATH 240 Elementary Differential Equations 4 FSSu
PHYS 213 Engineering Physics | 5 FS
PHYS 214 Engineering Physics Il 5 FS
STAT 510 Introductory Probability and Statistics | 3 FS
CHM 210 Chemistry | 4 FSSu
CHM 230 Chemistry Il 4 FSSu
CHM 531 Organic Chemistry | 3 FS
BIOL 198 Principles of Biology 4 FSSu
BIOL 341° Human Body | 4 FS
BIOL 342° Human Body Il 4 FS
Sub-Total Credit Hours 52
’Or KIN 360 — Anatomy & Physiology (8 credits, FS) instead of BIOL 341 & 342
BIOMEDICAL ENGINEERING CORE Credits Semester
BME 001 New Student Assembly 0O F
BME 200 Introduction to Biomedical Engineering 3 F
BME 430 Biomaterials 3 F
BME 451 Biomechanical Engineering 3 S
BME 490/491 Undergraduate BME Design Experience I/II 3 FS
BME 575 Clinical Systems Engineering 3 S
BME 590/591  Senior Design Experience I/II 5 FS
BME 674 Medical Imaging 3 S
CIS 200 Programming Fundamentals 4 FS
ECE 512 Linear Systems 3 FS
ECE 540 Applied Scientific Computing for Engineers 3 FS
ECE 772/3 Theory & Techniques of Bioinstrumentation Lecture/Lab 3 F
Sub-Total Credit Hours 36
COMMUNICATION CORE Credits  Semester
ENGL 100 Expository Writing 1 3 FS
ENGL 415 Written Communication for Engineers 3 FSSu
COMM 105 Public Speaking 1A 2 FSSu
Sub-Total Credit Hours 8
HUMANITIES & SOCIAL SCIENCES CORE Credits Semester
KIN 110 Introduction to Public Health 3 FS
H&SS Elective 3
Sub-Total Credit Hours 6

“Or ECON 110 - Principles of Macroeconomics (3, FSSu)

Figure 1. Required BME core courses (102 credit hours). Semesters: Fall, Spring, and Summer.



Emphasis Areas. The KSU BME curriculum currently supports two emphasis areas:
“Biomedical Sensors and Devices” and “Biomedical Computation” — see Figure 2. Each area of
emphasis defines a set of required technical electives that every student must take plus a set of
discretionary technical electives that depend on student career goals, e.g., in the case of a pre-
medicine student, as noted earlier. Additional emphasis areas are being considered, e.g., “Tissue
Engineering” and “Biomechanics,” consistent with the literature search table in the appendix.

AREA OF EMPHASIS: BIOMEDICAL SENSORS & DEVICES Credits Semester
ECE 210 Introduction to Electrical Engineering 3 FS
ECE 241 Introduction to Computer Engineering 3 FS
ECE 431 Microcontrollers 3 FS
ECE 410 Circuit Theory | 3 FS
ECE 511 Circuit Theory Il 3 FS
ECE 647 Digital Filtering 3 F
Additional Technical Electives 8
Sub-Total Credit Hours 26
AREA OF EMPHASIS: BIOMEDICAL COMPUTATION Credits Semester
ECE 241 Introduction to Computer Engineering 3 FS
CIS 300 Data and Program Structures 3 FS
ECE 431 Microcontrollers 3 FS
ECE 519 Electric Circuits and Controls 4 FSSu
CIS 501 Software Architecture and Design 3 FS
ECE 670 Engineering Applications of Machine Intelligence 3 S
Additional Technical Electives 7
Sub-Total Credit Hours 26

“°0Or ECE 771 - Control Theory Applied to Bioengineering (3 credits, S)
*“Qr CIS 730 - Principles of Artificial Intelligence (3 credits, S)
%Qr CIS 732 - Machine Learning and Pattern Recognition (3 credits, F)

Figure 2. Emphasis areas (26 credit hours each).

