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This work describes the development of an accurate, low-cost, expandable and 

wearable health and activity monitoring platform. Wearable monitors used to track 

physical activity are becoming an increasingly popular and effective way to combat 

our dangerously sedentary lifestyles. Unfortunately most existing wearable solutions 

are either costly, inaccurate or cumbersome. The goal of this research was to design 

and create an activity and health monitor that balances wearability, price, efficiency, 

functionality and accuracy in order to create the most useful device.  

The development of a custom hardware platform, specialized firmware and a 

unique iOS application framework created complete system capable of being used in 

various applications. The use of a limited number of highly integrated components, 

miniaturized PCBs and a modular system design led to the fabrication of thin, dime-

sized main board weighing just 9.5 grams and costing less than $25, which can be 

easily integrated into an article of clothing. Specialized firmware enables this main 

board to interface with a variety of sensors, both analog and digital, providing accurate 

data collection and wireless BLE connectivity for at least 100 hours of continuous use 

in any mode.  Initial results show that the system is capable of gathering, transmitting 

and displaying highly accurate data about the users heart rate, number of steps taken, 

distance traveled on foot.  
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Chapter 1: Introduction 

People all around the world share a common problem. Our lives are being shortened 

by diseases and conditions that can be alleviated by a simple process that is 

completely free and available to all: physical activity. According to the World Health 

Organization physical inactivity is the fourth largest risk factor for mortality and also a 

major risk factor for many non-communicable diseases. Physical inactivity is 

estimated to cause around 21-25% of breast and colon cancer, 27% of diabetes and 

about 30% of heart disease worldwide [1]. Recent studies have even begun to suggest 

there is a strong link between common mental disorders (CMDs) and lack of physical 

activity [2]. Despite the proven and increasingly well-known benefits of exercise over 

17% of the global population does not regularly engage in any kind of physical 

activity and nearly 58% does not achieve the two and a half hours per week of 

moderate-intensity activity needed to be considered physically active [3]. Data is also 

suggesting that physical inactivity is only becoming more prevalent worldwide [1][4]. 

To reap the benefits of physical activity does not mean you have to live your life as if 

you’re training for the next Olympics. According to recommendations from the 

Surgeon General a regular daily regimen of only 30-45 minutes of physical activity 

can reduce your risks of developing coronary heart disease, hypertension, colon cancer 

and diabetes [5]. For people who are already participating in moderate daily physical 

activity picking up the pace can further increase these benefits. Increasing the intensity 

and duration of existing workouts has been proven to further reduce the risks 

associated with many of the conditions listed above [5].  

Wearable sensors used to monitor and provide feedback about physical activity 

are becoming an increasingly popular way to combat our dangerously sedentary 

lifestyles [6]. In 2013 consumers purchased an estimated 84 million fitness tracking 

devices and analysts predict that number will grow beyond 120 million by 2019 [7]. 

These users want unobtrusive devices that move easily with them while 

simultaneously capturing accurate data related to their activity and overall health [8]. 
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When discussing commercially available wearable bio-monitors the first thing most of 

us think of is pedometers. Pedometers are devices specifically designed to measure the 

distance travelled on foot by recording the number of steps taken. They are becoming 

increasingly prevalent in a wide array of consumer electronics. Available in products 

like Nike’s Fuelband, Fit Bit’s Flex and even some smart phones, it is clear that 

pedometers are a highly popular way millions have chosen to quantify their activity. 

Pedometers are also generating more than just millions in profits. It has been widely 

proven that pedometers not only support physical health, but also serve to improve the 

motivation and state of mind of the walker [9] [10] [11]. Pedometers can also serve as 

a reality check for users who believe that they are doing significant amounts activity 

when in actuality they’re doing much less [12]. Unfortunately pedometers can only 

provide a very limited picture of activity levels and the health of the user. Accurately 

analyzing all the components of an active and healthy lifestyle requires measuring a 

multitude of metrics beyond just motion. Luckily recent advances in low power radios 

and energy efficient System on Chip (SoC) design have enabled the creation of a 

whole new range of wearable devices that capable of collecting multiple sets of more 

complex data and transmit them more frequently. These more complex systems are 

able to obtain, analyze and transmit data corresponding to Electrocardiogram (ECG), 

Heart Rate Variability (HRV), Electromyography (EMG), blood oxygen saturation 

(SpO2) and many other parameters [13][14][15]. 

This work describes the development and creation of the Wireless Health and 

Activity Monitor (WHAM) platform. The WHAM is a low-cost, reconfigurable, 

wearable, wireless platform designed specifically to collect, process and display data 

related to the user’s activity and health. Very few devices exist that successfully 

incorporate multiple and expandable data collection methods in a low cost and 

wearable form factor. Utilizing wireless smartphone connectivity the WHAM is 

designed to be easily operated by a wide variety of users. The specific 

implementations discussed by this document are only a few of the possible 

configurations the WHAM. 
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Chapter 2: Background 

The Oregon State University VLSI research group, headed by Dr. Patrick Chiang, has 

previously conducted significant research into wearable monitors. The group has 

explored solutions using custom Integrated Circuit (IC) and System on Chip solutions 

as well as embedded system designs using off the shelf components. These previous 

designs have been used in a wide array of applications such as battery-less energy 

harvesting on-body sensor nodes, wearable heart rate and activity monitors, advanced 

pedometers able to track a user's movement in three-dimensional space and adaptable 

medical device communication platforms [16][17][18][19]. A plethora of commercial 

devices have also been developed by countless companies over the last several years 

in an effort to feed the growing demand for wearable monitors.  

2.1 Prior Work 
This work was directly influenced by three wearable embedded systems previously 

designed by the group: the OSU Life and Activity Monitor (OLAM) [17], the Personal 

Dead Reckoning Fiducial Updated Device (PDRFUD) [18] and the Medical Electronic 

Device/Implant Communicator (MEDIC) [19].  

The OLAM was designed for continuous heart rate and activity monitoring and 

was used in a clinical trial to measure the effect of lipoic acid supplementation on 

circadian rhythms [20]. To quantify user activity levels it used an accelerometer, 

gyroscope, ECG analog front end and a microcontroller to take periodic measurements 

of heart rate and movement over two week periods. The system required the use of 

four separate integrated circuits, over 90 surface-mount components and used two 

separate 5.08 cm diameter printed circuit boards (PCBs). The OLAM’s 20 mW 

average power consumption also required the use of a massive battery that increased 

the overall device size to 5.08x6.35x1.27 cm. To achieve some measure of wearability 

a custom band of stretchable Nylon and Spandex was employed to hold the 66.6-gram 
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device tightly to the torso. All of these components added up to an estimated unit cost 

of $65 USD. While the OLAM system did function as intended, the discussions on 

future system improvements centered largely around the use of an SoC which could 

decrease the size, weight, power consumption and cost of the system by combining 

together the functionalities of many separate ICs into a single package.  

The purpose of the PDRFUD was to accurately track foot movement in three-

dimensional space in order to create a method for effective indoor location tracking. 

The PDRFUD also required many integrated circuits, each with their own limited 

functionality, a large battery and multiple printed circuit boards. This design 

methodology again resulted in a big, heavy and expensive system. While proving 

effective and accurate, the complete system measured approximately 8x4x1 cm, 

weighed 44 grams and had an estimated build cost of around $100 USD. This large 

form factor made the possibility of successfully integrating the device into footwear 

questionable. 

The MEDIC system was designed to communicate with, and power, wearable 

sensor nodes capable of capturing numerous types data. The PCB contained three 

separate radios, a radio frequency (RF) signal amplifier, a microcontroller and 

multiple power management chips. These 6 integrated circuits, along with over 70 

surface mount components were integrated into a single PCB. With the addition of the 

required battery the system measured 6.7x3.5x1 cm and weighed in at 41 grams. 

While the estimated cost of the system was never calculated, given the large number 

of components and the complexity of the PCB, it can be assumed the MEDIC would 

cost at least $50 USD. Since the system required a smartphone connection the author 

decided it should be integrated into a smartphone case as its size and weight made 

other wearable methods less appealing. 

2.2 Relevant Commercial Solutions 
Commercially available fitness and activity monitors largely fall into two major 

categories: small and simplistic or and large and complex. While there are numerous 
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devices and systems available to study only four of the more popular and relevant 

solutions were chosen to draw inspiration from: Nike’s FuelBand SE [21], FitBit’s 

Flex [22], Athos’ wearable workout platform [23] and OMSignal’s biosensing shirt 

[24]. The pedometer-based systems of the Nike FuelBand SE and FitBit Flex are sleek 

miniature designs which sacrifice higher levels of functionality to improve both 

wearability and battery life. Their form factors allow them to be easily adopted by 

millions of men and women around the world; however they are hindered by the 

inaccurate and limited forms of data collected as well as their relatively high cost. 

These systems are also not modular, meaning they cannot be adjusted or expanded to 

incorporate new sensors based on the user’s needs. On the other end of the spectrum 

there are the complex commercial solutions from companies such as Athos and 

OMSignal. These solutions offer the ability to capture EMG and ECG information, 

yielding statistics about heart and muscle function, as well as pedometer data related 

to motion. Both of the solutions are also completely integrated in clothing that is worn 

during use. Unfortunately these additional capabilities come with an increase in size, a 

higher price and reduction in battery life.  

