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A Graduate Project on the Development of a Wearable Sensor Platform
Powered by Harvested Energy
I. INTRODUCTION AND BACKGROUND
Wearable devices are all around us.

From simple consumer goods such as

electronic watches to life-saving medical equipment, wearable embedded systems have
become an omnipresent feature of our era. Nearly every single person possesses some form
of wearable technology. However, despite their pervasiveness in our increasingly wireless
culture, these devices require frequent wired recharging to function, and many last a day or
less on a full charge. Historically, these devices have been powered almost exclusively by
some sort of chemical battery, a technology which has evolved woefully little since the
invention of the voltaic pile by Alessandro Volta.

This slow evolution has become

increasingly problematic as the power demands and complexity of wearable technology
continue to increase. As a result, alternatives to relying on traditional battery technology
must be developed as our devices advance. One promising alternative is to abandon the
battery concept entirely, instead focusing on the concept of harvesting energy from our own
bodies or the environment around us –such as the thermal energy given off by our
metabolic processes, the kinetic energy from our movement, solar energy, and others.
There has to date been a large amount of research performed in varying aspects of
the field of harvested energy.

However, there seems to be very little research with

emphasis on utilizing harvested energy in wearable technology specifically. Regardless,
there are many avenues of study with application to this project, such as research of energy
sources, optimization of power collection, and optimal storage of harvested energy.

One

promising source of harvestable energy is kinetic energy. Motion can be harnessed from
various sources and converted to electrical energy. References [1], [6], [14], [15], and [22]
deal specifically with this process and the associated design challenges. In [14], the authors
describe a method of extracting energy from a piezoelectric element driven by mechanical
vibrations of varying magnitude. An expression for the optimal power flow for such an
element is derived and based upon that an energy harvesting circuit based is proposed. The
design in [14] makes use of a DC-DC converter to handle the energy flow into a battery.

We note that the DC-DC converter used in [14] shares some functionality with the more
advanced BQ25504 energy harvesting IC used in this project. In a later paper, [15], the
authors further optimize the harvesting and storage of the energy from the piezoelectric
generator through the use of a step-down converter. The duty cycle of the step-down
converter is varied to correspond to the level of vibration of the piezoelectric generator,
boosting efficiency by around 325% relative to the earlier design in [14]. The BQ25504
used in this project handles both the DC-DC and optimized step-down converter functions
of their circuit, making use of a Maximum Power Point Tracking (MPPT) system to sample
and match the impedance of the input load to maximize power transfer. Piezoelectric
elements are not the only option for kinetic energy harvesting. The state of the art of
kinetic energy sources in reviewed in [1] where inertial spring and mass systems along with
three energy transduction systems for harvesting the motion (piezoelectric, electromagnetic,
and electrostatic) are discussed. In [1] the characteristic equations of a spring and mass
system are presented, along with the specific damping equations that relate to each of the
three transduction methods. Their findings in [1] led to the decision not to include kinetic
energy sources in this project, as the energy harvested relative to the weight and bulk of
such systems would not be sufficient for a wearable platform. References [3], [9], [10],
[11], [18], [22], and [23] deal with the concept of harvesting, storing, and effectively
utilizing solar energy. Of particular utility in the design phase of this project was [18]
where high-level design considerations of a system powered by harvested solar energy are
presented. Considerations raised in [18] include the time-varying nature of solar energy,
the need to match the solar panel to a storage element based on the electric characteristics
of each, and the concept of disabling subsystems in response to loss of power. Heliomote, a
solar powered sensor node interfacing with the Berkeley/Crossbow sensor system is
presented. The discussions included in [18] were instrumental in the design and component
selection of this project. For information relating to the harvesting of thermal energy, [9],
[12], [16], [17], [22], [23], and [36] provided a comprehensive analysis of its optimum
collection, storage, and utilization. In [17], the authors provide an excellent overview of
the physics involved, optimization of efficiency, and applications of thermoelectric energy
harvesting. The overview of the commercially available thermoelectric generators and a
comparison of their electrical output at varying temperature differentials were very useful

in the component selection for this project. This project incorporates and builds upon the
state of the art presented in these papers by focusing on the application of powering
wearable technology.
The goal of this project is to explore the possibilities of powering wearable
technology using harvested energy via the creation of a hardware and software platform
which collects and wirelessly transmits data while being powered by thermal and solar
energy. This work was completed as part of a Master Project of an Electrical Engineering
M.Sc. student in the Department of Electrical Engineering at the University of … . The
student was responsible for the design and implementation of the project and met regularly
with his advisor to report on the progress of the work.
The rest of this paper is organized as follows.

In Section II, the hardware

components of the system are described, in particular the energy harvesting, sensor, and
data collection/transmission stages. In Section III, the software running on the system is
detailed, with emphasis on the operating system, driver libraries, and low power
programming techniques. In Section IV, the results, including pictures, schematics, energy
usage, future development, and project applications, are given. Finally, the conclusions are
given in Section V.
II. HARDWARE
The hardware portion of the device consists of an energy harvesting stage which supplies
power to a microcontroller, which reads data from a sensor array and transmits the data
wirelessly to a base station connected to a computer. This base station transmits the
wirelessly received data over serial connection to the computer for data processing and
display.