Target Skills. High-level skills to be possessed by each graduate of the KSU BME program
include the ability to

e apply calculus-based mathematics when analyzing and designing physical systems,

e statistically describe medical data and hardware/software system performance,

e quantify and report tissue movement,

e operate biomedical instruments and medical imaging systems,

e analyze biomedical data in the space, time, and frequency domains,

e develop software to control devices and to process biomedical data,



e pursue a component- or system-level biomedical design based on an understanding of
customer requirements and resource availability,

¢ lay out a medical “system of systems” comprised of commercially available hardware
and software that utilize industry interoperability standards, and

e demonstrate professional skills centered around an understanding of personality profiles
and an ability to communicate effectively in oral and written form.

More specific skillsets relate to the following areas, where supporting courses are noted in
parentheses (core courses carry a normal font, whereas emphasis-area courses are in italics):
e written/oral communication (ENGL 100, COMM 105, ENGL 415, BME 200, BME
490/491, BME 590/591, ECE 772/773),
e hardware (ECE 210, ECE 241, ECE 431, BME 490/491, BME 590/591, ECE 772/773),
e software — C/C++/MATLAB/other (CIS 200, ECE 241, CIS 300, ECE 431, BME 451,
CIS 501, BME 490/491, BME 590/591, ECE 647, ECE 670, BME 674, ECE 512, ECE
540, ECE 772/773),
¢ benchtop/portable/virtual instrumentation (PHYS 213/214, ECE 210, ECE 241, ECE
410, BME 451, BME 490/491, BME 590/591, ECE 772/773),
e time- and frequency-domain signal processing (BME 451, BME 490/491, BME
590/591, ECE 512, ECE 540, ECE 647, ECE 772/773),
e image processing (BME 674),
e statistical analyses (STAT 510, BME 451, BME 490/491, BME 590/591, BME 674,
ECE 540),
e feature extraction/classification (BME 674, ECE 512, ECE 647, ECE 670, ECE
772/773),
e printed circuit board population (ECE 772/773),
¢ 3D modeling/printing (BME 490/491, BME 590/591, ECE 772/773),
e laboratory skills (CHM 210/230, BIOL 198, ECE 210, ECE 241, BME 430, BME 451,
BME 490/491, BME 590/591, ECE 772/773), and
e wet lab skills and sterile techniques (BIOL 198, BIOL 341/342, BME 430, BME 451,
BME 490/491, BME 590/591).
Hands-on design plays a role in many of these courses, including courses labeled as ‘lecture’ or
‘recitation’ because they have an accompanying laboratory, hardware, and/or software
component. Note that BME 490/491 (junior-level design) and BME 590/590 (senior-level
design) address various skills by nature, so these design sequences provide a suitable match for
the types of hands-on BME courses addressed in this literature search (see the next section). The
emphasis on software skills is intentional and arguably atypical in comparison with other BME
curricula. First, this investment in programming abilities helps to address breadth versus depth
issues faced by many BME curricula, where finding jobs for BME graduates can be a challenge
because the graduates do not have a large-enough skill base in any one area to be attractive to
employers. Second, the ability to create and use software is essential in the current healthcare
enterprise, where electronic medical records are now standard, and an increasing number of
medical devices interact with smartphones.



III. Literature Review

As noted in the Abstract and in Section 1.4, a search of recent engineering education literature
was performed to identify hands-on design efforts previously supported by undergraduate
Biomedical Engineering (BME) curricula. The goal is to allow lessons learned from prior design
efforts to inform upcoming design experiences offered as part of the new KSU BME degree
program [1]-[3], a program whose courses and target skillsets were laid out in Section I1.
Because these projects will be interspersed throughout nearly the entirety of the undergraduate
BME curriculum, projects of interest for this literature search should be well suited for
undergraduate students with minimal design experience and should provide a sensible thematic
match for the emphasis areas in the degree program. Further, project experiences should map
well to time-tested, student-learning assessment methods, and these projects should display the
potential to serve as effective recruiting mechanisms for prospective BME students.

