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Abstract— Mobile sensor networks are often composed of agents 
with weak processing capabilities and some means of mobility. 
However, recent developments in embedded systems have 
enabled more powerful and portable processing units capable of 
analyzing complex data streams in real time. Systems with such 
capabilities are able to perform tasks such as 3D visual 
localization and tracking of targets.  They are also well-suited for 
environmental monitoring using a combination of cameras, 
microphones, and sensors for temperature, air-quality, and 
pressure.  Still there are few compact platforms that combine 
state of the art hardware with accessible software, an open source 
design, and an affordable price. In this paper, we present an in-
depth comparison of several mobile distributed sensor network 
platforms, and we introduce the WolfBot platform which offers a 
balance between capabilities, accessibility, cost and an open-
design. Experiments analyzing its computer-vision capabilities, 
power consumption, and system integration are provided. 
 

Index Terms— Distributed sensing platform, Swarm robotics, 
Open design platform. 

I. INTRODUCTION 
ireless sensor networks have been used in a variety of 
applications including surveillance for security 
purposes [30], monitoring of wildlife [36], [25], [23], 

and measuring pollutant concentrations in an environment [37] 
[24]. Initially, compact platforms were deployed in order to 
perform low-bandwidth sensing (e.g., detecting motion or 
recording temperature) and simple computations. Since then, 
new developments in embedded systems have enabled the 
design of compact, computationally powerful, and energy-
efficient processing units which facilitate more complex data 
processing at each node. These systems are now capable of 
higher bandwidth processing of information collected from 
sensors such as video cameras. Furthermore, sensor networks 
have become mobile and integrated into ground [32], [19], 
aquatic [15], [34], [35], and aerial [28], [31], [21] platforms.  
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As the number of mobile devices increases, tools for 
distributed control and motion planning for swarm robotic 
systems are being incorporated [31]. 

An ideal hardware platform for mobile distributed sensing 
must combine the sensing and data aggregation capabilities 
from traditional wireless sensor networks with the 
coordination and control functionalities from swarm robotic 
systems. To be attractive as a research and educational tool, 
the platform must be affordable, and should provide an 
accessible open source software development interface as well 
as an open hardware design that facilitates modification and 
upgrade. While there is no one optimal design for all 
applications due to the interplay between these desired 
features, a variety of more specialized platforms are certainly 
feasible. 

In this paper, we introduce the WolfBot platform (see Fig. 
1), which represents a compromise between capabilities, 
accessibility, and cost while remaining competitive with other 
platforms in all three areas. This platform is a compact (17.5 
cm in diameter) mobile sensing unit powered by a 1GHz 
ARM Cortex A8 processor capable of visual data acquisition 
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Fig 1.WolfBot mobile sensing platform and some of its features. 



 
 
 
and real-time processing; precise motion control via an 
omnidirectional drive system with on-board inertial and 
proximity sensing; wireless communication using WiFi and 
ZigBee; environmental sensing capabilities using on-board 
devices such as ambient light and distance sensors, as well as 
compatible external modules (enabling temperature, humidity, 
pressure, air quality sensing, etc.); and self-localization and 
agent identification enabled by an IR module and other visual 
tracking systems. In order to enable accessibility for 
educational and research purposes, the platform has an open 
design whose hardware schematics and bill of materials 
(approximately $550 per unit), with instructions for assembly, 
are available online [16]. The software is available in online 
repositories together with a MATLAB simulation environment 
for easy testing and implementation of algorithms. 
Furthermore, in order to facilitate software development, the 
platform provides a familiar software interface via its 
embedded Linux operating system, a Python [13] API, a 
system for distributed management of the platform, and access 
to OpenCV [6] for computer vision applications. 

The rest of the paper is outlined as follows: section II 
provides an overview of state of the art of mobile sensor 
networks and swarm robotic platforms; sections III and IV 
outline our corresponding hardware and software design 
choices for this platform; experimental results are included in 
section V which highlight its on-board computer vision 
capabilities, a battery life of over 6 hours at full operational 
load, and its system integration for distributed sensing; and  
final remarks are provided in section VI. 

II. RELATED WORK 
There are a variety of mobile sensor network and swarm 
robotic platforms that can be used for distributed sensing 
applications. Table I shows a comparison of several systems 
that have similar features to the WolfBot, and discuss many 
more in this section. 

