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Abstract — Our team has created an autonomous
line-painting robot that will save time and
resources painting lines for a parking lot. This
document outlines the process by which we
conceptualized, designed, and ultimately
constructed our device. This paper serves as a
guide to the details of this project for any
interested parties. The information herein can be
used to inform similar projects or as the
groundwork for another phase of the described
system.
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L EXECUTIVE SUMMARY

Our senior project chose to address the societal
problem of time and resources unnecessarily spent
on the task of painting lines on the ground. This
field is vast and encompasses everything from
sports field painting to road lines, but we chose to
focus our efforts on the very specific task of
painting a parking lot. The primary problems that
exist in this field stem from issues with time
consumption, accuracy, cost-effectiveness, and
worker safety. Our solution to these problems is an
autonomous line-painting robot that can perform
tasks based on criteria entered through a user
interface.

This robot uses multiple sensors in a local
navigation system, a paint dispensation system, a
robust user interface and have the ability to also
employ a camera for paint detection. The overall
design will cost less than $1500. It will be able to
receive input from the user to determine the number
and size of the parking spaces to be painted.
Accurate painting is determined by accuracy within
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a degree of the painted angles (usually ninety
degrees) and within a couple of inches of the
distance.

Our project, over the last year, took two forms.
Our prototype in the Fall had the express goal of
painting a soccer field. After additional testing and
reviewing our time constraints, we adapted our
design to paint a small parking lot instead.
Additionally, our chassis was upgraded over the
winter break. Our major breakthroughs came in the
way of development of the chassis, navigation
system, paint system, graphical user interface
(GUI), and the camera system.

Each team member had a particular part of the
project to work on. Chan was responsible for the
chassis and encoders. Eric developed the inertial
measurement unit and graphical user interface.
Absalom was responsible for the sensor fusion of
our local navigation system. David developed the
paint dispensation system. And Ferishta worked on
the camera system.

As of now the robot can navigate and paint a set
path according to its programming. Issues with the
navigation system prevented us from fully
implementing the camera system, but it is fully
functional separate from the robot.

Given the vast potential and expandability of this
type of technology, we are optimistic in the viability
of our project in the market. Our research informed
us that we have only one competitor, the Turf Tank,
and this device is only used for sports fields. That
means our project has a lot of room to breathe, if we
market it in the other applications. And our project
could be sold at a fraction of the price.

This leads us to present the Robotic
Embellishment Parking Painter Robot (REPP-Bot)
as an alternative to the tedious current methods of
painting parking lines. And with that being said, we
are confident this technology has vast potential for
further features and applications beyond what we
achieved this year.



Deployable Prototype
Documentation

II. INTRODUCTION

On the first day of our senior project class, we
were told that the goal of the project was to find a
societal problem that our unique skills as engineers
could help remedy. Many ideas later, through a
mutual passion for sports, we discovered that the
methods by which sports fields are painted have not
been updated for many years. Our initial inclination
was to solve this issue for a very small market but
discovered that the applications of such a
technology are vast and promising. A technology
that could assist with painting sports fields could
also be used to mark a construction site, paint a
road, or even a parking lot. Thus, our vision for an
autonomous line-painting rover was born. Since
then, we have developed a working rover that can
paint lines on the ground for parking lots. Although
our demonstration is somewhat specific, this can be
further developed to include other designs and
applications in the future. We will detail in this
report all of the technical elements that went into
making this project a success.

I1I. PROBLEM STATEMENT OVERVIEW

For CpE 190/EEE 193B, our class was tasked
with tackling a societal problem via a technological
solution. This task seemed daunting at first,
primarily because we could not decide what exactly
a reasonable societal problem would be for us to
accomplish solving without getting overwhelmed.
After some careful consideration and reflection, we
started developing some reasonable ideas. The one
that ended up taking on the most interest correlated
to a problem one of our members, a sports fanatic,
used to deal with growing up in sports. However,
after receiving feedback from the industry last
semester, we decided to automate the task of
painting parking lots instead because this had a
more appealing market. The issue, remaining the
same, is the laborious and often, time-consuming
task of painting the lines. What we realized after
some further research was that this was an untapped
area for automating. We decided this to be a worthy

problem and moved forward to come up with this
technological solution.

IV. PROBLEM STATEMENT
A. TiME

When discussing painting lines, one of the issues
that comes up is how long it takes an individual to
paint perfect lines for specific dimensions, such as
parking lots or traffic roads. there is a certain level
of precision required when doing such a task. With
road markings, although we typically do not think
about it, they must be precise for the sake of safety
on behalf of all drivers on the roads. Let us look at
the example of a parking lot. When painting the
lines of a parking lot, every spot in the lot should be
evenly spaced so cars have adequate space to park.
This means there is no room for miscalculations.
Our society has decided the solution to this problem
is to allow humans to take extended amounts of
time just to make sure the paint is applied precisely
to whatever job they are attempting to accomplish.
However, this is problematic because the time being
spent is highly unnecessary for say a robot in
comparison to a human. A robot, if programmed,
tested, and validated correctly can do this job
efficiently in comparison to its human counterparts.
Another thing to consider is the dilemma that occurs
when somebody makes a mistake on their paint job
and are now required to go through cleaning and
reapplying the paint. In Yakima, Washington, the
Sozo sports complex manager stated he spends on
average 1 to 1.5 hours painting a sports field and
between 11 fields, can be cumbersome to work on
[1].We found when discussing with a San Joaquin
road painter that they may spend 8 hours a day
painting a minimum of 15 miles [2]. When it comes
to sports, there is no difference. On average,
football coaches at Coahulla Creek high school said
spend hours weekly just painting the lines of their
fields [3]. This time could be more effectively spent
either discussing game strategy, at home with their
family, etc.

Time is something that is invaluable, regardless
of whether you’re a volunteer parent or even a large
construction company. For large construction
company’s, time is as valuable as money. Based on
the Bureau of Labor Statistics, workers in the US
spend about 2,080 hours annually doing paint jobs



[4]. Another fact is that workers are paid full time to
paint parking lots. Based on the Bureau of Labor
Statistics, these painters are being paid $18.06 per
hour [18]. This means companies are having their
people spend forty hours a week working on such
jobs when their efforts could be used in other, more
efficient ways. When it comes to painting lines,
some companies spent several months painting
parking lots of McDonalds [5]. Time is only one
aspect of the entire societal problem. In the next
section, we will discuss how accuracy is lost when
using current methodologies of line painting.

B. Accuracy

Accuracy can be a big issue when it comes to
painting lines for sports fields, parking lots, and
roads. The desire for accuracy in today’s rapidly
developing society means we must look at the
technique we implement for line painting and see
how we can optimize it. This starts with first
observing the techniques presently being executed.
When painting lines in general, the job is usually
done by a human. The problem with this approach
is we have to account for human errors made on the
job. One way we have mitigated these errors is by
designing semi-automatic machines that need
minimal assistance, in terms of manual labor.
However, with that being said, the issue that arises
is the machine being used is not always able to lay
the paint down accurately and it having manual
operations means there is still the human error
factor.

Humans can only work for a certain period of
time without having any errors. However, overtime,
there is still a certain threshold when fatigue kicks
in and causes mistakes to occur. According to a
research article conducted by the Journal of Applied
Sciences, “If an individual whose work demands
have gone over the limit, it is likely that they are
unable to mobilise their work effectively [6].”
When a human has been overworked, the work that
follows this over exertion will no longer be as
accurate as when they first started. The point is to
have accurate lines laid out, not somewhat accurate
lines. The person doing the line painting could go
faster so the time spent will not make for long
hours. Painting, in general, is a task that needs time
but when the person carrying out the task becomes

tired, the job potentially might end up with errors
regardless of how much time. According to an IEEE
article by Chunfang Guo, it is said that “people in
fatigue often exhibit poor physical coordination,
decreased ability to dominate the brain, difficulty
concentrating, memory loss, slow thinking, slow
ability to judge errors, operational errors, causing an
accident [9].” Guo mentions that a person who is
fatigued could cost errors and have difficulty
concentrating. The task of painting in general,
whether it is street painting or field painting, is a
task that takes hard labor. When a person becomes
fatigued, paint being sprayed by that individual will
not be even or parking lots that need to be a certain
sizes could end up different than desired.

Fig. 1: Paint over Chalk Line

Credit:https://www.forconstructionpros.com/pavement-mainte
nance/article/20867977/why-to-chalk-a-parking-lot-layout

The method of designing accurate lines can also
become an issue. Figure 1 above shows an image of
how chalking the line first is used to make straight
lines on pavement. Painting lines with accuracy on
pavement can be done with many different type of
methods but some can be less accurate than others.
The methods can be such things as freehand
painting, which can be very inaccurate because of
human error. Another is string lines, which is done
by laying strings done tightly before painting next
to line. This alternative is time consuming. The last
method is two helpers and a rope. Once again, this
alternative can also very time consuming [10].
Although there are many methods to painting lines
on pavement accurately, most methods take time.
The most accurate and fastest way to paint lines on
pavement seems to be laying down the chalk first
then paint over the layout. The chalking method is
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still done by a single person and still takes time to
measure out the specific dimensions desired. The
fact that chalking method still takes a single worker
means that the worker must pay attention for hours
to paint the line accurately, but the worker will
become fatigue as previously mentioned. As the
worker becomes fatigued, lines on pavement will
not be accurate and will end up costing money to fix
the mistake.

Painting could be hard sometimes when the
surfaces are uneven or the nozzle of the sprayer is
not able to compensate for the angle at which the
paint is being sprayed. Spraying paint on uneven
surfaces can cause the lines to become misshapen or
crooked. According to an IEEE article, “painting a
3D model with an airbrush is a skilled discipline,
fine control of nozzle speed, position and timing of
the air valve are required [8].” The fact that painting
a 3D model with an airbrush takes a lot of skills
means that a person would have to acquire skills to
become accurate and efficient at the job allocated
for them to do.

C. Cost EFFECTIVENESS

The financial cost of painting a parking lot is no
trivial undertaking. In some instances, a cover
charge of $300 to $500 is required to just set the job
in motion [11]. Once individual components of the
labor are factored in the costs only get steeper. Fig.
2 is a depiction of prices to paint individual
components of a parking lot from a construction
company specializing in asphalt repair services.
Parking Stall (Single Line)

Parking Stall (Double Line With Hairpin Half Circle or cap)
Handicap Stall (Symbol With Blue Box)

Arrow

4" Line Per Lineal Foot (White, Blue and Yellow for handicap cross
hatching, fire lane line, no parking zones, loading zones, bull noses etc.)

Stop Bar

$4-55

$6.50-$8
$25-§35
$10-§20

$0.20-$0.40
$20-$30

Fig. 2: Parking Lot Painting Service Prices
Credit:
http://www.fixasphalt.com/blog/cost-to-line-stripe-a-parking-1
ot

As the figure shows, parking lot lines are charged
by the line. This is on top of a blanket charge of
several hundred dollars just to get the job started.
Depending on the size of the parking lot, this
pricing structure can start to add up very quickly.

The costs associated with hiring a parking lot
painting crew with these prices are relatively small
up front, but many of these factors hide in the
uncertainty of human performance. One of the
primary concerns any employer has is training new
employees. This is crucial in line-painting, because
a poorly trained employee will make mistakes that
will cost time and money that could have been used
elsewhere. Alan Dungey, a sales manager with
Great Lakes Athletic Fields in Buffalo, New York,
states explicitly that “The bottom line with painting
is that you’re only as good as how you’re handling
your machine. You have to keep your machine
clean and use the right nozzles--that really affects
the quality of the line. After you are finished
painting, you have to be very thorough in cleaning
your machine. Ninety percent of failure when it
comes to painting comes from not cleaning your
tank properly, so when you mix the next load in you
end up with chunks of old paint that clog up your
nozzle [12].” As Dungey states, many failures and
setbacks occur in line-painting for very simple
issues that stem from proper training and attention
to detail. In fact, most of the time spent painting
designs on the ground is focused on the preparatory
work that is needed to measure out what must be
painted [12]. Training and competency are large
variables that can cost a great deal to clients. If this
same job could be automated to be done without the
need for training and at the cost of the materials
used, it would be a step forward in making this a
more cost-effective venture.

D. SareTY

Directly related to painting lines on a parking lot
are the hazards of faded or confusing markings.
These hazards can lead to accidents. Regarding
other line application scenarios, such as
construction and road maintenance, safety is the
greatest concern. Our goal is to substitute a robot in
place of the workers in the more dangerous areas,
leaving the human in the capacity of the operator.
On a construction site, with all the heavy equipment
and activity, the use of a robot will lower the
number of injuries/fatalities on the site. “According
to a study done over a 20 year period, investigating
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15,000 fatalities on construction sites, they found
that equipment operating in reverse were a major
culprit. Half of the fatalities were caused by dump
trucks [14].” These statistics are only describing
fatalities and not including non-fatal injuries.
Another source saw an 17% increase in construction
site fatalities from 2010 to 2015 [15]. There are
many instances during a construction project where
outlining is needed. These scenarios include
establishing perimeters and marking out parking
lots. An autonomous robot replacing the personnel
involved in these tasks could lower the number of
accidents on a construction site and free these
workers to do other tasks.

In the area of road maintenance, not only is the
safety of the department of transportation workers
at risk, but the average driver on the road as well.
Numerous studies have shown that faded, poorly
defined road markings are the cause of many auto
accidents [16]. The extent of the roads to cover,
both brand new and repainting, is a constant job.
The crews that are tasked with this important job
also work in dangerous situations. A majority of the
roads they are working on are partly in use. Cones,
sign trucks, highway patrol escorts, and scorpion
truck mounted attenuators are examples of some the
precautionary measures employed to improve the
safety of painting crews as they work. Similar to the
construction  environments,  substituting  the
vulnerable personnel with an autonomous painting
robot would decrease the possibility of accidents.
This solution also has the potential of simplifying
the number of safety features needed to be
employed to perform the job.

V. REQUIREMENTS AND CONSTRAINTS

In this project, it was necessary to be mindful of
the requirements and constraints for many reasons.
First and foremost, the end product must set out to
accomplish at least the base of what it is designed to
do, leaving all extra features aside. It must be able
to autonomously paint a parking lot. The remaining
requirements and constraints will build upon this
fundamental requirement to design a product that is
economic, time-efficient, accurate, and easy to use.

The product must also be able to paint at least one
lot in a single battery charge. If the robot cannot
complete a single lot in a battery life, all efficiency

draws to the product are effectively moot.
Accomplishing the job quickly was critical to
solving our problem statement, so this requirement
had to be in place.

Next, the speed of the robot had to be such that it
successfully painted a single lot in less time than it
commonly takes a person. The robot’s speed and
painting algorithm had to be designed to achieve
and even best this requirement. The primary
advantage of the speed of this system was the fact
that it did not require prior measurement. Measuring
twice to cut once is a nice saying, but a system that
has the measurement done the instant it has begun
cutting seems an appropriate improvement.

The system had to also complete the task to a
degree of accuracy acceptable for the parking lot
that was being produced. The accuracy of the
system was measured in terms of the angles
between the lines, the space between the lines, and
the distances of the lines themselves. Only slight
curvatures in the lines would be acceptable so long
as a system was in place to correct curvature in real
time. The fault tolerance in the distances of the lines
was ninety-five percent. Angles were judged within
a degree. This was not such a problem for short
lines that comprise the stalls, but could be a much
bigger problem for a line running across the bottom
of all the stalls. Since the system had to be accurate
enough to compensate for the most sensitive
measurements, we said the angle must be within
plus or minus one degree of a true right angle. The
necessary equipment for measuring this and feeding
the measurements back for testing was configured
into the design.

To be economic, we wanted this design to use
paint efficiently. It could not distribute paint to
already painted areas or unnecessarily backtrack
over already-painted areas. An algorithm was
developed to paint the lot with all requisite lines
covering the least amount of ground and
backtracking as little as possible.

Finally, the unit had to be easily operable by a
single person. The goal of the autonomous painting
system was that it would make the work easier by
virtue of both its software and physical interface. It
needed to have a physical interface for transporting
it across the ground without the need of lifting it for
easy access to the paint site. The software interface



had to be simple and robust enough for a user that is
not an expert.

VI PoTENTIAL DESIGN IDEAS

To meet these requirements and constraints,
multiple designs were envisioned to accomplish
them. This section is an overview of each of these
major design ideas and the benefits and drawbacks
of each design.

A. PARKING LoT PAINT SPRINKLER SYSTEM

We briefly discussed the possibility of creating
an infrastructure within the lot to distribute the paint
autonomously. This idea took the form of a
“sprinkler-like” system in which the paint is stored
in compartments underground and distributed via
powerful pumps to the mechatronic nozzles
throughout the field. The nozzles would have been
pre-measured and carefully installed so as to paint a
specific pattern and create the necessary.

There are a number of benefits to this idea. Not
the least of which is that it completely bypasses all
design complications of mobility. Accuracy may
prove elusive with a moving robot distributing the
paint. Not to mention a moving distribution system
can only distribute sequentially by default. This
system could theoretically distribute the paint
payload in parallel cutting the time to paint the
parking lot to a mere fraction of what it was.
Besides being able to distribute in parallel, a
stationary system with a program that does not
require movement for distributing paint is measured
once and never again. Unlike a mobile distribution
system, this application has the potential for being
finished in just a few minutes.

This design idea is not without its flaws. It is not
easily scalable for different lot sizes and designs.
Since the lots are measured beforehand when they
are installed, they can only do one size and design
of the lines. A system like this operates with the
assumption that the same kind of parking lot will be
painted in the exact same spot for the entire lifetime
of the system. Another key drawback to this design
is sheer expense in time and money that installing
this infrastructure will cost. Not only that, but the
maintenance of this system in cleaning paint tanks
and multiple distribution nozzles is a burden even
greater than the cleaning of an individual machine.

B. UnManNED AERIAL VEHICLE (UAV) DISTRIBUTION

The next design solution considered was an
unmanned aerial vehicle as seen in Figure 3 or a
drone solution to the problem [22]. The attractive
part of this solution lies primarily in its ability to
achieve higher speeds more easily than a
ground-based system since flying is inherently
faster than driving in good weather conditions. This
is due mostly to the fact that air resistance is much
less than the friction of travelling over the ground.
This enables the system to transition quickly from
already painted areas to areas that need to be
painted. And on that point, ground obstacles cease
to be an issue for a UAV system.

Fig. 3: UAV Drone
Credit: PCMag.com

However, this design has a number of issues that
would need addressing. Most notably, power
distribution and weight constraints would be very
large hurdles for a UAV system. Flying requires a
great deal of power. Power dictates a larger power
source. A larger power source adds to the weight
increasing the necessary power required to keep the
device airborne. These kinds of cyclical problems
can cause all kinds of problems for a design team.
Another weight constraint is the load of the paint in
the system. Can enough paint for a sports field be
carried in an aerial vehicle while maintaining the
power requirements of being able to finish the field
in a single battery life? This problem is vital to our
design constraints and a unique challenge in an
aerial distribution system. These are all things that
must be considered when developing this system.



C. ROVER DISTRIBUTION

An autonomous rover as seen in Figure 4 was
one of our more popular proposals giving us the
most flexibility between size, power, and adding
additional features further into the design process
[19]. There are already many open source solutions
to autonomous rover mobility issues that are ready
for adaptation. Some of these functions include
driving in a straight line, turning at an exact angle,
and going a set distance This would be a strong
support in the design of such a system. This system
would also be able to operate in inclement weather
unlike its aerial counterpart. Best of all, the design
challenges of this model, have relatively
inexpensive solutions making this an ideal solution.

We do have to consider, however, that this
system may encounter obstacles on the field and
progress on the field may be hindered. Some of
these obstacles might be objects, tall grass, or even
uneven field terrain. If the presence of one or more
of these obstacles prohibits the task, the rover will
not meet our design requirements. Also, if the rover
is too heavy, repeated and lengthy contact with the
grass may damage the field. But all things aside,
this seems to be the most promising idea.

oy

Fig. 4: TurfTank Rover
Credit: TurfTank.com

D. RoBoTIC ASSISTED PAINT MACHINE

One of the options that came up was a
robot-assisted paint machine. This solution would
energy efficient because the machine is not a
vehicle, unlike some of the other solutions. The
solution would need to be operated by a human
operator but the machine will bring down the error
to approximately zero. Thus, the system has now
solved our problem, in terms of accuracy, which

will inherently solve the issue of money since
repaints because of mistakes made the first time will
be reduced to zero.

While there might be benefits to this sort of
design, there are definitely drawbacks. One of the
first drawbacks is that this design requires there to
be operated by a person, which means it is
technically not autonomous anymore. This
introduces back the issue of someone having to
spend their time working on the field rather than the
robot taking care of it for you.

E. VEHICULAR DISTRIBUTION

Another option we briefly considered was the
idea of a golf-cart like vehicle being adapted for the
task. This would give us the largest power and
carrying capacity. This design could do multiple
fields on a single fuel tank and carry enough paint
to complete multiple lots. This idea also has the
flexible potential to be automated or operated by a
single user. This idea has the easiest method of
interaction between system and user, since driving
is a common skill to find in employees.

This design idea does have its share of bugs.
Because of its size, it will be expensive to build and
transport. We will be adding mechanical
complexities with a gas-powered engine as well as
the cost of the gas itself. By and large this idea is a
long-shot for the budget and scope we will be able
to achieve in one year.

VII. THE COMPETITION AND OUR SOLUTION

A. INFORMATION ON COMPETITION

After discussing the research and accounting for
the associated pros and cons, we decided to go with
the rover distribution system. In the course of our
research, we found three other similar approaches to
this type of design application.

The first was the TurfTank rover based out of
Atlanta, Georgia [19]. This rover type application
uses GPS and GLONAS satellites to provide
guidance for the robot as it paints sports field lines.
It has a compact frame design with a differential
drive wheel arrangement.

The second was Fieldroid. The robot was
designed by a team from Carnegie-Mellon
University to paint the lines on a soccer field



specifically [20]. The team used a Leica Robot total
station that uses a laser system to determine the
location of their robot. the Leica system has a
minimum market price of about four thousand
dollars depending on the kit you purchase.

The last robot is the product of a team from the
University of Waterloo [21]. They designed a small
scale differential drive robot to paint lines. The
device does not have any position determining
equipment. Rather it uses data from the motor
encoders to determine any deviation from a straight
line. The system makes adjustments accordingly
using an IMU and Kalman filter when deviation is
detected.

B. DgsioN UNIQUENESS AND VALUE

The idea of automating the painting of lines,
especially in parking lots is a fairly untapped
market. The three designs listed above are the only
recent documented projects we were able to find
towards a simple system to perform this task on a
sports field. The aspects of our proposed system
that set our project apart from the other projects are
in the areas of guidance, power consumption, and
time. The TurfTank wuses sophisticated GPS
technology to determine the robot’s position and
path. This accounts for a substantial power draw,
and it requires a paid subscription to use the
satellites. The Fieldroid system uses a very high
cost, industrial grade, laser detection system to
determine the location of their robot. Our intention
is to make a system that will not require such a high
initial cost or subscriptions. The Line-It-Up robot is
a simple design that uses wheel encoding to run in a
straight line. It is focused on painting brand new
lines, with a constraint of performing the task in
under two hours. The system we developed does not
require paid subscriptions of any kind. The
navigation system for our robot was designed with
lower cost devices that could still obtain a high
level of movement accuracy when fused together. *
Lastly, we did not rely on just one type of device,
such as the Line-It-Up robot, to nullify the
possibility of any one component failure grounding
our robot completely.