Fig. 1. High-level block diagram of Transmitter.

Fig. 2. High-level block diagram of Base Station.

II.A. Energy Harvesting
The energy harvesting stage consists of the energy harvesting components themselves and a
specialized boost converter integrated circuit which manages the power and transmits it to
the microcontroller.
The energy harvesters were selected with portability and energy efficiency in mind. There
are two primary sources of energy in this project: solar and thermal. The solar energy is
collected from a set of IXYS IXOLAR™ SolarMD miniature monocrystalline solar panels.
This product line is intended for wireless sensing, portable consumer electronics, and
portable instrumentation applications. They are designed to have a very high photonic
response (22% typical efficiency, relatively high for a current-generation solar cell) over a
wide range of wavelengths (300nm to 1100nm, which includes near-ultraviolet, visible
light, and near-infrared), and provide a significant amount of power indoors, outdoors, and
even in low light conditions. This, along with their small footprint of 43mm x 14 mm,
makes them ideal for a wearable sensor platform. A single cell will generate around 250

mV in very dim environments, up to 2.5 V in direct sunlight, and will typically provide
44.6 mA of current. For this application, the solar panels are wired in parallel in order to
maximize the current output, as their typical voltage output is sufficient to power the boost
converter integrated circuit described later.

Fig. 3. IXYS IXOLAR™ SolarMD miniature monocrystalline solar panel with soldered-on leads.

The second source of harvested energy is a set of thermoelectric generators in the form of
Peltier devices. Peltier devices are components which utilize a phenomenon known as the
Seebeck effect to generate power via a temperature differential across its surfaces. A
thermoelectric generator consists of an alternating array of materials having differing
Seebeck coefficients, typically p-doped and n-doped semiconductors, sandwiched between
thermally conductive surfaces and connected to a load circuit.

When a temperature

differential is applied across its surfaces (one designated “hot”, the other “cold”), a current
is generated through the terminals. The thermoelectric generator used in this project is the
CP60133 Peltier module from CUI Inc. This module was chosen for its size (15mm x
15mm x 3.3mm) and power generation potential. The cold side is fitted with a passive heat
sink, the LTN20069-T5 from Wakefield-Vette, via thermally conductive adhesive, while
the hot side is held against the skin. The voltage output of the thermoelectric generator
varies greatly depending on ambient temperature, airflow through the heat sink, basal
metabolic rate of the user, and activity level of the user. The voltage observed to be
generated from a single thermoelectric generator can be anywhere from 30 mV to 300 mV
depending on these parameters. For this application, the thermoelectric generators are
wired in series in order to maximize the voltage generated to ensure that the boost

converter, which has a cold-start voltage requirement of 330 mV, is optimally powered in
low-light situations.

Fig. 4. Thermoelectric generator composed of CUI Inc. CP60133 Peltier module with a WakefieldVette LTN20069-T5 passive heat sink.

The components are connected using a thermally

conductive adhesive.

These two energy sources are managed by the BQ25504 integrated circuit from Texas
Instruments.

The BQ25504 is an ultra-low power boost converter with battery

management, specifically created for energy harvesting applications. It is designed to
efficiently acquire, manage, and store the often sporadic sources of direct current (DC)
energy from solar cells, thermoelectric generators, radio frequency (RF) harvesters, and
other harvested energy sources in the microwatt to milliwatt range. The primary stage of
the BQ25504 is a high-efficiency DC-DC boost converter/charger which features a coldstart voltage requirement of 330 mV, after which it can continue operation down to as low
as 80 mV.

The quiescent current is below 330 nA, making the additional power

requirement for the chip itself negligible. The BQ25504 also features a user-programmable
dynamic maximum power point tracking system for optimal power transfer from a variety
of sources. The MPPT system functions by periodically sampling the open-circuit voltage

of the energy harvester and using this as the reference voltage for the boost converter. The
boost converter modulates the impedance of the energy transfer stage based on this
reference voltage, maximizing the power transfer efficiency.

The BQ25504 includes

battery management functionality in the form of user-defined battery under voltage, battery
good, overvoltage, and high-temperature thresholds. The system will disable the boost
converter in overvoltage, undervoltage, or high-temperature situations to prevent damage to
the storage element. The integrated circuit also includes a dedicated “Battery OK” pin,
which toggles high when the output voltage is near the battery good threshold. This allows
a connected microcontroller to operate intelligently based on the reported energy
conditions. In the case of this project, the rising edge of the Battery OK signal triggers a
hardware interrupt which enables the next collection and transmission of data. The falling
edge of the Battery OK signal triggers another hardware interrupt which causes the
microcontroller to enter sleep mode until the next rising edge of the Battery OK signal.

Fig. 5. BQ25504EVM Evaluation board. The BQ25504 chip itself is the small black square IC near
the center of the PCB.