2.2.1 Small and Simple 
When discussing commercially available wearable bio-monitors and activity trackers 

the first devices most of us think of are pedometers. Nearly all pedometer designs use 

some type of accelerometer to generate the data they need. An accelerometer is a 

specially designed instrument that measures proper acceleration, typically referred to 

as g-force, and can be used in a wide variety of applications involving the tracking of 

human motion. For example: using the same accelerometer needed by a pedometer it 

is also possible to measure the relative effect of the earths gravitational field, which 

allows a device to also determine the orientation of the body and thus the posture of 

the user [25]. While it has been shown that pedometers can be created from existing 

hardware in smartphones, achieving a high rate of accuracy is often limited [26].  
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Due to these limitations, standalone pedometers are becoming an increasingly 

popular segment of wearable consumer electronics. Several designs have gained 

widespread success; two of the most widely used are the Nike FuelBand SE and the 

FitBit Flex. These devices aim to provide an easy to wear pedometer with a small 

form factor. Features available on both include the ability to set fitness goals, track 

distance travelled, estimate calories burned and chart activity levels with time; 

however most of these features are only available when you use the corresponding 

web or mobile application-based software. Each system also provides the ability to 

intermittently link with a smartphone via Bluetooth and transmit stored data. Unlike 

FitBit’s Flex the Nike Fuel Band SE incorporates a small led display capable of 

conveying some data as well as the current time. The Flex on the other hand provides 

a vibrating alarm feature not available with the Fuel Band SE. Nike claims the battery 

on the Fuel Band SE should provide up to 4 days of continuous use. Similarly FitBit 

lists the battery life for the Flex at up to 5 days.  

According to reviews by technical and fitness publications both the FitBit Flex 

and Nike FuelBand are not without their faults. A review of the FitBit Flex conducted 

by Gizmodo criticized the device for its inaccurate step count. During the reviewer’s 

tests some days the Flex detected more than 2000 extra steps when compared to a 

highly accurate pedometer used as a control [27]. These 2000 extra steps added up to a 

23% overestimate in the daily step count. A review by Shape magazine criticized the 

intended point of use as wearing the device on the wrist makes it highly visible [28]. 

The reviewer went on to say that she found carrying the device concealed in her purse 

to be more amenable. The FuelBand SE was also reported to suffer from similar 

accuracy issues. According to a review from PC Magazine the FuelBand SE recorded 

just 60 percent of the 3,093 steps independently counted during the test period [29]. 

The reviewer also commented on the FuelBand SE’s lack of a temperature sensor and 

several bugs experienced while using the requisite software application. The cost of 

these devices could also be viewed as a limitation as both retail for around $100 USD. 

While this might be affordable for some consumers the higher price point certainly 
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keeps these pedometers from being adopted by many potential users with financial 

limitations. 

2.2.2 Large and Complex 
Both Athos’ wearable workout attire and OMSignal’s smart shirt are on the forefront 

of cutting edge wearable activity monitors. They are charting new territory by leaving 

simplistic pedometers behind in favor of more comprehensive activity monitoring 

solutions. 

The platform developed by Athos centers around custom clothing capable of 

gathering EMG data in order to determine metrics related to muscle use and fatigue. 

The unique shirt and shorts also include sensors to monitor heart rate, breath rate, as 

well as a 6-axis accelerometer capable of providing pedometer functionality and other 

forms of motion analysis. The corresponding smartphone app provides an easy to use 

method to quickly acquire real time visual feedback and record data sets. The system 

is designed to be modular through the use of a central device referred to as the “Core”. 

This device is capable of attaching to any of the sensor-laden garments developed by 

Athos. The “Core” is described as the brain of the system as it contains the necessary 

components for data conversion, basic analysis, Bluetooth transmission and the 

accelerometer. Designing the sensitive component containing “Core” to be removable 

from the garments allows them to be machine washable. The “Core” itself is also 

advertised as water-resistant. While the weight of the shirt and shorts is currently 

unavailable the “Core” is listed at a respectable 20 grams. The shirt portion of the 

system contains 14 EMG sensing electrodes, two electrodes for heart rate detection 

and two for breath rate detection while the shorts contain 8 more EMG sensing 

electrodes and two additional electrodes for detecting heart rate. Both the shirt and the 

shorts are made from elastic material designed to fit very tightly in order to ensure 

contact with the users skin is made by all of the sensors. Unfortunately all this 

functionality comes with a price. The Athos “Core” costs a staggering $199 USD and 

the rechargeable battery inside the relatively large, approximately 6.35 cm long, 3.8 
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cm wide and 1.3 cm thick module is only good for 10 hours of continuous use. To 

acquire a complete system a user would need to purchase the $99 USD shirt and the 

$99 USD shorts which both require their own “Core” devices. This brings the cost of 

purchasing a complete system up to a staggering $596 USD. While the system is not 

yet available for purchase the initial reviews are largely positive. A reviewer from PC 

Magazine had the chance to try the shorts portion of the Athos system and was 

impressed with features like the rep counter and the real time, location specific 

feedback on muscle use provided by the smart phone app [30]. 

OMSignal’s biometric smart-ware line is similar in design to the Athos system; 

however it lacks the EMG functionality. At this time the platform is only available in 

several styles of shirts. These smart shirts, when paired with the requisite smartphone 

app, allow the user to monitor his or her heart rate, breath rate, step count and provide 

an estimate of calories burned. Like Athos the OMSignal system relies on the use of a 

detachable central device, referred to as the “Little Black Box”, which can be used 

with any of the shirts. As with the Athos “Core” the “Little Black Box” also contains 

an accelerometer and all of the components necessary to convert and capture data from 

the sensors and provide a Bluetooth link to a nearby smartphone or tablet. While exact 

the exact weight and dimensions were not readily available the shape and size of the 

“Little Black Box” appears to be very comparable to the Athos “Core”. The 

rechargeable battery used inside “Little Black Box” is advertised to last through one 

day of continuous use and the module is marketed as water-resistant. The shirt itself 

contains just two electrodes, located in the torso area, which are knitted into the fabric 

using silver-based thread. The “Little Black Box” retails for $140 USD and the 

corresponding shirts range from $100 to $130 USD depending on the style. This 

brings the total system cost up to at least $230 USD. As with the Athos system the 

reviews appear generally positive. A reviewer at Engadget did report a battery life of 

around 12 hours, which is less than advertised. The reviewer also commented that the 

style and fit of the shirt might make people with less than in shape bodies feel 
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uncomfortable; however he went on to say that the system was a “neat package, and 

something that I think I’ll spend more time playing with in the future” [31]. 

2.3 System Requirements 
The following requirements were intended to aid in the design and implementation of 

a successful and relevant system. They were developed through the lessons learned 

from previous work by members of the OSU VLSI research group and through the 

analysis of several wearable fitness monitors commercially available. 

 
THE SYSTEM SHOULD BE COMFORTABLY WEARABLE. There are a plethora of 

wearable devices created both for research and commercial purposes 

unfortunately many are simply too bulky to be worn comfortably and 

unobtrusively. This goal of this system is to be small and light enough that it is 

capable of being seamlessly integrated into an article of clothing that can be 

worn without impeding the user during exercise or other daily activities. 

THE SYSTEM SHOULD BE ACCURATE. Achieving a better understanding of day-to-

day activity levels requires accurate data. Many existing activity monitors 

employ a large amount of approximation and guess work that can provide 

users with confusing and unhelpful feedback. This system should provide 

highly accurate and reliable data, which can then be used to show more subtle 

improvements and trends.  

THE SYSTEM SHOULD INCORPORATE WIRELESS DEVICES USERS ALREADY OWN. 

Given the ever increasing popularity of powerful smartphones and tablets 

among modern consumers, the WHAM should be able to harness the 

capabilities of these devices for it’s display and advanced data analytics. 

Moving the display and some of the more advanced computation off the 

WHAM hardware will allow for a decrease in size, increase in battery life and 

enhanced usability since most users are already familiar with app-based 

environments.  
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THE SYSTEM SHOULD BE EASILY EXPANDABLE TO NEW SENSORS. The device 

should come with several standard activity monitoring features yet also remain 

easily modifiable so that future sensors, both digital and analog, may be easily 

integrated into the system. Providing temperature sensing and many basic 

accelerometer-based functions standard ensures that the WHAM will be 

useable completely on its own, while the ability to add additional sensors 

means that its functionality is potentially limitless.  

THE SYSTEM SHOULD PROVIDE ADEQUATE BATTERY LIFE. Many commercially 

available products require the user to choose between functionality and battery 

life. This system should aim to provide a balance between the two. As such it 

should attempt to provide similar functionality to the more complex activity 

monitors while also offering battery life equal or greater to the more simple 

pedometers.  

THE SYSTEM SHOULD BE LOW COST. The ability for any device to make an 

impact is often tied to how many people can afford to own one. Keeping the 

cost of the WHAM as low as possible ensures that many people, regardless of 

affluence, as well as researchers looking to conduct large and cost-effective 

studies are able to use the system.  

2.4 Design Considerations 
Guided by the requirements listed in section 2.3 it was clear that the WHAM would 

need to balance size, functionality, efficiency and cost to achieve the most effective 

and useful form. Balancing these tradeoffs resulted in the use of a modular design, 

ultra-miniature rigid and flexible printed circuit boards with very few components, a 

cheap and readily available power source, a popular low power wireless link and a 

smartphone application for control and display. 
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2.4.1 Modular Design 
To reduce the size of the device, without sacrificing functionality, a modular design 

approach will be used. This involves the design and use of a main board which will 

contain the microcontroller unit (MCU), analog to digital converter (ADC), radio, 

PCB antenna and the other components necessary to maintain the communication link, 

data acquisition and standard operation. This main board will be designed with several 

analog and digital ports, which can be easily connected to additional sensors and 

circuits on separate substrates. Creating a main board capable of interfacing with 

numerous other sensors allows the system to start very small then grow in size, 

functionality and cost based on the application specific implementation. This modular 

design methodology also allows for sensors to be placed where they are needed while 

remaining wired together with the main board, which can be worn or carried in a less 

obtrusive place. As demonstrated in comparable commercial solutions the main board 

can also be made detachable. This allows it to escape the washing machine or be used 

with another sensor configuration. 

