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1. Recognition of Need/Opportunity
Cardiovascular disease has one of the highest mortality rates in the United States, but

specifically Coronary Artery Disease (CAD) has the highest statistics. This is due to the blockage of
blood flow from plaque buildup on the arterial walls, therefore the heart is put under strenuous
conditions and tries to compensate for the extra work. In the US, about 18.2 million adults are
affected and it’s most prominent in males over the age of 45.

The best way of diagnosing CAD currently is using coronary angiography which is a minimally
invasive approach, but noninvasively electrocardiography (ECG) can work. ECG only records the
changes of electrical potential within the heart, but CAD can be diagnosed more accurately from
seismocardiography (SCG). We can then assess how the valve's opening/closure and the direction
flow of blood are affected by the disease.

This is a fairly new technique especially in the US market, so there’s a lack of commercial
seismocardiogram devices to detect CAD noninvasively, especially in early stages. Based on the
current wearable ECG devices, our prototype is aiming to be skin-wear, wireless, and compact
while being able to record SCG signals continuously.
2. Problem Formulation
a.  Project Objectives:

In order to meet the deadline of completion for April 2022 and fulfill the wishes of the sponsor,
the senior design team will design and develop a small wireless component capable of detecting
SCG signals. The component will be constructed in the form that it’s compatible with a wearable
patch that can be placed on the user’s sternum to sense the vibrations produced on the chest as
the cardiac valves open and close. Said vibrations have fairly low frequencies and amplitudes
therefore the sensor will be made of a high compliance piezoelectric polymer to focus on the
sensor’s sensitivity. The project will be completed using available funding of $3000 for any
necessary manufacturing and verification testing.
b.  Design Specifications:

To initial the design process of the SCG sensor, the team developed well-defined market
requirements based on the sponsor’s interest in wearable medical devices used in health
monitoring. The market requirements related to the component’s features such as signal sensitivity
for detection, signal conversion, placement, and sizing. During this process, the main focus was
creating a device that can provide better outcomes than the current modalities and fulfill the
targeted market’s needs. The table below shows the constructed device's market requirements.
Also, the success of meeting these design inputs will be based on the results from the verification
tests listed. The protocols for each method of verification can be found in the design history file with
further details and rationale for the selection.

Market Requirements Design Inputs Method of Verification

The device should be able to
non-invasively recognize the
vibrational signals from the chest, in
a uniaxial direction.

The sensor needs to be uniaxial and
detect frequency ranges of 10-40 Hz
in planar directions.

Phantom test via an artificial pulse
generator.

The device should be able to convert
cardiac vibration to electrical voltage.

The sensor needs to convert a
minimum cardiac pressure of 1.5 Pa
to a minimum voltage output of
1-3mV peak-peak.

Comparison of accelerometer and
piezoelectric sensor.
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The device must comply with the
skin's elasticity on the chest.

The sensor’s elastic modulus needs
to range from 130 kPa to 20 MPa.

Uniaxial Tensile Test - load/unload
cycles.

The device’s dimensions should
comply with the size of the apex of
the sternum.

Sensor dimensions should be within
27.7 ±  4.1 mm for width and 154.1 ±
13.1mm for length.

Dimensions confirmation of SCG
sensor.

The device should be compatible
with the patch’s wireless power
transfer design.

Device is powered through a 3 - 5V
wireless power source.

Measuring the power source voltage
used via voltmeter.

c.  Constraints and other considerations
One of the main constraints regarding this project is socioeconomic such that one of the main

requirements is maintaining the manufacturing cost of the device as low as possible so that the
manufacturing company, Jabil, can provide the device at a lower cost of current wearable cardiac
monitoring devices such as ECG to patients with CAD.

Another major constraint is the fact that our constructed component is intended to be only one
part of a device. The design of the sensor needs to be compatible with the other features of the
device, such as communication and power. In order for the sensor to maintain direct contact with
the skin, it needs to have a similar elastic modulus which depends on the configuration of the
material.

The main parts of the sensor are Polyvinylidene Fluoride (PVDF) and Tegaderm adhesive, which
is considered recyclable materials and gives a great advantage of using such materials. While
remaining environmentally conscious, PVDF is not a biodegradable material. Considering the points
mentioned, the component that we’re constructing is safe to use and has no safety concern. Also,
the device components do not require any sterilization.
3. Solution Formulation

Based on the aforementioned priorities, the team carried Method 635 and Delphi techniques to
develop the conceptualization of the device. These techniques involved the group members
building their ideas off one another and consulting outside experts. When attempting the creation of
a device that meets the user’s needs, the market requirements, design inputs, and current
modalities were taken into consideration.