Fig. 6. BQ25504 output from cold start. The red trace is the output of the BQ25504 inductor
switching pin, also known as Vphase, which shows the activity of the boost converter stage. The
yellow trace is the output of the Vstore pin, which directly supplies power to the system load.

Fig. 7. BQ25504 output during steady state. As in Fig. 6, the red trace shows the activity of the
boost converter and the yellow trace shows the output of the Vstore pin. In steady state under
optimal power conditions, the system supplies a constant ~3.1V to the transmitter with minimal
ripple.

II.B. Sensors
The sensor array collects pressure, temperature, gyroscope, acceleration, and heading data
for transmission to the base station by the MSP430FR5969 microcontroller. These data are
collected by three integrated circuits: the BMP180 digital pressure sensor from Bosch
Sensortec, the L3GD20 three-axis digital gyroscope from ST, and the LSM303DLHC
three-axis accelerometer and magnetometer, also from ST. The three components share a
common I2C bus and are situated on a single printed circuit board (PCB) along with
supporting pull-up resistors and power conditioning/decoupling capacitors.

All

components were selected for their low power consumption, ease of integration, and
support for the I2C protocol. The BMP180 digital pressure sensor collects pressure and
temperature data and supports ultra-low power modes, drawing as little as 3 μA while
collecting 1 sample per second. The pressure can be easily converted to altitude, with a
range of -500 m to 9,000 m relative to sea level. The module itself consists of a piezoresistive sensor, ADC, and control unit featuring a 176-bit electrically erasable
programmable read-only memory (EEPROM) containing factory calibration data along
with the I2C serial interface. The sensor delivers the 16-bit uncompensated raw pressure
and temperature data to the microcontroller which is responsible for the conversion to a
useable format before transmission to the base station. In order to properly convert the
uncompensated values, the factory-preset calibration data must be read from the EEPROM
during initialization. This process is described in more detail in the Software section. The
next sensor, the L3GD20 digital gyroscope, collects angular rotation about the X, Y, and Z
axes via a microelectromechanical system (MEMS) gyroscope. It accomplishes this by
measuring the fluctuations in vibration of a microscopic suspended mass inside the
integrated circuit. These vibrations are low-pass filtered and fed into an ADC before being
digitally filtered and stored as 16-bit angular velocity readings in the chip output registers
for access via I2C. The L3GD20 draws a supply current of 6.1 mA during measurement
and 5 μA in sleep mode, which is utilized heavily in software. The third sensor, the
LSM303DLHC accelerometer and magnetometer, collects linear acceleration and magnetic
field data, each in the X, Y, and Z axes. The acceleration data are used to infer the amount
of force applied to the wearable, while the magnetometer data are used to read the
orientation of the wearable with respect to magnetic north.

The accelerometer and

magnetometer operation is similar in principle to that of the L3GD20, in essence measuring
the fluctuations in movement of a microscopic suspended mass to determine the linear
acceleration and magnetic field strength in each of the three axes. The LSM303DLHC also
stores its output data in 16-bit format. It consumes 110 μA in normal mode and 1 μA in
sleep mode. In total, there are 11 parameters collected by the sensor array: temperature in
degrees Celsius, pressure in pascals, angular velocity in radians per second (for X, Y, and Z
axes), linear acceleration in multiples of g (for X, Y, and Z axes), and magnetic field in
gauss (for X, Y, and Z axes).

Fig. 8. 10-DOF sensor array from Adafruit Industries. This all-in-one PCB includes the BMP185,
L3GD20, and LSM303DLHC sensors, along with level shifting and other support components.

II.C. Data Collection and Transmission
The data collection and transmission portion of the device consists of the wearable device
itself and a receiver base station connected to a PC. The wearable device hardware
includes the previously-described energy harvesting stage, sensors, an XBee module, and a
microcontroller.

The receiver base station consists of an XBee module and a

microcontroller connected to a host PC via USB.

The microcontroller chosen for the wearable portion is the MSP430FR5969 “Wolverine”
from Texas Instruments. The MSP430 line of microcontrollers are the world’s lowestpower microcontrollers and are designed for ultra-low power applications such as energy
harvesting, wearable electronics, and sensor management.

The MSP430FR5969 was

chosen specifically from this product line because it includes a number of specialized
features beneficial to this project. The MSP430FR5969 has a 16-bit RISC architecture with
clock rates up to 16 MHz and supply voltage requirements as low as 1.8 V. It features six
low-power modes, each disabling a different subset of on-board peripherals. The system
consumes 100 μA/MHz in active mode and 0.4 μA typical in low power mode 3 (LPM3),
the most commonly utilized low power mode in this project. LPM3 is the lowest-power
mode which still includes the ability to receive a timer-based interrupt.

Because the

auxiliary timer is still active in LPM3, the system can be woken from this mode by a timer
instance, the analog to digital converter (ADC), and serial events, in addition to external
interrupts.