The Kilobot [33] is a small robot from Harvard University. 
Its low-cost (roughly $14 in parts) allows it to be used in 
experiments requiring large numbers of agents. It has sensors 
capable of proximity sensing, but it has no imaging capability. 

The R-One robot [27] from Rice University is designed to 
be an open-source swarm robot platform. It has a variety of 
sensors capable of proximity, inertial, and environmental 
sensing; however, it has no imaging capability. 

The E-Puck [29] is a robot from EPFL designed for 
education. The E-Puck is an open-source platform with a 
40x40 pixel camera. The robot is designed to be expandable, 
with several open-source extension boards that add additional 
sensing and communication abilities to the robot. 

The Mindstorm EV3 [4] is a robot kit from LEGO. The kit 
contains a range of proximity and inertial sensors, and is 
designed to interface with LEGO blocks. The low cost of the 
robot kit (roughly $350) make it an attractive choice for 
education. 

The Khepera III is a robot from K-team that is designed for 
research applications [3]. The Khepera's Kore-Bot II 
expansion module has a powerful embedded processor and 
support for USB cameras, allowing onboard image processing. 
The Khepara III costs approximately $3000 for the basic 
configuration, which can inhibit applications requiring large 
numbers of robots. 

The MarXbot [19] is a wheeled robot from EPFL capable of 
moving over rough terrain. The robot has a large array of 
proximity, inertial, and environmental sensors, with the ability 
for self-assembly. 

The PixHawk [28] is an aerial robot from ETHZ consisting 
of four 752x480 resolution cameras. It is capable of onboard 
image processing at 60 frames per second. 

The Sensor Fly [31] from CMU is a small aerial robot 
designed for indoor sensing. It has several proximity and 
inertial sensors, but no imaging capabilities. 

The Drifter [15] from UC Berkeley is an aquatic robot 
designed for mapping water flow and water sensing. It is 
equipped with GPS and environmental sensors, though it does 
not have imaging capabilities. 

In addition to mobile sensing platforms, there are stationary 
sensing platforms such as the CITRIC camera mote from UC 
Berkeley [20]. 

The need for an affordable and compact mobile sensing 
platform capable of processing video in real-time, led us to 

TABLE I 
Mobile Sensing Platform Comparison 

Name Processor Sensing Comm. Imaging Cost 
R-One ARM Cortex-M3, 

50 MHz, 64KB RAM 
Accelerometer, 
Gyroscope, Bump, IR, 
Ambient Light 

Radio (2 Mbps), IR 
(1.25 Kbps) 

None $220 (Parts) 

E-puck dsPIC 30F6014A, 
64MHz, 8KB RAM 

IR, Accelerometer, 
Microphone, Camera 

Serial, Bluetooth, IR 40x40 pixels @ 4 
FPS. External 
processing 

$340 (Parts) 

MarXBot ARM11, 533 MHz, 
128MB RAM 

Camera, 
Accelerometer, 
Gyroscope, RFID, 2D 
Force, Microphone 

WiFi, Bluetooth Up to 2048x1536 
pixel s @ 12 FPS 

N/A 

Khepera III XScale, 600MHz, 
128MB RAM 

IR, Ambient Light, 
Ultrasonic, Camera 

WiFi, Bluetooth 640x480 pixels @ 15 
FPS 

>$2000 

CITRIC XScale, 624 MHz, 
64MB RAM 

Camera, Microphone Zigbee 1280x1024 pixels @ 
15FPS 

$600 

WolfBot ARM Cortex-A8, 
1GHz, 512MB RAM 

IR, Camera, 
Microphone, Ambient 
Light, Accelerometer, 
Magnetometer 

WiFi, Zigbee Up to 1280x720 pixels 
@ 50 FPS 

$550 (Parts) 



 
 
 

build the WolfBot which has a powerful ARM Cortex A8 
processor, a 720p HD resolution camera, robust 
communication protocols, sensors (3D accelerometer and 
magnetometer, ambient light sensors, distance sensors), and 
the capability for real time image processing and online video 
streaming and a low unit cost (under $550 in parts). The 
MarXBot and the Khepera III are platforms with similar 
capabilities to the WolfBot. However, our platform is better 
suited for computer vision tasks due to its more powerful 
processor, and its open design makes its available for 
educational and research purposes. 