The resources employed for this search included Google [17], Google Scholar [18], IEEE Xplore
[19], ASEE PEER [20], bound issues of the Journal of Engineering Education [21], the ASEE
Computers in Education Journal [22], and Transactions on Techniques in STEM Education
(ASEE Midwest conference papers), plus various bound proceedings for the annual conferences
of the American Society for Engineering Education [23] and the IEEE Engineering in Medicine
and Biology Society [24]. Search keywords included variants on the following terms:
undergraduate, biomedical, design, project, hands-on, laboratory, device, build, sophomore,
retention, and medical instrumentation. The initial search range was constrained to papers newer
than 2007 to limit the number of overall papers and to increase the likelihood that these design
efforts would employ modern engineering education tools.

IV. Results and Discussion

The annotated bibliography resulting from these efforts archived the following information for
each source: author(s), year, title, level (e.g., high school, freshman, sophomore, ...), rating (a 1-
to-5-star rating depending on its perceived value), technical design area, emphasis area (i.e., the
closest KSU BME emphasis area), description (short synopsis of the work), student skills (skills
fostered by the design experience), assessment method(s) (approach(es) used to quantify student
learning), funding (grant or source that supported the work, if available), notes (commentary
related to the item), and the host institution. Citation information was simultaneously tracked
using the online Zotero reference manager software [25].

A subset of the annotated bibliography that resulted from these efforts is attached in tabular form
as Appendix A to the end of this document (after the References section). A few themes are of
note in this appendix. First, as enumerated in Table 1 below, most of the projects relate to the
“Sensors and Devices” emphasis area: 77 out of the 90 cited papers in Appendix A relate to at
least one project involving sensors and/or device design. The “Computation” emphasis area
came in second, represented by 21 out of 90 papers. The “Tissue Engineering” and
“Biomechanics” emphasis areas garnered 19 and 7 papers, respectively. Given that most projects
which involve biomechanics, computation, or tissue engineering also involve some form of a



sensor or device, it is not surprising that a large number of projects fall within the “sensors and
devices” area. Additionally, biomedical instrumentation has been an area of study for so long
(e.g., when compared to a relatively new area such as tissue engineering) that a greater relative
weight in terms of the number of educational sensors and devices efforts is not surprising.

Target students range in age from high school students (e.g., who attended summer
courses/camps) up to seniors in college engaged in capstone design efforts. A large number of
papers cited in the literature review were geared toward sophomore-to-senior-level students,
whereas fewer were aimed at freshmen and high school students. This result may have been
influenced by the fact that many freshmen and high school courses attempt to address multiple
topics at a limited depth rather than focus on a single emphasis area, as a means to give the
students an overview of the field.

Assessment approaches identified in the publications vary but generally reside in one or more of
the following five categories (see the rightmost column in the summary table in Appendix A):
1. direct student feedback in the form of end-of-project surveys, pre/post surveys, and other
student self-assessments (including interviews with students, and student focus groups),
2. quantitative assessments based on project/laboratory notebooks, write-ups, papers,
reports and/or assignments (including pre/post laboratory exercises and questions), often
guided by a formal rubric,
3. student presentations and/or demonstrations, including peer/instructor evaluations, some
based on over-the-shoulder observations,
4. quizzes/exams, and
5. time reports and general activity/participation.
The relative frequencies of selected assessment types are tallied in Table 1, where the
predominant assessment mechanism relates to student feedback in the form of surveys,
interviews, and focus groups. Note that there is not a one-to-one correspondence between these
overall assessment counts and the corresponding publications. Some efforts map to multiple
types of assessment, and others involve none. In publications where education assessment
methods are unidentified, a learning assessment (a) may have been performed but not noted or
(b) may not have been performed because it was considered irrelevant, e.g., in a situation where
the only goal was to summarize the technical aspects of a design experience or to produce a
concept demonstration as a prototypical effort. Finally, no particular correlation is observable
between different assessment categories and certain types of subject matter, institutions, or
educational venues.