2.4.2 Small Form Factor 
Keeping the system as small as possible involves making use of highly miniaturized 

printed circuit boards. These PCBs should be created with form factor as a primary 

concern. This involves choices like minimizing the number of connections to be made, 

stacking multiple PCBs on top of one another to reduce the total surface area, reducing 

the total number of components required and using the smallest surface mount 

components available. The type of PCBs used can also reduce the total system size 

and cost. Using thin two-layer PCBs is a great way to reduce the overall thickness 

while keeping the price of the system low [32]. To allow for more connections and 

components two or more of these thin two-layer boards can be stacked and connected 

vertically. While flexible polyimide-based PCBs are becoming increasingly available 

using more traditional rigid FR4 material reduces the cost as well as the size of the 

main board because its dielectric properties allow for a much smaller printed BLE 
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antenna to be used [33][34]. For additional sensors, specifically those intended for on-

body use such as the ECG sensor, flexible polyimide PCBs can be used. Flexible 

PCBs are significantly lighter and thinner than their traditional counterparts. Their 

flexibility also allows them to contour to the human body in order to maintain an 

adequate level of contact with the user without the potential discomfort caused by the 

use of a rigid PCB [35].  

2.4.3 Affordable and Widely Available Power Source 
Lithium-based coin cell batteries provide an ideal solution when attempting to balance 

cost with size and capacity. While widely available, small, thin and relatively 

inexpensive, lithium coin cell batteries such as the CR2354 and CR2032 also provide 

high energy density and relatively flat discharge characteristics [36]. They can be 

easily purchased from vendors online for as low as $0.50 USD per unit. All of these 

characteristics make them an ideal solution for low cost miniature sensors. 

2.4.4 Bluetooth Low Energy Wireless Communication 
Bluetooth low-energy (BLE), also known as Bluetooth Smart, is quickly becoming the 

favorite wireless communication standard among wearable devices. Some experts in 

the field are even predicting that Bluetooth low-energy will be to the smartphone 

world what the universal serial bus (USB) has been to the PC: an agent of universal 

peripheral connectivity [37]. Industry experts are predicting that BLE will be one the 

most significant contributors to the wireless sensor market and be present in nearly 

half of all products shipped in 2015 [38]. Besides its popularity and widespread 

adoption BLE also provides an ideal wireless communication method because of the 

inherent simplicity of its star topology, its robustness against frequency interference 

and most importantly it’s low power consumption. BLE radios frequently consume 

around 10 mW of output power. Their peak current consumption generally tops out at 

15 mA. Classic Bluetooth peak-operating power during transmission is typically 25 

mW. Modern 802.11-family radios used for WiFi applications consume 100–200 mW 

in the receiver digital signal processor (DSP) and spend 500 mW in the transmit power 
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amplifier [37]. This makes them far from ideal for small low-power wearables that 

must rely on small coin cell batteries. BLE’s incredibly low power consumption is 

partially enabled by its very simple link layer designed for quick connections [39]. 

BLE also provides an ideal platform for creating custom application specific wireless 

profiles, which is highly pertinent when creating unique systems. 

2.4.5 Smartphone Application Integration 
Many wearable devices integrate some form of display to send visual feedback to the 

user. While the inclusion of this display does allow the device to be useful entirely on 

it’s own there are still several drawbacks. First of all there is the size constraint. A 

wearable device is typically designed to be as small as possible. Unfortunately both 

current technology and human eyesight capabilities limit how small any useful display 

can be made. Secondly there is the power consumption of the display. Even when the 

display is only used for a brief periods of time it remains a large portion of the total 

system power consumed [40]. Lastly there is the additional cost of integrating a 

display into any device. In today’s consumer driven climate most people are seeking 

to purchase a device that both meets their needs and cost as little as possible.  

Luckily solutions to many of these issues already exist and most of us have one in 

our pockets right now. According to a recent poll conducted by the Pew Research 

Center 56% of Americans now own a smartphone [41]. The results from this study 

imply that a feasible way to mitigate many of the drawbacks previously discussed is to 

integrate the wearable devices with the smartphones most people are already carrying. 

Smartphones provide large, high quality displays capable of showing the user data 

collected from nearby wearable devices. These screens are several times larger than 

any display that could be deemed wearable by any means, and their incorporation adds 

no additional power drain on the wearable hardware. The smartphone can also allow 

for easy device control and provide extra computational power that may be 

unavailable on the wearable device itself [42]. This additional computing power can 

provide high quality analytics on the data being gathered, which might otherwise be 
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impossible given the limitations of the much simpler low power wearable hardware. 

Another advantage of linking the device with a smartphone centers on the phones 

ability to access the Internet. Days, or even months, worth of data can be sent from the 

phone to a cloud storage system allowing it to be easily viewed by doctors or other 

interested parties from remote and at their leisure. This creates a virtual link to the care 

provider while allowing the patient the freedom to be where they wish. 
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Chapter 3: Overview of the Wireless Health and Activity Monitor 

The Wireless Health and Activity Monitor is a prototype system created to monitor 

various metrics related to the users activity. Utilizing a miniature and adaptable 

hardware platform the WHAM is designed to be unobtrusively worn by the user 

during data collection. The creation of a custom smartphone application allows users 

to wirelessly control the device and view the data being collected instantly. The 

hardware, firmware and software developed allow for the future incorporation of a 

multitude of sensors such as EMG, breath rate and UV exposure without drastic 

changes to the platform. The WHAM’s diverse functionality centers on the use of a 

single main board that provides the wireless link, control and data processing for all 

connected sensors. This main board also contains built-in motion tracking 

functionality via the use of an on-board digital accelerometer. This integrated 

accelerometer allows the main board to serve as a pedometer, posture sensor, or a 

more general motion capture platform, regardless of which external sensors are also 

incorporated. While the WHAM could potentially gather many types of data due to 

time constraints the only external sensor designed and tested for this work was a 3 

electrode, single lead ECG.  

The current implementation of the Wireless Activity Monitor is shown in Figure 

3.1. Not included in this figure are the additional analog and digital inputs intended for 

future sensor integration. These include 3 unused ADC channels, the unused SPI 

interface, and several unused general-purpose I/O pins. Also omitted from Fig. 3.1 is 

the adjacent smartphone or tablet used to control and display data from the device. 
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Figure 3.1: WHAM system diagram. 

3.1 Hardware 

3.1.1 Miniature Printed Circuit Boards and Battery 
The WHAM system currently consists of 3 physical components: The main board, the 

battery, and the flexible ECG board. The main board prototype has been constructed 

from a stack of two miniature two-layer PCBs which contain the SoC, accelerometer, 

printed circuit board antenna, reset push button, a few indicator LEDs, crystal 

oscillators, and other necessary passive components. These PCBS were manufactured 

by a small a Taiwanese company that specializes in helping their customers create and 

design prototypes for miniature wearable platforms. The objective when designing the 

main board was to minimize area and maximize functionality. Following this objective 

resulted in the accelerometer and all other components needed by the SoC residing on 

two small PCBs that are then soldered together. There are also several unused input 

ports left accessible on the boards to allow additional sensors to be connected quickly 
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and easily. As previously discussed in section 2.4.2 the dielectric properties necessary 

to implement the most compact and effective BLE antenna necessitated the use of a 

traditional FR4 rigid printed circuit boards. The use of these rigid PCBs also reduces 

the overall system cost.  

Since this device was intended to be wearable it was very important to create a 

form factor that was small enough to allow the system to be as easily worn as possible. 

Part of this form factor and wearability conscious design led to the ECG board, 

containing the electrodes and adjacent ECG instrumentation amplifier, being created 

using a flexible polyimide based printed circuit board. This was the most effective 

implementation for the electrodes, as they must be worn on the user’s chest above the 

heart where there is not typically a flat surface. A flexible PCB allows the electrodes 

and amplifier to conform the to the user while also flexing during motion to maintain 

more consistent contact to the skin. The ECG board is then wired into the main board 

that because of its thicker rigid profile is placed elsewhere at more comfortable 

location for the user. 

3.1.2 System on Chip 
Due to the competitive and cutting edge technology present in the SoC used on the 

WHAM main board a non-disclosure agreement was signed that prevents the 

dissemination of some technical information. Due to this agreement the company and 

part number related to the SoC will be omitted. To simplify further references to the 

SoC from now on it will be referred to as the S2014 SoC.  

The S2014 SoC is a cutting edge, ultra low power, high performance and highly 

integrated Bluetooth Low Energy platform specifically designed for applications such 

as mobile appplication-enabled wearable devices that run off of small coin cell 

batteries. Most wearable monitors, both commercially available and designed for 

research, consist of systems that utilize multiple integrated circuits to provide the 

digital processing, radio link and analog to digital conversion. The S2014 allows for 

all of these separate integrated circuits to be combined into one small low power 
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package. The SoC integrates a low power v4.0 BLE radio, controller, protocol stack 

and BLE profile firmware into a single chip which also contains a high performance 

32-bit ARM Cortex M0 microcontroller unit (MCU), 64kB on-chip memory and a 10 

bit 4-channel Analog to Digital Converter (ADC). Additional system features include 

a fully integrated DC/DC converter and Low-dropout Regulator (LDO), low power 

sleep timer, battery monitor, temperature sensor and up to 31 GPIO pins. The BLE 

v4.0 Low Energy compliant radio transceiver inside the S2014 is aided by an 

integrated BLE protocol stack and application profiles that supports both master and 

slave modes. The radio’s RX sensitivity can reach as high as -95dBm and the TX 

output power can be adjusted from -20dBm up to 4dBm. Using the integrated DC/DC 

converter peak current draw for the system during RX mode is only 9.25mA and while 

in TX mode peak current is less at 8.8mA. The MCU is capable of drawing only 2uA 

in deep sleep mode, 3uA in sleep mode, 0.84mA in Idle mode, or 1.35mA while 

running a full load of instructions at 8MHz. With the entire system operating on a 

single power supply capable of ranging from of 2.4V to 3.6V the S2014 SoC is an 

ideal fit for battery-operated systems, specifically those using small coin-cell batteries.  

The S2014’s 8/10-bit Successive Approximation Register (SAR) ADC is capable 

of sampling at up to 50 kHz. This SAR ADC includes an analog multiplexer allowing 

for up to four external input channels. The converted results produced by the ADC can 

be quickly moved into on-chip memory through Direct Memory Access (DMA). The 

ADC also incorporates an adjustable reference voltage that can be selected as internal, 

external, or VDD allowing a wider range of input signal amplitudes to be converted.  