III. HARDWARE DESIGN 
The design has been optimized to be compact, highly 

maneuverable using an omni-directional drive system, and 
possesses a suite of inertial, visual, and environmental sensors 
on-board. Fig. 2 and 3 shows CAD model views and actual 
views of the WolfBot. The main features considered during 
design are described below. 

A. Embedded Computing 
The WolfBot is built around the BeagleBone Black 
development platform. The BeagleBone is a compact single 
board computer (SBC) with a TI AM335x (ARM Cortex-A8, 
up to 1 GHz) processor [1]. With similar embedded computing 
capabilities and at a lower cost, the Raspberry Pi [9] could be 
an alternative to the BeagleBone. However, the Raspberry-Pi 

has 26 GPIO pins, whereas the Beaglebone Black has 92 
GPIO pins, which is a critical distinction when considering the 
amount of hardware on the WolfBot. The choice of 
BeagleBone over Raspberry-Pi was based on its lower power 
consumption, higher number of GPIO pins, and a more 
powerful NEON Advanced SIMD unit in the BeagleBone 
Black’s processor. For our design, the performance advantages 
outweigh the cost difference. Table II shows a comparison 
between these two options.  
 

 

B. Mobility 
An omnidirectional drive system for full translational and 

rotational control was chosen, which uses inertial sensing and 
IR proximity sensing for feedback and obstacle avoidance. 
The motors are controlled using a custom built motor control 

Fig 3. WolfBot’s Physical design: isometric view (left), front view (middle), and alternate isometric view (right). 

Fig 2. WolfBot’s CAD design: top view (left), front view (middle), and side view (right). 

TABLE II 
Comparison of BeagleBone Black and Raspberry Pi 

Feature BeagleBone Black Raspberry Pi 
Model Rev A5A Model B 
Proc. Type ARM Cortex A8 ARM 11 
Proc. Speed 1 GHz 700 MHz 
RAM 512 MB DDR3L 512 MB 
GPY SGX530 3D Videocore 4 
VFP version NEON VFPv2 
Min Power 1.05W (210mA) 3.5W (700mA) 
Cost $45 $35 



 
 
 

board (see Fig. 4) which integrates H bridges for speed control 
of the motors, a power switch for the robot, and a voltage 
output for direct monitoring of the battery. 

C. Sensing 
There are several sensors on-board used for environment 
sensing as well as motion feedback: 
 
Navigation Sensors. A 3D accelerometer provides the inertial 
measurements for overall evaluation of the robot's motion. A 
magnetometer is used to get a heading. IR based distance 
measurement sensors have been included in the platform 
which can be used for obstacle detection. The selected 
distance sensors provide granular measurements between 15 
and 100 cm and binary obstacle detection below 15 cm. Six of 
these distance sensors are installed, evenly spaced, around the 
robot perimeter. 
 
Environmental Sensing. An on-board ambient light sensor 
detects light intensity in the surrounding area. The 
BeagleBone provides a USB port and other standard IO ports 
for easy interface to sensing modules such as the SensorDrone 
[12], a compact (less than 7 cm in length, 3 cm in width and 
1.3 cm in thickness) environmental sensing unit, which is 
capable of measuring temperature, pressure, and air quality, 
among others. This module costs $200 per unit.  
 
Visual Sensor. The camera mounted on the robot provides 
image capture at 720p HD resolution. A servo motor is used to 
position the camera at different angles (from 0 to 90 degrees). 
The microphone in this camera can be used for audio 
recording and audio source localization applications. The 
platform is capable of storage, streaming, and real-time 
processing of video-streams.  

D. Communication 
WiFi and ZigBee technologies have been incorporated into 

our design. These two modalities offer alternatives between 
high bandwidth with high power consumption, and lower 
bandwidth with lower power consumption. 

The selected WiFi adapter provides communication with a 
data rate up to 150Mbps. This method of communication is 
used for file transfer and real-time video streaming from the 
onboard camera. The peak current draw for the WiFi adaptor 
is approximately 150mA. 

ZigBee communications has been implemented using low 
power XBee modules which provide a data rate up to 250 
kbps. The ZigBee modules can establish a mesh network 

among several WolfBots and can be used to broadcast 
messages, data, or commands to the entire group. The 
effective range for these devices is around 41 m indoors and 
122 m outdoors with a maximum current draw of 45 mA. 