Table 1. Paper counts related to the emphasis areas, the target student ages, and the
assessment methods employed.

Emphasis Area Paper Count | Assessment Method Paper Count
Sensors and Devices 77 Direct Student Feedback

Computation 21 Surveys 25
Tissue Engineering 19 Pre/Post Surveys 24
Biomechanics 7 Other Self Assessments 25

Quantitative Assessments
Notebooks, Reports, Write-

Target Age Paper Count Ups, or Papers 24
. Assignments or Pre/Post
High School 3 Lab Questions/Exercises 6
Freshmen 20 Presentathns, Demonstrations, 13
or Evaluations

Sophomore 30 Quizzes or Exams 16
Junior 29 Activity or Participation 2
Senior 32 None Listed 31
Unspecified 22

One of the primary goals of the authors is to use these survey results to identify suitable project
themes for Fall 2020 implementation and beyond, with the goal to realize some of these projects
early so that the prototypes can be used in Summer 2020 to recruit new freshmen into the
program. One can reasonably assume that a topic area occurs more frequently in the appendix
because it garners more relative interest on behalf of faculty and students involved in the various
efforts. Given that assumption, the following thematic areas appear promising:

e cardiac signal acquisition, processing, and parameter extraction,

e hand/foot prostheses,

e projects that integrate 3D printing,

e physiological process simulation,

e medical imaging, and

e tissue growth and bioreactor design.
With regard to the junior design sequence (BME 490/491), one of the goals of this course
sequence is to help students develop technical skills that they can use later in their senior design
team projects. An overview and tutorial for each of several software platforms (e.g., Excel,
LabVIEW, MATLAB, and COMSOL) will be covered. In addition to completing tutorials,
students will step through scripted exercises to help them become familiar with various facets
and capabilities of these software packages that make these tools so useful when solving
engineering problems. As an example, a cardiac signal acquisition module (one of the thematic
areas noted above) could task each student with collecting their electrocardiogram using a
bioamplifier and a National Instruments data acquisition unit controlled by a LabVIEW virtual
instrument. A related module covering MATLAB could have a student create and analyze
functions to modify and extract information from their collected ECGs.



Finally, in addition to the subject areas addressed in the literature, experience dictates that
students are also interested in design projects related to the following application scenarios:

e assistive technology for those with cognitive and physical disabilities,

e tools for other vulnerable populations, including infants and aging individuals,

e wearable devices and telemedicine,

e technologies for tissue replacement/enhancement,

e games that incorporate biosignal acquisition and feedback,

e designs for animals, especially companion animals,

e medical technology for under-resourced and developing environments,

e health care resources for first responders, disaster response, and battlefield medicine, and

e wellness capabilities for reduced-gravity environments.
These types of application scenarios can provide context for hands-on design projects and drive
student interest by providing clarity in terms of societal benefits that can be achieved via the
realization of such designs.

V. Conclusions

Hands-on design projects have been broadly employed in biomedical engineering programs to
increase student engagement, learning, and retention. This paper addressed the layout of a new
undergraduate Biomedical Engineering (BME) degree program at Kansas State University. This
curriculum is designed to develop student skills within hands-on learning contexts — skills that
will make these graduates hireable. To that end, the paper additionally addressed the results of a
literature search related to undergraduate design projects in biomedical engineering curricula,
where the goal was to find published results from earlier efforts that could inform hands-on
design projects to be employed in courses supported by this new BME degree program. A subset
of the resulting papers (~100 journal articles and conference papers) are summarized in tabular
form as an appendix at the end of this document. These papers relate to projects intended for
high school students up to seniors in college, and the projects address a number of subject areas
germane to the emphasis areas supported by this new BME program.
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