The temperature sensor on the S2014 is integrated into the system by using an on-

chip diode connected to the ADC. The ADC periodically monitors the voltage across 

the diode, which fluctuates with the temperature of the silicon. Because the diode has 

been extensively characterized this voltage can be converted to a temperature with an 

accuracy of 0.25 Celsius. The sensor is able to sense temperatures from a range of -40 

to 85 degrees Celsius.  
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The battery monitor for the S2014 uses the ADC to compare the supply voltage at 

the input of the chip to an internal regulated voltage reference. It uses this comparison 

to sense the supply droop of the battery that corresponds to a decrease in stored 

charge. This information can then be converted into an accurate estimation of the 

remaining battery energy. 

3.1.3 STMicroelectronics LIS3DH Accelerometer 
STMicroelectronic’s LIS3DH ultra low-power high performance three axis linear 

Accelerometer was an ideal fit for the WHAM system because of many reasons. It was 

primarily chosen for its frugal current consumption, which can be as low as 2uA. The 

LIS3DH also incorporates an integrated ADC that allows it to stream out it’s digitized 

readings over a serial interface at adjustable rates. The device is capable of measuring 

accelerations with output data rates from 1Hz to 5kHz. The LIS3DH also includes a 

32-level first in first out (FIFO) buffer that allows it to store data temporarily. Use of 

the FIFO allows for the connected host processor to intermittently request sequences 

of samples, which helps to reduce its workload.  

3.1.4 Electrocardiography Instrumentation Amplifier 
To effectively detect ECG signals it was necessary to design a simple and low power 

instrumentation amplifier (IA) specific for the application. This IA needed to 

successfully amplify voltages associated with heart activity while simultaneously 

mitigating the inherent noise and DC voltage drift occurring at the electrode interface. 

During the creation of this IA several design considerations were factored in. Firstly it 

was desirable to keep the power consumed by the amplifier as low as possible without 

sacrificing robust and correct operation. Secondly it was important to keep the total 

number of components needed to realize the design as low as possible in order to 

ensure that the IA would be very small and compact.  

The IA was created to interface with three electrodes. Two electrodes, positive 

and negative, are used for sensing the voltage differential created by the heart muscle 
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action. A third electrode, DRL, is used to fix the common mode voltage at the input to 

the amplifier. The design requires several passive components as well as four 

operational amplifiers (op-amps). Due to it’s ultra low-power consumption and multi-

unit integrated package the Silicon Labs TS1004 was chosen for the op-amps used in 

the IA. The TS1004 combines four Complementary Metal-Oxide Semiconductor 

(CMOS) op-amps in a single miniature package. All four op-amps in the TS1004 

collectively draw just 3.2uA while operating at a low supply voltage of 0.8V. The 

Gain-Bandwidth Product of the TS1004 is well above the frequency of ECG data at 

4kHz. The Open-loop Voltage Gain of the amplifiers is 104dB.  

 

Figure 3.2: ECG instrumentation amplifier schematic. 

3.1.4.1  Amplifier Operation 
Shown in Fig. 3.2 is the schematic of the ECG IA designed for this work. This section 

will provide a brief explanation of the circuit level functionality of the IA with a 
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specific focus on the three major stages. The components used in the IA design will be 

referred to by the names given to them in the schematic.  

Directly connected to the positive and negative electrodes is the Input Buffer 

stage of the IA. Both of the op-amps in this stage, labeled X1 and X2, are used as 

unity gain buffers. In this configuration the voltage at the positive terminal is directly 

mirrored at the negative terminal with no gain applied. The typical impedance seen at 

the skin-electrode interface is extremely high. These buffers, due to the low output 

resistance nature of op-amps, keep this high input impedance from loading subsequent 

stages of the IA while simultaneously passing through the unaffected input voltage. 

The resistors R1 and R2 are used to limit the incoming current to the op-amps as a 

precautionary measure to guard against possible Electrostatic discharge (ESD) events 

occurring at the electrode interface.  

After the Input Buffer stage is the Signal Gain stage of the IA. In this stage the 

op-amp labeled X3 is used as a difference amplifier. This amplifier takes the 

difference between the node voltages V1 and V2 and this value is then multiplied by the 

ratio of resistors R5 and R4, which set the amplifier gain. The simplified equation, 

which does not factor in the frequency response, used to describe the gain of the 

amplifier is shown below. 

                                         

€ 

Vout = V 1−V 2( )* R5
R4
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 	  	   	   	              (3.1) 

The addition of C2 to the difference amplifier creates low pass filter behavior 

causing the amplifier to discard erroneous high frequency signals provide gain only to 

signals within the frequencies of interest. R7 and C3 provide an additional low pass 

filter that also attempts to block irrelevant high frequency noise from passing through 

to VOUT. When analyzing voltages related to heart function typically only data at 

frequencies of less than 150 Hz was found to provide pertinent information. 

The proper operation of the entire IA depends heavily on The Common Mode 

Feedback section. This portion of the IA is used to hold constant the DC operating 

point of the circuit, specifically the op-amp X3 in the Gain and Filter Stage, in order to 
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keep the amplified output voltage within a fixed range so that the ADC can correctly 

convert it. If the output voltage is allowed to stray outside of the voltage range on 

which the ADC is operating then clipping will occur and the data may be unusable. 

The Common Mode Feedback stage is necessary due to the DC voltage fluctuations 

experienced at the electrode interface caused by changes in impedance created by the 

motion of the human body. The resistors R8 and R9 set the systems common mode 

voltage, VCM. The op-amp labeled X4 along with R6 and C4 act together as an 

integrator. This integrator is used in a negative feedback loop to compare the DC 

voltage at node V2 with intended DC voltage set at node VCM. The output of this 

integrator is fed back to the human body via the DRL electrode in order to complete 

the feedback loop and over time attempt to set the DC voltage of the signal path to 

VCM. C1 and R3 combine to create another low pass filter used to smooth out the 

small changes in the common mode voltage so that they are less likely to distort the 

signal. 

3.2 Firmware and Software 
The firmware for the SoC was developed using functions provided via the S2014’s 

Firmware Development kit as well as custom functions developed specifically for the 

WHAM. The software necessary to control the device and display its data via iOS was 

created from scratch by a small team of talented software developers at OSU. 

3.2.1 SOC Firmware 
For the system to achieve the desired functionality a large amount of custom firmware 

was developed for the S2014 SoC. This firmware handled many tasks including 

controlling the adjacent accelerometer via register assignments over the I2C bus, 

receiving and interpreting data from the accelerometer, controlling the settings of the 

internal ADC, packetizing the data and providing the BLE interface with it’s the 

custom characteristics. This firmware was designed to be as modular as possible so 

that the WHAM can be easily adapted for various applications. The operation of the 

firmware is largely driven by three separate interrupts from the BLE connection, 
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digital peripheral connections and the sleep timer. These interrupts are configured and 

operated by data sent between the two custom BLE characteristics described below. 

3.2.1.1  Custom BLE Service 
The specific definitions for the custom BLE service created for the WHAM are 

contained within the firmware developed for the SoC. Much of the framework for this 

BLE connection was provided by the makers of the S2014 in their Software 

Development Kit. The BLE connection profile implemented for this project was based 

around the Generic Attribute Profile (GATT). The GATT profile defines the way two 

Bluetooth Low Energy devices transfer data back and forth using two main concepts 

called services and characteristics. Services are a collection of related characteristics 

that when combined together typically create a particularly type of functionality. 

There are several standard services, such as the Blood Pressure service, which is 

designed to provide characteristics related only to blood pressure data; however 

custom services can be easily created. Typically each device uses only one service at a 

time and a 128-bit Universally Unique Identifier (UUID) distinguishes that service. 

Contained within each service are the characteristics used to provide the necessary 

data. A characteristic is simply a chunk of data that pertains to the given service.  

A GATT connection topology typically consists of at least two devices: a master 

device referred to as the GATT Client and a slave device referred to as the GATT 

Server. In context of the WHAM system the smartphone or tablet acts as the GATT 

client while the main board acts as the GATT server. All GATT transactions are 

started by the GATT Client, which sends a request to the GATT Server. The GATT 

Client then receives a response back from the GATT Server describing the 

characteristics available. The length of packets transmitted by the GATT Server can 

grow or shrink based on which, and how many, characteristics are requested by the 

GATT client; however typical BLE services limit packets to around 20 bytes of data. 

It is also important to keep in mind that with GATT profiles the connections made are 

exclusive. This means that a peripheral device can only be connected to one central 
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device at a time. As soon as the peripheral device establishes the connection to a 

central device it will stop advertising itself and other devices will no longer be able to 

connect to it until the current connection is broken. 

 

IMPLEMENTATION 

When the WHAM main board is first powered on, either after a reset or after the 

battery is connected, it will immediately turn on the BLE radio and begin broadcasting 

a unique 128-bit UUID related to it’s service profile. This UUID broadcast is meant to 

advertise the device as a GATT server to any GATT clients that have been 

programmed to listen for and connect to any device broadcasting the specific profile 

UUID. Once the GATT client, in this case a phone or tablet, identifies the correct 

profile UUID it will establish a connection. Following the establishment of this 

connection the main board and smartphone or tablet will periodically exchange two 

types of custom characteristics: the receiver-based characteristic (RX characteristic) 

sent from the phone or tablet to the main board and the transmitter-based characteristic 

(TX characteristic) sent back by the main board. Both of these characteristics were 

developed specifically for this project. The RX characteristic was designed to be easily 

modified by software running on the smartphone or tablet in order to actively change 

the functionality of the system. The profile used by the WHAM system was also 

modified so that the RX characteristic is only sent by the phone or tablet immediately 

after receiving the TX characteristic from the main board. This means that after 

transmitting the TX characteristic the SoC on the main board keeps its radio on only 

for a brief period of time in order to receive back the transmission of the next RX 

characteristic and then it is able to power down the radio until it is prompted via 

interrupts to send the TX characteristic again. This strict adherence to protocol enables 

the SoC’s radio to frequently power down yet ensures it will both transmit and receive 

characteristics successfully while remaining briefly in its full power state.  