E. Localization 
Pololu's IR transceiver beacon [8] with range from 15 cm to 

5 m is used to provide line of sight identification and 
localization. The sensor provides a relative cardinal (north, 
south, east, west) orientation between agents. Because the 
beacon operates at specifically 56kHz frequency, it is 
effectively isolated from noise from other infrared light 
systems. 

More precise localization can be achieved using visual 
SLAM algorithms [21] or using top-view camera systems 
(e.g., static camera networks or aerial cameras). We plan to 
provide support for these features using existing libraries in 
the near future. Currently, we are providing a software 
interface for the OptiTrack [7] Tracking Tools system, which 
uses infrared cameras to determine 3D position of markers that 
can be easily attached to individual WolfBots. By using WiFi 
to interface with the OptiTrack system, each agent can get 
their global coordinates streamed in real-time. 

F. Power Management 
The WolfBot uses a 7.4V Lithium-ion battery with a 
5200mAh (38.48 Wh) capacity. Two separate TPS5420 DC-
DC converters are used to step down the supply voltage to 5V 
and 3.3V, and a voltage regulator provides 6V. Although the 
power management is capable of providing a maximum of 2 
Amps in current, the WolfBot's current draw peaks at 1.6 A 
with a much lower average draw under full-load. Per the 
testing detailed in section 6, this ensures a battery life of at 
least 6 hours of continuous operations at high performance. 

The designed Power Distribution Board (see Fig. 4) 
regulates and distributes all voltages (3.3V, 5V, and 6V) 
required by the WolfBot. It also breaks out these signals to a 
number of separate lines to simplify routing power to various 
boards and peripherals. The single input to the board is an 
unregulated 6.4V - 8.4V signal from the motor control board 
which is provided from the source battery. 

G. PCB Integration 
In order to operate the above devices and sensors, four 

circuit boards had to be designed (as seen in Fig. 4): power 
distribution, motor control, peripheral interface, and distance 
measurement sensor (DMS) boards. The power and motor 
control boards have already been discussed.  

Fig 4. PCB boards designed: (a) Motor Control, (b) Power Distribution, (c) Peripheral, and (d) DMS. 



 
 
 

The peripheral interface board is used to create an interface 
between the BeagleBone Black and the Wolf- Bot's various 
sensors and communication devices. This includes an XBee 
socket and breakout, a light sensor with support circuitry, and 
logic level shifting for the IR beacon.  

The DMS board allows up to six IR distance sensors to be 
connected to the WolfBot. Primary features of the board 
include: Multiplexing the six sensor outputs to a single 
BeagleBone ADC, level shifting of analog sensor output (5V 
to 1.8V), level shifting of digital control signals (3.3V to 5V). 

H. Open Design and Cost 
The list of components, schematics for PCB boards, CAD 

design for the entire platform, and assembly instructions 
including videos are available online [16]. The cost of 
components per robot is under $550 for a single unit. As part 
of an educational activity, assembly can be integrated as a 
class project for undergraduate students. 

IV. SOFTWARE AND MANAGEMENT 
A key design goal of the WolfBot platform is to maximize 
accessibility to researchers. This goal has been realized in 
three parts: simplified access to hardware (sensors, actuators, 
communications), compatibility with popular software 
libraries (e.g. the Open Source Computer Vision (OpenCV) 
library [6] and Robot Operating System (ROS) [10]), and ease 
of scaling experiments to run on large groups of WolfBots. 

A. Accessible Hardware Interface 
As described in section 3, the WolfBot hardware platform 

includes many off-the-shelf sensors, actuators, and 
communications systems. At a low level, many of these 
devices interface with the BeagleBone Black in entirely 
different ways (analog versus I2C, etc.). A priority was placed 
on eliminating these details and providing a simple, consistent 
software interface.  

The Python [13] programming language was chosen as the 
primary tool to develop this interface. It is a high level, object-
oriented language known for its simplicity and extensibility; 
thus it has been gaining general popularity [14] and support in 
the scientific community. 

On each WolfBot, scripts are only responsible for 
instantiating a single WolfBot object. The WolfBot class 
handles the instantiation of additional objects which are 
responsible for hardware access. To illustrate: 

 
This reads the accelerometer and produces a tuple of 

3-D acceleration values: 

 
In addition, instantiation of the WolfBot class processes a 

variety of parameters via a YAML-based [17] configuration 
file. This structured file format allows each WolfBot to load 
robot-specific parameters such as sensor calibration 
information for all WolfBots. 