C. DESIGN SOLUTIONS TO SOCIETAL PROBLEM

Our robot design addressed all the major
concerns with our societal problem in the areas of
time, cost, and accuracy. Its applications can be
expanded to yield solutions to safety as well. The
design constraint that this system must measure and
paint a parking lot faster than a person can, presents
an immediate solution to the time problem. Since
the measuring process usually takes more than one
person, and these teams are often painting more
than one area, a single autonomous system will
necessarily save the man-hours preparing and
painting these lots. These man-hours would be
replaced with the task of maintaining and
monitoring the system. Thereby saving the time of
these workers so that they handle other aspects of
the job.

The accuracy of such a system measuring
distances and angles with hardware instead of string
and human accountability would address the issues
of accuracy with this job. Worker fatigue and lack
of training in accurate measurements would no
longer be a factor. This would also minimize the
need for repaints and corrections.

The cost of such a system would be lessened in
the long run. The time of running it would be much
less than multiple people doing the same work with
minimal chance for errors. This would lessen the
long term cost of painting and repainting.

If this idea is ever expanded to the field of
construction, an added value will be placed on it
keeping the workers safe. Since an autonomous
system ensures worker safety by allowing workers
to monitor the work at a distance. This aspect of our
problem is solved by default. Accidents may still
happen, but human injuries and fatalities will be
greatly reduced by the presence of an autonomous
system doing the job.

VIIL

A. RoBusT USER INTERFACE

RoBoTt FEATURES

The user interface, similar to the one in Figure 5,
serves the user in two important ways [24]. First,
the user interface would be what turns the rover on
and off. Along with that, the display would also
give the user options to customize the painting job.



Namely, it should have the ability to dictate the
number of parking stalls that the robot will paint as
well as the type. This will depend on whether the
job will be in an open space versus against a curb.

Marksman”™

Fig. 5: Marking Machine Control Unit
Credit: industrialproductsfinder.com

B. Spray PAINT DisPENSER UNIT

This unit is the system that is be used to deliver
the painted lines on our parking lot. It is attached to
the front of the robot. It is a cable activated aerosol
system controlled through a relay arrangement
manipulating a linear actuator. This allows the
microcontroller to activate the spraying of an
aerosol striping can as seen in Figure 6 [23].

Fig. 6: Aerosol Marking Paint
Credit: asphaltsealcoatingdirect.com
C. Accurate Turns

While going through the task of painting the
lines of a parking lot, the rover maintains a

primitive understanding of its location on the lot to
ensure proper dimensioning. We implemented an
IMU to our rover to achieve this. An IMU, as seen
in Figure 7, is an inertial measurement unit, which
is comprised of gyroscopes and accelerometers, and
if done correctly, will serve as our primary
navigation system [25]. It works through the use of
a gyroscope, where it measure the angular velocity
of our wheels, and then uses that to come up with
the angular position relative to its starting point.
Following this computation, the IMU then uses it
accelerometers to get the reference frame it is
working in, which allows us to come up with our
linear position. We used rotary encoders to verify
that the IMU was tracking the correct position
within a certain error threshold. A rotary encoder is
a piece of electronic circuitry that can be used to
detect the rotation angle of the motor shaft, which
can then be used to calculate an approximate
position.

8S~-Ax1s Abs.
Orientation

Fig. 7: Adafruit IMU
Credit: .adafruitlearningsystem.com

D. OBsTACLE DETECTION

We wanted to implement a system for physically
detecting the object when it comes in front of the
rover. The obstacle detection, if implemented,
would be using ultrasonic sensors that detect and
alert the microcontroller if there is an object in front
of it at such a close proximity. If the object is a
curb, the system would respond according to it’s
programming. If the object was an unexpected
obstacle, then we would need to have an alert
system to make the user aware of the issue and
make a correction.



E. USER ALERT SYSTEM

This feature is to have a system in place that
alerts the user when an obstacle has gotten in front
of the rover. This would allow the user to move the
obstacle out of the way of the rover.

F. Distance TRACKING/SPEED CONTROL

Distance tracking and speed control allows for
our robot to know its true distance from the starting
point and this in turn further allows us to track
speed relative to its local position. The feature lets
the user have an option for the length of the line
painted. The necessary hardware to implement such
features are encoders and motor drivers

The encoder option allows us to choose the
precision for the robot. The encoder further allow
the robot to track distance and speed. The encoders
count the amount of ticks for each wheel. So with
encoders that are more precise with each rotation
the more precise the robot will be able to track
distance and speed.

The choice of motors drivers were endless but the
motor driver needed to be able to handle a certain
load size. Figure 8 shows a motor driver that could
be used to control the motors [26].

Fig 8: Sabertooth 2x25 Motor Driver
Credit: robotshop.com

F. PamNt DETECTION

We designed a paint detection feature that was
used to determine if the paint system runs out of
paint during the job. This task could either be
accomplished through the use of a camera or IR
sensors. Using a camera would require a separate
microcontroller that is capable of running openCV,
which is a library of functions for machine

vision/learning applications. Using IR sensors
would require a very simple program, running on a
microcontroller, that would adjust the wheels of the
robot accordingly when the sensors detect a line.
Both of these options were explored, and we
ultimately went with a raspberry pi microcontroller
using a pi camera.

IX.

Our project was sponsored by Intel. We had $500
in sponsorship money to put towards the project.
All other costs after that were out of pocket for our
team.

CosT BREAKDOWN

Item Cost In Use (Y/N)
First Semester
Arduino Mega $50 Y
AdaFruit IMU $30 Y
AdaFruit GPS $40 N
HMO055B $15 N
Compass
Parallax $300 N
Motor/Wheel
Kit
Parallax $40 N
Chassis
Batteries(2) $50 (total)
Parallax Motor $24
Driver
Wire Harnesses $5
Power $100
Distribution
Board
12V DC Pump $25
12V DC $16
Solenoid Valve




3 Gallon $18 N
Reservoir
Sprayer Nozzle $34 N
Total: $747 $85 (carried
(semester to next
total) semester)
Second Semester
Chassis (used $80 Y
electric
wheelchair)
Motors (minus $250 Y
brakes)
Tires/Wheels $400
Cytron Motor $30
Driver
Raspberry Pi 3 $45 Y
(plus camera)
Batteries (2) $75 Y
Battery Charger $25 Y
LCD Screen $20 Y
Paint Dispenser $100 Y
Unit
Paint Linear $60 Y
Actuator
Encoders (2) $26 Y
Striping Paint | $25 (6-pack) Y
Total: $1111.25 $1196.25
(semester (final
total) prototype
cost)

Table 1: Cost Breakdown Chart
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X. ProOJECT MILESTONES
A. FrsT SEMESTER CHASSIS BUILD

The first milestone we reached in our project was
the completion of the first build of our robot chassis
during the first semester. The chassis and motor
assembly came from Parallax. Once the basic frame
of the robot was created, the other features such as
the motion control systems and gps features could
be tested on the actual system. All the other features
and tests hinged on this first step.

B. ExNcoper anDp PID SysTEMS

The successful development of an encoder system
in conjunction with the integration of a PID
controller was another major milestone for the
project. The ability of the robot to make very
precise movements in it's painting algorithm was
dependent on the precision of this system. The
encoders further allowed the robot to have a very
precise knowledge of the distance it has traveled.
All of the information was pivotal to the project’s
success in delivering some of the design contract
features mentioned previously.

C. IMU SysTtEM

The inertial measurement unit improved the
precision of the robot’s local positioning system.
Using sensor fusion, the readings from the IMU and
Encoders were used to give the robot painter a
precise knowledge of it's orientation and movement
when traveling and turning. The integration of the
IMU system marked another level of precision.
Bringing the robot to the level of precision we
guaranteed in our contract.

D. SeconDp SEMESTER CHASSIS BUILD

The second semester chassis build gave us more
real estate on the robot as well as a higher power
capability. The build was based on feedback and
testing of our first semester robot. The second
version also allowed us to improve a number of the
devices that we had implemented on the first robot.
Using more precise encoders and having a bigger
battery bank as examples.



E. PAINT SYSTEM INTEGRATION

The second semester saw the completion of the
paint system implemented on the robot. The
successful build of the system meant the robot was
able to perform it's fundamental function, namely
painting lines on the ground.

F. GUI INTEGRATION

The graphic user interface provided a higher
level of interaction of the robot with the user. The
display gave gave the user the ability to customize
the job performed by the robot, as well as
information regarding the robots status and
progress. The completion of this feature marked the
implementation of another design contract item.

G. CAMERA DEVELOPMENT

The final milestone was the development of the
machine vision camera system used to confirm that
the paint system was functioning correctly. Since
the paint system uses aerosol application paint, it is
necessary to have an external system to monitor the
painting and alert the robot if there is an issue.

XI. WoRrk BREAKDOWN STRUCTURE

1. User Interface
1.1.  Buttons and LCD assembly
documentation (2 hrs)
1.1.1.  Test Buttons and LCD screen
configuration (2hrs)
1.1.2.  Software package for
feedback from IMU (2hrs)
1.2.  Software for user interface
1.2.1.  Software package to make
button turn robot on and off
and start (1hr)
1.2.2.  Software package for
movement algorithm based
on user input (20 hrs)

2. Motor Control
2.1.  Motor Assembly to Chassis and
Controller
2.1.1.  Input/output pins schematic
and assembly (10hrs)
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2.1.2. Wheel and motor
configuration document
(8hrs)
2.2.  Software for motor control
2.2.1.  Software package to make
motor move as desired
(20hrs)

Navigation System
3.1.  Parts Assembly
3.1.1.  IMU calibration (4hrs)
3.1.2.  Encoder calibration (6hrs)
3.2.  Software for Navigation
3.2.1.  Software package for encoder
distance tracking (4hrs)
3.2.2. IMU software package for
path navigation (24hrs)
3.2.3.  GPS software package for
global position (10hrs)
3.2.4. Camera software for
repaint(4hrs)

Efficient Power Consumption
4.1.  Power Design
4.1.1.  Voltage consumption
research (6hr)
4.1.2.  Wire routing (2hr)
4.1.3.  Battery Spec (2hr)

Spray paint Dispensing
5.1.  Paint System Research (20hrs)
5.1.1.  Paint System
5.2. Aerosol Paint System Integration
5.2.1.  Cable System Modification
(6hrs)
5.2.2.  Linear Actuator Integration
(4hrs)
5.3.  Camera Paint Detection
5.3.1.  Software package for paint
detection (30hr)
5.3.2.  Software package for robot
shutdown(2hr)
5.4.  Software to dispense paint
5.4.1.  Software package to dispense
paint when desired (8hrs)

Table 2: Work Breakdown Structure



XII. DETAILS OF EACH WORK PACKAGE

A. USER INTERFACE

The user interface was relatively simple to
design. In the initial stages, consisted of buttons for
turning the system on and off and an LCD screen as
in Figure 9 to display the feedback of distance
traveled from the accelerometer [27].

l!!llll!'w— YZST-CA @

Fig. 9: Parallax LCD System
Credit: https://www.parallax.com/product/27977

Eric was responsible for wiring the buttons and
LCD screen to the microcontroller and writing the
necessary code to process inputs and properly
display data from the IMU. The push button and
basic LCD code did not take more than two hours
allowing one hour for troubleshooting. An
additional two hours was afforded to properly
configure and troubleshoot this software to receive
data from the IMU and display it on the LCD
screen. Two hours was afforded to properly
document the assembly and configuration process
of these parts In total this task took no more than six
hours. As a matter of dependency, this package was
not done until the IMU was properly installed and
calibrated with its own software already complete.

B. MoTtor CONTROL

The motor control feature was assigned to Chan
who was assisted by Eric for the software portion of
the feature. The feature was broken down into two
tasks. The first task was motor assembly to the
chassis, the hardware of which as seen in Figure 2,
and connecting it to controller [28]. The second task
was the software for the motor control. The tasks
were then broken down into work packages. These
work packages allowed us to determine the work
needed to complete the tasks in order to complete
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the motor control feature. The first work package of
task one of motor control took about five hours to
complete. Chan had to take very careful notes on
which input and output pins are being used and also
made sure that the motor was connected correctly in
order for the controller to communicate with
motors. The second part of work package one was
estimated to take two hours. Chan took careful
measurements of the wheels circumference and
compare it to amount of ticks per revolution of the
wheels. The reason for this work package is that we
needed this information beforehand in order to give
the robot a good estimate of its location. Chan also
had to test the motors to see if they are functioning
properly. The importance of such work package was
that we did not want to install broken motors. Chan
applied power to the motors to see if the motors
could handle what the mentioned specs are for this
specific motor.

Fig. 10: Second Semester Chassis with Motors and Encoders
Credit: Chanchiew Saeteurn

Task two of motor control feature had only one
work package. This work package took about
twenty hours to implement with the assistance of
Eric. The work package was to write code to make
motor move as desired. The code written was able
to make the motors move allowing the robot to
maneuver. The robot is able to turn left and right


https://www.parallax.com/product/27977

and also move forward and backwards. This motor
software was then able to move as desired based on
the needs of what the robot is commanded to do.
The total amount hours for motor control feature
was added up to a rough estimate of twenty-seven
hours in order for the feature to be completed. After
completion of twenty-seven hours we were done
with the motor control feature and able to integrate
all the features to make the project a success.

C. NAVIGATION SYSTEM

In this part of our work breakdown, we will be
discussing how we decomposed our navigation
system and the work that was involved. This task
was broken down into two broad subtasks. The two
subtasks were “Parts Assembly” and “Software
Algorithms for Navigation”. In this subsection of
our main points, we had a more in-depth discussion
of these two subtasks, their breakdown, and the
work packages that were embedded within each of
these two subtasks.

The first subtask mentioned was “Parts
Assembly”. This first subtask covered the fact that
when building our navigation system for the
deployable lab prototype, we had to integrate all of
the parts that comprise our navigation system
smoothly. With that being said, before we could
worry about integrating all of the different
components that make up the navigation system
together, we had to first start off testing each of the
components that comprise the navigation system
and made sure they were working correctly. The
components that make up our navigation system are
the IMU seen in Figure 3 and a pair of encoders
[29].

Fig. 11: AdaFruit Inertial Measurement Unit
Credit: learn.adafruit.com
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Work Package one was then to make sure our
first component, the inertial measurement unit
(IMU), was functional and calibrated correctly. This
was completed by Absalom in four hours. Work
Package two was to test the encoders to make sure
they were functional and check to see if their
readings were accurate. Chan completed this in two
hours.

The other subtask of the navigation system was
the development of software algorithms for the
navigation system. While it is all well and good that
our different electronic components are calibrated
correctly, without the appropriate software
algorithms, these electronic components described
in the previous paragraph are not contributing to our
navigation system as a whole. With that being said,
every electronic unit had its own software algorithm
that needed to be implemented alongside it. These
work packages are broken down based on the two
sensor units being used: encoders, and inertial
measurement unit (IMU). The first work package in
the subtask covering “Software algorithms for
navigation” discusses how encoders will be utilized
and the work involved. The encoders are supposed
to service our navigation system by providing the
microcontroller with information on how far our
rover has traveled. With that being said, work
package 1 for this subtask covers the software
algorithm that was developed to allow the encoder
to track the distance our rover has traveled. This
was accomplished in four hours by Absalom. Work
package two focussed on the IMU and the software
that was implemented for that unit. The IMU serves
multiple purposes to our navigation system. The
purposes of the IMU include making sure our rover
moves in a straight path down the parking lot, helps
the rover with accurate turning, and maintaining a
record of the distance the rover has traveled. The
software algorithm that was built for this
component included functions for each of these
purposes. Eric was responsible for completing this
portion in twenty hours.



D. ErriciENT POWER CONSUMPTION

This section of the breakdown covers the power
system for the robot. The design and testing of the
power system was pivotal for the successful
operation of the robot. The first work packet for this
section was the testing of the power requirements
for all the electrical components. Testing their
voltage and amperage usage was very important
throughout the project. This packet was completed
by David and Chan, and ran about six hours The
next work packet will be creating and laying out the
wiring harnesses for the power system to the
various components being fed in the robot.
Reducing clutter and loose wire will increases the
aesthetics of the robot. The wiring packet was
covered by Chan, with two hours allotted for
completion. As components are strung together,
there will likely be voltage loss. Tracking the power
usages allow us to know what our overall power
requirements will be to spec out sufficient batteries.
The final work packet was to design a battery bank
and securing it to the robot. Figure 12 shows an
example of the 12V lead acid batteries we are
testing with the system [30]. Chan completed this
task in about three hours.

Fig. 12: Expert Power Lead Acid 12V Battery
Credit: amazon.com

E. SPRAY PAINT DISPENSING

The last section of our breakdown addressed the
paint dispensing system. We began with a
documentation of our research into various paint
pump systems to determine which one was most
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likely to work with our robot system. David headed
up this task, and it took twenty hours. After
ordering and receiving these components, the
aerosol spray system was installed on the robot.
This took David six hours to complete. Afterwards,
Chan and David tag teamed the linear actuator
system that controlled the paint sprayer. It took
about four hours to complete. The software for the
paint detection system was created and tested by
Ferishta. In total, the system took thirty hrs to
complete. The software to shutdown the robot’s
movement after the camera system is not complete,
but Ferishta and David have spent two hours so far.
The final component of this part was be the
software package designed to automate distribution
of paint based on a certain set of criteria that are
met. We wanted the robot to only paint when it is
moving along one of the lines it knows it must paint
and not at other times. The software design for this
took eight hours to complete. Chan and Absalom
complete this.

XIIIL

The following graph was generated through an
analysis of the risks associated with various
components of our project. Each event was given a
risk factor, which is the multiplicative relationship
between the impact and the probability of the event
occuring. The risk scale is from zero to five with
zero indicating the lowest risk and five indicating
the highest risk. These risks were calculated with
our early ideas on how the project would be
implemented. We used this data to make informed
decisions about how to continue with the project.

Risk ASSESSMENT

Risk Assessment Chart
Name of Impact Probability Risk
Risk (levels) (percentage)
Motor 5 20% 1.0
Control
PID 1 10% 0.1
controller
IMU: 1 30% 0.3
Improper
Calibration




IMU: 2
Misalignme
nt

5% 0.1

IMU: Bias 2 50% 1.0

IMU: 2 0.4
Timing and

Noise

20%

GPS: 2
Improper
Calibration

50% 1.0

GPS: 3
Maintaining
Continuous

Location
Reference

60% 1.8

Camera: 1 25% 0.25
Memory

Usage

Camera: 2 50% 1.0
Lack of

Experience

Battery 5 20% 1.0

Failure

Improper 2 10% 0.2

Wiring

Over/Under 4 0.2

Powering

5%

Insufficient 3 20% 0.6

Pressure

Inadequate 4 5% 0.2

Reservoir

Line Clog 2 5% 0.1

Table 3: Risk Assessment Chart

A. CAMERA SYSTEM

In this section of our risk assessment report, we
are going to outline some of the risks related to our
camera system. For our lab prototype, the camera
system does not play as impactful of a role because
all it is doing is taking a picture of the line that will
be cleaned up. This will provide the robot with a
primitive visual of the ground and eventually acts as
its eyes. So, with that being said, we will begin a
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discussion of the different risks involved when
developing an image processing system.

1.  THE REQUIREMENT OF MEMORY

Fig. 13: UP board by Intel
Credit: UP, Bridge the Gap
http://www.up-board.org/up/

The next section outlines the risk that we had
using the R200 camera. One major risk of using the
R200 camera was the fact that it required so much
processing power relative to our microcontroller.
While we had a separate processor for the camera,
this still posed a risk If the processor for the camera
ran into any issues such as dying from low battery
or running out of memory, this meant our camera
would not be able to act as our image processor for
the robot. We lessened this risk by using the UP
processor depicted above in Figure 13 [42]. This
processor had more memory space than
specifications say are required for our image
processing system to work and is used solely by our
camera. With this cushion of memory for our image
processing, we mitigated the risks previously stated.

2. LAcCK OF KNOWLEDGE IN MACHINE VISION



http://www.up-board.org/up/

Fig. 14: Question Mark
Credit: Steve MacDonald
http://granitegrok.com/blog/2013/07/republican-vote-stealer/at
tachment/question-mark

The picture illustrated above may seem abstract
but depicts one of the larger uncertainties we had
with our camera system. This uncertainty for us that
comes with using a camera in our robot system was
the fact that all of our team was inexperienced in
machine vision. This lead to many mistakes down
the road that we had to accept since we specified
that we would be using a machine vision application
in our system.

B. IMU FAILURES

Our longest critical path contains the navigation
system for our line-painting robot. Put plainly, if
this system does not function, our project has been a
complete failure. A critical part of this system was
the inertial measurement unit (IMU).

Fig. 15: IMU Orthogonal Linear and Angular Axes
Credit: Novatel
https://www.novatel.com/assets/Documents/Bulletins/ APN06

4.pdf

As seen in Figure 15, this device records directional
and angular velocity in three dimensions. This unit
is being used as the primary measuring tool for
recording the robot’s turn angle. It is additionally
being used as a verification for direction. If the IMU
were being used as a sole means of direction thus
making it a single point of failure, any false
readings would have a very high impact on the
execution of our project. Here we are going to take
a look at some of the risks that come into play with
the use of IMU devices. We did our utmost through
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our research to estimate their likelihood and
potential impact to our project.

1. IMPROPER CALIBRATION

Even though this risk has a fairly easy solution,
we thought to include it because of how common it
is in IMU systems [31]. Improper calibration is
most often caused by a bad mounting of the IMU on
the device. If the axes of the device are not exactly
vertical and horizontal, this can lead to misreadings
on the IMU that will be compounded over distance.
If we did not realize that the IMU had been
calibrated improperly, we could have spend many
hours trying to understand why our readings seem
to never work and our robot does not go straight. To
mitigate this risk, we ran tests on the IMU
independently to determine what should be the
appropriate calibration readings and used these as a
basis for all future tests. Doing this saved us
potentially many hours working with no progress.

2. MISALIGNMENT

We also had to consider improper manufacturing
alignment of the axes so that they are not
orthogonal [31]. In the case of a non-orthogonal
alignment, this is a defect in the manufacturing of
the IMU, and this error will always be present. If
this happens, we most likely would have needed to
purchase a new IMU. The reason this could have
been difficult to mitigate is that no other component
on our robot is directly capable of measuring turn
angles. This was a very important part of our
platform, so we could not make up the difference
with the other components of our navigation
system. Fortunately, this situation is usually quite
unlikely and we have no reason to believe it was a
serious issue for our project.

3. Bias

Another risk in using IMU s is their inherent bias,
which comes in the form of an on/off bias and a
running bias [31]. The on/off bias is an offset that
the IMU acquires each time it is turned on. If not
taken into account this bias can drive the navigation
into a drift that accumulates with time. One way to
curb this risk is to take additional time with the
IMU by itself and determine if it has biases and how


http://granitegrok.com/blog/2013/07/republican-vote-stealer/attachment/question-mark
http://granitegrok.com/blog/2013/07/republican-vote-stealer/attachment/question-mark
https://www.novatel.com/assets/Documents/Bulletins/APN064.pdf
https://www.novatel.com/assets/Documents/Bulletins/APN064.pdf

consistent these biases are. Averaging these biases
will give a good bias estimate that can be factored
into the configuration registers that the IMU builds
into the system for this purpose [33]. To deal with
running bias, we had no way of predicting how
much running bias will occur because it is directly
dependent on many variables such as temperature,
disturbances, and mechanical stress. For this issue,
we needed the other components to bridge the gap
in performance. It is known that using a single IMU
for navigation 1is frequently the cause of
catastrophic accidents in spacecraft. This leads
many engineers to use redundant arrays of devices
used for the same navigation feature so that errors
in any one device could be diminished by averaging
them against many devices and accounting for
variance [32]. So we turned to our encoders to
correct any accrued directional biases at runtime
that cannot be helped.