The custom RX characteristic contains pairs of two different types of unique 16-

bit identification codes that are referred to as Header IDs and Data IDs. The Header 
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IDs can be combined with different Data IDs to change the functionality of the system. 

Header IDs must be combined with either a corresponding data ID, or in the case of 

the Update Rate Header ID, a corresponding integer value. The current Header IDs 

used for this project are Enable, Disabled and Update Rate. The use of an Enable 

Header ID followed by a corresponding Data ID inside an RX characteristic tells the 

main board to enable the data flow corresponding to that Data ID. Conversely the use 

of the Disable Header ID does the exact opposite. The Update Rate Header ID is used 

to change the time in between transmissions of the TX characteristic sent from the 

main board by adjusting the duration that the radio is powered down for. This ID is 

used in conjunction with an integer value ranging from 1 to 255 with 1 representing 

the fastest rate of transmission during which packets are exchanged every 18ms and 

255 representing the slowest rate where packets are only exchanged every 4.0 seconds. 

A table describing the current Header IDs is shown in Table 3.1. 

The TX characteristic contains the Data IDs requested by the RX characteristic 

each followed by their corresponding data. The TX and RX characteristics both may 

grow in length depending on which and how many Data IDs are present in the RX 

characteristic; however the total length of both characteristics is still limited to 20 

bytes. A listing of the current Data IDs is shown in Table 3.1 while Table 3.2 provides 

a list of the current Header IDs. 
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Data ID Enumeration Description 
Hardware 
Version 0x01 Version of the WHAM main board hardware 

Firmware 
Version 0x02 Version of the WHAM main board firmware 

Battery 
Level 0x03 System battery level in percentage 

Temperature 0x04 Approximate temperature sensed by the SoC in 
degrees Celsius 

XYZ 
Value 0x05 Current value of the X, Y and Z acceleration 

vectors sensed by the accelerometer  

Step Count 0x06 Current value of the step count calculated by 
the firmware 

Distance 0x0C Current value of the distance traveled on foot in 
centimeters calculated by the firmware 

ADC1 0x0D Current value of the ADC sample taken form 
ADC channel 1 

Table 3.1: List of all Data IDs currently used by the WHAM. 

 

Header ID Enumeration Description 

Enable 0x07 Used to enable the transmission and collection 
of data related to the following Data ID 

Disable 0x08 Used to disable the transmission and collection 
of data related to the following Data ID 

Update 
Rate 0x09 Used to change the transmission rate. Values 1 

through 256 select rates from 18ms to 4s 

Table 3.2: List of all Header IDs currently used by the WHAM. 

 
EXAMPLE 

This example briefly illustrates the modifications to the TX and RX characteristics 

made when an application running on the smartphone or tablet requests data about the 

step count and the battery level of the system to be sent every second. First data sent 

by the RX characteristic will be modified to contain the following: the Enable Header 

ID, the Data ID for Step Count, another Enable Header ID, the Data ID for Battery 

Level, the Update Rate Header ID and an integer value of 56 to set an update rate of 

one second. Fig. 3.3 shows a packet containing this modified RX characteristic. The 
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hexadecimal enumerations or integer values representing each section are shown 

below in parentheses. Once the device receives this RX characteristic containing the 

Header and Data IDs to enable the step count, the firmware will initialize the 

accelerometer and begin analyzing the subsequent samples received in order to detect 

steps. Similarly, after receiving the Header and Data IDs for battery level the firmware 

will initialize the ADC to sample the battery level. The resulting data generated by the 

pedometer state machine and the ADC will be packaged together and returned via the 

TX characteristic at the update rate previously requested. This TX characteristic 

contains the Data IDs previously requested, each followed by their relevant data, as 

shown in Fig. 3.4. Upon transmitting the TX characteristic, the main board will keep 

its radio on for a brief period to receive back another RX characteristic. If nothing in 

the RX characteristic has changed the process will repeat. All other functionality 

supported by the device operates in a similar manner.  

 

Header ID 1 Data ID 1 Header ID 2 Data ID 2 Header ID 3 Data ID 3 
Enable 
(0x07) 

Step Count 
(0x06) 

Enable 
(0x07) 

Temperature 
(0x04) 

Update Rate 
(0x09) 

Rate 
(56) 

Figure 3.3: Example of the RX characteristic packet structure. 

 
 

Data ID 1 Data Value 1 Data ID 2 Data Value 2 
Step Count 

(0x06) 
Steps Counted 

(100) 
Temperature 

(0x04) 
Temperature Sensed 

(26) 

Figure 3.4: Example of the TX characteristic packet structure. 
 

3.2.1.2  Pedometer Calculations 
The LIS3DH accelerometer can be configured to send digital data about the movement 

it detects along three axes. This digital data is created by the accelerometer’s ADC at 

50 hertz and stored temporarily in the on-chip FIFO. Sequences of data from this FIFO 

are then sent intermittently to the SoC over their shared I2C interface. To quickly 

process this data stream and convert it to a simple step count and distance travelled it 
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was decided that the pedometer calculation should be done in firmware on the SoC. 

Doing these conversions on the SoC allows the data generated from the accelerometer 

to be compressed into more relevant information which can then be sent less often 

over the wireless link. Influenced by prior work from the authors of [26] a simple 

Moore style state machine was created in order to accurately detect steps.  

The machine, as illustrated in Fig 3.6 and described in Table 3.3, has 7 states. 

Only the accelerometer samples from the X-axis were passed to this state machine to 

simplify the detection; however this requires the main board, containing the 

accelerometer, to be worn or carried only in one orientation. The X-axis samples are 

first sent to a filter, which averages 4 samples together to eliminate some of the 

irrelevant noise and make step detection easier. Next the state machine analyzes the 

averaged samples. To explain the operation of the state machine it is imperative to 

describe the type of signal it is looking to detect. As illustrated in Fig 3.5 the state 

machine is looking for X-axis data that looks similar to one period of a sine wave. 

Each red point represents a transition used to identify motion indicative of a step. The 

wave that the machine is looking to identify must also only contain data points within 

the calibrated thresholds for it to be counted as a step. These limiting thresholds, 

shown as dashed lines in Fig 3.5, help to discard erroneous data and can be adjusted 

depending on where the main board is intended to be worn or carried.  
 

                    
Figure 3.5: Example of accelerometer data indicating a step 
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Figure 3.6: Diagram of the pedometer state machine. 

 
 

Transition Condition 
1 Zero crossing found going negative 
2 Sample < -minimum threshold 

2  Sample < -maximum threshold 

3 Zero crossing found going positive 

 3   Sample < -maximum threshold 

4 Sample > minimum threshold 

 4   Sample > maximum threshold 

5 Sample < minimum threshold 

 5   Sample > maximum threshold 

6 Step timer > fixed delay and no zero crossing detected 
7 Step timer < fixed delay 
8 Step timer > fixed delay and zero crossing found going negative 
9 Step timer > fixed delay 

Table 3.3: List of state transitions for the pedometer state machine. 
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STATE MACHINE OPERATION 

The machine begins in the Initial State and will wait to advance until it detects data 

signifying that a zero crossing has been detected and that the data around this crossing 

point has a negative slope. After the detection of a crossing point with negative slope 

the machine will advance to the second state called Zero Crossing Negative. The 

machine will then stay in the Zero Crossing Negative state until it detects a point 

where the data has fallen to appropriate level; however while in this state if any data is 

detected that has fallen below the negative value of the maximum threshold the 

machine will return to the Initial State. In order to advance the machine it must detect 

a data point whose value is less than the negative value of the minimum threshold and 

greater than the negative value of the maximum threshold. If a valid lower data point 

has been found the machine will move to the next state labeled Lower Peak. It will 

remain in the Lower Peak state until it detects another zero crossing, only this time the 

data must have a positive slope. While in the Lower Peak state if any data is detected 

that is less than the negative value of the maximum threshold the machine will again 

regress to the Initial State. If data is detected that indicates a zero crossing with 

positive slope the machine will advance to the Zero Crossing Positive state and wait 

there until it detects a data point that has crossed the appropriate threshold. This upper 

data point must be greater than the minimum threshold and less than the maximum 

threshold in order to be valid. If any data detected exceeds the maximum threshold the 

machine will return to the Initial State. If valid data has been detected the machine 

advances to the state labeled Upper Peak and will then wait to advance until it detects 

that the data has fallen below the minimum threshold. As in the previous state if any 

subsequent data detected exceeds the maximum threshold the machine will return to 

the Initial State. When data is detected which is below the minimum threshold the 

machine will advance to the Step Found state and increase the step counter. At this 

point the machine has three options. During the entire process a counter timer, set to 0 

in the Initial State, has been incrementing with each advancement of the state machine. 

This timer is used by the machine to decide if enough time is passing between the 
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advancement of the states in order to ensure that it is identify steps and not just 

similarly shaped noise within the preset thresholds. If this timer exceeds the calibrated 

value the machine will again return to the initial state. If not enough time has passed 

the machine will advance to the Wait state and stay there until the timer has reached 

the preset delay. The third option is taken if enough time elapsed on the timer and the 

machine has quickly detected another zero crossing with the slope trending negative. 

If both of these conditions are met the machine will skip the Initial State and advance 

directly to the Zero Crossing Negative state and start the step detection process again.  