Firstly, the team discussed the sensitivity of the sensor and how it could sense SCG signals. The
use of PVDF was the material we decided to be the best. PVDF is a piezoelectric polymer both
lightweight and compact while being sensitive to lateral forces for SCG measurements. Research
shows that a filamentary serpentine design of PVDF will allow for the material to be stretchable and
usable in our medical component.

Other possible materials and geometric configurations were also taken into account in the
analysis of the optimal design. For example, metalized polypropylene film (electromechanical film
(EMFi™)) is a useful material as it is very sensitive while still being flexible, lightweight, and
compact. The main downside of EMFi resulting in the team going in a different direction is due to
EMFi not being sensitive to lateral forces, which are important for SCG measurements. The team
also researched different designs that could optimize the material’s piezoelectric properties such as
the Hilbert-curve pattern and Kirigami pattern. Both designs are known to provide a desirable elastic
modulus to the material, but the disadvantage is it doesn’t reach the range for skin that the team
needs. These combinations of materials and methodologies allow for the final product to compete
and even outperform with wearable, wireless cardiac monitoring devices.
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MVP

Description:
A small sensor composed of a thin film of metalized PVDF
with a filamentary serpentine pattern. The material is
metalized with silver ink to provide conductive properties.

Pros Cons

● Non-invasive
● Converts cardiac

vibration to
electrical voltage
via a piezoelectric
component

● Low Young’s
modulus

● Wireless
● Wearable
● Conformal
● Lightweight
● High patterning

and manufacturing
feasibility.

● N/A as per
our market
requirements

4. Engineering Analysis and Decision-Making
The following criteria needed to be considered: receiving a mechanical signal, converting it to an

electrical signal, not compromising skin elasticity, complying with the size of the apex of the
sternum, and being compatible with the patch’s wireless power transfer design. Design concepts
were constructed, and quality function deployment analysis was done. Once the concept was
selected, material analysis was conducted, with cost consideration.

To visually represent the chosen design concept Solidworks was used, and the filamentary
serpentine design was developed. However, this decision required further analysis on determining
the optimal area density (AD) or contact area between the sensor and skin, based on varying ratios
of weight to the radius. The contact area of the electrodes with the body affects the quality of the
signal detected, with a larger contact area meaning less dependence on the placement of the
sensor and a higher signal to noise ratio. The general formula used in the analysis is shown below,
where ‘θ’ is the rotation angle, ‘R’ is the outer circle radius, and ‘W’ is the curve width.

A simulation was done, where R was set to 1.25 mm, and θ was set to 15º due to the resolution
of the cutting machine that was used (Silhouette CAMEO 4), while W was varied. The values for the
varying W are shown below.

AD 10% 30% 40% 50% 60% 70%

Width (mm) 0.12 0.33 0.42 0.50 0.58 0.65

A force of 1.5 N was applied to the boundary on the right of the design, with the same direction
of the plane, while the left boundary was fixed. An AD of 50% showed the least applied stress while
showing no overlap, or clear proximity, of the outer circles. An additional simulation was carried with
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an AD of 50% but varying dimensions [W(mm) X L(mm)]: [14.59 x 23.13], [22.31 x 30.92], and
[29.95 x 38.56]. With the same parameters as before, the size 22mmx31mm, with repeating units
5x6 [middle picture], was chosen for manufacture since it is within the width limitations and has the
lowest max experienced stress value.
5. Detailed Design