4. TimMING AND NOISE

IMU units sample the angular and linear velocity
at a particular frequency. Our particular unit has a
maximum refresh rate of 952 Hertz [33]. Since our
robot will not be moving any faster than about 3-5
miles per hour, this is not a problem getting
accurate readings. This becomes a bigger problem
when there is a great deal of disturbance on the
ground causing vibrations in the device. These
vibrations and sudden jerks produce noise in the
system. This noise may appear at a frequency above
the refresh rate causing small accelerations and
turns to go uncalculated leading to an accumulation
of error. Our solution for this problem was similar
to others in that we incorporated other navigation
tools with the IMU such as encoders and a PID
controller. These devices all checking each other
minimized the chances that stray noise particular to
a single instrument misdirected the course of the
robot. We could have used this cross-checking to
find a scale factor that estimates the average noise
across the systems and subtract these values from
our instructions to our motors to maintain a clean
path. However, we later upgraded our IMU to a unit
that regulated its own noise and took care of this
issue.
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Fig. 16: Averaging Noise in a Sensor System
Credit:
https://www.novatel.com/assets/Documents/Bulletins/ APN06
4.pdf

Figure 3 demonstrates how to find a scale factor in a
noisy IMU. The slope of this line becomes a scalar
value that can be subtracted from the values we are
reading to eliminate it from the readings. The
chances of turbulence on the ground -causing
enough disturbance to cause lapses in calculations
in our IMU due to vibration is directly related to the
condition of the terrain it is operating on. To
simplify these calculations, we will specify that this
robot should only be run on reasonably level
ground.

C. PID Issuks

The PID (proportional integral derivative) being
used in our line painting robot is being implemented
by software. The PID software allows for our robot
to detect disturbance on the wheels and then
corrects for the disturbance. The use of the PID on
our robot allows our robot to go straight based on
the amount of encoder ticks from each wheel. The
PID does this by keeping track of how much error is
from one another and applies the error on to the
wheel trying to follow. This of course comes with
risk because what if we get the wrong readings.

1. RiISK OF WRONG READINGS

The probability of the PID software failing is
based on the readings coming in from the encoder
sensors. If the readings from the encoder sensors are
wrong then the PID software becomes useless.


https://www.novatel.com/assets/Documents/Bulletins/APN064.pdf
https://www.novatel.com/assets/Documents/Bulletins/APN064.pdf
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Fig. 17: Encoders by Parallax
Credit: Parallax Inc.
https://www.parallax.com/product/29321

Seen in Figure 6 above, these are the encoders that
are being used in our robot. The percentage of the
encoders failing are not really mention which led us
to assume that the encoders do not fail as often. The
low percentage of the encoders failing would not
matter as much because if the encoders do fail the
impact due to the failure is minimal.

2. MiticaTiNG THE PID Risk

In order for our project to proceed along we will
have to mitigate the risk.. If such a failure was to
happen the encoders will have to be changed out. so
in order for us to mitigate the risk we must buy
extra encoders for back up. This mitigation will
allow us to proceed with little impact to our project
because the encoders are easily replaceable and
cheap. The risk is also low for our PID which
means we can ignore the risk.

3.  MOTOR FAILURE

The motors being used on our robot are going to
be DC brush motors. With the use of DC brush
motors the risk is moderate because inside the DC
brush motors are components that will wear down.
The reason for the such high impact is because if
the brushes inside the DC motors were to wear
down our project will be at a halt.

As seen in figure 7 below, are the motors we are
using for our autonomous line painting robot. These
motors cause about $300 dollars as a pair. This is
the reason for such high impact if the motors were
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to fail. We would then have to come up with the
funds to buy another pair. We would also have to
wait which cuts away at our time to complete our
project.

Fig. 18: DC motors by Parallax
Credit: Parallax Inc.

https://www.parallax.com/product/28962

4. PROBABILITY OF FAILURE

The probability of the motors failing is what will
dictate whether or not our risk is either moderate or
high. Again the fact that these are brush motors can
cause the probability to be high or low depending
on the load and usage of the motor. The probability
of the motors failing is moderate because it takes a
good amount of usage and load for the brush
components to wear down. Because the probability
of the motors failing is moderate the risk then
becomes pretty high because of the impact that the
failure would cause.

5. MITIGATING THE RISK FOR MOTORS

In order to mitigate the risk of the motor failure
we would have to make sure that we are not
applying to much load to the motors and also only
use the motors when necessary. The necessary times
to use the motors will only be for testing on a field
and testing whether or not our motors are doing
what is commanded to do with no load.. Also in
order to mitigate the risk even farther we will only
we testing with a specific load and never exceeding
that load which gives our motors more life. These
mitigations makes for lower probability of failure


https://www.parallax.com/product/29321
https://www.parallax.com/product/28962

which causes our risk to become lower if we follow
the mitigations set in place.

D. ELEcTRICAL SYSTEMS DISASTERS

The electrical system comprises half of this
project. All the mechanical devices on the robot are
controlled by electrical devices and controllers. So
failure in the electrical delivery and control system
would bring the robot to a grinding halt.

1. BATTERY FAILURE

The energy for the robot is supplied by battery in
order to make this a mobile system. The failure of
the battery system would temporarily halt the
movement of the robot until we were able to replace
the battery bank. There are two possibilities of
failure. The first is a buying a defective battery. The
prevention of this possibility would be to test the
battery before purchase. The second possibility is
through user misuse of the battery. For our robot,
we are using lead acid batteries. Improper use and
charging techniques could cause sulfation in this
style of battery [39]. The likelihood of user
instigated battery failure is reduced by increased
knowledge of proper care and charging procedures.
Figure 8 shows the recommended three stage
charging cycle. In the event of battery failure,
getting another battery is not expensive fix.
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Fig. 19: Charging Cycle
Credit: Battery University
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http://batteryuniversity.com/learn/article/charging_th
¢_lead_acid_battery

Having a spare battery would minimize the time lost
in work.

2. IMPROPER WIRING

When creating the electrical system for our bot,
another hazard would be to incorrectly wire up the
components. There are a number of hazards
involved in this [40]. Using the incorrect gauge of
wire for the volt/amp requirement is one way.
Incorrectly grounding the components is another.
Leaving exposed wires breaks in the insulation of
the wires is another type of wiring hazard. Testing
of voltage and current requirements of components
before they are added to the robot is one way of
preventing this issue. Otherwise it will require
rewiring and replacement of any damaged
components.

3. OverR/UNDER POWERING

Another way of disabling the electrical system
would be to have insufficient or too much voltage
fed into the system [41]. Both cases cause
overheating in the system. Under powering the
system is especially bad for motors, because it
causes the motor to draw more current to meet the
power requirement. The highest probability of this
event occurring is during the integration of the
various components onto the robot. This situation
could be prevented by thorough testing of
components power requirements in operation before
integrating.

E. PaNT SysTEM CATASTROPHES

The paint system is an integral part of the
purpose for this robot. It is fairly isolated from the
rest of the system. The benefit of this means that the
rest of robot components are not dependant on the
paint system functioning. The following are the
foreseeable potential issues with the system.

1. INSUFFICIENT PRESSURE

The system we are building for our robot delivers
the paint through pressure from a pump. The pump
we are testing has a ¥s output opening. The sprayer
system has a 7 input opening. It is possible that


http://batteryuniversity.com/learn/article/charging_the_lead_acid_battery
http://batteryuniversity.com/learn/article/charging_the_lead_acid_battery

there will be a loss of pressure through the at the
sprayer due to the sizing difference. The main fix
would be to use a different pump. To prevent this
possibility, it will be necessary to test the pressure
capabilities of the pump.

2. INADEQUATE PAINT RESERVOIR

Another risk associated to this system would be
an insufficient paint supply to paint the field. It is
possible the reservoir we chose will not be able to
hold enough paint to perform the job. Testing the
paint requirements for our job beforehand can lower
the chance of this occurring.

3. LiNnE CLogs

Since this is a system using paint, the possibility
of it developing clogs in the lines is high. If paint
residue is allowed to harden in the sprayer or lines,
it could cause clogs in the distribution system. if
this occurs, on one side it would require some in
depth cleaning to clear the clogs. On the other side
it might become necessary to replace the affected
items. Putting the paint system through a cleaning
sequence after each use should keep this issue from
becoming a problem.

XVIL

After considering the many risks associated with
the construction of this prototype, we fused many of
our ideas together into a concrete project. Essential
to the overall design of this robot was the use of
wheels for transportation. We concluded that an
aerial distribution or a manned vehicle was not cost
effective enough or even within the scope of our
abilities. This dictated that we find and chassis and
wheels big enough to deal with potentially difficult
terrain and with a load capacity to carry enough
paint and and the large chassis long distances. We
used a modified wheelchair chassis for the frame
and tires large enough to prevent slippage on
turbulent surfaces.

For our navigation system, we used sensor fusion
to achieve accuracy within our required thresholds
of one degree for angles and a couple of inches for
distance. Sensor fusion made it possible to achieve
a high degree of accuracy while not putting
tremendous strain on our budget. This included
using software PID controllers for encoders and an

ProjecT OVERVIEW
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IMU. The encoders were the closest to the motors
and so responsible for the lowest-level corrections
to keep the rover going in a straight path. The IMU
is responsible for the turns and correcting drift
otherwise unnoticeable to the encoders. With an
established hierarchy based on the scopes each
instrument can see at, we achieved our desired level
of accuracy.

Our final paint system is an aerosol system
consisting of a can of striping paint that is
controlled by the robot. This system turns on and
off as dictated by the design of the job and has the
benefit of being simple to change out. It also
eliminated the risks related to pressure and
inadequate system cleaning, discussed in the
previous paragraphs. Its functionality can be
verified by the use of an independently-developed
camera system.

Our graphical user interface is a simple keypad
with an LCD to give and receive information from
the user. This enables the user to select the number
and size of parking stall designs to be painted.

XVIL.

As of this point, the Robotic Embellishment
Parking Painter, as seen in Figure 20, is has all but
one of the features fully implemented onto the
robot.

DEPLOYABLE PROTOTYPE STATUS

Fig. 20: Complete REPP-bot
Credit: David Ryan



The robot has a working local navigation system
consisting of encoders and IMU working together to
keep the robot on a straight path with the help of a
PID controller. There is a functioning paint system,
controlled by a linear actuator that is activated by a
collection of relays to reverse to polarity. There is
an input system with a membrane keypad and LCD
display that engages the user and gives the user
information. The camera paint detection system is
also complete. The system is being used on another
robot in conjunction with another project.

XVIIL

Regarding the marketability of the robot, there
are a number of items that could be improved. The
most important is the aesthetic quality of the robot.
Putting the hardware and wiring harnesses under a
shell out of sight is the next step towards making
the robot market ready. Our software algorithm for
the movement of the robot is designed from an even
number of parking spaces only. If we were to take
the design further, we would want to add the
possibility of painting an odd number of parking
stalls. The paint system has a limited amount of
paint due to the use of aerosol cans. The real estate
on the robot lends itself well to holding a case of
replacement striper cans, but ideally incorporating
the reservoir and sprayer system would be best for
the various job types. Further perks would be a
more robust user interface. Possibly a touch screen
GUI with additional features, such as a paint level
indicator and battery charge indicator.

MARKETABILITY

XIX. CoNcLusioN

As mentioned earlier, the potential for this
technology for additional features and expanded
applications is vast. This year, and the features
achieved herein, mark what was able to be
accomplished by a team of five students who were
learning about the project as they progressed. Not
all of the decisions made in the design of this
project were efficient ones. There were some
mistakes made that cost a great deal of time to
remedy. Although this prevented some of the extra
features from being implemented within our time
frame, the information we gathered on our journey
has all been documented here. As we lay our efforts
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to rest at the end of this year, we have also laid the
foundation for others to use this document to inform
similar projects in the future. This document will
serve as an invaluable guide to the further
development of this idea.
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XXI.  GLOsSARY
e Aecrosol-
A substance enclosed under pressure
and able to be released as a fine spray,
typically by means of a propellant gas.
e Encoders-
An electro-mechanical device that
converts the angular position or motion
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of a shaft or axle to an analog or digital
signal.

e Graphical User Interface (GUI)-

A user interface that includes graphical
elements, such as windows, icons and
buttons.

e Institute of Electrical & Electronics
Engineers (IEEE)-

A professional association with its
corporate office in New York City and
its operations center in Piscataway,
New Jersey. It is the world's largest
association of technical professionals
with more than 420,000 members in
over 160 countries around the world.

e Inertial Measurement Unit (IMU)-

An electronic device that measures and
reports a body's specific force, angular
rate, and sometimes the magnetic field
surrounding the body, using a
combination of accelerometers and
gyroscopes, sometimes also
magnetometers.

e Linear Actuator-

An actuator that creates motion in a
straight line, in contrast to the circular
motion of a conventional electric motor.

e Liquid-Crystal Display (LCD)-

a type of screen that is used in many
computers, TVs, digital cameras,
tablets, and cell phones. LCDs are very
thin but are actually composed of
several layers. Those layers include two
polarized panels, with a liquid crystal
solution between them. Light is
projected through the layer of liquid
crystals and is colorized, which
produces the visible image.

e PID Controller-

A proportional-integral—derivative
controller (PID controller or three term
controller) is a control loop feedback
mechanism widely used in industrial
control systems and a variety of other
applications requiring continuously
modulated control.

e Unmanned Aerial Vehicle (UAV)-


http://www.up-board.org/up/

An unmanned aerial vehicle (UAV),
commonly known as a drone, is an
aircraft without a human pilot aboard.
UAVs are a component of an unmanned
aircraft system (UAS); which include a
UAV, a ground-based controller, and a
system of communications between the
two.
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Robotic Embellishment Parking Painter Robot (REPP-Bot) User Manual

The REPP-Bot is an excellent product to perform small jobs painting small parking lots, and the
interface is very simple to learn in just a few easy steps. Below you will find Figure 1 as a
reference for the rest of this manual.

1. For your convenience this device has a manual mode.
There are two levers located on the chassis right next to each
wheel. These levers must both be pointing 90 degrees to your
right and left if you are standing next to the push bar. This will
enable you to push the robot to the starting position for the job.

2. Lift the safety lock on the right switch from the figure and
flip the right switch forward into the “on” position to activate the
computer and user interface.

3. Lift the safety lock on the left switch from the figure and
flip the left switch forward into the “on” position to activate the
' motors. Be sure to engage the motors physically by turning the
levers located on the chassis next to the wheel toward yourself.

4. After activating the right switch, the program will launch,
and you will be prompted for the number of parking stalls that

you wish to paint. Enter a single number on the keypad.
Figure 1: The User Interface

5. After entering the number of parking stalls you wish to paint, you will be prompted for
the size of the stalls that you wish to paint. You may select number 1, 2, or 3 as your
sizing options.

1: Stall length will be 16 feet.
2: Stall length will be 18 feet.
3: Stall length will be 20 feet.

6. Make sure the motors have been engaged before you select your stall sizing since they
will attempt to start painting shortly after the size 1, 2, or 3 are selected. Also, do not attempt to
select sizes outside of this range, since there are none.

7. The painting will begin. And you can watch the job happen.

Additional Note: There is currently not a way to examine the amount of paint in the aerosol can,
so make sure you have enough paint to complete the job you select.
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Test Plan & Results

1. EXECUTIVE SUMMARY

In this paper today, we’ll be going over the results
of the test plan we established in the second week of
EEE 193B. This test plan was supposed to serve as
a guide for us as we move from a laboratory
prototype to a deployable prototype. Our tests were
broken down over the various electronic
components that we’ll be using for this project,
including our encoders, IMU, and our GUI. Along
with our hardware tests, we’ll also have a series of
software tests we must execute to verify full
functionality of our REPP bot.

We’ll begin with the tests on our IMU. The tests
involving the IMU were both hardware and
software tests. The first two tests on the IMU were
verifying that the sensor was providing accurate and
reliable orientation angle readings. This testing was
both done on a breadboard and when the IMU was
physically attached to our robot. The results of this
test were that our IMU proved to be a highly
accurate and dependable sensor for the application
of our line painting automation. Following the test
on the reliability and accuracy of our robot’s
readings, we then moved onto testing how the
software algorithm we built for applying the IMU
on correcting the robot’s navigational path and
turning capabilities. The tests presented a critical
dependency on the IMU’s capability to provide
accurate readings and caused us to adjust our
algorithm in such a way that future failures when
deploying our robot could be mitigated.

The next set of tests executed from our test plan
were on the paint system itself. This set of tests was
put high on our agenda because without a
functioning and deploying paint unit, we wouldn’t
have a line painting robot. These set of tests looked
at how simple it was to replace aerosol paint cans,
the amount of time it took to for paint to be
dispensed after activation, and test the smoothness
of integrating the paint unit with the robot. The test
of how simple it was to replace aerosol cans proved
that the process was rather simple and the amount

Appendix B-1

of time it took for paint to be dispensed allowed us
to set up our code accordingly.

Parallel to the testing of our paint system, we also
had a series of tests run on our GUI. The GUI tests
included the verification of our membrane keypad
working correctly. The test verified that it was.
Following that, the next test was to double check
that based on inputs received on the keypad, you
could change the behavior of a system connected.
The reason this was important had to do with the
fact that without this capability, the GUI would be
able to act as another control mechanism to our
REPP bot. The results of this test concluded that our
GUI will be able to be used as a control mechanism
and the final test we’ll be completing as we wrap up
our test plan is the integration of the GUI onto our
robot.

Earlier in this paper, we discussed how the IMU
was a central component in our robot’s navigation
system. The other key component is the encoders
and in this set of tests, we looked at whether our
encoder sensors were providing accurate readings,
how well the encoders helped the robot correct its
path, if it could be used for accurate distance
tracking, and how well the integration of this
component would be. Upon completion of these
tests, we found that the encoders passed all tests and
was able to be fully integrated on our robot as
another integral sensor.

The final set of tests were performed on our
camera system. The camera system comprised of
both a Raspberry Pi and a sainsmart camera. The
tests performed included verification that openCV
and the Python IDE, Thonny, was installed
correctly. The other two tests were the successful
interfacing of the PI with the camera, and the testing
of real time line detection from the camera. The
testing of real time line detection is the only test that
is still in progress and will be completed by the end
of this week.

The summary above outlines all the results of the
tests we performed on our REPP bot and can be
visually seen in our test table below.
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The slight lean has
gone away

Test Details Outcome
Membrane | Tested each key Individual
Keypad on keypad inputs match
Input
Input Wrote a basic Inputs yield
Behavior interface for desired changes
Switching altering robot in behavior.
behavior Additional
error handling
in progress
Integration Integrate GUI In progress
with Robot | with LCD and full | deadline March
robot behavior 16th
Testing Trial 1 Successful
individual | Encoders to seem to hardware
encoders be giving proper testing
for proper readings . Readings are as
readings 5 seconds of testing expected
for both encoders
Trial 2
Encoders read the
close to the same
readings on a time
interval of 5
seconds
Was off by about
+0.07%
Test Trial 1 same amount
encoders 138 inches at a total | ticks traveled
for amount of ticks at with about +
accurate (56609 + 57246)/2 0.13 % off
distance Trial 2
tracking 137.5 inches at a
total amount of
ticks at (56578
+57121)/2
Test Trial 1 Line Painting
encoders for | Has slight leanto | Robot now goes
straight path | the right with Kp = fairly straight,
2.1 and Ki=0.123 locally

Trial 2

Testing For this test, we The accuracy
accuracy of | ended up seeing of the IMU
IMU how the sensor’s readings
readings orientation proved to be
(stationary) | readings were. fairly accurate
Tested on a and consistent.
breadboard.
Testing For this test, we The accuracy
accuracy of saw how the of the robot
IMU sensor’s seemed to be
readings orientation accurate over
(while readings changed smaller
attached to | when attached to | distances, such
mobile robot. Tested on as the
robot) REPP bot. navigation of
the 6 parking
stalls.
Test IMU The test was We didn’t end
in extreme supposed to be up performing
heat done by putting this test.
. the IMU in
environmen
extremely warm
t environments and
seeing if the
sensor readings
changed at all in
comparison.
Test how This test was to Didn’t end up
robot does see whether the performing
when IMU robot could test. We
fails perform its reoriented
navigation towards robot
without the IMU, | stopping paint
in case it ever job when IMU
ended up putting becomes
out inaccurate defective.
readings.
Paint Refill The test was to Test was
Simplicity | determine the | successful. The

ease of use In

system is easy
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refilling the paint
when it runs out.
The desire was a
very simple and
straightforward
way for the user
to add paint to the
robot when it runs
out.

to use in
refilling the
paint.

Paint
Dispensing
Time Test

The test was to
gauge the average
dispensing time of
the paint system
as well as the
consistency of the
dispensing.
Ideally, the
system would
have about the
same time
dispensing paint
each run, this way
we can program
an alert that will
indicate the
system needs to
be refilled by the
user.  Likewise,
the consistency of
the dispensing
would determine
how fast the paint
will run out.

This test wasn’t
completed.
Rather, we are
working on the
camera system
as a way to
detect if the
paint starts to
fail before the
distance tracker
indicates it's
reaching it's
anticipated
distance.

have a virtually

instantaneous
response time
when
triggering/termina
ting the paint
dispensing.

Anything less will
mean messy lines
and inaccurate

Paint
Actuator
Response
Time

The test was
crucial to the
accuracy of the
paint system. The
paint  dispensing
is likely going to
be controlled by a
servo or stepper
motor. The
system needs to

The actuator
we put into the
system has a
rapid enough
response time
to uphold the
accuracy of the
system.

measurements.
Paint This test was The paint
Integration | after the paint| system does
Test system has been | not affect the
integrated on the | robot’s other
robot. The goal functions.
was to verify
whether the
integration  has
disrupted the
system’s
performance.
Camera Interfacing Successful
and the Camera and
Raspberry Rpi
Pi
OpenCV Installing Successful
openCV on Rpi
Real time Line detection In progress

in real time

Table 1: Testing Progress

1I. INTRODUCTION

This paper will discuss the results of the test plan
that was designed in assignment two of EEE 193B.
More specifically, these results are from testing
each feature separately. Our robot has five
distinctive features/components which are the IMU,




paint system, GUI, camera system, and encoders.
Each of these features/component have their own
unique set of tests to be performed in order to
ensure that they are being implemented correctly.

The set of tests that were performed on the IMU
were how accurately it outputs orientation angles,
how it does in warm environments, software test on
IMU’s contribution to the control algorithm, and the
fail test, which is the effect on the robot if IMU
failed mid job. On the other hand, the set of tests
for the GUI included the functionality of the
membrane keypad, and testing the user interface
software. The paint system ran tests such as the
simplicity of refilling the paint when it runs out,
gauging the average dispensing time of the paint
system, the consistency of the dispensing, and the
accuracy of the paint system. Furthermore, the
tests ran on the encoders include distance tracking,
speed testing, and straight path testing. Finally, the
set of tests for the camera system were concerning
the interfacing between the camera and
microcontroller, successfully installing openCV,
and detecting lines in real time.