The pedometer firmware is also able to estimate the distance being covered by the 

user. Using a second timer, which is incremented after each sample from the 

accelerometer and reset only after a valid step has been detected, the firmware is able 

to track the time in between each of the users steps. With this timing information it is 

also possible to calculate the approximate distance covered by each step using the data 

sets and methods provided by the authors of [43]. Outlined by this research was a 

correlation between cadence and the resulting step length. To simplify their results: 

The less time that elapses between a persons steps the more distance they are covering 

with each step. Armed with this assumption the firmware uses the time in between 

each step it identifies to select the correlated step length and append that value to the 

total distance travelled.  
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3.2.2 iOS Software 
In order to successfully incorporate the smartphones that many potential users already 

own it was necessary to develop a mobile application. Because of the flexibility and 

simplicity of its development platform iOS was chosen as the applications first 

operating system. Two separate iOS applications were developed with each designed 

to test different parts of the WHAM system. One of the applications was designed to 

test the accelerometer-based functionality and another was used to test real time ECG 

graphing and Beats Per Minute (BPM) calculation. These applications contain simple 

user interfaces capable of controlling the device, displaying the data collected and also 

doing some data analytics not possible on the wearable device itself. Both applications 

are supported by a large number of custom classes that were created in an effort to 

simplify subsequent software development. While this iOS software was for the most 

part developed to aid in the testing and characterization of the WHAM platform it can 

be easily adapted and modified to provide a more cohesive and polished application in 

the future. 

3.2.2.1  General Operation and User Interface 
Testing the general operation of the WHAM system with iOS applications required the 

development of a large set of Objective-C classes to function as the applications’ 

backends. The supporting software behind each application exists at two major levels 

of abstraction: the Device Manager and the Central Manager. The device manager, 

essentially a custom shell built on top of Apple’s Core Bluetooth framework, was 

created with some specific abstracted methods to deal with low-level operation of the 

system. This device manager is responsible for connecting, disconnecting and 

controlling the WHAM’s BLE link, modifying the custom RX characteristic to alter 

the functionality of the system as well as parsing and converting all the returning data. 

 The Central Manager runs at a higher level of abstraction, on top of the Device 

Manager and closest to the application, and can potentially control multiple main 

boards simultaneously. Instantiated upon the launch of the application, the Central 
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Manager then persists throughout the life of the program providing features like 

automatically connecting to each main board in the system, defining system 

functionality through the use of preset modes and collecting device data in easy to use 

properties that can be displayed or accessed by any part of the application. The 

creation of this high level Central Manager allows future application development to 

focus only on using and displaying data from the system without the need to know 

anything about software and firmware operation at the lower levels of abstraction such 

as establishing the BLE connection, modifying the custom RX characteristic or 

deciphering the incoming data packets. 

Because the iOS applications were largely designed to test and characterize the 

basic functionality of two different deployments of the WHAM system their user 

interfaces consist only of a few simple buttons and slide bars to control the connection 

to the device and the graphing capabilities. The visual component of the user interface 

was created using frameworks built with Apple’s XCODE development environment. 

To allow the application to display the real-time ECG data being collected a basic 

graphing class was created using Apple’s Core Graphics Application Programming 

Interface (API). The graphing class developed could also be extended to display any 

other data being collected by the system.  

3.2.2.2  Data Processing 
Since the WHAM system incorporates smartphones and tablets with a much greater 

computing power than what is available on the simple ARM Cortex M0 processor 

inside the S2014, some of the more difficult data processing was done off-chip. Doing 

additional data processing and analysis on the iOS device also allows the SoC on the 

wearable platform to abstract some of the data being collected. This abstraction allows 

the firmware to handle all ADC samples as just general data that it can collect and 

transmit at adjustable rates. Not only does this lower the power consumed by the 

wearable portion of the system, it also allows for much greater flexibility in terms of 

monitoring applications. Without changing the firmware on the SoC, the ADC can be 
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physically connected to a wide variety of analog sensors and easily transmit the 

samples collected. These samples can then be successfully analyzed and turned into 

relevant data by the application running on iOS device.  

Currently the system is capable of using an adjacent iOS device to analyze ECG 

data in order to determine the users Heart Rate in beats per-minute. It should be noted 

that due to the limitations of the S2014’s ADC voltage conversion range the ECG 

signal amplified by the IA was inverted to allow the signal maximum amplitude 

swing. The following methods reflect this inversion. The analysis of the ADC data 

received by the iOS device starts with the samples being collected in a buffer. Each 

sample is then analyzed to determine if the data point falls within a voltage range 

deemed acceptable for valid ECG data from the Instrumentation Amplifier. This 

ensures that no further analysis is done on data points that are out of the range of 

possible ECG data, limiting the error in subsequent calculations. When a sample in the 

buffer falls within the correct voltage range it is then examined to determine if it is a 

local minimum. This examination consists of a quick check to see if the points before 

and after have values equal or greater to the sample being analyzed. If the sample is 

determined to be a local minimum the slope of the signal approaching the point is 

computed by summing the differences of the 3 previous samples. If the slope 

calculated falls within a range deemed acceptable for a peak in the QRS complex of an 

ECG signal then the slope of the following 5 samples are then examined to ensure that 

they also have a slope within that range. If the local minimum passes all of these tests 

it is then determined to be an R peak of an ECG waveform, and thus a heartbeat, and it 

is appended to an array along with the time of observation. Analysis of this array of 

heartbeats yields the users BPM as well as some statistics such as their Heart Rate 

Variability (HRV), a measurement of the variation in the time interval between 

heartbeats. Special care was also taken to ensure that the software used in the BPM 

calculation would reject untimely and erroneous false positives in the data caused by 

random noise or poor electrode contact. These additional precautionary measures 

greatly improved the accuracy of the resulting calculation.   
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Chapter 4: Results 

The WHAM system performed as intended and met all of the requirements previously 

outlined. While the hardware, firmware and software developed for this project could 

continue to be improved upon the results obtained from the initial prototype were very 

promising. The following sections will describe some of the results gathered while 

testing the general functionality of the system.  

During all of the testing conducted the hardware portion of the system was worn 

by a single individual at the locations illustrated by Fig 4.1. A tight compression shirt 

was used that held the main board snugly in a small pocket while the ECG board was 

secured to the inner layer of the shirt with the electrodes facing inwards towards the 

users bare skin. 

 

             
Figure 4.1: Locations of the WHAM hardware during testing. 
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4.1 Hardware and Firmware 

4.1.1 Wearability 
The WHAM is small. The prototype version of the dime-sized main board PCB, 

pictured in Fig 4.1 and Fig 4.2, measures only 1.8 cm by 1.5 cm and is only 0.3 cm 

thick. The CR2032 coin cell battery and its fixture, shown Fig. 4.3, measure 2.4 cm in 

diameter and less than 1 cm thick. The main board, with attached interface wires and 

battery, used as the testing platform is shown in Fig 4.4. The entire hardware 

prototype, including the main board, battery and the flexible ECG sensor weighs just 

9.5 grams.  

 

                              
   

      Figure 4.2: Main board top view.    Figure 4.3: Main board bottom view. 

         

                                           

           Figure 4.4: CR2032 battery.           Figure 4.5: Completed main board prototype. 
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The small size and minimal weight of the WHAM hardware make it an ideal 

system for integrating into clothing. The main board and battery can be put in a small 

pocket or even sewn into the clothing itself. The ECG board, containing the ECG 

instrumentation amplifier on the top side and 3 electrodes on the bottom, is shown in 

Fig 4.6 and Fig. 4.7. Due to its thin and flexible substrate this portion of the WHAM 

can be stitched directly to the inside layer of a shirt. The board can easily flex with the 

shirt, which when worn tightly enough allows for constant electrode contact to be 

made without becoming a burden on the wearer. The ECG board can also be attached 

to the user with an adhesive patch. This allows data to be collected while the user 

wears clothing that may not be tight enough to ensure consistent electrode contact. 

 

                              
 Figure 4.6: Top view of the flexible ECG board.  

  
 

                              
   Figure 4.7: Bottom view of the flexible ECG board.  
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4.1.2 System Cost 
The total cost for the initial WHAM main board prototype was approximated to be 

$23.28 USD when produced in small quantities and $7.32 USD in when produced in 

quantities of 10,000 units or more. These costs were calculated using component 

prices widely available online as well as estimates and quotes form PCB 

manufacturers and companies providing PCB component population. The cost for the 

complete system, including both the main board and ECG board, was calculated to be 

around $54.03 USD for small production quantities. If the 10,000 or more units were 

created the total system cost would drop to only $14.61 USD. Table 4.1 shows a break 

down of the hardware costs at both low and 10,000 unit quantities. It should be noted 

that the PCB cost for both the main board and the ECG board includes basic assembly 

and the population of the surface mount components. Additional tables containing the 

complete list of components and the prices used in these estimations can be found in 

the Appendix of this document. 

 

Unit 
Quantity 

Main Board 
Part Cost 

ECG Board 
Part Cost 

Main Board 
PCB Cost 

ECG Board 
PCB Cost 

Total Cost of 
The WHAM 

<10 $13.28 $2.75 $10 $28 $54.03 
10000 $4.32 $1.29 $3 $6 $14.61 

Table 4.1: Breakdown of costs in the WHAM system 

4.1.3 Power Consumption and Battery Life 
The power consumption of the WHAM system was measured using two separate 

methods. The first involved the use of a Picoammeter. The meter was connected in 

between the positive terminal on the battery and the positive voltage connection point 

on the PCB. The WHAM was then powered on, connected over BLE and adjusted 

with the iOS application to work in several operating modes. The connected 

Picoammeter was configured to provide a moving average across thousands of 

samples, and this value was used to determine the average power consumed during 
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each test. The second method involved the use of an Oscilloscope to measure the 

voltage across a 1.14 Ω resistor which was again placed in series between the positive 

terminal on the battery and the positive voltage connection point on the PCB. The 

Oscilloscopes mean voltage calculation for the resulting waveform can be divided by 

the value of the resistor resulting in another estimate of average current. Both methods 

yielded very similar results; however the values obtained by each technique were 

averaged together in order to provide the most accurate estimate. Using the known 

discharge characteristics of the CR2032 battery and the measured levels of the 

WHAM’s current consumption it was also possible to calculate estimates of the 

system’s battery life. Table 4.2 lists the current consumption for the device in three 

different modes of operation as well as the resulting estimate of battery life for each 

mode. Enabling and disabling the different data collection methods supported by the 

WHAM had very little effect on the average power consumption. Due to this, the data 

collected focused mainly on three typical transmission rates used by the system. Fig. 

