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Abstract—Hands-on labs are a critical component of
biomedical engineering undergraduate education. Due to
both the pandemic and the growing interest in online
education, we developed a Do-it-yourself Electrocardiogram
(DIY EKG) project. The Arduino-based DIY EKG kit
instructed students how to build a circuit to obtain their own
EKG and then analyze their EKG data using Matlab.
Despite the obstacles of virtually trouble-shooting, 85.4% of
students (n = 103) were able to obtain their own EKG at
home. We have provided the labelled circuit drawings, step-
by-step instructions, Matlab files, and results in this paper.
Survey results indicate that 89% of students felt the DIY
EKG project was a “challenging yet fulfilling experience.”

Keywords—Online teaching, Experiential learning, Electro-
cardiogram, Arduino, Remote learning.

CHALLENGE STATEMENT

One of the important skills for biomedical engineering
students is the ability to acquire and analyze data from
living tissue. The SARS-COV-2 pandemic in 2019-2021
limited student access to a hands-on upper-level under-
graduate cardiology lab, where students had previously
recorded from beating frog hearts and used electrodes to
record their own electrocardiograms (EKGs). Our chal-
lenge was to provide a mechanism for students to learn
cardiac electrophysiology and mechanics through a
combination of virtual and remote hands-on activities.

This half-semester one-credit lab was designed to
supplement a lecture course focused on mathematical
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models of the electrophysiology and mechanics of the
heart. The cardiovascular system (CVS) is incredibly
complex. While models of the CVS provide a useful
mechanism for students to manipulate one variable at
a time, obtaining their own EKG truly brings the
equations to life. A hybrid teaching situation, in which
students combine mathematical models with hands-on
physiology, has been shown to provide a solid foun-
dation in understanding the CVS.' We wanted to make
sure that students obtained the same educational value
as an in-person lab in which they obtain and analyze
cardiac data from living tissue; in this case, their own
hearts. Another goal of the lab was for students to
engage and learn from each other during their weekly
sessions. Active, peer-based, learning is a proven evi-
dence-based teaching practice.>* Ensuring students
worked with each other to build a circuit and obtain
their own EKG maintained the interactive and colle-
gial aspects of the course even though it was taught
entirely online.

NOVEL INITIATIVE: DO-IT-YOURSELF
ELECTROCARDIOGRAM (DIY EKG) PROJECT

Since students could no longer come into lab to
obtain and analyze data, we developed a combination
of virtual and at-home labs. Students analyzed Biopac®
sample data or de-identified patient data. In addition,
we mailed each student a send-home Arduino-based
kit which provided the materials needed to build their
own circuit and obtain their own electrocardio-
gram—the Do-It-Yourself EKG (DIY EKG). We are
not the first to develop a “lab-in-the box”.®” There
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have also been other portable and student-built circuits
to measure EKGs.* " Recent work has demonstrated
the possibility of a low-cost Arduino-based EKG using
Bluetooth, which could be beneficial in underdevel-
oped communities.'? Our initiative allows students to
analyze and graph EKG data on their own computers
using Matlab. Safety is a concern with all student-built
circuits. Every student completed the university’s on-
line courses in Lab Safety and Human Subjects Re-
search prior to the start of the semester, and were
reminded that obtaining their own EKG data was
completely voluntary. We individually viewed each
student’s circuit (virtually) to avoid errors in the set-up

and the very real possibility of electrical shock if the
circuit was not built and used correctly.'* ¢

VIRTUAL LABS

Students (n = 103) met weekly, for four hours, on
Microsoft (MS) Teams, to work with their lab partner
on four different cardiac labs:

(1) Introduction to EKGs—Analyzing normal

EKG data.
(2) EKGs in the clinic—Analyzing patient EKG
data.

TABLE 1. Lab course objectives.