B. Additional Library Support 
Accessibility of the WolfBot platform is also highly 

dependent upon the availability and easy integration of 
popular libraries, such as OpenCV. Two choices in the 
WolfBot design address this: the choice to run a fully featured 
operating system and the choice of Python as the core 
language. 

In contrast to less powerful platforms, the hardware choice 
of a modern ARM-based processor allows each of the 
WolfBots to run a fully-featured Linux-based operating 
system. The BeagleBone is shipped with Angstrom Linux, but 
additional work was done to deploy Debian Linux 7.1 to the 
device. As a result, thousands of popular software packages 
are immediately available via Debian Software Repository and 
run unmodified on the WolfBot. Simplified installation may 
be accomplished using the management interface described in 
Section IV.C. 

Python has an extensive collection of mature libraries 
available for most common computational tasks. For example, 
the popular NumPy [5] package includes a set of linear algebra 
tools used extensively for kinematic motion calculations 
processed locally on the WolfBot. 

C. WolfBot Management 
As the number of WolfBots grows, care must be taken to 

ensure consistency and efficient control of the robots as a 
group. This issue is directly addressed through the 
development of the Packmaster component of the platform. 

The Packmaster is a stand-alone Linux system, currently 
deployed on a spare BeagleBone. At the lowest level, the 
Packmaster provides the network infrastructure necessary for 
direct command and control of every WolfBot. This is 
employed as an isolated WiFi network, allowing the 
Packmaster to manage the assignment of names and IP 
addresses to individual WolfBots in a consistent manner via 
the Dynamic Host Control Protocol (DHCP). This network is 
also available to other clients such as laptops, providing access 
to individual WolfBots. 

Because the Linux system on each WolfBot is complex, 
there is potential for system divergence, resulting in 
inconsistent or unexpected behavior during experimentation. 
This concern is addressed via the use of the SaltStack (“Salt") 
infrastructure management system [11]. Salt's benefits to the 
project are twofold; it provides both configuration 
management and remote execution. 

State management ensures that registered files, software 
packages, and services are deployed consistently across all 
targets. A core configuration is defined on the Packmaster, and 
Salt is used to deploy that configuration to each registered 
WolfBot with a single command. 

Furthermore, Salt provides a convenient remote execution 
system to control arbitrary groups of WolfBots during 
experimentation. Once software and configuration has been 
deployed via the aforementioned state management, Salt can 
be used to start the necessary program. While this results in 
reasonably parallel execution (<1s), tighter coordination is 
also available via network time synchronization provided by 
the Packmaster (<10ms). 

 



 
 
 

 

D. Physical Modeling 
A standard kinematic and dynamic equations are used to 

provide a physical model for the WolfBot platform based on 
the work by Y. Liu et al. [26]. Fig. 5 illustrates a sample 
motion recorded using an OptiTrack System in which the 
WolfBot is sent motion commands to trace a figure eight. Fig. 
6 shows the output of a MATLAB’s Simulink module made 
available for simulating simple motion algorithms. 

E. Open Source 
As with the hardware design, all aspects of the software and 

management system will be released under an open license 
and made available through a GitHub repository [16]. 
Documentation, tutorials and class projects will also be 
maintained in this website. 

V. EXPERIMENTAL RESULTS 
In order to test and evaluate the capabilities of our platform, 

we performed three sets of experiments. The first set aims to 
test and characterize the image processing capabilities of the 
platform by executing image processing routines such as edge 
detection and more complex routines such as face detection. 

The second experiment characterizes the power consumption 
under a variety of loads. The final experiment validates the 
WolfBot's effectiveness as a mobile sensor network by 
performing a scalar field estimation. 

A. Computer Vision Evaluation 
OpenCV 2.4 has been installed in our platform in order to 

enable the fast development of computer vision applications. 
In order to evaluate the performance of the platform, we 
measured the time required to execute edge and face detection 
on images with a resolution of 640x480.These are two 
common tasks often used in computer vision applications. Fig. 
7 shows some outcomes from these experiments. 

The execution of the canny edge detector for the first task 
took an average of 43ms per image (≈ 23.3 frames per 
second). For comparison, the same function in the CITRIC 
platform [20] using IPP [2], a library optimized for Intel 
processors, takes 340ms on 512x512 images. 