4.9 shows one of the voltage waveforms captured by the Oscilloscope that was used to 

determine the power consumption of the system when capturing and transmitting data 

at the highest update rate. Additional Oscilloscope screenshots exist in the appendix 

that show same the calculation performed over multiple periods. 

 

Mode Average Current   Estimated Battery Life Using CR2032 
ADC1 Sample, Step Count, 
XYZ Values, Temperature 

and Battery sent every 18ms 
1.81 mA 120.4 hours or ~5 days of continuous use 

Step Count, XYZ Values, 
Temperature and Battery 

Level sent every 2s 
0.94 mA 231.9 hours or ~9.5 days of continuous use 

Step Count, XYZ Values, 
Temperature and Battery 

Level sent every 4s 
0.88 mA 247.7 hours or ~10 days of continuous use 

Table 4.2: Average current consumption and estimated battery life of the WHAM. 
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Figure 4.8: Oscilloscope waveform used for power calculation. 

4.1.4 Pedometer and Distance Tracker Accuracy 
To determine the accuracy of the pedometer several tests were performed. These tests 

were conducted by a single individual using a mixture walking and running along flat 

surfaces as well as walking up and down stairs. During each test every step taken by 

the user was also tallied using a push button counter to provide an accurate data set for 

comparison. The results from several tests are summarized in Table 4.2. The complete 

data sets from these tests can be found in the appendix at the end of this document.  

 

Test Type Surface # Of Tests # Of Steps 
Taken Each Test 

Average # of 
Steps Counted 

Average 
Accuracy 

Walking Flat 25 100 99 98.64% 
Walking Flat 5 500 495 98.92% 
Walking Stairs 15 100 96 95.67% 
Running Flat 25 100 84 84.48% 
Running Flat 5 500 424 84.88% 

Table 4.3: WHAM pedometer accuracy. 
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 To test the accuracy of the system’s distance travelled calculation data was 

collected while walking, jogging, and running over a short course measured to be 

exactly 50 meters in length. While this test was also performed using data from only 

one individual the differences between the number of steps taken, the cadence, and the 

distance covered varied greatly between various speeds of walking, jogging and 

running. Across 10 data sets at various cadences the device on average measured 

48.59 of the 50 meters covered, providing a 97.17% accurate estimate of the distance 

travelled by the user. The relative accuracy of the distance calculator during walking, 

jogging and running can be seen in Table 4.3. It should be noted that this level of 

accuracy is only achievable after the appropriate calibration for an individuals stride 

length across a range of cadences. This calibration is done by accounting for the user’s 

height in order to achieve a more accurate estimate for stride length. The data sets 

collected during these tests can be found in the appendix at the end of this document. 

 

Test Type # Of 
Tests 

Average # Of 
Steps Taken 

Average Distance 
Calculated 

Average Accuracy 
of Calculation 

Walking 50 m 4 64 49.01 m 98.02% 
Jogging 50 m 3 52 48.84 m 97.68% 
Running 50 m 3 36 47.78 m 95.56% 

Table 4.4: WHAM distance calculator accuracy. 

4.1.5 BLE Wireless Link Range 
To discover the maximum distance at which a BLE connection can be sustained 

between the main board and the paired iOS device two tests were performed. The first 

test was done in a long hallway with no other people present and very few wireless 

devices operating in the surrounding area. After the main board and iOS device had 

established a BLE connection the user wearing the main board walked directly away 

from the iOS device pausing after each step to ensure that the devices were still paired. 

This test showed that the system would support connections of up to 56.7 meters on 

average. Using the same methodology as in the previous experiment a second test was 
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conducted in the atrium of the Oregon State University Kelley Engineering Center 

while there was a large crowd present and countless wireless devices operating in the 

vicinity. This test produced more varied results, yielding the shortest distance before 

disconnection of 32.9 meters and an average maximum connection distance of 39.7 

meters. The results from each test can be seen in Table 4.4 while the complete set of 

data collected can be found in the appendix.  

 
Test Setting # Of Tests Average 

Distance 
Shortest Distance 

Measured 
Longest Distance 

Measured 
Empty Hallway 5 56.72 m 55.8 m 57.6 m 

Crowded Atrium 5 39.72 m 32.9 m 49.9 m 

Table 4.5: BLE Link range of the WHAM. 

4.2 WHAM Software 

4.2.1 iOS Application 
The iOS application framework developed to support the WHAM functioned exactly 

as intended. This software proved to be invaluable during the testing process as its 

flexibility allowed for the application builds being used to be quickly and easily 

changed. These apps were successfully able to control all parts of the current WHAM 

system allowing for the various functionalities to be thoroughly tested. Fig. 4.10 

shows a screen capture of the application build used to test the WHAMs 

accelerometer-based capabilities such as the pedometer, distance calculator, posture 

detector as well as temperature and battery sensors. A screen capture of the application 

used to test the ECG capabilities of the WHAM can be seen in Fig. 4.11. Both of these 

applications required only very limited usage of the Central Processing Unit (CPU) on 

the iOS device. While running on an Apple iPad Air the more computationally 

intensive ECG application required just 11% of the device’s CPU power. The CPU 

power required by the other applications was almost negligible. 
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Figure 4.9: The iOS application used to 
test accelerometer-based capabilities. 

 

Figure 4.10: The iOS application used 
to test ECG monitoring capabilities.

 

4.2.2 Heart Rate Detection and BPM Calculation Accuracy 
In order to test the systems heart rate detection capabilities and BPM accuracy two 

separate tests were performed. The first test was used to prove the ability of the 

software to neglect erroneous data and false positives caused by the electrodes making 

poor contact. After allowing the device to establish a value for BPM and collect data 

for 30 seconds the patch was lifted away from the skin. When the electrode-skin 

contact is broken the ECG data becomes scattered, unpredictable and unusable as 

shown in Fig. 4.12. After 10 seconds the patch was placed back in contact with the 

skin allowing the amplifier to settle and the main board to resume collecting relevant 

data. The resumption of electrode contact can be seen in Fig 4.13. The resulting value 

from the software’s BPM calculation was not disrupted by the corrupted data being 

gathered during the period where the electrodes were out of contact with the skin.  
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Figure 4.11: The iOS ECG application 

showing the start of corrupted data. 
 

 

Figure 4.12: The iOS ECG application 
showing the end of corrupted data.

The second test was conducted to prove the accuracy of the BPM calculation. 

During this test the user wearing the WHAM system was also connected to medical-

grade diagnostic equipment operated by trained healthcare professionals. Both the 

WHAM and the conventional medical solution simultaneously tracked the users heart 

rate in BPM. After one minute of continuous testing the two systems displayed BPM 

values that only differed by a single beat, with the WHAM system displaying the 

slightly higher value. This test was repeated after the user had done some very light 

physical activity. After one minute had elapsed the two systems, as expected, both 

registered higher BPM counts than in the prior test. These values were also very close, 

with the WHAM system again displaying only one BPM higher than its medical grade 

counterpart. 
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Chapter 5: Discussion 

5.1 Optimizing Existing Firmware 

The firmware written for this project allowed for the correct operation of the 

hardware; however there remains room for significant improvement. Since the 

firmware is largely interrupt driven it is imperative that the interrupt routines be 

handled as quickly as possible. Handling interrupts quickly gives the SoC more time 

to stay in its low power mode while also freeing up more time to implement additional 

functionality.  

For the WHAM to provide streaming ECG data it must send it’s ADC samples 

at least every 20 milliseconds in order to provide the necessary resolution for heartbeat 

detection. The rate of transmission is controlled by sleep timer interrupts that are able 

to adjust the duty cycle of the radio and other SoC core blocks. These sleep timers can 

be set to a minimum of 10ms, which when allowing for the ADC to collect a 12-bit 

sample, the radio to power up and the packet to be created, should facilitate 

transmission of data roughly every 12ms. Unfortunately due to the heavy workload on 

the processor when the WHAM is configured to provide streaming ECG data, 

pedometer data, temperature and battery level simultaneously this delay is much 

longer. Much of the delay increase can be most likely attributed to the handling of the 

I2C interrupt associated with gathering accelerometer data from the FIFO and 

processing this data with the pedometer state machine. Other overhead also exists 

involved with decoding and constructing the data involved in the TX and RX 

characteristics, collecting multiple samples with the ADC, as well as several other 

processes the system must complete before each transmission. After all these delays 

the WHAM ends up only transmitting data approximately every 18 milliseconds. This 

additional delay is causing the data throughput of the system to be significantly 

restricted.  
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There is certainly room for improvement in many of the interrupt routines and 

other processes to reduce their complexity, thus reducing the time in between 

transmissions. It should be possible with continued firmware optimization to reduce 

the overall delay between transmissions to around 12 milliseconds, which could 

provide a potential 33% increase in data throughput. Additional data throughput 

means that the resolution of the ECG signal being recorded would improve 

significantly providing a more accurate picture of heart function as well as more 

accurate BPM and HRV calculations. Firmware optimization can also lead to the 

reduction of power consumption in several modes. This reduction is a result of the 

decreased time the processor on the SoC must run and the increased time the entire 

SoC can spend in it’s low-power sleep mode.  

5.2 Expanding System Functionality 
The WHAM system was intended to be expandable to many different types of sensors. 

Due to time constraints most of the efforts discussed in this work were focused on 

developing the ECG and accelerometer-based functionality; however many other 

sensors could be implemented in the future.  

Additional electrodes and instrumentation amplifiers could be easily added to 

gather EMG data from the user’s muscles. This EMG data would allow the user to 

obtain real time feedback about the effectiveness of their workouts and provide 

various metrics related to muscle use. Because EMG and ECG data are collected using 

similar methods the existing IA developed for ECG collection could be easily 

modified and reused to gather EMG data.  

An additional temperature monitor could also be added to the system. The 

temperature sensor inside the SoC only provides the ability to obtain an approximate 

measurement of skin temperature around the area where the main board is being worn. 