II1. INERTIAL MEASUREMENT UNIT TEST RESULTS

Onemauon

Figure 1: Adafruit IMU BNO055
Credit:
https://learn.adafruit.com/adafruit-bno055-absolute-orientation

-Sensor/overview

In this section of our paper, we’ll be discussing
the results of the tests done on our IMU being
utilized for this project. The first test that we began
with was a simple one and that was verifying that
the IMU was outputting accurate orientation angle
readings that could be used for navigation. The test
was split into two parts where the first was testing
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the accuracy of these readings on a breadboard and
rotating the breadboard to see if the IMU could pick
up the change in angle. The second part of this test
was the accuracy of these readings while the robot
was mobile. The breadboard test and attaching it to
the robot allowed us to see how the IMU did in
different environments, one more realistic to the job
that we’re accomplishing. What we found from our
tests was that the orientation angle readings we
were getting from our IMU could be relied upon
within a 2 degree accuracy readings (plus or minus
1 degree). This made us realize that when it came to
the 90 degree turns that the robot would need to pull
off while painting the parking stall, we would have
to find a way for the IMU to correct the robot’s path
prior to continuing its paint job on turns. The
change in our algorithm wasn’t dramatic and has
been resolved already.

The next test that we followed up with on our
IMU was the testing of how it did in a warm
environment. We didn’t end up performing this test
and the reason had to do with how the robot design
ended up coming out. Previously, the worry behind
how it would perform in different environments had
to do with the fact that the IMU, along with many of
our other electronic components, was going to be
encapsulated in a box on our robot. The reason
behind putting all electronic components in this 3-D
printed box was to clean up the aesthetics of our
robot. What ended up happening was that we
created a hole in this box for wires from the
breadboard to connect to whatever they were
controlling on our robot. This hole was created
rather large and ended up serving a dual role as the
gateway for all electromechanical connections
running from the breadboard but also a ventilation
system that would allow the robot to run too hot.
This is all assuming that the robot will not be used
in extreme temperature applications which, for the
scope of our project in this phase, is reasonable.

Following the thermal test, a software test on our
IMU?’s contribution to the control algorithm was to
be tested. This was a rather large test so it had to be
split into 2 sections as well. The first test was
related to the IMU’s task as a primary navigation
mechanism for the line painting robot. In this test,
we developed our software algorithm for the IMU
to help with correction of the robot’s navigational
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path. We executed this test by uploading the code to
our robot, making it move in a pre-programmed
path, and with the help of chalk lines pre-laid down,
visually verify that the algorithm is working with in
the desired accuracy range. The test showed that the
IMU was a very reliable sensor to work with on
navigation and could maintain small path
corrections over the parking stalls we’ll be creating
for our prototype. The accuracy was within less
than 6 inches. With that being said, what we also
came to discover was that as this robot kept on
moving over longer and longer paths, this accuracy
began to dwindle. This goes back to the fact that the
our IMU can only be depended upon within plus or
minus a degree of accuracy. The small error that the
IMU readings has occurring causes an accumulation
to occur so as you move farther and farther
distances, this causes the robot to drift off of our
desired. While this won’t be a problem because the
accumulation is very small when painting 6 parking
stalls, this issue would become more obvious is we
were to paint 30 parking stalls. How we’re going to
attempt to resolve this is by reintegrating our GPS
unit back onto the robot as a global reference. While
GPS’s are notorious for having rather large distance
resolutions, meaning the readings can only be relied
upon within a couple of meters, we hope that this
global reference will better serve for correction
when this robot needs to move across larger
distances. The other aspect to testing our software
algorithm related to how well the IMU could get the
robot to make 90 degree turns. This was mentioned
previously in the paper but re-summarize, the IMU
can only work within plus or minus a degree. This
issue was found during testing and resolved. While
the IMU does not initially make the 90 degree turn
perfectly, the robot knows to correct itself prior to
continuing its paint job on every turn.

The final test we mentioned was a fail test where
we see what would happen to the robot if the IMU
was to end up failing mid-job. This test was never
done for a variety of reasons. The first being that if
the IMU was to end up failing, the robots other
sensors don’t work within the degree of accuracy
required for completion of a line painting job done
by us. What we’ve decided to do there instead is to
end up sending a notification to the user via the GUI
created that a sensor has become defective.
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Thinking through this test did provide us with
insight into how critical the IMU and has made us
consider taking further precautions outside of the
GUI notification to assure no line painting jobs are
done incorrectly.

IV.  PaINT SysTEM TEsT RESULTS
The tests related to the paint system are two-fold.
The first three tests can be determined before the
paint system is incorporated into the full robot
design.
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Figure 2: Striping Paint
Credit:
https://images-na.ssl-images-amazon.com/images/lI/51-aFOC
AY9L. AC UL320_SR272,320 .jpg

The first test was to determine the ease of use in
refilling the paint when it runs out. The desire was a
very simple and straightforward way for the user to
add paint to the robot when it runs out. Observing a
number of people with little instruction attempting
to add paint to our paint system will determine the
simplicity. The refill system proved to be very self
explanatory. And the ease of replacing the aerosol
spray can was as desired.

The second test was to gauge the average
dispensing time of the paint system as well as the
consistency of the dispensing. Ideally, the system
would have about the same time dispensing paint
each run, this way we can program an alert that will
indicate the system needs to be refilled by the user.



Likewise, the consistency of the dispensing would
determine how fast the paint will run out. Given
that the distance covered for each can is set, we
were going to track the distance and make an alert
when the system covered the distance. To verify
that the paint system doesn’t fail, we want to
incorporate a camera system to tell if the paint fails.

The third test was crucial to the accuracy of the
paint system. The paint dispensing is likely going to
be controlled by a servo or stepper motor. The
system needs to have a virtually instantaneous
response time when triggering/terminating the paint
dispensing. Anything less will mean messy lines
and inaccurate measurements. The results from the
tests were satisfactory. The actuator that we
incorporated has an extremely fast response time, so
the spraying commands are very quick.

The final test was after the paint system has been
integrated on the robot. The goal was to verify
whether the integration has disrupted the system’s
performance. Putting the robot through a number of
painting trials would allow us to see if the paint
system has lost any of its functionality or accuracy
after being put on the robot. So far, the paint system
has not inhibited the functionality of the robot’s
other processes. We have to integrate the main
movement with the painting commands as one of
the final steps. We hope to do this by the end of the
coming week.

V. CAMERA TEST RESULTS

Our original test plan created for the camera
system did not go quite as smoothly as we expected
it to. The Intel Edison was not properly
communicating with the Macbook Pro, and this is
mainly due to the fact that the Intel Edison is
discontinued. The last time the drivers required to
be installed on a Mac, prior to establishing a
connection with the Edison, were updated was
2016. Since the Macbook we are working with is
fairly new, it was unable to detect the drivers.
Luckily, we had the Raspberry Pi micro-controller,
and the SainSmart Camera as a back up.

The set of tests that were designed for the Intel
Edison and RealSense Camera all went smoothly.
The first test was interfacing the camera and
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microcontroller. This was verified when the images
captured with the camera were accessible from the
Raspberry Pi.

The second test was to verify that OpenCV and
the IDE we used to program in python are
successfully installed on the microcontroller.
OpenCV is a library of built in functions created for
real time machine vision, and machine learning
applications. Python is a programming language
known for machine vision applications. OpenCV
was installed following a guide discovered online[].
To verify that openCV, and the IDE was
successfully installed, a simple color detection
program was written in Python. The program was
written to detect the color red in an image, and that
is what it did.

The last test was to verify that the camera is
detecting the lines in real time. The line detection
algorithm that we currently have takes a raw image
and detects the lines in the image. However, there is
a lag when the output is displayed to the user. This
issue can be resolved by using a faster
microprocessor, but due to our time constraint, it is
something that we will not explore this semester.

Figure 3: Line detection OpenCV
Credit: https://i.stack.imgur.com/Cty4T.jpg

VL GRAPHICAL USER INTERFACE TEST RESULTS

The graphical user interface (GUI) is a critical
component for the users to have a positive
experience operating our device. Without a robust
GUI for the user to communicate exactly what they
want our robot to do, the user will only have the
flexibility to make the robot perform a single
pre-programmed task. While this is already an
upward move from our original problem statement,
this is unacceptable for our device. We want our
users to be able to change the number of parking



stalls they want to paint manually via a number pad
and display screen. At the power-up of the device, a
display screen will ask the user to input the desired
number of parking spaces. The user will then input
this number, and the robot will proceed from that
spot to paint the desired number of parking spaces.

When we first started to develop this feature,
needed to first develop a plan to test the individual
input devices to ensure that they read appropriately
from user input. To do this, we wrote a simple
program connected with the user input device to
display the keys that are pressed. The test ran
through all available user input keys and verified
that each is registering accurately for the key that is
pressed.

Figure 4: Membrane Keypad
Credit:
https://www.tindie.com/products/mmm999/12-key-
array-membrane-keypad/

This test was done with a membrane keypad device,
which is pictured above. The results of this test
were successful. Each button pushed yielded the
correct result printed to the screen ensuring that our
membrane keypad is functioning correctly.

The second test followed suit and tests a
user-interface software that makes decisions based
on the users input. The designed software mimics
the robot’s behavior in the abstract. The goal of this
test was to determine that the software behaves in a
desired manner and that user errors are accounted
for and appropriately handled. To aid with this
testing phase, in addition to testing the software
itself, we had willing non-engineers attempt to
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interact with the software and noted their feedback
for any issues they had. These issues will be
addressed in the next iteration of the software.
These tests were completed by March 9th with the
necessary changes made to the software. The
keypad had no trouble making decisions based on
user input, but the users noted that a larger LCD
display would be better. We are currently looking at
ways to improve upon this design including upping
the size of our current LCD and developing a
touchscreen display. The touchscreen display is a
little ambitious, because a very complex library is
needed to program a full-scale GUI, but we are
committed to thoroughly evaluating this option.
The final phase of GUI testing stems naturally
from the previous two by integrating the abstract
software into actual decisions and instructions for
the robot to follow. These tests should be thorough
including testing for error handling and a variety of
user inputs. The software should be robust enough
allow the user great freedom in choosing how many
parking stalls to paint. These tests should be
completed by March 16th to be completed with
enough time for troubleshooting. With all of these
tests of the GUI from individual components to
complete system, we should be able to verify that
the user interface that we produce is a valuable
addition to the feature set. We may need some
additional time over the spring break to get these
tests fine-tuned, but the status of the GUI as of now
is ready to integrate with the robot code provided
the tests with paint and navigation are complete.

VIL

The test plan for encoders consists of distance
testing, speed testing, straight path testing, and
tracking turns. The test should be able to validate
that the robot will behave as it is suppose to. When
the user demands a specific speed from the user
interface, the encoders will be the main component
to keep track of the speed. This is the reason why
speed testing and distance testing is so crucial. After
the test for track speed and distance has been
completed, the robot should then be able to travel a
certain distance demanded by the user while, at the
same time, keeping track of speed accurately. The

ENcobpeRrs TEST RESULTS


https://www.tindie.com/products/mmm999/12-key-array-membrane-keypad/
https://www.tindie.com/products/mmm999/12-key-array-membrane-keypad/

procedure to make sure the robot has met these
requirements will be to draw a line of a certain
length. We will then compare these results to the
users input of specific size of the parking lot and
speed at which the user wanted the robot to be
working at.

The testing results as of March 11, 2018 for the
encoders have been completed with some changes
to the plans. The testing plans now consist of testing
the encoders itself for proper readings, testing
encoders for distance tracking, and testing encoders
for straight path The reason for taking out the speed
tracking and turn tracking of the test plan was
because the speed was part of the distance tracking
and our line painting robot will only be going at a
fixed voltage which means a fixed speed. The turn
tacking will be done by the IMU. The results of the
test will now be discussed. The testing of the
encoders consist of two trials. The first trial of the
test was a short 5 second burst to make sure that the
encoders gave correct readings. The way the test
was carried out was by making sure if right encoder
had more ticks than left encoder. The robot will be
varying left which was the case for our robot. After
the completion of the first trail I implemented an
PID algorithm to make the robot go fairly straight
both encoders were about plus or minus 0.07
percent from one another.

The second test was the testing for distance
tracking. This test also consist of two trials where I
made sure that the line painting robot was able to
keep track of its distance. The test was carried out
by a means of making sure line painting robot went
straight and marking the initial spot then letting it
go for about 10 seconds. After 10 seconds I then
marked the final position in which it stopped and
measured from initial to final position. I repeated
the test twice which allowed me to closing zero into
the accuracy of how much the robot has traveled.
With both trials the outcome of the distance
tracking came out to be about half a inch off each
time I tested after both trials. This in turn will now
allow our line painting robot to paint lines of certain
lengths. The last test to be discussed is the straight
path with the encoders. The encoders allowed the
robot to go fairly straight. This was due to distance
tracking because it allowed for our line painting
robot to keep track of amount of ticks per 50
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millisecond. The straight path was then tested after
writing the algorithm to keep track of ticks per
second. The first trial had a slight lean to the right
with Kp = 2.1 and Ki = 0.123. The second test now
consisted of making the line painting robot to go
straight without know its global reference. The
second trial the line painting robot now no longer
has a slight lean to the right. This concludes the test
plans for just the encoders alone.

The next portion of testing for encoders will be
cared out when we integrate the encoders with the
other sensors on line painting robot.

VIII. FurrLy FunctionaL RoBoT TEST RESULTS

The final phase of tests for the robot is after all
the systems are integrated successfully and deal
with the robots performance.

The first test is to confirm the robot’s movement
on various surfaces. It will be necessary to put the
robot through it's navigation paces on the various
surfaces that we anticipate it working. In the
unlikely case that it would experience any issues,
they would need to be addressed as quickly as
possible. This test will have to be performed by the
5th of March.

In order to correct any issues concerning
navigation, we will need to conduct further tests.
The other test will be to observe the robot when
disturbance is introduced under the robot. Putting
objects under the tires, or running the robot over the
an uneven surface will introduce enough
disturbance to give us an idea of how it will
respond. The results will allow us to determine any
changes needed for the design. This test will be
concluded by March 5th as well

One of the features of the robot is object
detection and avoidance. To test the responsiveness
and accuracy of our sensors, we will run the robot
near various kinds of obstacles. The results will
help us fine tune the placement and software
regarding the system. These test runs will need to be
completed by March 9th at the latest.

The final test is regarding the power system of
the robot. We want to make sure the robot can
perform the painting job in the course of a single
battery charge. The results will indicate whether we
need to change any components or add batteries to



the system. This test will be completed by March
9th.

IX. CONCLUSION

All of our initial parts tests seem to have shown
promise when tested as individual components. The
challenge ahead is to integrate all of these
individual tests effectively into the overall design of
the robot. To do this, we must maintain a strict
system of deadlines to prevent one incomplete part
from straining other parts for time. Any minor
errors we may have had in individual testing have a
higher probability of compounding when integrated
with other parts. So this next phase of testing must
also be very methodical, so that we can isolate
issues easily when they do occur. And lastly, we
can continue to look for additional ways to meet
and push even further the requirements of our
feature set and continue to collaborate to find
unique solutions to any issues in need of addressing.
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IM S Series Photoel ectric Rotary Encoder

ImprimSistem™

Instruction Manual

Features:
3% Multi-column structure for option, 38, 52, 62,
solid shaft, hollow shaft, Semi-Hollow shaft

3 Multi-output mode: Voltage, Open-collector, Push-full, Driver output

3¢ Small volume, light weight, flexible connecting shaft, easy installation
> Metal housing, high anti-interference

it 3 Pulse range: Form 10 to 5000pps. Widely applied to light industry
machinery, textile, wire and length measuring.

1. Working principle & Description

Photoel ectric rotary encoders are high precision devices which are consist of light, mechinery, electricity. Working by photo and electricity rotation,
can convert the output shaft of the angular displacement, angular velocity and other mechanical quantity to electrical pulses which display with
digital output. Generally Photoelectric rotary encoders have incremental rotary encoder and absol ute encoder. According to design requirements,

in this description is only to introduce incremental encoder. When the Incremental Encoder make rotation, there is a corresponding pulse output,

to identify the direction of its rotation and pulse increase or decrease through the external direction-judgable circuit and countersto achieved. The
counting point can be set freely and can be multi-circle accumulated and measuring, but also can be issued the Z signal produced by per revolution
as areference for machinery zero point.

When the rotary encoder shaft turning acircle it will produce a fixed amount of pulses. For the photoelectric rotary encoders, the amount of output
pulses is the same with the amount of rotating grating engrave lines. If need to increase the resolution, we can use 90-degree phase-shift of A, B two
signalsto frequency doubling the original signal or use higher resolution encoder.

Output pulse calculation
Output pulses for per revolution ( cpr ) = (encoder corresponding displacement produced by per revolution: the length or angle)/ set resolution
Photoel ectric rotary encoder is widely used in automatic control, automatic measurement and other automation fields, such as CNC machine tools,

servo motors, high-speed elevators robotics, steel rolling machinery, textile machinery, printing machinery, light industry machinery, automotive,
financial electronic, oiling machinery, flow machine, test machine and office automation instrumentation industry.

2. Ordering Code

M OD-0000— » Default | standard cable output
Additional

Function

K Aviation plug output

B Semi-Hollow shaft coupling

Numbersof | 600 | 180, 200, 300, 360, 400, 500, 600, 800, 900, 1000,
pulses 1024, 1200, 1500, 1800, 2000, 2400, 3000, 3600, 5000

A 5V DCE5%

B 12~24V DC =+5%

R Voltage output

K

S

D

Supply voltage,

Open Collector NPN output

Push-pull output

Line driver output
40  |Diameter ¢ 38mm, shaft diameter  6mm (Axis hole ¢ 8mm)
Diameter 50 Diameter & 50mm, shaft diameter & 8mm (Axis hole ¢ 8mm)
60 Diameter ¢ 66mm, shaft diameter ¢ 8mm

S S Solide shaft Series Rotary Encoder

H S Hollow shaft Series Rotary Encoder

Output circuit

Series

Example:S40-RB600, means that the product is Solide shaft series rotary encoder, and the Diameter is: Diameter  88mm,
shaft diameter ¢ 6mm (Axle hole ¢ 8mm), Voltage output circuit, the number of pulsesis 600 P/R.

3. Terminal assignment

Signal Power+ Power- |SIGA |SIGB | SIGZ | Shield Non-A | Non-B Non-Z
Cable color Red Black | Green | White|Yellow [Copper mesh Brown Grey Orange
7pinplug 1 4 3 5 2 6
9 pin plug 1 4 5 3 2 9 7 6 8

ﬂ 1 www.imprimsistem.com



IM S Series Photoel ectric Rotary Encoder

Instruction Manual

4. Output circuit

Voltage Open Collector NPN
T Redwire Ve | [T Redwire . Ve
Current <10mA
Lo [l 0 o =
i ’;{lr?w % Output /\ - 3 l\:lrz;uui % Output «_/ Out
i A i Load i A i Current <30mA
i ,,,,,,,,,,,,,,,,,,,,,, :c Black wire * Gnd i 7777777777777777777777 c} Black wire ® Gnd
Push-pull Line Driver
L 4 Redwire o +Vce e iRedwire e +Vce
Cuni‘rent<30mA Load |
i iri? éOutput Out 3 '\:'rleui T)Output é Out
X Cirent <toma) [] Lo %OUtpm !
i ,,,,,,,,,,,,,,,,,,,,,, ? Black wire ® Gnd i ,,,,,,,,,,,,,,,,,,,,,, :c Black wire * Gnd

5. Output Waveform
Voltage/ Open Collector/ Push-pull Line Driver

T H
1/2£T/4 - _’T/ZiT/él I —
S |
\T/4+T/8 w T/ALT/8
L 1

TE£T/2

=R e = R e

6. Caution

It may cause malfunction if below instructions are not followed.

1. Photoelectric Rotary Encoders are high precision devices. Therefore please treat this product carefully. Do not put strong. It is prohibited to
knock or hit or hammer. Inappropriate or wrong installation can influence the capability and operating life of the rotary encoder.

2. Encoder Solid axes and the user axis should be avoided rigid connections, please use elasticjunction panel or flexible coupling to avoid
user axis jumping or bounding. Otherwise the encoder axes and the encoding board damage may result.

3. Hollow shaft and electrical machinery should be mounted clearance fit, can not be too tight or too loose, also the locating key cannot be
too tight. Beating to install is strictly prohibited.

4. Make sure that the difference between encoder axis and users axes must less than 0.02mm, the angle of both axes must lessthan 1.5°.

5. Make sure do not exceed the limited rotate speed specified, if exceed the specified rotate speed, the electrical signals might lose.
The limited rotate speed under normal operation of rotary encoder is:
Nmax=(60Fx 102/L )x r/min (F isthe frequency response L isthe reticle number of raster)

6. Be sure if the connection and wiring is correct, wrong connection may cause damage to the internal circuit of the rotary encoder.

Please connect the wires according to the diagram given out in the product.

ﬂ 2 www.imprimsistem.com



IM H40 Series Photoel ectric Rotary Encoder

ImprimSistem™

Instruction Manual

Features:

1. Housing diameter 38mm, to be usein light industry;

2. Coupling mode: semi-hollow shaft

3. Direct cable output or different kinds of socket to be optiona connection
4. Multi-output modes for option, more flexibility.

5. Oput terminal with water proof protedction, more safety.

1. Ordering Code

IM H40 -0 O O O ——| Additiona Default | Standard cable output
Function B Semi-Hollow shaft coupling
60, 100, 120, 180, 200, 300, 360, 400, 500,
NU&‘JPS%SO‘C 600 600, 720, 800, 900, 960, 1000, 1024, 1200,
1500, 1800, 2000, 2400, 2500
A 5V DC =£5%
Supply voltage
B 12~24V DC =£5%
R Voltage output
K Open Collector NPN output
Output circuit
S Push-pull output
D Line driver output
Diameter 40 Diameter ¢ 38 mm
Series H H Series hollow-shaft rotary encoder

Example:IM H40-RB1024, means that the product is IM H Hollow shaft series rotary encoder, and the housing diameter is 38mm,
Voltage output circuit, 12V or 24 V power supply; the number of pulsesis 1024P/R.

2. Technical Parameters

Power supply 5VDC 5%, 12~24V DC+5% Max. rotatingspeed | 6000rpm
Outputvoltage vh =85%Vce  v| <0. 3V Vibration resistance |50m/ s 10-200Hz, 2 times each in X,Y ,Z directions
C&%‘%{]on <150 mA Shock resistance |980m/ s? 6ms, 2 times eachin X,Y,Z directions
ﬁiﬁ,"eﬁ, 0~100K Hz IP rating IP54, dustproof
Output wave|  Square wave Operating life | MTBF = 10000h
Duty ratio 0.5T£. 1T Working temperature| —10~70°C
Startingtorque  5X 10°N. m Storage temperature | —30~85°C
Loading radiall Radial <20N Ambient humidity| 30-85% (with no condensation)
Loadingaxial| Axia <10N Weight (appr) 180g
3. Appearance & Dimension
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Cablelength:1m
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IM H60 Series Photoelectric Rotary Encoder

Instruction Manual

ImprimSistem ™

Features:

1. Housing diameter 58mm, to be usein light industry;

2. Coupling mode: semi-hollow shaft

3. Direct cable output or different kinds of socket to be optional connection
4. Multi-output modes for option, more flexibility.