Another useful feature of the MSP430FR5969 is its inclusion of 64k of

ferroelectric random access memory (FRAM). FRAM is an ultra-low power, nonmagnetic,
unified memory with a near-unlimited write cycle lifespan. In addition to lowering the
power needed to read and write from memory compared to more common memory formats,
the unified structure of FRAM means that the program, data, and bulk storage are all
contained within the same dynamic memory space, allowing the designer to establish the
relative size of each of these memory portions based on the needs of the project. Finally,
the MSP430FR5969 also includes three enhanced universal serial communication
interfaces (eUSCI).

These peripherals can be configured to support several serial

communication protocols, including serial peripheral interface (SPI), inter integrated circuit
(I2C), universal asynchronous receiver/transmitter (UART), and Infrared Data Association
protocol (IrDA). In this project, one eUSCI module is configured for I2C communication
at a clock rate of 400 kHz for interfacing with the sensor array, while another is configured
in UART mode for communication with the XBee module.
Once the data from the sensor array are read and processed by the microcontroller, they are
sent over UART to the XBee module, which transmits them wirelessly to the base station.
XBee radios are created by Digi International and make use of the IEEE 802.15.4 protocol
to implement point-to-point or star topology wireless networks. In this project, the point-

to-point topology is used to transfer data from the wearable to the base station. In the
simplest usage scenarios, XBee modules require only four connections for operation:
power, ground, data in, and data out. To reduce the XBee’s typical transmit current draw of
45 mA, it was configured using a Future Technology Devices International (FTDI) adapter
to enable the function of the sleep pin.

This pin is connected to a general purpose

input/output (GPIO) pin on the microcontroller. Upon initialization, the microcontroller
sets the XBee sleep pin high, which puts the module into a low power (<50 μA current
draw) mode. Immediately before transmission of a new data packet, the microcontroller
sets the sleep pin low to enter active mode, sends the data over UART, and toggles the pin
again to re-enter sleep mode. This greatly reduces the power required to transmit data.

Fig. 9. XBee Series 1 module with whip antenna fitted to a 0.1" pitch adapter for use on a standard
breadboard. The XBee receives serial data from a UART and transmits it via the IEEE 802.15.4
wireless protocol.

The wirelessly transmitted data is received by a base station consisting of an Arduino
Duemilanove microcontroller outfitted with an additional XBee module and a universal
serial bus (USB) interface. The base station is programmed to listen on a software serial
interface connected to the XBee module until data is received. The received data are stored
into a buffer which is configured to match the size of a full data set. When the buffer is

full, the base station sends the data in a cleanly formatted, readable packet over the
hardware USB interface and resets the data buffer. This information is easily viewed via a
terminal application on the host PC such as Tera Term or Putty. An example data output is
shown in Fig. 10.

Fig. 10. Example Tera Term terminal display showing transmission number, pressure, temperature,
gyro, acceleration, and magnetometer data.

III. SOFTWARE
A tremendous amount of effort went into the software portions of this project. Driver
libraries for each of the hardware components had to be written from scratch or adapted for
use with this particular architecture, a real-time operating system (RTOS) had to be learned
and implemented, and the efficiency of all code systems had to be carefully improved with
respect to energy consumption. Much extra study was undertaken to master the concepts
necessary to bring this project to fruition. The author completed 3 different TI workshops
to come up to speed on these concepts: Code Composer Studio v6, Getting Started with the
MSP430 Launchpad, and Introduction to the TI-RTOS Kernel.

III.A. Libraries and Sensor Operation

In order for the microcontroller to interface properly with the sensor array, each sensor (the
BMP180, L3GD20, and the LSM303DLHC) required a driver library consisting of a C file
and corresponding header file detailing its specific function. Each C file includes functions
performing low-level communication, data access, and unit conversion protocols, while
each header file includes the definitions and data structures required by each C library file.
The datasheet and extended documentation for each sensor had to be carefully studied to
ensure proper driver creation, as even seemingly simple operations required complex code
design in order to operate within the framework of a RTOS on a low-power architecture.
The BMP180 pressure and temperature sensor was the first chip to be implemented. The C
file includes functions for writing commands to the chip, reading 8-bit, 16-bit, and signed
16-bit data, reading factory-programmed calibration coefficients, reading the raw
temperature and pressure, and functions for converting the raw data into a readable format.
The low-level read and write functions all operate on a similar principle.

TI-RTOS

includes an I2C application program interface (API) which functions within the context of
the operating system.

This API is included during program build and the service is

available after the completion of an initialization function.

To communicate via I2C protocol, each low-level communication function begins with the
definition of a properly-sized read and/or write buffer, as necessary. A specific instance of
the I2C service is called using a pointer containing setup information such as the bitrate,
device address, size of the read/write buffers, etc. The necessary data is stored in the
buffers (usually the name of the specific register to be read from or written to and the
variable that holds the source or destination of the data), and an I2C transaction is initiated
using the I2C_transfer() API. All read or write operations function in this manner, and the
register and data variables are contained in the function argument. The BMP180 is the only
chip which contains calibration data that must be read upon system initialization for proper
operation. One of the first tasks of the system upon boot is to read these 11 coefficients and
store them in a data structure defined in the header file. These values are used later for
conversion of the raw temperature and pressure data to readable values in degrees Celsius

and pascals, respectively.