Ideally another small and thin temperature sensor could be connected and placed in the 

armpit of the user to provide a better estimate of the user’s actual core body 

temperature.  
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The ability to add a posture sensor to the WHAM has already been realized in 

hardware. The accelerometer on the main board can be adjusted to produce z-axis 

data, which directly reflects the angle of the device. When worn at specific locations 

one or more main boards could be used to develop a real time model for the users 

posture or the position they are in. This could enable an app to track the users posture 

while sitting at a desk and provide alerts when they had assumed an incorrect posture 

for a given period of time. This posture sensing functionality could also be extended to 

provide feedback about the users flexibility or assess pre-workout stretching routines.  

The research group has also previously created an ultra low power miniature UV 

index monitor using a photodiode and transimpedance amplifier that could be quickly 

integrated into the system. The transimpedance amplifier used in the UV index 

monitor requires the same op-amp already in use in the ECG IA. The use of existing 

components creates the potential to integrate both amplifiers together saving both 

space and power.  

In addition to the UV index monitor the research group has also been developing 

a miniature air quality index (AQI) monitor to specifications that should allow it to be 

easily integrated into the WHAM system. 

5.3 Improving Wearability 

To achieve the highest level of wearability the current version of the main board PCB 

was designed to be very small and compact; however the use of even smaller surface 

mount components could provide a slight reduction in size. A smaller coin cell battery 

could be used with the system to reduce the total size in exchange for a reduction in 

battery life. It is also possible to reduce the size of the ECG board to achieve more 

significant form factor reductions. Following the implementations of several similar 

commercial solutions, which utilize copper or silver threads woven directly into the 

shirt to create the electrodes, could do this. Moving the electrodes off of the flexible 

PCB containing the instrumentation amplifier and stitching them directly into the 

fabric would reduce the size of the PCB needed by more than 75%. In addition to the 
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reduction in size other significant improvements in wearability could be achieved due 

to the fact that the stitched electrodes would more closely match the texture of the 

surrounding fabric providing a higher level of comfort and even more flexibility.  

5.4 Continuing Smartphone App Development 
The iOS applications designed during this work were created primarily to test and 

demonstrate the functionality of the system. There remains room for significant 

improvement, both in the user interface experience as well as application functionality. 

To create an approachable and satisfying experience to a wide range of 

potential users the user interface should be simplified and the functionality of the app 

expanded. This includes adding features such as a settings tab where the user can 

easily adjust the settings of the WHAM, wireless firmware update capability and the 

ability to quickly display hours, days and even months worth of data in a simple 

graphical format. The overall look of the display and user interface could also be 

improved and updated to transform the applications from their current utilitarian 

design into one that is more modern and sleek.  

iOS devices are powerful cloud-connected platforms. The use of theses devices 

means that it is also possible to add cloud data storage functionality to the app. This 

addition would reduce the data storage space required on the smartphone while also 

allowing the user to access his or her data from many other devices. Moving to a cloud 

storage based system would also allow WHAM systems to be used to monitor a vast 

array of users by a single third party. This flexibility allows the platform to be 

potentially used by researchers for conducting studies on activity levels or by an 

individual who is checking up on multiple individuals that they care about.  

Despite its easy to use development platform, iOS is not the mostly widely 

adopted smartphone and tablet operating system. To increase the potential number of 

WHAM users the software for its application should be redesigned to be cross 

compatible with, at the very least, Android powered systems. 
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Chapter 6: Conclusion 

In this work we have outlined the design and implementation of the Wearable Health 

and Activity Monitor. We have briefly described the development of all requisite 

elements used to create a complete system of this type including the hardware, 

firmware and software needed. We have also demonstrated that the system is capable 

of accurately acquiring and displaying several types of relevant data to the user. 

Throughout the design process many avenues for future improvements and additional 

system capabilities were discovered and have been included in this document so that 

future designs can build upon the initial success of the WHAM platform.  

This work was in large part an effort to discover and balance the design tradeoffs 

present in the field of modern wearable devices. Decisions such as what hardware is 

needed, which wireless link should be used, how the firmware should function and 

how the software should support the device directly impact the effectiveness of the 

resulting design. Ensuring that any wearable system being developed is useful and 

meaningful is about more than just publications or profits.  

Due to the dire consequences of our increasingly sedentary lifestyles the demand 

for inexpensive and effective wearable activity and health trackers is at an all time 

high. Potential users are looking for systems that can provide accurate feedback and 

encouragement related to their activity and health without becoming a burden to use or 

breaking the bank. The WHAM system aims to satisfy all of these requirements and in 

doing so play a small part in putting an end to this inactivity epidemic.  
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Appendices 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1: Schematic of the main board prototype page 1. 
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Figure A2: Schematic of the main board prototype page 2. 
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Figure A3: Schematic of the ECG board prototype. 
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Figure A4: Oscilloscope waveform used for power calculation showing single 

BLE transmission. 
 

            

Figure A5: Oscilloscope waveform used for power calculation showing multiple 
BLE transmission. 
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Value Package # Of Parts Price (USD) 

1.5pF 0402 1 0.11 
1.0pF 0402 1 0.18 
2.2nF 0402 1 0.10 
8.2pF 0402 1 0.22 
100nF 0402 5 0.10 
22pF 0402 2 0.32 
1uF 0402 2 0.10 

10uF 0402 1 0.63 
56KΩ 0402 1 0.10 

100KΩ 0402 1 0.10 
1KΩ 0402 2 0.10 

10KΩ 0402 3 0.10 
0Ω 0402 2 0.10 

47KΩ 0402 1 0.10 
1.1nH 0402 1 0.10 
2.0nH 0402 1 0.10 
6.2nH 0402 1 0.10 
15nH 0402 1 0.10 
10uH 0402 1 0.10 

16MHz 4-SMD 1 1.54 
32.768KHz 2-SMD 1 1.20 

LED 0402 2 0.21 
SoC 48QFN 1 1.05 

Accel LGA-16 1 2.56 
Battery CR2032 1 1.00 
NMOS SOT-523 1 0.31 
Button SMT 1 1.22 
Total Cost of the Main Board in 

Quantities of 1 Units: $13.28 

Table A1: Estimate of the main board components priced in single unit quantities. 
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Value Package # Of Parts Price (USD) 
1.5pF 0402 1 0.01386 
1.0pF 0402 1 0.02440 
2.2nF 0402 1 0.00252 
8.2pF 0402 1 0.03420 
100nF 0402 5 0.00210 
22pF 0402 2 0.064 
1uF 0402 2 0.00630 

10uF 0402 1 0.096 
56KΩ 0402 1 0.00198 

100KΩ 0402 1 0.00198 
1KΩ 0402 2 0.00132 

10KΩ 0402 2 0.00132 
0Ω 0402 2 0.00198 

47KΩ 0402 1 0.00198 
1.1nH 0402 1 0.01872 
2.0nH 0402 1 0.01872 
6.2nH 0402 1 0.01872 
15nH 0402 1 0.01530 
10uH 0402 1 0.01530 

16MHz 4-SMD 1 0.5740 
32.768KHz 2-SMD 1 0.432 

LED 0402 2 0.092 
SoC 48QFN 1 0.85 

Accel LGA-16 1 1.0854 
Battery CR2032 1 0.10 
NMOS SOT-523 1 0.05060 
Button  1 0.608 

Total Cost of the Main Board in 
Quantities of 10000 Units: $4.32 

Table A2: Estimate of the main board components priced in 10000 unit quantities. 
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Value Package # Of Parts Price (USD) 
1.0uF 0402 1 0.10 
330pF 0402 2 0.10 
22uF 0603 1 0.25 
10kΩ 0402 2 0.10 

100kΩ 0402 3 0.10 
1MΩ 0402 2 0.10 

10MΩ 0402 1 0.10 
Amps 14-TSSOP 1 1.40 

Total Cost of the ECG Board in 
Quantities of 1 Units: $2.75 

Table A3: Estimate of the ECG board components priced in single unit quantities. 

 

Value Package # Of Parts Price (USD) 
1.0uF 0402 1 0.00630 
330pF 0402 2 0.00221 
22uF 0603 1 0.04764 
10kΩ 0402 2 0.00132 

100kΩ 0402 3 0.00198 
1MΩ 0402 2 0.00281 

10MΩ 0402 1 0.00152 
Amps 14-TSSOP 1 1.2075 

Total Cost of the Main Board in 
Quantities of 10000 Units: $1.29 

Table A4: Estimate of the ECG board components priced in 10000 unit quantities. 
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# Of Steps 
Counted After 
Walking For 

100 Steps Over 
Flat Surface 

# Of Steps 
Counted After 
Walking For 

500 Steps Over 
Flat Surface 

# Of Steps 
Counted After 
Walking For 
100 Steps Up 
And Down 

Stairs 

# Of Steps 
Counted After 
Running For 

100 Steps Over 
Flat Surface 

# Of Steps 
Counted After 
Running For 

500 Steps Over 
Flat Surface 

97 493 96 84 437 
98 497 98 86 421 

100 492 99 83 411 
98 495 94 85 436 
99 496 97 83 417 
99  93 81  

100  97 85  
96  96 84  
98  98 89  

100  96 82  
100  93 84  
97  94 86  
99  92 87  

100  97 85  
98  95 85  

100   83  
97   82  
99   87  
97   88  
98   83  

100   86  
99   83  
99   84  

100   85  
98   82  

Table A5: Data collected during pedometer testing. 
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Steps Counted Distance Calculated 
69 50.25 m 
64 49.64 m 
62 48.47 m  
60 47.66 m 

Table A6: Data collected during distance calculator testing while walking 50 m. 

 

Steps Counted Distance Calculated 
54 47.41 m 
53 49.2 m 
48 49.91 m  

Table A7: Data collected during distance calculator testing while jogging 50 m. 

 

Steps Counted Distance Calculated 
39 47.5 m 
35 49.38 m 
34 46.45 m  

Table A8: Data collected during distance calculator testing while running 50 m. 

 

Empty Hallway 
Data 

Crowded 
Atrium Data 

57.1 m 35.1 m 
55.8 m 49.9 m 
57.6 m 32.9 m 
56.7 m 38.4 m 
56.4 m 42.3 m 

Table A9: Data collected during BLE range testing. 

  
 