Face detection was implemented using the Haar cascades 
feature detector from OpenCV. The execution time was an 
average of 480ms per image. 

B. Power Consumption 
The WolfBot's power consumption is tested in three 

scenarios to simulate a range of workloads. In each case, the 
WolfBot's 5200mAh battery was fully charged and allowed to 
run down until operation ceased. Battery voltages were 
recorded periodically by the WolfBot's onboard battery sensor. 

The maximum power draw configuration included nonstop 
high-speed movement to OptiTrack specified locations, full 
CPU utilization, constant WiFi data streaming, and repeated 
camera repositioning. 

The mid-power case was similar, but included 20 second 
pauses between motions and only one camera reposition per 
move. CPU and WiFi remained in constant use. 

The final test maximized battery life, though performed 
without putting the system to sleep. There was no motion, the 
CPU was nearly idle, and WiFi was disabled. 

Fig 5. Recorded motion of the WolfBot tracing a figure 8. 

Fig 6. Motion simulation of robots following circular path. Initial 
overshoot is due to an offset on initial conditions. Time is in seconds and 
xy coordinates are in meters. 

Fig 7. Experimental results for Computer Vision Evaluation on an image 
from WolfBot camera: Canny edge detection (left), and face detection 
using Haar cascades (right). 

TABLE III 
Summary of power consumption test results 

Load Avg. Power Avg. Current Runtime 
High 6.27 W 0.86 A 6.14 h 
Mid 4.41 W 0.60 A 8.72 h 
Low 3.48 W 0.47 A 11.05 h 



 
 
 

Even in the highly demanding scenario, the WolfBot was 
observed to run for over 6 hours before failure. A maximum 
runtime of over 11 hours was also observed. Fig. 8 and Table 
III detail our results. Runtime was selected based on a 6.0V 
discharge cutoff per the battery specifications; power and 
current are based on this period and a 38.48Wh battery 
capacity. 

C. Scalar Field Estimation 
Our third experiment demonstrates the suitability of the 

WolfBot platform as a mobile sensor network. It additionally 
highlights the effective integration of software, hardware, and 
swarm management components described in Section IV. 
Specifically, we perform a scalar field estimation of light 
intensity using multiple Wolf Bots to distribute the workload. 

The test area was prepared as shown in Fig. 9 (left), where a 
flashlight and an area lamp were arranged around the 
perimeter of the OptiTrack viewing space. These light sources 
were chosen to produce two distinct light intensity gradients 
within the field. The OptiTrack camera system was used to 

provide localization information to each WolfBot via the 
Packmaster. 

Using the WolfBot's hardware interface library, a short 
Python script was written to autonomously direct each 
WolfBot along a path using this explicit localization data. At 
each target along the path, the script reads and logs the value 
of the onboard light sensor. For the path, a single set of 
coordinates was generated which describe a simple back-and-
forth survey pattern. 

The above script and survey path file were loaded onto the 
Packmaster for deployment. Using the platform's management 
tools, the files were synced to two WolfBots configured with 
OptiTrack markers. A subsequent command from the 
Packmaster instructed each WolfBot to begin execution of the 
survey. 

The pair of WolfBots divided the predetermined path in 
two, each surveying half the field as seen in Fig. 9 (top-right). 
The recorded light intensity data was collected by the 
Packmaster for offline processing. The resulting estimated 
light intensity field, after some Gaussian spatial filtering, is 
shown in Fig. 9 (bottom-right). 

It should be stressed that the described experiment could be 
scaled to any reasonable number of WolfBots with no 
additional effort. 

VI. CONCLUSION 
In this paper, we introduced an open-design mobile sensing 

platform for research and education capable of real-time 
computer vision processing. The performance of the platform 
is analyzed by testing its computer vision capabilities, power 
consumption and system integration. 

Future software versions will be integrated with the Robot 
Operative System (ROS) library [18] for easy integration with 
other robotic platforms. To ensure open-design availability for 
the WolfBot platform, additional steps are being taken to 

Fig 9. Light intensity field estimation: setup (left), partial robot paths (top-right) and estimation results (bottom-right). 

Fig 8. Battery level over time. Horizontal line represents discharge cutoff 
per manufacturer. 



 
 
 
ensure that all aspects of hardware and software design are 
included within a public online repository.  As the project 
expands, researchers can amend or add to the existing 
documentation as necessary. 
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