Lab Objectives for in-person and online lab course

NoO o~ WN =

. Develop laboratory skills applied to living systems

. Formulate hypothesis for experiments, including those on living systems

. Devise procedures for experiments, including those on living systems

. Collect and validate data using appropriate equipment and data acquisition systems
. Display, describe, summarize and interpret experimental results in a lab report

. Compare the experimental results to previous work and computational models

. Understand the guidelines for ethical use of animals/humans in research

TABLE 2. Lab topics and learning objectives.

Topic

Learning objectives

Introduction to

e Analyze an ECG from Leads | and Ill and identify the primary waves (P, QRS, T)

Electrocardiograms e Identify the factors that cause changes in the ECG, both from one person to another, and for one person at different

periods of time.

e Compare the displayed calculated ECG Lead Il to recorded ECG Leads | and lll, and use the R-wave amplitudes to

confirm Einthoven’s Law

e Approximate the mean electrical axis of the ventricles on the frontal plane using vectors derived from the amplitude
and polarity of the QRS complex in Leads | and III.
e Sketch a Wigger’s diagram and pressure-volume loop using your ECG, arterial blood pressure, and estimates of

total blood volume

EKGs in the clinic

e List the steps required to conduct a 12-lead EKG using clinical equipment

e Explain how to set-up a continuous monitoring EKG system using clinical equipment
e Describe the main clinical indicators for a patient to receive an EKG in the ER
e Explain what an EKG can diagnose and the limitations

e Identify common EKG abnormalities

Do-it-yourself
Electrocardiogram
(DIY EKG)
MATLAB.

e Build, test, trouble-shoot and demonstrate a simple EKG amplifier on a breadboard
e Interface, program and control a microcontroller board (Arduino) with your computer
e Monitor, acquire, store and analyze a digitized single lead EKG signal using the Arduino board and directly using

o |dentify prominent waves (PQRST) in the human EKG
e Determine the heart rate and other simple parameters from a single lead EKG signal

Cardiac Catheteriza-
tion limitations in the lab

e Compare the various imaging modalities used in the cardiac catheterization lab, how they are used, and their

e Analyze hemodynamic data and anatomic measurements collected during catheterization lab procedures
e Analyze the frequency response of a pressure catheter

e Compare pressure waveforms acquired from different locations in the human body

e Compute the approximate aortic valve area assuming Bernoulli’'s equation applies to flow (Gorlin Equation)
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(3) DIY EKG project—Building a circuit to obtain
and analyze student’s own data.”

(4) Cardiac Catheterization—Analyzing
catheterization patient data.

cardiac

Each of the four labs used pre-recorded videos and
handouts to provide background information. The
three labs which analyzed sample or patient data had a
multiple-choice pre-lab quiz, based on the videos, to
ensure that students were prepared for each lab. The
DIY EKG project had a pre-lab assignment instead of
a quiz. Sample pre-lab quiz questions and the DIY
EKG pre- and post-lab assignment are included in
Appendix 1. Students used the four-hour Iab time each
week to work in pairs on the lab reports. However,
each student was mailed their own EKG kit and
required to build their own circuit. The course objec-
tives were met through the combination of virtual and
kit-based labs. Table 1 lists the lab course objectives,
which align with the Accreditation Board for Engi-
neering and Technology (ABET) student outcomes.'’
Table 2 summarizes the specific learning objectives for
each of the four labs.

The first lab used Biopac Student Data to evaluate
normal EKGs, identify the PQRST waves, and apply
Einthoven’s Law to calculate lead values. The PQRST
waves refer to the changes in voltage due to atrial
depolarization (P), ventricular depolarization (QRS)
and ventricular repolarization (T) of the heart. The
second lab focused on abnormal patient EKGs,
including atrial and ventricular fibrillation, bradycar-
dia, and tachycardia. The fourth lab focused on
information gleaned from cardiac catheterization and
how this technique could be used to replace a heart
valve  (Transcatheter Aortic Valve Replace-
ment—TAVR) or insert a stent. The three virtual labs
were supplemented with live lectures from clinicians
during which students could ask questions during
class.