The basic process of reading data (both pressure and

temperature) from the BMP180 chip involves first sending the “Read Temperature
Command” or “Read Pressure Command” to the control register of the BMP180 via the
Write Command function. After a short (36,000 clock cycles) delay to allow the sensor to
collect the data, the “TempData” or “PressureData” register is read, and its contents are
stored in a temporary variable for unit conversion. These raw data are converted into
readable format using functions created according to the device datasheet using the
calibration data read during initialization, then stored in a data structure that will later be
sent to the UART for transmission.

The L3GD20 gyroscope is simpler to operate in that it uses very similar low-level register
access functions to the BMP180, and that it does not require any calibration data to be read
during initialization for proper use.

The initialization function involves reading the

“WhoAmI” register and comparing it against the value provided by the device datasheet,
and enabling normal operation of all 3 axes by sending the proper command to the control
register. To read the gyroscope data, the “GyroOut” register is read in as 6 bytes into the
read buffer. The data for each axis consists of 2 bytes, first the low byte, then the high byte.

The high byte for each axis is bitwise shifted to the left by 8, then logical ORed with the
low byte to form the full 16-bit gyro value for that axis. Each of these values is checked for
saturation before being multiplied by a datasheet-provided constant to convert the units to
radians per second, then finally stored in the previously-described data structure for later
transmission. The LSM303DLHC accelerometer and magnetometer, produced by the same
company as the L3GD20 gyroscope, operates in almost identical fashion. The processes of
sensor initialization, reading data, and formatting data are very similar.

The

LSM303DLHC includes two integrated sensors, so there are separate registers to read the
accelerometer and magnetometer data from, but all other functions are analogous to those
in the L3GD20 and thus will not be discussed in further detail.

III.B. TI-RIOS and Program Flow

TI-RTOS is a highly scalable real-time operating system provided by Texas Instruments for
use on its various microcontroller and microprocessor architectures. TI-RTOS is fully
threaded and interrupt-driven, making it a versatile option for embedded systems requiring
several tasks. It includes a large number of drivers and APIs for handling commonly-used
protocols and services such as I2C, GPIO, UART, and Wi-Fi. For this application, TIRTOS was configured with Clock, GPIO, hardware interrupt, I2C, Power, Semaphore,
Task, and UART modules. The GPIO, hardware interrupt, I2C, and UART modules
provide instrumentation and APIs related to each of those standard core functions or
communication protocols and will not be described in detail. The remaining modules,
Clock, Power, Semaphore, and Task, are of greater interest.

The Clock module is

configured to utilize the Timer peripheral of the MSP430FR5969 by creating a system
“tick”, or periodic increment of a clock variable, which other services in the RTOS will
make use of for timed functions. The Clock module is configured for a period of 1,000 μs,
or 1 ms. This gives any timed functions a granularity of 1 ms, which is suitable for this
project. The Clock module is configured to suppress any unused timer ticks, thereby
preventing the unnecessary waste of power when the signal is not being used by any other
function. The portion of code which handles the data collection and transmission relies on
the Clock module to signal it to get new data and send a new transmission every two
seconds as long as power is available. The rising edge of the Battery OK signal (indicating
that power from the energy harvesting stage has crossed a threshold of 2.8 V) triggers a
hardware interrupt which starts Clock, while a falling edge (indicating that available power
has dropped below 2.4 V) triggers a second hardware interrupt to stop Clock. The Power
module is configured to automatically send the system into LPM3 as soon as the system
enters an idle state. This will happen while the system is waiting for the Battery OK
hardware interrupt and in between Clock ticks. This idle, low-power state accounts for
about 98.6% of overall runtime. The Semaphore module provides an inter-thread signaling
mechanism within the RTOS. In this project, a semaphore is posted every 2,000 Clock
ticks, or every 2 s. The semaphore unblocks the data collection/transmission loop inside
the main system Task, which includes sensor initialization functions and the date collection

and transmission loop. Upon initial power up, the processor runs several board-specific,
GPIO, I2C, and UART initialization functions. It then toggles three GPIO pins high, which
provides power to the sensors and XBee, and causes the XBee to enter sleep mode. After
this is complete, it runs the BIOS_start() API which starts the operating system. Once TIRTOS is running, it checks the system for hardware or software interrupts. Finding none at
first boot, it starts the Task thread. The Task thread is the main function driving the
operation of the system. When it is first started, it defines the variables that are required
later in the function, initializes the sensors and UART, and reads the calibration data from
the BMP180 sensor as described earlier. It then starts the Clock and enters a while(1) loop,
the

first

line

of

which

is

the

Semaphore_pend(semaphoreGetSendData,

BIOS_WAIT_FOREVER) command. This causes the Task to wait at this line (and enter
LPM3 due to the Power module) until the next Clock tick and resulting Semaphore. Once
this Semaphore is posted, the Task is “unblocked,” which allows it to continue the
remainder of the while(1) loop. The code inside this portion of the loop collects new data
from each of the sensors, wakes the XBee, writes the data packet to the UART (and thus
the

XBee),

then

sleeps

the

XBee,

before

returning

to

the

Semaphore_pend(semaphoreGetSendData, BIOS_WAIT_FOREVER) line and waiting for
the next Clock tick. If at any time power from the energy harvesting portion drops below
an acceptable value, the Clock is paused and the system enters LPM3 until suitable power
returns and the cycle repeats.