5. Oput terminal with water proof protedction, more safety.

1. Ordering Code

IM H60- OO —— |Additional functiof Default | Standard cable output
e — 60. 100, 120, 180, 200, 300, 360, 400, 500,
Numbersof | 600 | 600, 720, 800, 900, 960, 1000, 1024, 1200,
1500, 1800, 2000, 2400, 2500
Supply volisge A 5V DC =+5%
B 12~24VDC =£5%
R Voltage output
Output circuit K Open Collector NPN output
S Push-pull output
D Line driver output
Diameter 60 Diameter ¢ 58 mm
Series H H Series hollow-shaft rotary encoder

Example:IM H60-RB1024, means that the product is IM H Hollow shaft series rotary encoder, and the housing diameter is 58mm,
Voltage output circuit, 12V or 24V power supply; the number of pulsesis 1024P/R.

2. Technical Parameters

Power supply 5VDC +£5%. 12~24V DCE5% Max. rotating speed 6000rpm
Output voltagel| Vh=85%Vcc. VI<<0. 3V Vibration resistance 50m/sz, 10-200Hz, 2 times each in X,Y,Z directions
c&%ﬁ?@&m <150 mA Shock resistance | 980m/ 52 6ms, 2timeseachin X,Y,Z directions
f%’]i?&sg/ 0~100K Hz IP rating IP54, dustproof
Output wave | Square wave Operatinglife | MTBF=10000h
Duty ratio 0.5T£. 1T \Working temperatured  —10~70°C
Starting torqueg 4X 10°N. m Storage temperature| —30~85°C
ROTtOr moment 6 2 . . 0, . R
of inertia Appr. 7. 5X107Kgm Ambient humidity| 30-85%RH (with no condensation)
Max. load Radial <40N. Axia <25N Weight (appr) 250g
3. Appearance & Dimension
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IM $40 Series Photoelectric Rotary Encoder

AmprimSistem™

Instruction Manual

Features:

1. Diameter 58mm, shaft diameter 6mm. To be use in light industry;
2. Small volume, light weight;

3. D-shaped incision, easy installation;

4. Multi-output modes for option, more flexibility;

5. Output cable Side Entry

1. Ordering Code

IMS 40 -000 00 —— |Additiona functiof Default | Standard cable output
L 60. 100, 120, 180. 200, 300, 360, 400. 500.
Numbesof | 600 | 600, 720, 800, 900, 960. 1000, 1024, 1200,
1500, 1800, 2000, 2400, 2500
Supply volisge A 5V DC =£5%
B 12~24VDC =£5%
R Voltage output
Output circuit K Open Collector NPN output
S Push-pull output
D Line driver output
Diameter 40 Diameter 38mm, shaft diameter 6mm
Series IM S ES Series Solid-shaft rotary encoder

Example:IM S40-RB600, means that the product is IM S Solid shaft series rotary encoder, and the housing diameter is 38mm,
shaft diameter 6mm; Voltage output circuit, 12V or 24V power supply; the number of pulsesis 600P/R.

2. Technical Parameters

Power supply | 5V DC +5%. 12~24V DC£5% Max. rotatingspeed | 60001 pm
Output voltagel| Vh=85%Vcc. VI<<0. 3V Vibration resistance| 50m/ s 10-200Hz, 2 times each in X,Y,Z directions
c&%rg&ion < 120mA Shock resistance | 980m/ s? 6ms, 2 timeseachin X,Y,Z directions
fgl?gfgv 0~100K Hz IP rating P54, dustproof, waterproof, oilproof
Output wave | Square wave Operating life | MTBF=10000h
Duty ratio 0.5T+. 1T \Working temperaturel —10~70°C
Startingtorquel 15X 10°N. m Storage temperature| —30~85°C
Sofintia | APpPr.35X 10°Kgn® Ambient humiity| 30-85%RH (with no condensation)
Max. load Radia < 20N Axial < 10N Weight (appr) 100g

3. Appearance & Dimension
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Cable length:1m
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IM S50 Series Photoelectric Rotary Encoder

Instruction Manual

ImprimSistem”

L

1. Ordering Code

IMS50-O0000——
[

Features:

1. Diameter 50mm, shaft diameter 8mm. To be use in light industry;
2. Small volume, light weight;

3. With cable output;

4. Multi-output modes for option, more flexibility;

5. Max. ratating speed up to 6000rpm

Additional functiol Default | Standard cable output
60, 100, 120, 180, 200, 300, 360, 400, 500,
Numbesot | 600 | 600. 720. 800. 900, 960. 1000, 1024, 1200,
1500, 1800, 2000, 2400, 2500
Supply voltege A 5V DC =+5%
B 12~24VDC +5%
R Voltage output
Output circuit K Open Collector NPN output
N Push-pull output
D Line driver output
Diameter 50 Diameter 50mm, shaft diameter 8mm
Series IM 'S IM S Series Solid-shaft rotary encoder

Example: IM S50-RB360, means that the product isIM S Solid shaft series rotary encoder, and the housing diameter is 50mm,
shaft diameter 8mm; Voltage output circuit, 12V or 24V power supply; the number of pulsesis 360P/R.

2. Technical Parameters

Power supply| 5V DC +5%. 12~24V DC+5% Max. rotating speed | 60001 pm
Output voltagel Vh=85%Vcc. VI<<0. 3V Vibration resistance| 50m, s 10-200Hz, 2 times each in X,Y,Z directions
c&%{ﬂ%”mﬁ on | <180mA Shock resistance | 980m/ 2 6ms, 2 times each in X,Y Z directions
ffﬁlﬁ’a”i?v 0~100K Hz IPrating IP54, dustproof, waterproof, oilproof
Output wave | Square wave Operating life | MTBF=10000h
Duty ratio 0.5T+. 1T \Working temperature —10~70°C
Startingtorque  5X10°N.m Storage temperature| —30~85°C
[RoOtor moment I 2 " - o - -
of inertia Appr. 6 X10°Kgm Ambient humidity| 30-85%RH (with no condensation)
Max. load Radial << 35N Axia < 25N Weight (appr) 100g
3. Appearance & Dimension
3-M3Depth 5
5
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\/ — Web Site: www.parallax.com
4 Z Forums: forums.parallax.com
N\ M Sales: sales@parallax.com

Technical: support@parallax.com

Office: (916) 624-8333

Fax: (916) 624-8003

Sales: (888) 512-1024

Tech Support: (888) 997-8267

Parallax Serial LCD

2 rows X 16 characters, Non-backlit, with Piezospeaker (#27976)
2 rows x 16 characters, Backlit, with Piezospeaker (#27977)
4 rows x 20 characters, Backlit, with Piezospeaker (#27979)

The Parallax Serial LCDs are very functional, low-cost liquid crystal displays that can be easily interfaced
to and controlled by a microcontroller using a 1/0 pin. The LCD displays provide basic text wrapping so
that your text looks correct on the display. Full control over all of their advanced LCD features allows you
to move the cursor anywhere on the display with a single instruction and turn the display on and off in
any configuration. They support visible ASCII characters Dec 32-127, and in addition you may define up
to eight of your own custom characters to display anywhere on the LCD.

NOTE: If your Serial LCD Display does not have a speaker on the back, use the specifications
and information in the Product Change Notice: Revision E and Earlier section on page 11.

Features

Clear 40-pixel characters (8 H x 5 W)
Supports ASCII DEC characters 32-127
Define up to eight custom characters
Automatic text wrapping

Single command cursor placement
Single command clears the display
Define up to eight custom characters

Select 2400, 9600, or 19,200 baud with switches on
the back of the device

Display type: STN, YG, positive transflective LCD
Adjustable contrast knob on the back of the device
YG LED for backlit model displays

Key Specifications

Copyright © Parallax Inc.

Power requirements:
o Non-backlit: +5 VDC, 20 mA

Parallax, Inc.
W paral lax, com

o Backlit: +5 VDC, 20 mA (light off), ~ 80 mA typical (light on)

Communication: Selectable asynchronous serial baud rates: 2400, 9600, 19200

Operating temperature: -4 to +158 °F (-20 to +70°C)
Dimensions: NOTE - Board and LCD size and style may vary

0 2x16: Approx. 1.42 x 3.15 in (36 x 80 mm)

0 4x20: Approx. 2.37 x 3.86 in (60.2 x 98.1 mm)

Parallax Serial LCDs (#27976, 27977, 27979) v3.1 3/11/2013 Page 1 of 11



Quick-Start Circuit

The Serial LCDs should be powered from an external regulated 5 V power supply. Make sure the power
supply has an adequate current rating to power the Serial LCD and the BASIC Stamp, Propeller chip, or
whichever microcontroller and other devices you are using.

CAUTION
DO NOT PROVIDE A SIGNAL TO THE 'RX' PIN BEFORE APPLYING 5 VDC TO THE '5V' PIN.

Vdd
PO [ ={ RX
5V
eno|l  Parallax LCD
V;s

Baud Rate Setup

After connecting the Serial LCD, you will need to select the baud rate at which you are going to send it
data. You have three choices: 2400, 9600, and 19,200 baud. To set the baud rate, move the dip switches
on the back of the LCD into the correct positions according to the table next to the switches, which is also
repeated below:

O ———1" ©00000000000000E/0
SEEYACILE = Parallax
S| (=l Serial LCD
MODE | SW1 | Sw2 Soggle = -
Test | OFF | OFF o - = 8 —~ ﬂ
o 0oo0ole INCREASE [\ T
2,400 ON OFF zZz33l= 5 REV F CONTRAST =
o = [ |
9,600 | OFF | ON o ﬁ}” = 6 oy (]
19,200 | ON ON Fv,vwﬁw'paqua_;;né T;M = ]

As you can see from the table, there is also a fourth choice called Test. Use this Test mode to confirm
that the power and ground to the LCD are hooked up correctly before you send it any data. Move the dip
switches to the Test setting and turn on the power. The LCD display should turn on with the backlight on
(models 27977, 27979) and display the following text:

Paral | ax, Inc.
www. par al | ax. com

If you don't see the text at first, try adjusting the LCD contrast by turning the pot labeled “Increase
Contrast” with a screwdriver. Turn it in the direction of the arrow to make the characters show up more
clearly. If you still don’t see the characters, go back and check your electrical connections and try again.
Once you've successfully completed test mode, move the dip switches to the correct positions to select
the baud rate you want to use for your application.
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Displaying Text
Now that the LCD is set up, it's time to start sending text to the display. To display a character of text on

the Serial LCD, simply send the ASCII code of that character to the Serial LCD over the serial port at the
correct baud rate.

When a character is received, the Serial LCD displays that character at the current cursor position and
then moves the cursor one position to the right. When you first turn on the LCD, the cursor is in the
leftmost position on the top line, as you might expect. The short bar on the bottom of the character
shows where the cursor is positioned currently.

Once you've sent a full line characters to the LCD, you will notice that the cursor automatically wraps
around to the leftmost position of the second line, just like the text in a book. The text will wrap like this
at the end of every line, with the end of the bottom line wrapping back around to the top line of the LCD.
The text will never “run off” the display; you'll always see all of the characters you send.

Example code is provided below. You may download the example code files from the 27976, 27977, or
27979 product pages at www.parallax.com; just enter any of these product numbers in the “search” field
on the home page

BASIC Stamp® 2 Example Code

You may download the example code from the 27976, 27977, or 27979 product pages at
www.parallax.com; just enter any of these product numbers in the “search” field on the home page. Try
the following code on your BASIC Stamp 2 to send a text string to the LCD display. First, set the baud
rate on your Serial LCD to 19,200. Then, load the code below into your BASIC Stamp 2 and run it.

You will see the text string show up and wrap to the second line of the display.

In all of your Serial LCD code, you should pause for 100 ms at start-up to give time for the Serial LCD to
initialize. You should also set the serial port pin on the BASIC Stamp to HIGH before the 100 ms start-up
delay, as this is the normal state of a serial port when it isn't sending any data.

{ $STAVP BS2}
{$PBASI C 2. 5}

TxPin CON 0
Baud19200 CON 32

H GH TxPi n ' Set pin high to be a serial port
PAUSE 100 ' Pause for Serial LCDto initialize

SERQUT TxPi n, Baud19200, ["Hello, this text will wap."]

Propeller P8X32A Example Code

Try the following code on your Propeller to send a text string to the LCD display. First, set the baud rate
on your Serial LCD to 19,200. Then, load the code below into your Propeller and load RAM or EEPROM.

You will see the text string show up and wrap to the second line of the display.
In all of your Serial LCD code, you should wait for 100 ms after starting the FullDuplexSerial.spin object,

to give the object and the Serial LCD time to initialize. The FullDuplexSerial.spin object is included with
the Propeller Tool.
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{{

Serial LCD_Demo.spin
For Parallax Serial LCDs 27976, 27977, 27979

}}

CON
_clkmode = xtall + plll6x
_xinfreq = 5 000 000
TX_PIN = 0
BAUD = 19 200

0BJ

LCD : "FullDuplexSerial.spin'
PUB Main

LCD.start (TX_PIN, TX PIN, %1000, 19 200)
waitent (clkfreq / 100 + cnt) " Pause for FullDuplexSerial.spin to initialize
LCD.str (string ("Hello, this text will wrap.’))

Moving the Cursor

When you send a character to the Serial LCD, it always displays at the current cursor position. There are
a few different ways to move the cursor on the Serial LCD display. After each character you send, the
cursor automatically moves over one position. Along with this, there is a standard set of cursor move
commands including Backspace, Carriage Return, and Line Feed.

The Backspace/Left command (Dec 8) moves the cursor one place to the left and the Right command
(Dec 9) moves the cursor one place to the right. These can be useful for moving the cursor around to
overwrite existing text. These commands wrap to the next line of the display, if necessary. The Line Feed
command (Dec 10) moves the cursor to the next line of the display without changing the horizontal
position of the cursor. The Carriage Return command (Dec 13) also moves the cursor to the next line, but
it moves the cursor to the leftmost position on that line as well. The Form Feed command (Dec 12) clears
the entire display and moves the cursor to the leftmost position on line 0, just like when you first turn on
the display. You will need to pause for 5mS in your code after sending the Form Feed command, to give
the Serial LCD time to clear the display. Except for Form Feed, none of these move commands affects the
characters on the display.

There are also direct move commands that you can use to move the cursor to any position on the display
with a single command. The commands in the range Dec 128 to 143 and Dec 148 to 163 move the cursor
to the 16 different positions on each of the two lines of the model 27976 and 27977 LCDs. The
commands in the range Dec 128 to 207 move the cursor to the 20 different positions on each of the four
lines of the model 27979 LCD.

Controlling the Display

You also have control over the various display modes of the Serial LCD. The display-off command (Dec
21) turns off the display so that all of the characters disappear. The characters aren’t erased from the
display, though, and you can even keep writing new characters to the display when it is turned off. A
trick to make a lot of text show up all at once, even at a slow baud rate, is to turn off the display and
then send all of your text. Then, when you turn the display on again, all of the text appears instantly.
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The display-on commands (Dec 22 to 25) turn the display back on and also control whether you want to
display the cursor and/or make the cursor character blink. The cursor is the short bar that shows up
below the character at the current cursor position. The blink option makes that character blink on and off
repeatedly. You can turn the cursor and blink options on or off, in any combination, as listed in the
command set table. You can change the cursor and blink mode even if the display is already on; you
don’t need to turn it off and then back on again.

With models 27977 and 27979, you can also control the backlight of the display. The backlight lights up
the display so that it is easier to see in the dark. There are commands to turn the backlight on (Dec 17)
and off (Dec 18).

Custom Characters

The Serial LCD has the capability to store up to eight user-defined custom characters. The custom
characters are stored in RAM and so they need to be redefined if you turn off the power. You can display
the custom characters by sending the commands Dec 0 to 7, as shown in the command set table. The
custom character will display at the current cursor position.

The custom characters are five pixels wide by eight pixels high. Each of the characters is stored as a
series of eight data bytes where the low five bits of each byte represent a row of pixels in the character.
The high three bits of each byte are ignored. A bit value of one turns that pixel on (i.e. makes it black).
The bottom row of pixels is often left blank (all zeros) to make it easier to see the cursor.

To define a custom character, you will send a total of 9 bytes to the Serial LCD. The first byte needs to
be a valid define-custom-character command (Dec 248 to 255) and must be followed by eight data bytes
that define the pixels of the character. The Serial LCD will always use the next eight bytes it receives to
set the pixels of the character. The data bytes define the character starting at the topmost row of pixels,
as shown in the example code.

BASIC Stamp 2 Custom Character Example

Define a custom character using the code example below. First, set the baud rate on your Serial LCD to
19,200. Then, load the code below into your BASIC Stamp 2 and run it. You will see a diamond character
appear on the screen.

{ $STAMP BS2}
{$PBASI C 2. 5}
TxPin CON 0
Baud19200 CON 32
H GH TxPi n ' Set pin high to be a serial port
PAUSE 100 ' Pause for Serial LCDto initialize
SERQUT TxPi n, Baud19200, [250] ' Define custom character 2
' Now send the eight data bytes
SEROQUT TxPi n, Baud19200, [ %©0000] ' 990000 =
SERQUT TxPi n, Baud19200, [%©0100] ' 990100 = *
SEROQUT TxPi n, Baud19200, [%©1110] ' 991110 = *
SERQUT TxPi n, Baud19200, [9%41111] ' 041111 = * * o
SEROQUT TxPi n, Baud19200, [%©1110] ' 991110 = *
SERQUT TxPi n, Baud19200, [%©0100] ' 990100 = *
SEROQUT TxPi n, Baud19200, [ %©0000] ' 990000 =
SERQUT TxPi n, Baud19200, [%©0000] ' 990000 =
SERQUT TxPi n, Baud19200, [ 2] ' Display the new custom character 2
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Propeller™ P8X32A Example Code

Define a custom character using the code example below. First, set the baud rate on your Serial LCD to
19,200. Then, load the code below into your Propeller and load RAM or EEPROM. You will see a diamond
character appear on the screen. Note: the FullDuplexSerial.spin object is included with the Propeller Tool
software.

{{

Serial LCD_Custom_Character.spin

For Parallax Serial LCDs 27976, 27977, 27979

3

CON
_clkmode = xtall + plll6x
_xinfreq = 5 000 000
TX_PIN = 0
BAUD = 19 200

0BJ

LCD : "FullDuplexSerial.spin”

PUB Main

LCD.start (TX_PIN, TX_PIN, %1000, 139 200)

waitent (clkfreq / 100 + cnt) " Pause for FullDuplexSerial.spin to initialize

LCD. tx (250) " Define custom character 2

" Now send the eight data bytes

LCD. tx (%00000) ' %00000 =

LCD. tx (%00100) ' %00100 = *

LCD. tx (%01110) " %01110 = * x *

LCD. tx (%11111) "Z11111 = o+ ok ok % %

LCD. tx (%01110) " %01110 = * * *

LCD. tx (%00100) ' %00100 = *

LCD. tx (%00000) ' %00000 =

LCD. tx (%00000) ' %00000 =

LCD. tx (2) " Display the new custom character 2
Playing Music

The Serial LCD has a built-in piezoelectric speaker which can play musical notes. The LCD includes a
sophisticated music player enabling users to program songs and tunes. You can play musical notes by
sending three types of note commands (Dec 214 to 232), as shown in the command set table.

Set Length

The “set length” commands (Dec 208 to 214) determines the length of time each note will play for. This
value remains the same until another “set length” command is received. A note’s length can range from
a 1/64™ note to a whole note. A whole note is 2 seconds long.
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Set Scale

The “set scale” commands (Dec 215 to 219) determines the octave each note will play in. This value
remains the same until another “set scale” command is received. The current octave can be set to a
value between 3 and 7, and each octave consists of 12 notes. The frequency for each note and scale

combination is shown in the table below.

Scale | A A# B C C# D D# E F F# G G#
3 220 | 233 | 247 | 262 | 277 | 294 | 311 | 330 | 349 | 370 | 392 | 415
4 440 | 466 | 494 | 523 | 554 | 587 | 622 | 659 | 698 | 740 | 784 | 831
5 880 | 932 | 988 | 1047 | 1109 | 1175 | 1245 | 1319 | 1397 | 1480 | 1568 | 1661
6 1760 | 1865 | 1976 | 2093 | 2217 | 2349 | 2489 | 2637 | 2794 | 2960 | 3136 | 3322
7 3520 | 3729 | 3951 | 4186 | 4435 | 4699 | 4978 | 5274 | 5588 | 5920 | 6272 | 6645
Play Note

The “play note” commands (Dec 220 to 232) play a single note for the currently set time and in the
currently set octave.

Command Set

The tables on the following pages list all of the valid Serial LCD commands. Commands marked as N/A
are invalid and are ignored. The lines of the LCD display are numbered starting from 0, with line 0 being
the top line. The character positions on each line are numbered starting from 0, with position 0 being the
leftmost position on the line.