DIY EKG LAB

We developed and mailed an Arduino-based DIY
EKG kit to each student at home, with addresses from
around the world. While this was quite an expense for
the biomedical engineering (BME) department, it was
the only way to ensure equity for our students. We
wanted each student to receive the same kit, on time,
with all the needed components. We were concerned
some students might not be able to afford the kit or
might be missing key parts if they ordered everything

“Note: students completed online training in Human Subjects Re-
search and were explicitly advised not to use their personal EKG
data for any medical interpretations.

themselves.'® To make the DIY EKG project easier for
faculty to replicate in their own courses, we have in-
cluded the list of parts for the kits in Table 3, a labelled
picture of the DIY EKG circuit (Fig. 1) and a sche-
matic diagram (Fig. 2). The students used Matlab to
analyze and graph the data. We have included a link to
a YouTube video (https://www.youtube.com/watch?v
=rkYqcUv10Zs) with step-by-step instructions for
building the EKG circuit and obtaining your own
EKG data, as well as detailed written instructions and
follow-up questions in Appendix II. The Matlab script
files are in Appendix III. The Arduino was pro-
grammed using resources available on the Sparkfun
website."”

Our EKG circuit includes a standard instrumenta-
tion amplifier (INA 128) with a simple low-pass RC
filter and a high-pass RC filter, both designed using the
standard LM741 ICs. The filters can be connected in
sequence without a DC offset since we are using a
simple DC battery power as the power source, which
introduces insignificant DC shifts. The two filters
combined act as a band-pass filter. Consequently, the
final signal acquired was free of high-frequency noise
and/or any low-frequency bio-noise coming from
breathing or movement artifacts. Barring these arti-
facts, the EKG is the biggest electrophysiological sig-
nal generated by human body and as such we expect
the acquisition to be fairly simple and robust. The
standard clinical EKG is typically acquired and ana-
lyzed within the 0.5-100 Hz frequency bands. Our
circuit component values were selected to achieve as
close a result as possible, with the constraint of com-
mercially readily available electronic components that

TABLE 3. Components and tools for DIY EKG Amplifier.

Part # Description Quantity/Kit
1 Digital Multimeter with 9V Battery 1
2 Wire Stripper 1
3 Needle Nose Pliers 1
4 Breadboard—Classic 1
5 9V Alkaline Battery 4
6 9V Snap Connector 3
7 Jumper Wire Kit—140pcs 1
8 Jumper Wires Premium 6“ M/M Ribbon 1
9 Arduino Chip—SparkFun Leonardo Qwicc 1
10 USB mini-B Cable 1
11 Sensor Cable Electrode Pads 3pk 2
12 Sensor Pads 10pk 3
13 Audio Jack 3.5mm 2
14 Polarized Connectors—Header (2-pin) 4
15 Resistor Kit -1/4W (500 total) 1
16 3.3 Mega Ohm Resistors 5
17 Capacitor Kit 1
18 LM741 OpAmp Ics 4
19 INA128 Instrumentation Amplifier Ics 2
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could be easily purchased by a student, if needed, from
a local electronic hardware outlet.

The functionality of the circuit—including the
instrumentation amplifier and the two filters—was
explained to the students in detail using the online
asynchronous videos included with the lab module.
The students were quizzed on specifics of this func-
tionality before they started to build the circuit. The

FIGURE 1. DIY EKG circuit: The numbers represent the kit
components listed in Table 3.

DIY EKG prelab and postlab assignments are sup-
plied in Appendix I.