III.C. Low Power Programming and Energy Trace

In order for this project to function while being powered by harvested energy, which is
intermittent and low level by nature, the code running the system had to be as efficient as
possible. Programming for low power applications is very different than traditional coding.
On-board peripherals such as timers, ADCs, hardware multipliers, and communication
modules must be leveraged as much as possible over code-based alternatives. This is
because dedicated hardware peripherals use lower power and often function independently
of the main CPU clock. In addition, careful and extensive use of low-power modes is
crucial for the successful implementation of any low-power system. If these modes, along

with clever use of interrupts and peripherals, are properly utilized, the system can perform
advanced functions while spending almost 100% of run time in a low-power state, lasting
weeks, months, or even years on a single battery. Once the high-level functionality of the
system is decided – which peripherals will be used, when to enter low-power mode, etc. –
there are many techniques for further improving the power efficiency of the code. In many
cases, simply adding a single line can have a significant impact on power consumption.
For example, making use of the GPIO API during the board initialization phase to define all
GPIO pins as inputs with internal pull-down resistors almost halved current consumption
relative to leaving them undefined. The reason for this is that when a GPIO pin is not
defined as being an input or output and is not tied to a particular voltage, the pin “floats”
between high and low states, never settling on a particular state. This can considerably
increase supply current to the system. Another major technique to improve code efficiency
is to eliminate as many CPU delays as possible, replacing them with timer functions. CPU
delays such as __delay_cycles(36000) or wait(0.2) simply instruct the CPU to burn through
a number of cycles to pause the execution of a program. Because this forces the system
into an active state, during which it consumes a much higher amount of power, this is a
very inefficient method. Instead, timer peripherals and low power modes should be used,
with interrupts to exit and resume operation. In this project, the Clock module is used as
much as possible and CPU delays are used only when absolutely necessary. In addition,
the use of any math function which does not have a hardware module for its operation –
division, modulo, or anything involving floating point variables – must be minimized.
These functions consume numerous active CPU cycles and further increase power
consumption. An alternative is to make use of libraries, such as QMath provided by TI,
which convert floating point operations to fixed point for calculation. However, as with all
of the low-power programming techniques discussed, there are tradeoffs to consider.
Often, the code space required to implement a library or API is too large, even considering
the power savings that it provides. There were several times during the course of this
project where the compiled code size exceeded the available space on the board, and
concessions had to be made. Through extensive trial and error, a satisfactory balance was
eventually struck between power-efficient code and overall code size. Because TI is
marketing their MSP430 boards as the world’s lowest-power microcontroller, they provide

a set of tools known as Energy Trace and Energy Trace++ which are extremely useful in
determining the power consumption of the system. These tools measure and display the
energy profile of an application by use of specialized hardware on their development
boards and software components in their integrated development environment (IDE) Code
Composer Studio. Energy Trace displays energy consumed, minimum, maximum, and
mean power, mean voltage, minimum, maximum, and mean current, and estimated battery
life. It also displays a power vs. time graph and an energy vs. time graph for visualization.
Energy Trace++ takes this a step further by including information on the internal state of
the microcontroller. This includes information on time spent in each low power mode,
CPU state, peripheral usage, energy consumption by thread, and clock performance. Like
Energy Trace, Energy Trace++ also can display this data in graph format for quick
visualization of power consumption. Having the ability to make a code change, recompile,
and immediately see the impact on energy consumption is very useful in development.
Energy Trace and Energy Trace++ output will be featured in the Results section.

IV. RESULTS
IV.A. Schematics and Pictures
This section contains photographs and schematic diagrams of the Transmitter and Receiver
portions of the project. Fig. 11 is a photograph of the fully assembled Transmitter unit.
The large red board near the center of the breadboard is the MSP430FR5969 LaunchPad
development board. The 10-DOF sensor array is the small blue board near the top center.
The transmitting XBee module is the small blue board in the upper right. The green board
in the bottom right is the BQ25504EVM evaluation module of the BQ25504. The four
small white squares on the left of the figure are the thermoelectric generators with hot sides
up and heat sinks obscured. The dark blue components in the lower left and lower center
are the solar panels. Fig. 12 is a breadboard schematic of the Transmitter unit created in
Fritzing electronics layout software. All components and their connections are displayed.
Fig. 13 is a photograph of the fully assembled Receiver unit. The large blue board near the
center is the Arduino Duemilanove microcontroller and the small blue board to its right is
the receiving XBee. A USB cable connects the Duemilanove to the PC running a terminal

application, not pictured. Fig. 14 is a breadboard schematic of the Receiver unit created in
Fritzing. A functionally equivalent Arduino UNO is used in place of the Duemilanove in
the Fritzing diagram, as the Duemilanove is not an available component in Fritzing.