6. Testing
For the verification of the PVDF sensor, five protocols were created to ensure the device meets the

market requirements stated: Sensitivity test utilizing artificial pulse generator, uniaxial tensile test,
dimension confirmation, comparison with an accelerometer, and testing for voltage from an external
power source. The sensitivity test involves using an artificial pulse generator (3B Scientific Vibration
Generator) to phantom test the device. The device will be placed onto the machine and measure the
output voltage that would be generated by standard SCG frequencies. These frequencies usually
range from 10Hz to 40Hz.  The uniaxial test will allow for the determination of the young's modulus
of the patterned PVDF. The goal is to have the PVDF sensor stretch with the skin, and as such the
young’s modulus of skin and the sensor should be similar. The dimension confirmation relates to the
length and height of the device. The width is 28um, and the length and height of the sensor should
be below the range stated in the design inputs (27.7 ±  4.1 mm for length and 154.1 ± 13.1mm for
height). Based on work that has been done so far, the measurements for fully cut samples have been
around the range set by the machine of 30.92 mm in height and 22.31 mm in length, which is good.
Confirmations have been done in both the CAMEO silhouette software and in the lab physically
using a caliper. For the test utilizing an accelerometer, the goal is to compare the signal values that
each one would produce. Most SCG devices use an accelerometer and have lately been
experimenting with MEMS accelerometers, so this is to prove an effective and lightweight
alternative. This verification test has been omitted due to timing constraints and it being not focused
on our design inputs. Finally, the device as a whole should be able to be powered wirelessly in the
future, so this protocol is to show that voltage from an external power source can be wirelessly
introduced. The test was also not completed as it is not necessary for our design inputs.  Software
such as Ansys structure and COMSOL are softwares to further solidify verification results.
SOLIDWORKS has been extensively used for stress analysis and measurement confirmation.
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7. Evaluation of Verification Testing
As mentioned previously, statistical tests such as ANOVA and t-test can be used to test for if

there are any significant differences betweens samples based on young’s modulus or for sensitivity.
Size verification analysis was accomplished with a standard t-test and 95% Confidence level.
Uniaxial tensile testing was also confirmed with a standard t-test and 95% Confidence. For our killer
test, one-way ANOVA analysis was conducted with 95% confidence. All three verification tests
were passed. Sensing of the PVDF can be shown if it is able to detect the vibrations that will be
produced by the pulse generator and analyzed by the appropriate software. More testing would have
to be done to accomplish this as these tests were fairly sensitive to noise Software that has been used
for analysis so far is only SOLIDWORKS, with Ansys structure and COMSOL as possibilities not
explored yet. The criteria stated in the design inputs were met.
8. Relevance to the BME Curriculum.

The following courses were referenced to when completing this project: BME 4100
Biomaterials Science, BME 3710 BME Data Evaluation Principles, BME 3701 EABS II, BME 2740
BME Modeling & Simulation, and BME 4800 Design Biomedical Systems Dev. Biomaterials helped
the team in the analysis for the selection of the product’s materials based on their properties
(Young’s modulus, biocompatibility, tensile strength, hardness, yield strength). The focus of EABS II
was the cardiovascular system which assisted the team in understanding the recognition of need
and how the CAD affects the population. The Data Evaluation course was useful when the team
completed their verification testing and they needed to analyze the significance of the data. Both
BME 2740 and BME 4800 assisted the team when performing their simulations whether mechanical
in SolidWorks or mathematical in MATLAB.
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BSBME Program Learning Outcomes
1. Ability to apply knowledge of mathematics (including differential equations and statistics),

physical and life sciences, and engineering to carry out analysis and design to solve
problems at the interface of engineering and biology;

2. Ability to design and conduct experiments, as well as to measure, analyze and interpret
data from living systems;

3. Ability to design a system, component, or process to meet desired needs, including
systems that involve the interaction between living and non-living materials, within
realistic constraints such as economic, environmental, social, political, ethical, health and
safety, manufacturability, and sustainability;

4. Ability to identify, formulate, and adapt engineering solutions to unmet biological needs,
5. Ability to use the techniques, skills, and modern engineering tools necessary for

engineering practice, including the ability to model and analyze biological systems as
engineering systems;

6. Ability to function on multi-disciplinary teams;
7. Ability to communicate effectively;
Courses
Outcomes 1 2 3 4 5 6 7 8
EGN 1100 Intro to Engineering X X X
BME 2740 BME Modeling & Simulation X X X
EEL 3003 Electrical Engineering I X X X X X X X
EGM 3503 Applied Mechanics X X X
BME 3032 BME Transport X X X X X
BME 3700 EABS I X X X X
BME 3701 EABS II X X X X
BME 3710 BME Data Evaluation Principles X X X X
BME 4011 Clinical Rotations X X
BME 4050L Lab I X X X X X X X X
BME 4051L Lab II X X X X X X X X
BME 4090 Design Project Organization X X X X X X X X
BME 4100 Biomaterials Science X X X X X X X
ELR 4202C Medical Instrumentation Design X X X
BME 4332 Cell and Tissue Engineering X X X X X X X
BME 4908 Senior Design Project X X X X X X X X
BME 4800 Design Biomedical Systems Dev X X X X X X X X
8. Awareness of the characteristics of responsible professional engineering practice,

including ethical conduct, consideration of the impact of engineering solutions on society
in a global and contemporary context, and the value of life-long learning.

Relationship between the BSBME Courses and Program Learning Outcomes
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