SAFETY CONCERNS

The video lectures in the online component of the
module detail the knowledge about circuit function
and safety. Prior to connecting each circuit and
acquiring the signal from an individual student’s body
surface, the instructors and TAs inspected the circuit in
every detail to ensure that the component values and
the connections were secure and safe. The USB con-
nection to the computer is only one way—for data
acquisition—from the SPARKFUN board to the
computer. There is almost no current flowing back
from the computer to the circuit that could lead back
to the human body. We have assumed that small
voltages are not dangerous as long as the impedance to
the body is high enough to prevent large currents,
specifically currents less than 5 milliamps."”'® Wet
skin could reduce the impedance such that a 9V battery
combined with an improperly built circuit could cause
a shock. Attaching the circuit to an electrical outlet,
instead of just the battery, is not advised. The circuit as
designed, with battery powered Op-Amps, has current
flow of the order of a few hundred microvolts, which is
orders of magnitudes lower than even the few milli-

EKG Amplifier Circuit Using INA128 (without DC Offsets) but with modifications for the kit implementation

+Vs =+9V DC w.r.t. GND.
(Positive of the first 9V battery with Negative connected to common GND)

Rg=47Q; R, = 3.3MQ; R, = 14.7KQ
C,=C;=C;=100nF

Note: Each of R, has to be made up using
two resistors in the kit connected in series

C2
G B (I:3 to pin Al on RedBoard
—— & —{feF R ——
— | | |
8 7 6 5 8 7 6 S N7 N 6 S ‘
INA128 LM741 LM741 A tip: Try to build your
1 2 3 4 circuit entirely of well-
4 1 | | flushedtight jumper
- cables except—
‘V - the two wires for
Ut output
- 9V battery
| connectors.
- Inputelectrode
cables
-Vs = -9V DCw.r.t. GND. \
(Negative of a second 9V battery with Positiye connected to common GND)
Vv
1 to any GND on RedBoard
To make connections from the body to the breadboard, you will need patch electrodes, snapped :l_:
with the electrode cables whose other end is a single pin that inserts into the audio jack mounted on the =
breadboard. Make sure the middle pin of the audio-jack is properly grounded. Common GND

FIGURE 2. EKG Ampilifier Circuit Schematic. See Appendix Il for step-by-step instructions on how to build the circuit.
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amps level that could cause a perceptible shock in
humans."!

The students were instructed to check and verify the
voltages with a digital multimeter before connecting
themselves to the circuit. Students should be told to
only use battery power for their computers while
obtaining data. Thank you to the reviewers who
pointed out the need for safety measures beyond what
we have already implemented. This has motivated us to
look into our design. In the future, we will explore
optical isolation between the instrumentation amplifier
stage and the electrode leads that are connected to the
skin.

All safety checks should be performed in front of
the TA/faculty and be a required part of the project
grade. In addition to the important safety concerns,
students should be reminded that any home-made de-
vice is not approved for medical use.*”

My work in this lab has given me a solid background
in understanding EKGs and cardiac catherization (I
will remember the key points a year from now)

The pre-lab quizzes helped me to prepare for the lab
sessions with my classmates.

The "Analyzing EKG Data" module using sample
Biopac data helped me to understand the details of
the EKG and provided a solid background for the rest
of the course.

"EKGs in the clinic" and the lecture by Dr. X provided
clinical relevance which was a worthwhile and
productive learning experience.

The "DIY EKG" using send-home Arduino kits to build
a circuit and obtain and analyze my own EKG data
was a challenging yet fulfilling learning experience

The "Cardiac Catheterization" module and the
lecture by Dr. Y helped me to understand how and
why catheters are used in the clinic.

Strongly Agree Agree

0%

Neither
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REFLECTION

Transitioning an in-person, animal-based, physiol-
ogy lab course online, especially when given little no-
tice, is challenging under the best of circumstances. We
wanted students to understand cardiac physiology at a
much deeper level than a lecture could provide. We
required students to prepare for each lab in advance by
viewing the background material and passing the pre-
lab quiz/assignment. Survey data indicated that 84%
of students (n = 103) agreed or strongly agreed that
“The pre-lab quizzes helped me to prepare for the lab
sessions with my classmates.” This preparation ensured
that students were ready to collaborate with their
classmates to learn as much as possible during the
weekly four-hour lab sessions on MS Teams. Students
analyzed both normal and patient data, which not only
gave a clinical perspective, but also emphasized the
critical features of the waveforms for both the EKG
and aortic flow data.