Fig. 11. Photograph of assembled Transmitter unit with TEGs, solar cells, BQ25504 energy
harvester, MSP430FR5969 microcontroller, 10-DOF sensor array, and XBee transmitter module.

Fig. 12. Breadboard schematic of Transmitter unit created in Fritzing.

Fig. 13. Photograph of assembled receiver unit with Arduino Duemilanove microcontroller, XBee
receiver module, and USB PC connection.Fig. 14. Breadboard schematic of Receiver unit created
in Fritzing. A functionally equivalent Arduino UNO is used in place of the Duemilanove in the
Fritzing diagram, as the Duemilanove is not an available component in Fritzing.

Fig. 14. Breadboard schematic of Receiver unit created in Fritzing. A functionally equivalent
Arduino UNO is used in place of the Duemilanove in the Fritzing diagram, as the Duemilanove is
not an available component in Fritzing.

IV.B Power Consumption Table
Table 1 lists the current draw of each component of the Transmitter unit. The BMP180
draws the least current of all components, while the XBee consumes the most current by
far. In order for the system to function at all, the XBee pin-controlled sleep mode had to be
carefully implemented. Even when engaging active mode for the shortest amount of time
possible, the XBee transmission still overwhelms the remainder of the components in terms
of power consumption.

Table 1: Current Draw by Component

L3GD20H

6.1 mA

LSM303DLHC

110 μA

BMP180

16 μA
824 μA active, 0.4 μA

MSP430FR5969

LPM3

XBee

45 mA active, 10 μA sleep

IV.C Energy Trace Output

This section contains the output from Energy Trace, the power consumption measurment
tool featured in Code Composer Studio, the integrated development environment (IDE)
used for the coding of the MSP430FR5969. Fig. 15 is the Energy Trace output after a
sample period of 10 s. The total energy consumption, power, voltage, current, and battery
life on a CR2032 button cell are displayed. These data are very useful when minimizing
power consumption through code optimization. Fig. 16 is the graphical output of Energy
Trace over the same 10 s. This provides a method for visualizing the power usage of the
system over time. The large spikes seen on the waveform represent the transmission of
data by the XBee.

Fig. 15. Energy Trace output for a period of 10 s. The average current draw is around 5.6 mA, which
makes sense given the combined current draw of all components. The peak current of around 10.2 mA
corresponds to the brief transmission portion of code execution. This makes sense given the reported XBee
current draw in normal mode.

Fig. 16. Energy Trace graphic output for a period of 10 s. This is a visual representation of the
data shown in Fig. 15. The system consumes relatively little energy during most of its execution,
with the exception of the transmission bursts. These can be clearly seen as the large spikes on the
waveform.

IV.D Energy Trace++ Output
This section contains the output from Energy Trace++, a specialized subset of Energy
Trace only available on select hardware. Energy Trace++ displays the activity of the CPU
and the on-board peripherals over time. Fig. 19 is the Energy Trace++ output after a
sample period of 10 s. Displayed in this diagram is the percentage of run time the system
spends in active and low power modes, as well as the activity of the on-board peripherals
and system clocks. Fig. 17 is the graphical output of the CPU mode portion of Energy
Trace++ over the same 10 s. The active mode (in red) represents the reading of the sensors
and transmission of data, while the low power modes (in yellow and green) represent the
time the system spends waiting for the next Semaphore. Fig. 18 is the graphical output of
the on-board peripheral portion of Energy Trace++ over the same 10 s. The top row shows
FRAM access when sensor data is saved.

The next row shows the activity of the

eUSCI_A0 peripheral, which is active when sending the data to the XBee via UART. The
third row shows the activity of the eUSCI_B0 peripheral, which is active when reading data
from the sensors via I2C. The remaining rows show clock usage, the most obvious of
which is the ACLK peripheral used by the TI-RTOS Clock module.

Fig. 17. Energy Trace++ low power mode output over 10 s. This graph is a visualization of the
low power mode data displayed in Fig. 19. It is easy to see the function of the loop of code which is
described in the “TI-RTOS and Program Flow” section.

Fig. 18. Energy Trace++ peripheral output over 10 s. This graph is a visualization of the
peripheral use data displayed in Fig. 19.

Fig. 19. Energy Trace++ output over 10 s. This mode breaks down the percentage of time the system
spends in each low power mode and using each board peripheral. The system spends 98.6% of runtime in
low power modes, but makes heavy use of the TA1 peripheral (which uses the ACLK) due to the Clock TIRTOS module.