Dec Hex Action
0 00 Display custom character 0
1 01 Display custom character 1
2 02 Display custom character 2
3 03 Display custom character 3
4 04 Display custom character 4
5 05 Display custom character 5
6 06 Display custom character 6
7 07 Display custom character 7
Backspace / Left - The cursor is moved one position to the left. The
8 08 ,
command doesn't erase the character.
Right - The cursor is moved one position to the right. The
9 09 ,
command doesn'’t erase the character.
Line Feed - The cursor is moved down one line. For the two line
10 0A LCD model, if on line 0 it goes to line 1. If on line 1, it wraps
around to line 0. The horizontal position remains the same.
Dec Hex Action
11 0B N/A
Form Feed - The cursor is moved to position 0 on line 0 and the
12 oC entire display is cleared. Users must pause 5mS after this
command.
Carriage Return — For the two line LCD model, if on line 0 the cursor
13 oD is moved to position 0 on line 1. If on line 1, it wraps around to
position 0 on line 0.
14 - 16 OE - 10 N/A
17 11 Turn backlight on (only on models 27977, 27979)
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Dec Hex Action

18 12 Turn backlight off (Default)

19 - 20 13-14 N/A

21 15 Turn the display off

22 16 Turn the display on, with cursor off and no blink

23 17 Turn the display on, with cursor off and character blink
24 18 Turn the display on, with cursor on and no blink (Default)
25 19 Turn the display on, with cursor on and character blink
26 - 31 1A - 1F N/A

32-127 20 - 7F Display ASCII characters. See the ASCII character set table.
128 80 Move cursor to line 0, position 0

129 81 Move cursor to line 0, position 1

130 82 Move cursor to line 0, position 2

131 83 Move cursor to line 0, position 3

132 84 Move cursor to line 0, position 4

133 85 Move cursor to line 0, position 5

134 86 Move cursor to line 0, position 6

135 87 Move cursor to line 0, position 7

136 88 Move cursor to line 0, position 8

137 89 Move cursor to line 0, position 9

138 8A Move cursor to line 0, position 10

139 8B Move cursor to line 0, position 11

140 8C Move cursor to line 0, position 12

141 8D Move cursor to line 0, position 13

142 8E Move cursor to line 0, position 14

143 8F Move cursor to line 0, position 15

144 90 Move cursor to line 0, position 16 (only on model 27979)
145 91 Move cursor to line 0, position 17 (only on model 27979)
146 92 Move cursor to line 0, position 18 (only on model 27979)
147 93 Move cursor to line 0, position 19 (only on model 27979)
148 94 Move cursor to line 1, position 0

149 95 Move cursor to line 1, position 1

150 96 Move cursor to line 1, position 2

151 97 Move cursor to line 1, position 3

152 98 Move cursor to line 1, position 4

153 99 Move cursor to line 1, position 5

154 9A Move cursor to line 1, position 6

155 9B Move cursor to line 1, position 7

156 9C Move cursor to line 1, position 8

Dec Hex Action

157 9D Move cursor to line 1, position 9

158 9E Move cursor to line 1, position 10

159 9F Move cursor to line 1, position 11

160 AQ Move cursor to line 1, position 12

161 Al Move cursor to line 1, position 13

162 A2 Move cursor to line 1, position 14

163 A3 Move cursor to line 1, position 15
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Dec Hex Action

164 A4 Move cursor to line 1, position 16 (only on model 27979)
165 A5 Move cursor to line 1, position 17 (only on model 27979)
166 A6 Move cursor to line 1, position 18 (only on model 27979)
167 A7 Move cursor to line 1, position 19 (only on model 27979)
168 A8 Move cursor to line 2, position 0 (only on model 27979)
169 A9 Move cursor to line 2, position 1 (only on model 27979)
170 AA Move cursor to line 2, position 2 (only on model 27979)
171 AB Move cursor to line 2, position 3 (only on model 27979)
172 AC Move cursor to line 2, position 4 (only on model 27979)
173 AD Move cursor to line 2, position 5 (only on model 27979)
174 AE Move cursor to line 2, position 6 (only on model 27979)
175 AF Move cursor to line 2, position 7 (only on model 27979)
176 BO Move cursor to line 2, position 8 (only on model 27979)
177 B1 Move cursor to line 2, position 9 (only on model 27979)
178 B2 Move cursor to line 2, position 10 (only on model 27979)
179 B3 Move cursor to line 2, position 11 (only on model 27979)
180 B4 Move cursor to line 2, position 12 (only on model 27979)
181 B5 Move cursor to line 2, position 13 (only on model 27979)
182 B6 Move cursor to line 2, position 14 (only on model 27979)
183 B7 Move cursor to line 2, position 15 (only on model 27979)
184 B8 Move cursor to line 2, position 16 (only on model 27979)
185 B9 Move cursor to line 2, position 17 (only on model 27979)
186 BA Move cursor to line 2, position 18 (only on model 27979)
187 BB Move cursor to line 2, position 19 (only on model 27979)
188 BC Move cursor to line 3, position 0 (only on model 27979)
189 BD Move cursor to line 3, position 1 (only on model 27979)
190 BE Move cursor to line 3, position 2 (only on model 27979)
191 BF Move cursor to line 3, position 3 (only on model 27979)
192 CO Move cursor to line 3, position 4 (only on model 27979)
193 C1l Move cursor to line 3, position 5 (only on model 27979)
194 Cc2 Move cursor to line 3, position 6 (only on model 27979)
195 C3 Move cursor to line 3, position 7 (only on model 27979)
196 C4 Move cursor to line 3, position 8 (only on model 27979)
197 C5 Move cursor to line 3, position 9 (only on model 27979)
198 C6 Move cursor to line 3, position 10 (only on model 27979)
199 Cc7 Move cursor to line 3, position 11 (only on model 27979)
200 C8 Move cursor to line 3, position 12 (only on model 27979)
201 C9 Move cursor to line 3, position 13 (only on model 27979)
202 CA Move cursor to line 3, position 14 (only on model 27979)
Dec Hex Action

203 CB Move cursor to line 3, position 15 (only on model 27979)
204 CcC Move cursor to line 3, position 16 (only on model 27979)
205 CD Move cursor to line 3, position 17 (only on model 27979)
206 CE Move cursor to line 3, position 18 (only on model 27979)
207 CF Move cursor to line 3, position 19 (only on model 27979)
208 DO Set note length to 1/64 note
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Dec Hex Action
209 D1 Set note length to 1/32 note
210 D2 Set note length to 1/16 note
211 D3 Set note length to 1/8 note
212 D4 Set note length to 1/4 note
213 D5 Set note length to 1/2 note
214 D6 Set note length to whole note (2 seconds)
215 D7 Select the 3" scale (A = 220 Hz)
216 D8 Select the 4" scale (A = 440 Hz)
217 D9 Select the 5" scale (A = 880 Hz)
218 DA Select the 6" scale (A = 1760 Hz)
219 DB Select the 7" scale (A = 3520 Hz)
220 DC Play A note
221 DD Play A# note
222 DE Play B
223 DF Play C
224 EO Play C#
225 E1l Play D
226 E2 Play D#
227 E3 Play E
228 E4 Play F
229 E5 Play F#
230 E6 Play G
231 E7 Play G#
232 E8 Pause for current note length (no sound)
233 - 247 | E9 - F7 N/A
Define custom character 0. This command must be followed by
248 F8 .
eight data bytes.
Define custom character 1. This command must be followed by
249 F9 :
eight data bytes.
Define custom character 2. This command must be followed by
250 FA :
eight data bytes.
Define custom character 3. This command must be followed by
251 FB .
eight data bytes.
Define custom character 4. This command must be followed by
252 FC :
eight data bytes.
Define custom character 5. This command must be followed by
253 FD :
eight data bytes.
Define custom character 6. This command must be followed by
254 FE .
eight data bytes.
Define custom character 7. This command must be followed by
255 FF :
eight data bytes.
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If your Serial LCD Display does not have a piezospeaker on the back and looks similar to the image
above, please use the following information and specifications when using this product. All connections,
test code and commands remain the same, except for commands controlling the piezospeaker.

Key Specifications
® Power requirements:
o Non-backlit: +5 VDC, 20 mA
o Backlit: +5 VDC, 20 mA (light off), 80 mA (light on)

® Communication: Selectable asynchronous serial baud rates: 2400, 9600, 19200
® Operating temperature: -4 to +158 °F (-20 to +70°C)

® Dimensions: Board and LCD size and style may vary
0 2x16: Approx. 1.5 x 3.15 in (38 x 80 mm)
0 4x20: Approx. 2.4 x 3.9 in (60 x 100 mm)

REV E CAUTION: DO NOT PROVIDE A SIGNAL TO THE ‘RX PIN BEFORE APPLYING 5 VDC TO THE ‘5V’
PIN.

Vdd
PO [ i i
eno|l  Parallax LCD
V-ss

Revision History
Version 3.1: corrected current draw specification on Page 1 from 50 mA to 80 mA.
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BNOO055

INTELLIGENT ABSOLUTE ORIENTATION SENSOR, 9-AXIS SENSOR FUSION
ALL-IN-ONE WINDOWS 8.x COMPLIANT SENSOR HUB

Basic Description

Key features:

e Outputs fused sensor data Quaternion, Euler angles, Rotation vector,
Linear acceleration, Gravity, Heading

e 3 sensors in one device an advanced triaxal 16bit gyroscope, a versatile,
leading edge triaxial 14bit accelerometer and a
full performance geomagnetic sensor

¢ Small package LGA package 28 pins
Footprint 3.8 x5.2 mm?, height 1.13 mm?

e Power Management Intelligent Power Management: normal,
low power and suspend mode available

e Common wltage supplies Vpp Wltage range: 2.4V to 3.6V

e Digital interface HID-12C (Windows 8 compatible), 1>)C, UART
Vbpio Wltage range: 1.7Vto 3.6V

e Consumer electronics suite MSL1, RoHS compliant, halogen-free

Operating temperature: -40°C ... +85°C

Key features of integrated sensors:

Accelerometer features

e Programmable functionality Acceleration ranges +2g/+4g/+8g/+16g
Low-pass filter bandwidths 1kHz - <8Hz
Operation modes:
- Normal
- Suspend
- Low power
Standby
- Deep suspend
e On-chip interrupt controller Motion-triggered interrupt-signal generation for
- any-motion (slope) detection
- slow or no motion recognition
- high-g detection

BST-BNO055-DS000-12 | Revision 1.2 | November 2014 Bosch Sensortec
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Gyroscope features
e Programmable functionality

e On-chip interrupt controller

Magnetometer features
e Flexble functionality

Typical applications

¢ Navgation
Robotics
Fitness and well-being
Augmented reality
Context awareness
Tablets and ultra-books

BST-BNO055-DS000-12 | Revision 1.2 | November 2014

Ranges switchable from +125°/s to +2000°/s
Low-pass filter bandwidths 523Hz - 12Hz
Operation modes:

- Normal

- Fast power up

- Deep suspend

- Suspend

- Advanced power save
Motion-triggered interrupt-signal generation for

- any-motion (slope) detection

- high rate

Magnetic field range typical 1300uT (x-, y-axs);
+2500uT (z-axs)
Magnetic field resolution of ~0.3uT
Operating modes:
- Low power
- Regular
- Enhanced regular
- High Accuracy
Power modes:
- Normal
- Sleep
Suspend
- Force

Bosch Sensortec
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General description

The BNOO055 is a System in Package (SiP), integrating a triaxial 14-bit accelerometer, a triaxal
16-bit gyroscope with a range of +2000 degrees per second, a triaxal geomagnetic sensor
and a 32-bit cortex MO+ microcontroller running Bosch Sensortec sensor fusion software, in

a single package.

The corresponding chip-sets are integrated into one single 28-pin LGA 3.8mm x 5.2mm x
1.1 mm housing. For optimum system integration the BNOO055 is equipped with digital bi-
directional 1°C and UART interfaces. The I°C interface can be programmed to run with the
HID-12C protocol turning the BNOOQ55 into a plug-and-play sensor hub solution for devices
running the Windows 8.0 or 8.1 operating system.

BST-BNO055-DS000-12 | Revision 1.2 | November 2014
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Specification

If not stated otherwise, the given values are ower lifetime and full performance temperature
and wltage ranges, minimum/maxmum values are *3 sigma.

1.1 Electrical specification

Parameter

Supply Voltage
(only Sensors)
Supply Voltage
(uC and I/O Domain)
Voltage Input
Low Level (UART, 12C)

Voltage Input
High Level (UART, 12C)

Voltage Output
Low Level (UART, 12C)

Voltage Output
High Level (UART, 12C)
POR Voltage threshold on
VDDIO-IN rising
POR Voltage threshold on
VDDIO-IN falling

Operating Temperature

Total supply current
normal mode at Ta
(9DOF @100Hz out put
data rate)

Total supply current
Low power mode at Ta

Total supply current
suspend mode at Ta

Table 0-1: Electrical parameter specification

Symbol
VDD

VDDIO

Vbbio_vi

Vooio_vix

VDDIO_VOL

Vboio_von
Vbbio_poT+

VDDIO_POT-

Ta

loo + lobio

lop_Lpm

Ibp_sum

OPERATING CONDITIONS BNOO055

Condition

Vboio = 1.7-2.7V
Vbpio = 2.7-3.6V
Vooio = 1.7-2.7V
Vooio = 2.7-3.6V
Vboio > 3V, loL =20mA

Vooio > 3V, lon=10mA

Vopio falls at 1V/ms or slower

VDD = 3V, VDD|0 = 25V

Voo = 3V, Vooio = 2.5V

VDD = 3V, VDD|0 = 2.5V

BST-BNO055-DS000-12 | Revision 1.2 | November 2014

Min
2.4

1.7

Typ

Max

3.6

3.6

0.25
0.3

0.2

+85

12.3

0.4

0.04

Unit

Vooio
Vooio
Vbbio
Vooio

VDDIO

VDDIO

°C

mA

mA

mA
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1.2 Electrical and physical characteristics, measurement performance

Parameter

Start-Up time

POR time

Data Rate
Data rate tolerance
9DOF @100Hz out put
datarate

(if internal osdillator is
used)

Parameter

Acceleration Range

Parameter
Sensitivity
Sensitivity tolerance

Sensitivity Temperature
Drift

Sensitivity
Supply Volt. Drift

Zero-g Offset (x,y.2)

Zero-g Offset
Temperature Drift

Zero-g Offset Supply
Volt. Drift

Bandwidth

BST-BNO055-DS000-12 | Revision 1.2 | November 2014

Table 0-2: Electrical characteristics BNO055

Symbol
TSup

TPO R

DR

DRtoI

OPERATING CONDITIONS ACCELEROMETER

Symbol
8Fs2e
8Fsag
8rseg

8Fsi6g

Symbol
S
Stal
TCS

Svop
Offyyz

TCO

OffVDD

bws
bwis
bway
bwes
bwizs
bwaso

bwsoo

Condition

From Off to configuration mode

From Reset to Normal mode

s. Par. Fusion Output data rates

Condition

Selectable
via serial digital interface

Condition
All grsxg Values, Ta=25°C
Ta=25°C, grszg

8Fsag,

Nominal Vpp supplies,
Temp operating conditions
8rsae, 1a=25°C,
Voo min € Vob £ Vbb_max

8rs2e, 14=25°C, nominal Vop
supplies, over life-time

8Fsg,
Nominal Vpp supplies

8rs2e, 14=25°C,

Vop_min € Vop € Vob_max

2" order filter, bandwidth
programmable

OPERATING CONDITIONS BNO055

Min

Min

OUTPUT SIGNAL ACCELEROMETER
(ACCELEROMETER ONLY MODE)

Min

-150

Typ
400

650

+1

Typ

+0.03

0.065

+80

1.5

16
31

125
250
500

Max Unit

ms

ms

%

Max Units

g 0a 0Oa O0OQ

Max Units
LSB/mg

%/K

0.2 %/V

+150 mg

+/-3.5 mg/K

2.5 mg/V

Hz
Hz
Hz
Hz
Hz
Hz
Hz
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bwiooo 1,000 Hz
Nonlinearity NL best fit straight line, grsog 0.5 2 %FS
Output Noise Density Nrms Ersag, Ta=25°C 150 190 pg/NHz
Nominal Vpp supplies
Normal mode

MECHANICAL CHARACTERISTICS ACCELEROMETER
Parameter Symbol Condition Min Typ Max Units

Cross Axis Sensitivity CAS relative contribution between 1 2 %
any two of the three axes

Alignment Error Ea relative to package outline 0.5 2 °

OPERATING CONDITIONS GYROSCOPE

Parameter Symbol Condition Min Typ Max Unit
Rate Range Resis Selectable 125 9Ys
via serial digital interface
sz 250 Ys
Rrss00 500 Is
Rrs1000 1,000 9s
Rrs2000 2,000 9s
OUTPUT SIGNAL GYROSCOPE
(GYRO ONLY MODE)
Sensitivity via register S Ta=25°C 16.0 LSB/Ys
Map 900 rad/s
Sensitivity tolerance Stol Ta=25°C, Rrsam0 == 1 +3 %
Sensitivity Change over TCS Nominal Vpp supplies -40°C < +0.03 +0.07 %/K
Temperature TA < +85°C Rrsaon
Senﬂtlvlty SVDD TA=25°C, <0.4 %/V
Supply Volt. Drift Voo_min € Vop € Vbo_max
Nonlinearity NL best fit straight line +0.05 +0.2 %FS
Rrs1000, RFs2000
Zero-rate Offset Off O, Qy Nominal Vpp supplies TA=25°C, -3 +1 +3 9Ys
wd Qs Slow and fast offset
cancellation off
Zero-Q Offset Change TCO Nominal Vpp supplies -40°C < £0.015 +0.03 9s per K
T < +85°C RFSZOOO
over Temperature A
Zero-Q Offset Supply OFfQ voo Ta=25°C, 0.1 Ys/V
Volt. Drift Vop_min€ Voo € Vop_max
Output Noise n rms, BW=47Hz 0.1 0.3 Is
(@ 0.014%s/\H2)
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; 523
Bandwidth BW f-BdB 230 Hz
116
64
47
32
23
12
MECHANICAL CHARACTERISTICS GYROSCOPE
Cross Axis Sensitivity CAS Sensitivity to stimuli in 1 +3 %
non-sense-direction
OPERATING CONDITIONS MAGNETOMETER
(MAGNETOMETER ONLY MODE)
Parameter Symbol Condition Min Typ Max Units
Magnetic field range* Brg,xy TA=25°C +1200 +1300 pT
Brg,z +2000 +2500 uT
Magnetometer heading As heading 30uT horizontal geomagnetic 2.5 deg
accuracy? field component, TA=25°C
MAGNETOMETER OUTPUT SIGNAL
Parameter Symbol Condition Min Typ Max Unit
Device Resolution Dlesiv Ta=25°C 0.3 uT
Gain error® G After APl compensation 15 +8 %
Ta=25°C
Nominal Vpp supplies
Sensitivity Temperature TCSnh After APl compensation +0.01 +0.03 %/K
Drift -40°C < Ta < +85°C
Nominal Vpp supplies
Zero- B offset OFF, Ta=25°C +40 uT
Zero-B offset* OFFm,ca After calibration in fusion mode +2 uT
-40°C < Ta < +85°C
Zero-B offset TCOn -40°C < Tp<+85°C +0.23 +0.37 uT/K
Temperature Drift
Full-scale Nonlinearity NLm, Fs best fit straight line 1 %FS

1 Full linear measurement range considering sensor offsets.

2 The heading accuracy depends on hardware and software. A fully calibrated sensor and ideal tilt
compensation are assumed.

% Definition: gain error = ( (measured field after APl compensation) / (applied field) ) — 1

* Magnetic zero-B offset assuming calibration in fusion mode. Typical value after applying calibration

movements containing various device orientations (typical device usage).
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Output Noise

Power Supply Rejection
Rate

BST-BNO055-DS000-12 | Revision 1.2 | November 2014

nI'ITIS. Ip,m,xy

nrms, Ip,m,z

Nims,rg,m

nrms,eh,m

Nims,ha,m

PSRRn

Low power preset
X, y-axis, Ta=25°C
Nominal Vpp supplies

Low power preset
z-axis, Ta=25°C
Nominal Vpp supplies

Regular preset
Ta=25°C
Nominal Vpp supplies

Enhanced regular preset
Ta=25°C
Nominal Vpp supplies

High accuracy preset
Ta=25°C
Nominal Vpp supplies

Ta=25°C
Nominal Vpp supplies

1.0

1.4

0.6

0.5

0.3

0.5

uT

uT

uT

uT

uT

uT/V
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2. Absolute Maximum Ratings
Table 2-1: Absolute maximum ratings (preliminary target values)
Parameter Symbol Condition Min Max Units
Voltage at Supply Pin Voo Pin -0.3 4.2 \
Vboio Pin -0.3 3.6 V
Voltage at any Logic Pin Vion-suspy Pin -0.3 Vopio+0.3 Vv
Passive Storage Temp. Range Trps < 65% rel. H. -50 +150 °C
Mechanical Shock MechShockaoos Duration < 200us 10,000 g
MechShockims Duration < 1.0ms 2,000
MechShocKreeta Free fall 1.8 m
onto hard surfaces
ESD ESDigm HBM, at any Pin 2 kV
E SDcom CDM 400 \Y
E S Dum MM 200 v

Note:

Stress abovwe these limits may cause damage to the device. Exceeding the specified electrical

limits may affect the device reliability or cause malfunction.
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3. Functional Description

3.1 Architecture
The following figure shows the basic building blocks of the BNO055 deuice.

Figure 1: system architecture

BC/ INT

Host Processor

3.2 Power management

The BNOO055 has two distinct power supply pins:

* Vop is the main power supply for the internal sensors

* Vbpio is a separate power supply pin used for the supply of the uyC and the digital
interfaces

For the switching sequence of power supply Voo and Vooioit is mandatory that Voo is powered
on and driven to the specified level before or at the same time as Vooiois powered ON.
Otherwise there are no limitations on the wltage lewels of both pins relative to each other,
as long as they are used within the specified operating range.

The sensor features a power-on reset (POR), initializing the register map with the default
values and starting in CONFIG mode. The POR is executed at every power on and can also
be triggered either by applying a low signal to the nRESET pin for at least 20ns or by setting
the RST_SYS bit in the SYS_TRIGGER register.

The BNOO55 can be configured to run in one of the following power modes: normal mode,
low power mode, and suspend mode. These power modes are described in more detail in
section Power Modes
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Power Modes

The BNOO55 support three different power modes: Normal mode, Low Power Mode, and
Suspend mode.

The power mode can be selected by writing to the PWR_MODE register as defined in the
table below. As default at start-up the BNO055 will run in Normal mode.

Table 3-1: power modes selection

Parameter Value [Reg Addr]: Reg Value
Power Mode Normal Mode [PWR_MODE]: xx00xx00b
Low Power Mode [PWR_MODE]: xxood01b
Suspend Mode [PWR_MODE]: xx00x10b

3.2.1 Normal Mode

In normal mode all sensors required for the selected operating mode (see section 3.3) are
always switched ON. The register map and the internal peripherals of the MCU are always
operative in this mode.

3.2.2 Low Power Mode

If no activity (i.e. no motion) is detected for a configurable duration (default 5 seconds), the
BNOO055 enters the low power mode. In this mode only the accelerometer is active. Once
motion is detected (i.e. the accelerometer signals an any-motion interrupt), the system is
woken up and normal mode is entered. The following settings are possible.

Table 3-2: Low power modes - Interrupts

Descriptio Parameter Value Reg Value Restriction
n
Entering to Detection No Motion [ACC_NM_SET] : xoooxxddb n/a
sleep: Type Detection Axis [ACC_INT_Settings] : bit4-bit2 Shares common
NO Motion bit with Any Motion
Interrupt interrupt axis
selection
Params Duration [ACC_NM_SET] : bit6-bitl n/a
Threshold [ACC_NM_THRE] : bit7-bit0 n/a
Description Parameter Value Reg Value
Waking up: Any Detection Type Detection Axis [ACC_INT_Settings] : bit4-bit2
Motion Interrupt
Params Duration [ACC_INT_Settings] : bitl-bit0
Threshold [ACC_AM_THRES] : bit7-bit0

Additionally, the interrupt pins can also be configured to provide HW interrupt to the host.

The BNOO55 is by default configured to hawe optimum values for entering into sleep and
waking up. To restore these walues, trigger system reset by setting RST_SYS bit in
SYS_TRIGGER register.
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There are some limitations to achieve the low power mode performance:
e Only No and Any motion interrupts are applicable and High-G and slow motion
interrupts are not applicable in low power mode.
e Low power mode is not applicable where accelerometer is not employed.

3.2.3 Suspend Mode

In suspend mode the system is paused and all the sensors and the microcontroller are put
into sleep mode. No values in the register map will be updated in this mode. To ext from
suspend mode the mode should be changed by writing to the PWR_MODE register (see
Table 3-1).

3.3 Operation Modes

The BNOO055 provides a variety of output signals, which can be chosen by selecting the
appropriate operation mode. The table below lists the different modes and the available
sensor signals.

Table 3-3: Operating modes overview

Available sensor signals Fusion Data

CONFIGMODE - - - - -

ACCONLY X - - - -

® MAGONLY - X - - -

E GYROONLY . . X : :

S ACCMAG X X - - -

@ ACCGYRO X - X -

% MAGGYRO - X X - -
2

AMG X X X -

IMU X - X X .

c v COMPASS X X : X

R M4G X X X :

= € NDOF_FMC_OFF X X X X

NDOF X X X g X

The default operation mode after power-on is CONFIGMODE.

When the user changes to another operation mode, the sensors which are required in that
particular sensor mode are powered, while the sensors whose signals are not required are
set to suspend mode.
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The BNOO055 sets the following default settings for the sensors. The user can owerwrite
these settings in the register map when in CONFIGMODE.