9%'

38% 46%

26% 58%

27%

60%

27% 46%

48% 41%

25% 63%

10%E

20% 40% 60% 80% 100%

M Disagree M Strongly Disagree

FIGURE 3. Anonymous Survey Data on student perceptions of the four modules (data values of less than 5% are not shown for
clarity). 84% of students agreed that they would remember the key points of the four labs in a year. Three-quarters of the class felt
all four labs were “productive learning experiences”, with the DIY EKG lab receiving the highest ratings (89%).
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FIGURE 4. Sample single-lead EKG tracing with the P (atrial depolarization), QRS (ventricular depolarization) and T (ventricular
repolarization) waves labelled. Note that the heart rate in this sample can be calculated from the R-R distance, which is
approximately four heartbeats in three seconds or 80 beats per minute.

TABLE 4. Student comments on the DIY EKG project.

| thought the do it yourself EKG lab was incredibly cool. It was the only hands-on thing I've been able to do since COVID started so it was
really refreshing/fun as well as being a great learning experience.

ECG lab was a lot of fun! | loved it, | loved building it, | definitely learned a lot during the lab.

| liked the DIY EKG kits. (The TA’s) instructions were easy to follow, and it was fun to build. It was cool to see my own EKG reading.

The DIY EKG was one of the my favorite parts of the class, and | got a lot of satisfaction from being able to actually build something
instead of just using a lab machine to measure my EKG

| think the EKG kits allowed students (at least me) to enjoy an aspect of the course that felt more in-person.

| loved the DIY EKG lab. Thank you so much for mailing those kits out!

DIY EKG was a great experience and the highlight of the course. I've never worked with a breadboard or Arduino before and now I'm
excited to try out more hardware-y / EE type stuff.

| think the building of EKG is the best project/module among all, it's a lot of fun building it and it's so cool to collect my own data. Isn't it just
so much fun to brag about how you now have an EKG device at your home?

my ekg didn’t work after ~4 hours of troubleshooting and I’'m not sure why :(

Measuring my own ECG was a great experience.

Building the EKG was incredibly fun (at times frustrating) and truly made me feel like an engineer!

BUILDING THE EKG WAS THE HIGHLIGHT OF MY SEMESTER!!

Building the arduino EKG was a great way to apply what | had learned and gain hands on experience with EKG technology.

The building an EKG lab was my favorite because it was the first time | was able to apply all the electrical engineering knowledge we have
been taught at a theoretical level.

The best part (of the course) was building an EKG and taking data on myself. Especially in the remote learning environment, this felt much
more like an in-person part of the course.

The DIY EKG was really cool, and | was so amazed to see my EKG and to have been able to record it myself! It was definitely not too easy
troubleshooting, but | got a lot of help, and in the end the time | spent on it was worth it.

This was the first bme class where | could see how what we learned in class could be applied in practice out of the classroom

Analyzing my own EKG readings that | took w/ my breadboard + arduino setup is one of the coolest things I've ever done.

The end-of-semester anonymous survey data for
each of the four modules indicated that 84% of stu-
dents felt they gained a solid understanding of EKGs
and cardiac catherization, and would remember the
key points a year from now (Fig. 3). Almost half of the
students strongly agreed (48%) or agreed (41%), a
total of 89%, that “The DIY EKG using send-home
Arduino kits to build a circuit and obtain and analyze my
own EKG data was a challenging yet fulfilling learning
experience”. Troubleshooting virtually had challenges.

BIOMEDICAL
ENGINEERING
SOCIETY

A few kits had broken pins or the wrong components,
which added another layer of complexity to the pro-
ject. In many cases, this issue was resolved by stripping
the stranded wires and inserting them directly into the
breadboard.