IV.E. Implications for Graduate and Undergraduate Education

The work in this project required a massive literature search on various energy harvesting
techniques utilized in wearable technology. The pros and cons of each technique were
evaluated. Requiring undergraduate and graduate students to conduct literature surveys
helped improve their research capabilities and life-long learning skills. In the continuallychanging environment, software packages and hardware tools and platforms used in

system-level designs are continually changing. Software packages are continually being
updated and most of hardware tools become obsolete in less than two years.

Selecting

proper software packages and hardware components are becoming a major challenge for
any designer and are essential skills for students entering the workforce. To conduct this
project the graduate students learned about new state-of-the-art hardware and software
platforms.

The knowledge gained from this project will be incorporated in our undergraduate and
graduate curricula as follows:

-

The use of a piezoelectric generator to modulate the pulse width (the duty cycle) of a
step-up (boost) or step-down (Buck) converter in order to optimize the efficiency of
power conversion will be added to the list of the power electronics class projects.

-

Knowledge gained utilizing various versions of the Arduino microprocessor will help
develop future ultra-low power capstone and embedded processing class projects.

-

Knowledge gained from the use of the integrated development environment (IDE)
software package in this project can be used to create tutorials and labortory exercises
for the digital design and the advanced embedded design courses.

-

System-level designers need to be able to develop hardware driver(s) for targeted
hardware platforms. Knowledge gained from developing ultra-small hardware drivers
for a specific application will help create advanced laboratory exercises for the systemlevel design course.

IV.F. Future Improvements

While the platform created was successful in its function, as in any product, there are a
multitude of avenues for improvement. For one, at least until energy harvesting technology
improves, a RTOS such as TI-RTOS is likely too much of a power and overhead sink to be
practical in most applications. While this system does transmit data while being powered
by harvested energy, it only does so in full sunlight and high temperature differentials, and
even then is capable of only sending one or two transmissions before falling into low power

state while the storage capacitor recharges.

A more practical approach would be to

abandon the use of a RTOS, instead favoring a very lean, register-controlled and heavily
interrupt-driven code model. Also all math and conversion of input data should be handled
by the receiving platform, be it a base station such as in this project or a handheld device.
This will further lower the energy requirements of the code by reducing or eliminating the
use of floating point or non-peripheral operations. Another potential area for energy
savings is heavier use of sleep or low power modes of all components. Using an operating
voltage of 1.8V for the microcontroller, or even lower if possible, would also greatly reduce
the energy cost of the system. Finally, as the XBee unit was by far the most power-hungry
component of the platform, all current and emerging low energy wireless protocols such as
Bluetooth LE, low power Wi-Fi, and near field communications (NFC) should be carefully
considered for their potential energy savings. These suggestions for new improvements can
serve as the basis for new projects for our undergraduate and graduate students.

IV.F. Applications
With a platform definition as broad as “wearable sensor platform powered by harvested
energy,” there are countless potential final products that could stem from it. With the
recent explosion in popularity of fitness bands and smart watches, the consumer market is
perhaps the most immediately obvious. A fitness band powered by harvested energy might
include a low power display, such as OLED or memory LCD, sensors such as pulse
oximeters and GPS for heartrate and run tracking, and would be continuously powered by
the waste heat and motion generated by the workout. A smart watch would include a
similar display and energy sources but might also utilize an RF harvester to take advantage
of the energy of the signal of the smartphone with which they are typically paired. The
medical industry could also greatly benefit from such a concept. Powering medical devices
with harvested energy could lead to a new wave of untethered monitoring and patient assist
devices which would have the potential to create huge improvements in quality of life and
patient outcomes. Telemedicine and portable diagnostic equipment, both of which have
spawned flourishing markets, would benefit greatly from being powered by harvested
energy. Eliminating the reliance on batteries and regular recharging would also lower the
cost of such products in developing countries, where they are most frequently needed.

Another entity with much to gain from harvested energy technology is the military.
Outfitting soldiers with sensor networks which do not require unwieldy battery packs
would have staggering implications for the intelligence, surveillance, and reconnaissance
(ISR) industry. Today’s soldiers already carry a multitude of electronic systems into the
battlefield, but are hampered by the necessity of heavy, bulky battery packs. Soldiers of the
near future - outfitted with electronic systems powered by energy harvested from their body
heat, movement, sunlight, and other sources - could be deployed longer, record better data,
and increase their chances of returning home safely.
V. Conclusions
This paper presented the results of a graduate project on the design of a wearable sensor
platform powered by harvested energy. An ultra-low power sensor platform powered by
harvested body heat and ambient light was developed.

Solar cell and thermoelectric

generator output was managed by a boost converter IC which provides stable power to the
system and maintains charge on a storage capacitor. Skin temperature, accelerometer,
magnetometer, gyroscope, and barometer data were collected and periodically transmitted
to a base station via the IEEE 802.15.4 wireless protocol. Data collection, processing, and
transmission is handled by the MSP-430 microcontroller running the TI-RTOS real-time
operating system. Special care is taken in component selection and programming technique
to minimize the power consumption of the system. Lessons learned during development,
suggestions for future improvement, and potential end products leveraging the technology
were discussed.
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