Table 3-4: Default sensor settings

Sensor Range Bandwidth
Accelerometer 4G 62.5 Hz
Magnetometer NA 10 Hz

Gyroscope 2000 dps 32 Hz

In any mode, the sensor data are available in the data register based on the unit selected.
The axis of the data is configured based on the axs-remap register configuration.

The operating mode can be selected by writing to the OPR_MODE register, possible
register values and the corresponding operating modes are shown in the table below.

Table 3-5: operating modes selection

Parameter Value [Reg Addr]: Reg Value
CONFIG MODE CONFIGMODE [OPR_MODE]: x0x0000b
Non-Fusion ACCONLY [OPR_MODE]: x0x0001b
Mode MAGONLY [OPR_MODE]: x0x0010b

GYROONLY [OPR_MODE]: xx<0011b

ACCMAG [OPR_MODE]: x0x0100b

ACCGYRO [OPR_MODE]: xx<0101b

MAGGYRO [OPR_MODE]: xxx0110b

AMG [OPR_MODE]: xxx0111b

Fusion Mode IMU [OPR_MODE]: xxx1000b
COMPASS [OPR_MODE]: xxx1001b

MA4G [OPR_MODE]: xxx1010b

NDOF_FMC_OFF [OPR_MODE]: xoo011b

NDOF [OPR_MODE]: x0x1100b

Table 3-6 below shows the time required to switch between CONFIGMODE and the other
operating modes.
Table 3-6: Operating mode switching time

From To Switching time
CONFIGMODE Any operation mode 7ms
Any operation mode CONFIGMODE 19ms
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3.3.1 Config Mode

This mode is used to configure BNO, wherein all output data is reset to zero and sensor
fusion is halted. This is the only mode in which all the writable register map entries can be
changed. (Exceptions from this rule are the interrupt registers (INT and INT_MSK) and the
operation mode register (OPR_MODE), which can be modified in any operation mode.)

As being said, this mode is the default operation mode after power-on or RESET. Any other
mode must be chosen to be able to read any sensor data.

3.3.2 Non-Fusion Modes

3.3.2.1 ACCONLY

If the application requires only raw accelerometer data, this mode can be chosen. In this
mode the other sensors (magnetometer, gyro) are suspended to lower the power
consumption. In this mode, the BNOO55 behawes like a stand-alone acceleration sensor.

3.3.2.1 MAGONLY

In MAGONLY mode, the BNOO055 behawes like a stand-alone magnetometer, with
acceleration sensor and gyroscope being suspended.

3.3.2.2 GYROONLY

In GYROONLY mode, the BNOO55 behawes like a stand-alone gyroscope, with acceleration
sensor and magnetometer being suspended.

3.3.2.3 ACCMAG

Both accelerometer and magnetometer are switched on, the user can read the data from
these two sensors.

3.3.24 ACCGYRO

Both accelerometer and gyroscope are switched on; the user can read the data from these
two sensors.

3.3.2.5 MAGGYRO

Both magnetometer and gyroscope are switched on, the user can read the data from these
two sensors.

3.3.2.6 AMG (ACC-MAG-GYRO)
All three sensors accelerometer, magnetometer and gyroscope are switched on.

3.3.3 Fusion modes

Sensor fusion modes are meant to calculate measures describing the orientation of the
device in space. It can be distinguished between non-absolute or relative orientation and
absolute orientation. Absolute orientation means orientation of the sensor with respect to
the earth and its magnetic field. In other words, absolute orientation sensor fusion modes
calculate the direction of the magnetic north pole.

In non-absolute or relative orientation modes, the heading of the sensor can vary depending
on how the sensor is placed initially.

All fusion modes provide the heading of the sensor as quaternion data or in Euler angles
(roll, pitch and yaw angle). The acceleration sensor is both exposed to the gravity force and to
accelerations applied to the sensor due to mowement. In fusion modes it is possible to
separate the two acceleration sources, and thus the sensor fusion data provides separately
linear acceleration (i.e. acceleration that is applied due to movement) and the gravity vector.
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3.3.3.1 IMU (Inertial Measurement Unit)

In the IMU mode the relative orientation of the BNOO055 in space is calculated from the
accelerometer and gyroscope data. The calculation is fast (i.e. high output data rate).

3.3.3.2 COMPASS

The COMPASS mode is intended to measure the magnetic earth field and calculate the
geographic direction.

The earth magnetic field is a vector with the horizontal components xy and the vertical z
component. It depends on the position on the globe and natural iron occurrence. For
heading calculation (direction of compass pointer) only the horizontal components x and y
are used. Therefore the vector components of the earth magnetic field must be transformed
in the horizontal plane, which requires the knowledge of the direction of the gravty vector.
To summarize, the heading can only be calculated when considering gravity and magnetic
field at the same time.

Howevwer, the measurement accuracy depends on the stability of the surrounding magnetic
field. Furthermore, since the earth magnetic field is usually much smaller than the magnetic
fields that occur around and inside electronic devices, the compass mode requires
calibration (see chapter 3.10)

3.3.3.3 M4G (Magnet for Gyroscope)

The M4G mode is similar to the IMU mode, but instead of using the gyroscope signal to
detect rotation, the changing orientation of the magnetometer in the magnetic field is used.
Since the magnetometer has much lower power consumption than the gyroscope, this mode
is less power consuming in comparison to the IMU mode. There are no drift effects in this
mode which are inherent to the gyroscope.

Howewer, as for compass mode, the measurement accuracy depends on the stability of the
surrounding magnetic field.
For this mode no magnetometer calibration is required and also not available.

3.3.3.4 NDOF_FMC_OFF

This fusion mode is same as NDOF mode, but with the Fast Magnetometer Calibration
turned ‘OFF’.

3.3.3.5 NDOF

This is a fusion mode with 9 degrees of freedom where the fused absolute orientation data
is calculated from accelerometer, gyoscope and the magnetometer. The advantages of
combining all three sensors are a fast calculation, resulting in high output data rate, and high
robustness from magnetic field distortions. In this mode the Fast Magnetometer calibration
is turned ON and thereby resulting in quick calibration of the magnetometer and higher
output data accuracy. The current consumption is slightly higher in comparison to the
NDOF_FMC_OFF fusion mode.
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3.4 Axis remap

The device mounting position should not limit the data output of the BNOO055 device. The
axis of the device can be re-configured to the new reference axs.

Axis configuration byte: Register Address: AXIS_MAP_CONFIG
Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0
Reserved Remapped Z axis value Remapped Y axis Remapped X axis
value value

There are two bits are used to configure the axs remap which will define in the following
way,

Value Axis Representation
00 X - Axs

01 Y - Axs

10 Z- Axis

11 Invalid

Also, when user tryto configure the same axis to two or more then BNOO055 will take this as
invalid condition and previous configuration will be restored in the register map. The default
value is: X Axis = X, Y Axis = Y and Z Axis = Z (AXIS_REMAP_CONFIG = 0x24).

Axs sign configuration byte: Register Address: AXIS_MAP_SIGN

Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0
Reserved Remappe Remappe Remappe
d X axis d Y axis d Z axis
sign sign sign
Value Sign
0 Positive
1 Negative

The default value is 0x00.

The default values correspond to the following coordinate system

éz; Qz
; ZX; Q; x

Y; Qv

Accel; Gyro; Magnet
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Some example placement for axis \s. register settings:
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TOP VIEW
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6

BOTTOM VIEW

P4 P5
Z
."'
S

P7

AR

PO

For the abowe described placements, following would be the axis configuration parameters.

Placement AXIS_REMAP_CONFIG
PO 0x21
P1 (default) 0x24
P2 024
P3 0x21
P4 0x24
P5 0x21
P6 0x21
P7 024
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AXIS_REMAP_SIGN

0x04
0x00
0x06
0x02
0x03
0x01
0x07
0x05
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3.5 Sensor Configuration

The fusion outputs of the BNOO55 are tightly linked with the sensor configuration settings.
Due to this fact, the sensor configuration is limited when BNOO055 is configured to run in any
of the fusion operating mode. In any of the sensor modes the configuration settings can be
updated by writing to the configuration registers as defined in the following sections.

3.5.1 Default sensor configuration

At power-on the sensors are configured with the default settings as defined in Table 3-8

below.

BST-BNO055-DS000-12 | Revision 1.2 | November 2014

Table 3-7: Default sensor configuration at power-on

Sensors

Accelerometer

Gyroscope

Magnetometer

Parameters

Power Mode
Range
Bandwidth
Resolution
Power Mode
Range
Bandwidth
Resolution
Power Mode
ODR

XY Repetition
Z Repetition
Resolution ¥/y/z

Value

NORMAL
+/- 4g
62.5Hz
14 bits
NORMAL
2000 Ys
32Hz

16 bits
FORCED
20Hz

15

16
13/13/15 bits
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3.5.2 Accelerometer configuration

The fusion outputs of the BNO055 are tightly linked with the accelerometer sensor settings.
Therefore the configuration possibilities are restricted when running in any of the fusion
operating modes. The accelerometer configuration can be changed by writing to the
ACC_ Config register, Table below shows different Accelerometer configurations

Table 3-8: Accelerometer configurations

Parameter Values [Reg Addr]: Reg Value Restrictions

G Range 2G [ACC_Config]: x0000d00b
4G [ACC_Config]: xooox01b User selectable in all
8G [ACC_ Config]: x00000b modes
16G [ACC_ Config]: xwoood 1b

Bandwidth 7.81Hz [ACC_ Config]: xx<000xxb
15.63Hz [ACC_ Config]: x0001xb
31.25Hz [ACC_ Config]: x0010xb
62.5Hz [ACC_ Config]: xo011xb Auto controlled in fusion
125Hz [ACC_Configl: xxd00xb  MO%
250Hz [ACC_ Config]: xx01xb
500Hz [ACC_Config]: xxx110x¢b
1000Hz [ACC_ Config]: xxd11xb

Operation Mode Normal [ACC_ Config]: 000x000d
Suspend [ACC_ Config]: 001 x000d0
Low Power 1 [ACC_Config]: 0100000 Auto controlled in fusion
Standby [ACC_ Config]: 011x000 mode
Low Power 2 [ACC_Config]: 100x000d

Deep Suspend

[ACC_Config]: 101x000d

The accelerometer sensor operation mode is not configurable by user when BNO power
mode is configured as low power mode. BNO rewrites the user configured value to Normal
mode when switching from config mode to any BNO operation mode. This used to achieve
the BNO low power mode performance.
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3.5.3 Gyroscope configuration

The fusion outputs of the BNOO055 are tightly linked with the angular rate sensor settings.
Therefore the configuration possibilities are restricted when running in any of the fusion
operating modes. The gyoscope configuration can be changed by writing to the
GYR_ Config register, Table below shows different Gyroscope configurations

Parameter
Range

Bandwidth

Operation Mode

BST-BNO055-DS000-12 | Revision 1.2 | November 2014

Table 3-9: Gyroscope configurations

Values
2000 dps
1000 dps
500dps
250 dps
125 dps
523Hz
230Hz
116Hz
47Hz
23Hz
12Hz
64Hz
32Hz
Normal
Fast Power up

Deep
Suspend
Suspend

Advanced
Powersave

[Reg Addr]: Register value

[GYR_Config_0]: xx0xx000b
[GYR_Config_0]: xoox001b
[GYR_Config_0]: xx0xxx010b
[GYR_Config_0]: xo0011b
[GYR_ Config_0]: x00x100b
[GYR_Config_0]: x000xxb
[GYR_Config_0]: x001x0b
[GYR_Config_0]: x010x0b
[GYR_ Config_0]: xx011x0b
[GYR_Config_0]: % 00xxb
[GYR_ Config_0]: x<101x0d
[GYR_Config_0]: xx110x0b
[GYR_Config_0]: xx111xxb
[GYR_Config_1]: x00xx000b
[GYR_Config_1]: xx0xx001b
[GYR_Config_1]: xoox010b

[GYR_Config_1]: xxoxx011b
[GYR_Config_1]: x00x100b

Restrictions

Auto controlled in fusion mode
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3.5.4 Magnetometer configuration

The fusion outputs of the BNO055 are tightly linked with the magnetometer sensor settings.
Therefore the configuration possibilities are restricted when running in any of the fusion
operating modes. The magnetometer configuration can be changed by writing to the
MAG _ Config register, Table below shows different Magnetometer configurations.

Parameter

Data output rate

Operation Mode

Power Mode

Table 3-10: Magnetometer configurations

Values

2Hz

6Hz

8Hz
10Hz
15Hz
20Hz
25Hz
30Hz

Low Power
Regular

Enhanced
Regular

High Accuracy
Normal
Sleep
Suspend
Force Mode
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[Reg Addr]: Register
value

[MAG_ Config]: »00::000b
[MAG _ Config]: xoo001b
[MAG_ Config]: xoo010b
[MAG_ Config]: xoo011b
[MAG _ Config]: xxxx100b
[MAG _ Config]: xoox101b
[MAG _ Config]: xoox110b
[MAG_ Config]: xoocd11b
[MAG _ Config]: xx00xxxb
[MAG_ Config]: »x01xxxb

[MAG_ Config]: xod 0xxb

[MAG_ Config]: xod 1x0db
[MAG_ Config]: x00x000t
[MAG_ Config]: x01x000b
[MAG_ Config]: x10x000b
[MAG _ Config]: x11x00x0

Restrictions

Auto controlled in fusion mode
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3.6 Output data

Depending on the selected operating mode the device will output either un-calibrated
sensor data (in non-fusion mode) or calibrated / fused data (in fusion mode), this section
describes the output data for each modes.

3.6.1 Unit selection

The measurement units for the various data outputs (regardless of operation mode) can be
configured by writing to the UNIT_SEL register as described in Table 3-9.

Table 3-11: unit selection

Data Units [Reg Addr]: Register Value
Acceleration, Linear m/s? [UNIT_SEL] : x0000xd0b
cgéi'fratw”’ Graity o [UNIT_SEL] : %00000Lb
Magnetic Field Strength Micro Tesla NA
Angular Rate Dps [UNIT_SEL] : x0000d0xb

Rps [UNIT_SEL] : xo00cd o
Euler Angles Degrees [UNIT_SEL] : x00x0x¢
Radians [UNIT_SEL] : xo0cxxdb
Quaternion Quaternion NA
units
Temperature °C [UNIT_SEL] : xox0x00d
°F [UNIT_SEL] : xodx00d

3.6.2 Data output format

The data output format can be selected by writing to the UNIT_SEL register, this allows user
to switch between the orientation definition described by Windows and Android operating
systems.

Table 3-12: Fusion data output format

Parameter Values [Reg Addr]: Register value
Fusion data output Windows [UNIT_SEL]: 0x0000b
format Android [UNIT_SEL]: 1x00c0h

The output data format is based on the following convention regarding the rotation angles
for roll, pitch and heading / yaw (compare also section 3.4):

Table 3-13: Rotation angle conwentions

Rotation angle Range (Android format) Range (Windows format)
Pitch +180° to -180° (turning -180°to +180° (turing clock-
clockwise decreases values) wise increases values)
Roll -90° to +90° (increasing with increasing inclination)
Heading / Yaw 0° to 360° (turning clockwise increases values)
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3.6.3 Fusion Output data rates
Table 3-14: Fusion output data rates

BNO055 Operating Data input rate c:\:ﬁg Data output rate -

Mode Accel Mag Gyro rate Accel Mag Gyro :i:;gn
IMU 100Hz NA 100Hz 100Hz 100Hz NA 100Hz  100Hz
COMPASS 20Hz  20Hz NA 20Hz 20Hz 20Hz NA 20Hz
M4G 50Hz  50Hz NA 50Hz 50Hz 50Hz NA 50Hz
NDOF_FMC_OFF 100Hz 20Hz 100Hz 100Hz 100Hz 20Hz 100Hz 100Hz
NDOF 100Hz 20Hz 100Hz 100Hz 100Hz 20Hz 100Hz  100Hz

3.6.4 Sensor calibration data

The following section describes the register holding the calibration data of the sensors (see
chapter 3.10). The offset and radius data can be read from these registers and stored in the
host system, which could be later used to get the correct orientation data after ‘Power on
Reset’ of the sensor.

3.6.4.1 Accelerometer offset

The accelerometer offset can be configured in the following registers, shown in the table
below. There are 6 bytes required to configure the accelerometer offset (2 bytes for each of
the 3 axis X, Y and Z). Configuration will take place only when the user writes the last byte
(i.e., ACC_OFFSET_Z_MSB).

Table 3-15: Accelerometer Default-Reg settings

Reg Name Default Reg Value (Bit 0 - Bit 7)
ACC_OFFSET_X_LSB 0x00
ACC_OFFSET_X_MSB 0x00
ACC_OFFSET_Y_LSB 0x00
ACC_OFFSET_Y_MSB 0x00
ACC_OFFSET_Z_LSB 0x00
ACC_OFFSET _Z MSB 0x00

The range of the offsets varies based on the G-range of accelerometer sensor.

Table 3-16: Accelerometer G-range settings

Accelerometer G-range Maximum Offset range in mg
2G +/- 2000
4G +/- 4000
8G +/- 8000
16G +/- 16000

Table 3-17: Accelerometer Unit settings

Unit Representation
m/s’ 1 m/s® =100 LSB
mg 1mg=1LSB
BST-BNO055-DS000-12 | Revision 1.2 | November 2014 Bosch Sensortec

© Bosch Sensortec GmbH reserves all rights even in the event of industrial property rights. We reserve all rights of disposal such as copying and
passing on tothird parties. BOSCH and the symbol are registered trademarks of Robert Bosch GmbH, Germany.
Note: Specifications within this document are subject to change without notice.



BNOO055

Data sheet Page 32

3.6.4.2 Magnetometer offset

The magnetometer offset can be configured in the following registers,

Table 3-18: Magnetometer Default-Reg settings

Reg Name Default Reg Value (Bit 0 - Bit 7)
MAG_OFFSET_X_LSB 0x00
MAG_OFFSET_X_MSB 0x00
MAG_OFFSET_Y_LSB 0x00
MAG_OFFSET_Y_MSB 0x00
MAG_OFFSET_Z_LSB 0x00
MAG_OFFSET _Z MSB 0x00

There are 6 bytes required to configure the magnetometer offset (bytes (2 bytes for each of
the 3 axis X, Y and Z). Configuration will take place only when the user writes the last byte
(i.e., MAG_OFFSET_Z_ MSB). Therefore the last byte must be written whenewer the user
wants to changes the configuration. The range of the magnetometer offset is +/-6400 in
LSB.
Table 3-19: Magnetometer Unit settings
Unit Representation

uT 1uT =16 LSB

3.6.4.3 Gyroscope offset

The gyroscope offset can be configured in the following registers, shown in the table below

Table 3-20: Gyroscope Default Reg-settings

Reg Name Default Reg Value (Bit 0 - Bit 7)
GYR_OFFSET_X_LSB 0x00
GYR_OFFSET_X_MSB 0x00
GYR_OFFSET_Y_LSB 0x00
GYR_OFFSET_Y_MSB 0x00
GYR_OFFSET_Z_LSB 0x00
GYR_OFFSET_Z_MSB 0x00

There are 6 bytes required to configure the gyroscope offset (bytes (2 bytes for each of the
3 axis X, Y and Z). Configuration will take place only when the user writes the last byte (i.e.,
GYR_OFFSET_Z_MSB). Therefore the last byte must be written whenever the user wants
to changes the configuration. The range of the offset varies based on the dps-range of
gyroscope sensor.
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Table 3-21: Gyroscope range settings

Gyroscope dps range Maximum Offset range in
LSB
2000 +/- 32000
1000 +/- 16000
500 +/- 8000
250 +/- 4000
125 +/- 2000

Table 3-22: Gyroscope unit settings

Unit Representation
Dps 1 Dps =16 LSB
Rps 1 Rps =900 LSB

3.6.4.4 Radius

The radius of accelerometer, magnetometer and gyroscope can be configured in the
following registers,

Table 3-23: Radius Default-Reg settings

Reg Name Default Reg Value (Bit 0 - Bit 7)
ACC_RADIUS_LSB 0x00
ACC_RADIUS_MSB 0x00
MAG_RADIUS_LSB 0x00
MAG_RADIUS_MSB 0x00

There are 4 bytes (2 bytes for each accelerometer and magnetometer) to configure the
radius. Configuration will take place only when user writes to the last byte (i.e.,
ACC_RADIUS_MSB and MAG_RADIUS_MSB). Therefore the last byte must be written
whenever the user wants to changes the configuration. The range of the radius for
accelerometer is +/-1000, magnetometer is +/-960 and Gyroscope is NA.

Table 3-24: Radius range settings

Radius for sensor Maximum Range
Accelerometer +/- 1000 LSB
Magnetometer +/- 960 LSB

3.6.5 Output data registers

3.6.5.1 Acceleration data

In non-fusion mode uncompensated acceleration data for each axs X/Y/Z, can be read from
the appropriate ACC_DATA_<axs>_LSBand ACC_DATA_<axs>_MSB registers.

In fusion mode the fusion algorithm output offset compensated acceleration data for each
axis X/Y/Z, the output data can be read from the appropriate ACC_DATA_<axis>_LSB and
ACC_DATA <axis>_ MSB registers. Refer table below for information regarding the data
types for the acceleration data.
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Table 3-25: Acceleration data

Parameter Data type bytes
Accel_Data_X signed 2
Accel_Data_Y signed 2
Accel_Data_Z signed 2

3.6.5.2 Magnetic Field Strength

In non-fusion mode uncompensated field strength data for each axis X/Y/Z, can be read
from the appropriate MAG_DATA_<axis>_LSB and MAG_DATA_<axs>_MSBregisters.

In fusion mode the fusion algorithm output offset compensated magnetic field strength data
for each axs XY/Z, the output data can be read from the appropriate
MAG_DATA_<axs>_LSB and MAG_DATA_<axs>_MSB registers. Refer table below for
information regarding the data types for the magnetic field strength.

Table 3-26: Magnetic field strength data

Parameter Data type bytes
Mag_Data_X signed 2
Mag_Data_Y signed 2
Mag_Data_Z signed 2

3.6.5.3 Angular Velocity

In non-fusion mode uncompensated angular velocity (yaw rate) data for each axis X/Y/Z, can
be read from the appropriate GYR_DATA_<axs>_ LSB and GYR_DATA_ <axs>_MSB
registers.

In fusion mode the fusion algorithm output offset compensated angular velocity (yaw rate)
data for each axs X/Y/Z, the output data can be read from the appropriate
GYR_DATA_<axis>_LSB and GYR_DATA_<axs>_MSB registers. Refer table below for
information regarding the data types for the angular velocity.

Table 3-27: Yaw rate data

Parameter Data type bytes
Gyr_Data_X signed 2
Gyr_Data_Y signed 2
Gyr_Data_Z signed 2
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3.6.5.4 Orientation (Euler angles)

Orientation output only available in fusion operation modes.

The fusion algorithm output offset and tilt compensated orientation data in Euler angles
format for each DOF Heading/Roll/Pitch, the output data can be read from the appropriate
EUL<dof>_LSBand EUL_<dof>_MSB registers. Refer table below for information regarding
the data types and the unit representation for the Euler angle format.