Despite the obstacles, 85.4% (88/103) of students
were able to obtain their own EKG at home. Students
who could not get a working signal after spending time
troubleshooting were allowed to use data from another
student. A sample single-lead EKG tracing is shown in
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Fig. 4. Note that the EKG recording in Fig. 4 clearly
depicts the PQRST waves and can be used to calculate
the heart rate by measuring the time between R-waves
(R-R delta time). The combination of virtual and re-
mote labs allowed students to develop expertise in
recognizing the components of a normal EKG,
specifically the PQRST waves, prior to obtaining their
own real-time measurements.

Student comments about the project are listed in
Table 4. The comments made it evident that the stu-
dents appreciated the hands-on experience and team-
work involved in obtaining their own EKGs. The
project made students “feel like an engineer”, made the
course feel “more in-person”, and for at least one
student was “THE HIGHLIGHT OF MY SEME-
STER!!”

Expecting students to analyze EKGs and catheteri-
zation data remotely required clear background videos
and instructions. The survey data indicated that 71%
of students agreed “The posted online videos were clear
to understand and provided the background information
needed to complete the assignments” and 86% felt they
were “‘were interesting and professionally done.”

We used MS Teams for the four-hour lab sessions to
foster a sense of community and provide ample access
to faculty and TAs, since peer-instruction is a critical
component of learning.* While two-thirds of the stu-
dents felt “The Thursday and Friday MS Teams
“Groups** allowed me to work well with my classmates
and get my lab reports completed’, 17% disagreed,
often due to connectivity issues. The advantage of MS
Teams was the all-day online access to the TAs, in
which 88% agreed “The MS Teams "TA* Channels
allowed me to ask a TA questions and get assistance
from 9:00 to 5:30 on Thursday and Fridays.” Very few
students, less than 2%, used MS Teams frequently
outside of the lab. A few representative student com-
ments on MS Teams are below:

o Teams worked surprisingly well for the course. In the
past I have hated it for other classes and events,
however it was well suited to this class and made
sense to use.

o MS Teams is a bit more difficult to navigate than
zoom but it provided a good platform for this class

o [ loved that the TAs were available through the
duration of the class. It made completing the labs
during one lab session very attainable.

® Being able to stop by the TAs’ meetings were very
helpful

o [ thought for the TA sessions, teams was a good idea!
For meeting w/ my lab partner|/classmate, I person-
ally preferred using zoom.

Another advantage of MS Teams is that it provided
a platform for students to post questions 24/7. Review
sessions and office hours were held on MS Teams and
could be recorded. We have continued to use MS
Teams for both office hours and posting/answering
questions this semester, even though we are teaching
the lab in-person and have TAs available all-day
Thursday and Friday.

In previous years, students obtained their own EKG
data using the Biopac Data Acquisition System. Due
to the pandemic, students built an Arduino-based cir-
cuit to obtain their own EKG data. Consequently, in
addition to learning about cardiac electrophysiology,
students developed trouble-shooting skills and an
understanding of the different types of measurement
error. Our primary concern with students building a
circuit alone at home, and connecting it to their chest
through low impedance electrodes, is that it can pose a
safety risk if not done properly. While the risk is small,
and the potential learning opportunity is significant,
the utmost care must be taken to ensure that the circuit
is built and used correctly.

The success of the DIY EKG project has led us to
re-evaluate future elements of this lab course.
Obtaining and analyzing experimental data from living
tissue, such as a frog heart, has always been a com-
ponent of understanding the electrophysiology and
mechanics of the heart. While online labs can be as
effective as in-person labs®!' and offer opportunities for
remote learning for students with disabilities or cost
concerns,”” it is important to consider the comradery
of in-person labs. Incorporating an instrumentation
project within this cardiac lab gives students the
opportunity to build their own equipment to obtain
cardiac data and practice trouble-shooting. Based on
the students’ comments, the time spent was worth the
effort. Future in-person offerings of this course will
consider including an instrumentation component.
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