Table 3-28: Compensated orientation data in Euler angles format

Parameter Data type bytes
EUL_Heading Signed 2
EUL_Ruoll Signed 2
EUL_Pitch Signed 2

Table 3-29: Euler angle data representation

Unit Representation
Degrees 1 degree = 16 LSB
Radians 1 radian =900 LSB

3.6.5.5 Orientation (Quaternion)

Orientation output only available in fusion operating modes.

The fusion algorithm output offset and tilt compensated orientation data in quaternion
format for each DOF w/¥yz, the output data can be read from the appropriate
QUA_DATA_<dof>_LSB and QUA_DATA_<dof>_MSB registers. Refer table below for
information regarding the data types and the unit representation for the Orientation output.

Table 3-30: Compensated orientation data in quaternion format

Parameter Data type bytes
QUA_Data_w Signed 2
QUA_Data_x Signed 2
QUA Data_y Signed 2
QUA _Data_z Signed 2

Table 3-31: Quaternion data representation

Unit Representation
Quaternion (unitless) 1 Quaternion (unit less) = 2*14 LSB
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3.6.5.6 Linear Acceleration

Linear acceleration output only available in fusion operating modes.

The fusion algorithm output linear acceleration data for each axis ¥y/z, the output data can
be read from the appropriate LIA_ DATA <axs> LSB and LIA_DATA_ <axs> MSB
registers. Refer table below for further information regarding the data types and the unit
representation for Linear acceleration

Table 3-32: Linear Acceleration Data

Parameter Data type bytes
LIA_ Data_X signed 2
LIA Data_Y signed 2
LIA_Data_Z signed 2

Table 3-33: Linear Acceleration data representation

Unit Representation
m/s’ 1 m/s?> =100 LSB
mg 1mg=1LSB

3.6.5.7 Gravity Vector

Grawty Vector output only available in fusion operating modes.

The fusion algorithm output gravity vector data for each axis ¥y/z, the output data can be read
from the appropriate GRV_DATA <axs>_ LSB and GRV_DATA <axs>_ MSB registers.
Refer table below for further information regarding the data types and the unit
representation for the Gravity vector.

Table 3-34: Gravity Vector Data

Parameter Data type bytes
GRV_Data_X signed 2
GRV_Data_Y signed 2
GRV_Data_Z signed 2

Table 3-35: Gravity Vector data representation

Unit Representation
m/s? 1 m/s? =100 LSB
mg 1mg=1LSB
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3.6.5.8 Temperature

The temperature output data can be read from the TEMP register. The table below
describes the output data type and data representation (depending on selected unit).

The temperature can be read from one of two sources, the temperature source can be
selected by writing to the TEMP_SOURCE register as detailed below.

Table 3-36: Temperature Data

Parameter Data type

TEMP signed

bytes
1

Table 3-37: Temperature data representation

Unit
°C
F

Table 3-38: Temperature Source Selection

Representation
1°C=11LSB
2F=1LSB

Source [Reg Addr]: Register Value
Accelerometer [TEMP_SOURCE]: x000xx00b
Gyroscope [TEMP_SOURCE]: xx00xx01b
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3.7 Interrupts

3.7.1 Interrupt Pin

INT is configured as interrupt pin for signaling an interrupt to the host. The interrupt trigger
is configured as raising edge and is latched on to the INT pin. Once an interrupt occurs, the
INT pin is set to high and will remain high until it is reset by host. This can be done by
setting RST_INT in SYS_TRIGGER register.

Interrupts can be enabled by setting the corresponding bit in the interrupt enable register
(INT_EN) and disabled when it is cleared.

Interrupt Pin Masking

Interrupts can be routed to the INT pin by setting the corresponding interrupt bit in the
INT_MSK register.

Interrupt Status

Interrupt occurrences are stored in the interrupt status register (INT_STA). All bits in this
register are cleared on read.

3.7.2 Interrupt Settings

3.7.2.1 Accelerometer Slow/No Motion Interrupt

The slow-motion/no-motion interrupt engine can be configured in two modes.

Slow-motion Interrupt is triggered when the measured slope of at least one enabled axs
exceeds the programmable slope threshold for a programmable number of samples. Hence
the engine behawes similar to the any-motion interrupt, but with a different set of
parameters. In order to suppress false triggers, the interrupt is only generated (cleared) if a
certain number N of consecutive slope data points is larger (smaller) than the slope
threshold given by s/lo_no_mot_dur<1:0>. The number is N = slo_no_mot_dur<1:0> + 1.

In no-motion mode an interrupt is generated if the slope on all selected axes remains
smaller than a programmable threshold for a programmable delay time. Figure 11 shows the
timing diagram for the no-motion interrupt. The scaling of the threshold value is identical to
that of the slow-motion interrupt. Howewer, in no-motion mode register slo_no_mot_dur
defines the delay time before the no-motion interrupt is triggered. Table 3-39 lists the delay
times adjustable with register slo_no_mot_dur. The timer tick period is 1 second. Hence
using short delay times can result in considerable timing uncertainty.

If bit SM/NM is set to ‘1’ (‘0’), the no-motion/slow-motion interrupt engine is configured in
the no-motion (slow-motion) mode. Common to both modes, the engine monitors the
slopes of the axes that have been enabled with bits AM/NM_X_AXIS, AM/NM_Y_AXIS, and
AM/NM_Z_AXIS for the x-axs, y-axis and z-axs, respectively. The measured slope values are
continuously compared against the threshold value defined in register ACC_NM_THRES.
The scaling is such that 1 LSB of ACC_NM_THRES corresponds to 3.91 mg in 2g-range
(7.81 mg in 4g-range, 15.6 mg in 8g-range and 31.3 mg in 16g-range). Therefore the
maximum value is 996 mg in 2g-range (1.99g in 4g-range, 3.98g in 8g-range and 7.97g in
16g-range). The time difference between the successive acceleration samples depends on
the selected bandwidth and equates to 1/(2 * bw).
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Table 3-39: No-motion time-out periods

slo_no_mot_dur Dfelay slo_no_mot_dur Dglay slo_no_mot d Dglay
time time ur Time
0 1s 16 40 s 32 88 s
1 2s 17 48 s 33 9% s
2 3s 18 56 s 34 104 s
19 64 s.
14 15s 20 72s 62 328 s
15 16 s 21 80 s 63 336 s
Note: slo_no_mot_dur values 22 to 31 are not specified
acceleration 4  acc(ty+at)
slope ¢ 3 slope(t9+At): acc§t0+At) - acc(ty)
slo_no_mot_th {---_~ S A\ be----- R L P e ey
-slo_no_mot_th{----- ————— — S ..
timer +——
INT
time
Table 3-40: Timing of No-motion interrupt
Params Value [Reg Addr]: Register Value
) No Motion [ACC_NM_SET]: xo000x0b
Detection Type .
Slow Motion [ACC_NM_SET]: xo0000lb
Threshold [ACC_NM_THRE]: bit7:bit0
Interrupt Parameters - —
Duration [ACC_NM_SET]: bit6:bitl
X-axis [ACC_INT_Settings]: xoocd xd
Axis selection Y-axis [ACC_INT_Settings]: oo xxxb
Z-axis [ACC_INT_Settings]: xodxo0d
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3.7.2.2 Accelerometer Any Motion Interrupt

The any-motion interrupt uses the slope between successive acceleration signals to detect
changes in motion. An interrupt is generated when the slope (absolute value of acceleration
difference) exceeds a preset threshold. It is cleared as soon as the slope falls below the
threshold. The principle is made clear in Figure 2: Principle of any-motion detection.

acceleration

acc(to)

accfto- 1/(2*kw

time

slope(to)=acc(to) - acc(to— 1/(2*bw))

4

slope
slope_th b
\ d time
sl dpe_ dui s | ope_ dur
INT 4

time

Figure 2: Principle of any-motion detection

The threshold is defined through register ACC_AM_THRES. In terms of scaling 1 LSB of
ACC_AM_THRES corresponds to 3.91 mg in 2g-range (7.81 mgin 4g-range, 15.6 mg in 8g-
range and 31.3 mgin 16g-range). Therefore the maximum value is 996 mgin 2g-range (1.99g
in 4g-range, 3.98g in 8g-range and 7.97gin 16g-range).

The time difference between the successive acceleration signals depends on the selected
bandwidth and equates to 1/(2*bandwidth) ()t=1/(2*bw)). In order to suppress false triggers,
the interrupt is only generated (cleared) if a certain number N of consecutive slope data
points is larger (smaller) than the slope threshold given by ACC_AM_THRES. This number
is set bythe AM_DUR bits. Itis N = AM_DUR + 1.

Example: AM_DUR = 00b, ..., 11b = 1decimal, ..., 4decimal.
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Enabling (disabling) for each axs:

Any-motion detection can be enabled (disabled) for each axs separately by writing ‘1" ('0”) to
bits AM/NM_X_AXIS, AM/NM_Y_AXIS, AM/NM_Z_ AXIS. The criteria for any-motion
detection are fulfilled and the slope interrupt is generated if the slope of any of the enabled
axes exceeds the threshold ACC_AM_THRES for [AM_DUR +1] consecutive times. As
soon as the slopes of all enabled axes fall or stay below this threshold for [AM_DUR +1]
consecutive times the interrupt is cleared unless interrupt signal is latched.

Table 3-41: Any-motion Interrupt parameters and Axis selection

Params Value [Reg Addr]: Register Value
Threshold [ACC_AM_THRES]: bit7:bit0

Interrupt Parameters : . e
Duration [ACC_INT_Settings]: bit1:bit0
X-axis [ACC_INT_Settings]: xooocd xxb

Axis selection Y-axis [ACC_INT_Settings]: oo xxxb
Z-axis [ACC_INT_Settings]: xodx00d

3.7.2.3 Accelerometer High G Interrupt

This interrupt is based on the comparison of acceleration data against a high-g threshold for
the detection of shock or other high-acceleration events.

The high-ginterrupt is enabled (disabled) per axs by writing "1” ('0°) to bits ACC_HIGH_G
in the INT_EN register and enabling the axs in with bits HG_X_AXIS, HG_Y_AXIS, and
HG_Z_AXIS, respectiwely in the ACC_INT_Settings register. The high-g threshold is set
through the ACC_HG_THRES register. The meaning of an LSB of ACC_HG_THRES
depends on the selected g-range: it corresponds to 7.81 mg in 2g-range, 15.63 mg in 4g-
range, 31.25 mg in 8g-range, and 62.5 mg in 16g-range (i.e. increment depends from g-
range setting).

The high-ginterrupt is generated if the absolute value of the acceleration of at least one of
the enabled axes (‘or’ relation) is higher than the threshold for at least the time defined by
the ACC_HG_DURATION register. The interrupt is reset if the absolute value of the
acceleration of all enabled axes ("fand’ relation) is lower than the threshold for at least the
time defined by the ACC_HG_DURATION register. The interrupt status is stored in bit
ACC_HIGH_G in the INT_STA register. The relation between the content of
ACC_HG_DURATION and the actual delay of the interrupt generation is delay [ms] =
[ACC_HG_DURATION + 1] * 2 ms. Therefore, possible delay times range from 2 ms to 512
ms.

Table 3-42: High-G Interrupt parameters and Axs selection

Params Value [Reg Addr]: Register Value
Threshold [ACC_HG_THRES]: bit7 : bit0
Interrupt Parameters . - -
Duration [ACC_HG_DURATION]: bit7 : bit0
X-axis [ACC_INT_Settings]: x<dx000d
Axis selection Y-axis [ACC_INT_Settings]: x1x0000d
Z-axis [ACC_INT_Settings]: 1x00000d
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3.7.2.4 Gyroscope High Rate Interrupt

This interrupt is based on the comparison of angular rate data against a high-rate threshold
for the detection of shock or other high-angular rate events. The principle is made clear in
Figure 3 below:

Input
Threshald
Threshold - Hy

Angular rate

=

S 1

A

high dur

Y

Int

==
|
|
|
|
|
|
|
|
|
Y
|

time

High rate Interrupt
-— —
_4 —

Figure 3: High rate interrupt

The high-rate interrupt is enabled (disabled) per axs by writing ‘1" ('0") to bits
GYRO_HIGH_RATE in the INT_EN register and for each axs by writing to the HR_X_AXIS,
HR_Y_AXIS, and HR_Z AXIS, respectiwely in the GYR_INT_SETTING register. The high-
rate threshold is set through the HR_<axis>_ Threshold bits in the appropriate
GYR_HR_<axis>_SET register. The meaning of an LSB of HR_<axis>_Threshold depends
on the selected °/s-range: it corresponds to 62.5°/s in 2000°/s-range, 31.25°/s in 1000°/s-
range, 15.625°/s in 500°/s -range ...). The HR_<axis>_Threshold register setting 0
corresponds to 62.26°/s in 2000°/s-range, 31.13°/s in 1000°/s-range, 15.56°/s in 500°/s-
range .... Therefore the maximum value is 1999.76°/s in 2000°/s-range (999.87°/s 1000°/s-
range, 499.93°/s in 500°/s -range ...).

A hysteresis can be selected by setting the HR_<axis>_ THRES_HYST bits. Analogously to
threshold, the meaning of an LSB of HR_<axis> THRES HYST bits is ©°/s-range
dependent: The HR_<axis>_THRES_HYST register setting 0 corresponds to an angular
rate difference of 62.26°/s in 2000°/s-range, 31.13°/s in 1000°/s-range, 15.56°/s in 500°/s-
range .... The meaning of an LSB of HR_<axis>_ THRES_HYST depends on the selected
°/s-range too: it corresponds to 62.5°/s in 2000°/s-range, 31.25°/s in 1000°/s-range,
15.625°/s in 500°/s -range ...).

The high-rate interrupt is generated if the absolute value of the angular rate of at least one
of the enabled axes (‘or’ relation) is higher than the threshold for at least the time defined
bythe GYR_DUR_<axis > register. The interrupt is reset if the absolute value of the angular
rate of all enabled axes ("and’ relation) is lower than the threshold minus the hysteresis. In
bit GYR_HIGH_RATE in the INT_STA the interrupt status is stored. The relation between
the content of GYR_DUR_<axis> and the actual delay of the interrupt generation is delay
[ms] = [ GYR_DUR_<axis> + 1] * 2.5 ms. Therefore, possible delay times range from 2.5
ms to 640 ms.
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Table 3-43: High Rate Interrupt parameters and Axs selection

Params Value [Reg Addr]: Register Value
X-axis [GYR_INT_SETTING]: xoxLxod
Axis selection Y-axis [GYR_INT_SETTING]: o x00d
Z-axs [GYR_INT_SETTING]: xxLxoocob
High Rate Filter Filtered [GYR_INT_SETTING]: 05000000
settings Unfiltered [GYR_INT_SETTING]: 1x00000
' Threshold [GYR_HR_X_SET]: bit4 : bit0
g‘)fies"“pt Setings X- b ration [GYR_DUR_X]: bit7 : bit0
Hysteresis [GYR_HR_X_SET]: bit6 : bit5
' Threshold [GYR_HR_Y_SET]: bit4 : bit0
g‘)fies"“pt Setings Y- 'pration [GYR_DUR_Y]: bit7 : bit0
Hysteresis [GYR_HR_Y_SET]: bit6 : bits
Threshold [GYR_HR_Z_SET]: bit4 : bit0
g‘)g‘:"“pt Seftings X- b ration [GYR_DUR_Z]: bit7 : bit0
Hysteresis [GYR_HR_Z_SET]I: bit6 : bit5
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3.7.2.5 Gyroscope Any Motion Interrupt

Any-motion (slope) detection uses the slope between successive angular rate signals to
detect changes in motion. An interrupt is generated when the slope (absolute value of
angular rate difference) exceeds a preset threshold. It is cleared as soon as the slope falls
below the threshold. The principle is made clear in Figure 4.

angular ratew

rate(to)

ratefto- 1/(4*s

time

sl ope(to) =gyro(to) - gyro(to~ 1/(2*bw))

slope 1
slope_th d
\ e t'ime
sldpe_du s/ ope_ dur
INT

time

Figure 4: Principle of any-motion detection

The threshold is defined through register GYR_AM_THRES. In terms of scaling 1 LSB of
GYR_AM_THRES corresponds to 1 °/s in 2000°/s-range (0.5°/s in 1000°/s-range, 0.25°/s
in 500°/s -range ...). Therefore the maxmum value is 125°/s in 2000°/s-range (62.5°/s
1000°/s-range, 31.25 in 500°/s -range ...).

The time difference between the successive angular rate signals depends on the selected
update rate(fs) which is coupled to the bandwidth and equates to 1/(4*fs) (t=1/(4*fs)). For
bandwidth settings with an update rate higher than 400Hz (bandwidth =0,1,2) fs is set to
400Hz.

In order to suppress false triggers, the interrupt is only generated (cleared) if a certain
number N of consecutive slope data points is larger (smaller) than the slope threshold given
by GYR_AM_THRES. This number is set by the Slope Samples bits in the GYR_AM_SET
register. It is N = [Slope Samples + 1]*4. N is set in samples. Thus the time is scaling with
the update rate (fs).
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3.7.2.6 Enabling (disabling) for each axs

Any-motion detection can be enabled (disabled) for each axs separately by writing ‘1" ('0°) to
bits AM_X_AXIS, AM_Y_AXIS, AM_Z AXIS in the GYR_INT_SETTING register. The
criteria for any-motion detection are fulfilled and the Any-Motion interrupt is generated if the
slope of any of the enabled axes exceeds the threshold GYR_AM_THRES for [Slope
Samples+1]*4 consecutive times. As soon as the slopes of all enabled axes fall or stay below
this threshold for [Slope Samples +1]*4 consecutive times the interrupt is cleared unless
interrupt signal is latched.

3.7.2.7 Axs of slope / any motion interrupt

The interrupt status is stored in bit GYRO_AM in the INT_EN register. The Any-motion
interrupt supplies additional information about the detected slope.

Table 3-44: Axs selection and any motion interrupt

Params Value [Reg Addr]: Register Value
X-axis [GYR_INT_SETING]: xo000xLb
Axis selection Y-axis [GYR_INT_SETING]: xoo0xdxb
Z-axis [GYR_INT_SETING]: xo0odxdb
Any Motion Filter Filtered [GYR_INT_SETING]: x0x0000ty
settings Unfiltered [GYR_INT_SETING]: x1300000b
Threshold [GYR_AM_THRES]: bit6 : bitd
Interrupt Settings Slope Samples [GYR_AM_SET]: bit1 : bitd
Awake Duration [GYR_AM_SET]: bit3 : bit2
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3.8Self-Test

3.8.1 Power On Self Test (POST)

During the device startup, a power on self test is executed. This feature checks that the
connected sensors and microcontroller are responding / functioning correctly. Following
tests are executed

Table 3-45: Power on Self Test

Components Test type

Accelerometer Verify chip ID
Magnetometer Verify chip ID

Gyroscope Verify chip ID
Microcontroller Memory Build In Self Test

The results of the POST are stored at register ST_RESULT, where a bit set indicates test
passed and cleared indicates self test failed.

3.8.2 Build In Self Test (BIST)

The host can trigger a self test from CONFIG MODE. The test can be triggered by setting bit
SELF_TEST in the in the SYS_TRIGGER register, the results are stored in the
ST_RESULT register. During the execution of the system test, all other features are paused.

Table 3-46: Power on Self Test

Components Test type
Accelerometer built in self test
Magnetometer built in self test
Gyroscope built in self test
Microcontroller gg r;:rsrrtm q

3.9 Boot loader

The boot loader is located at the start of the program memory and it is executed at each
reset / power-on sequence. It first checks the status of the nBOOT_LOAD_PIN.

If the nBOOT_LOAD_PIN is pulled low during reset / power-on sequence, it continues
execution in boot loader mode. Otherwise the device continues to boot in application mode.

In case there is a firmware update, then an application note would be available in time with
the necessaryinformation to upgrade at the host side. Nevertheless it is recommended that
the nBOOT_LOAD_PIN is connected as shown in section 5.
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3.10 Calibration

Though the sensor fusion software runs the calibration algorithm of all the three sensors
(accelerometer, gyroscope and magnetometer) in the background to remowe the offsets,
some preliminary steps had to be ensured for this automatic calibration to take place.

The accelerometer and the gyroscope are relatiely less susceptible to exernal
disturbances, as a result of which the offset is negligible. Whereas the magnetometer is
susceptible to external magnetic field and therefore to ensure proper heading accuracy, the
calibration steps described below hawe to be taken.

Depending on the sensors been selected, the following simple steps had to be taken after
ewvery ‘Power on Reset’ for proper calibration of the device.

3.10.1 Accelerometer Calibration

e Place the device in 6 different stable positions for a period of few seconds to allow the
accelerometer to calibrate.

e Make sure that there is slow movement between 2 stable positions

e The 6 stable positions could be in any direction, but make sure that the device is lying at
least once perpendicular to the x, yand z axs.

e The register CALIB_STAT can be read to see the calibration status of the accelerometer.

3.10.2 Gyroscope Calibration

e Place the device in a single stable position for a period of few seconds to allow the
gyroscope to calibrate
e The register CALIB_STAT can be read to see the calibration status of the gyroscope.

3.10.3 Magnetometer Calibration

Magnetometer in general are susceptible to both hard-iron and soft-iron distortions, but
majority of the cases are rather due to the former. And the steps mentioned below are to
calibrate the magnetometer for hard-iron distortions.

Newertheless certain precautions need to be taken into account during the positioning of
the sensor in the PCB which is described in our HSMI (Handling, Soldering and Mounting
Instructions) application note to awid unnecessary magnetic influences.

Compass, M4G & NDOF_FMC _OFF:
e Make some random movements (for example: writing the number ‘8’ on air) until the
CALIB_STAT register indicates fully calibrated.

e It takes more calibration movements to get the magnetometer calibrated than in the
NDOF mode.

NDOF:

e The same random mowements hawe to be made to calibrate the sensor as in the
FMC_OFF mode, but here it takes relatively less calibration movements (and slightly
higher current consumption) to get the magnetometer calibrated.

e The register CALIB_STAT can be read to see the calibration status of the magnetometer.
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3.10.4 Reuse of Calibration Profile

Once the devce is calibrated, the calibration profile can be reused to get the correct
orientation data immediately after ‘Power of Reset’ (prior to going through the steps
mentioned in the abowe section). Howewer, once the sensor enters the internal calibration
routine, the calibration profile is overwritten with the newly obtained sensor offsets and
sensor radius. Depending on the application, necessary steps had to be ensured for proper
calibration of the sensor.

Reading Calibration profile

The calibration profile includes sensor offsets and sensor radius. Host system can read the
offsets and radius only after a full calibration is achieved and the operation mode is switched
to CONFIG_MODE. Refer to sensor offsets and sensor radius registers.

Setting Calibration profile
It is important that the correct offsets and corresponding sensor radius are used. Incorrect
offsets may result in unreliable orientation data even at calibration accuracy level 3. To set
the calibration profile the following steps need to be taken

1. Select the operation mode to CONFIG_MODE

2. Write the corresponding sensor offsets and radius data

3. Change operation mode to fusion mode
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4. Register description

4.1 General Remarks

The entire communication with the device is performed by reading from and writing to
registers. Registers hawe a width of 8 bits. There are seweral registers which are either
completely or partially marked as ‘reserved’. Anyreserved bit is ignored when it is written and
no specific value is guaranteed when read. It is recommended not to use registers at all
which are completely marked as ‘reserved’. Furthermore it is recommended to mask out
(logical and with zero) reserved bits of registers which are partially marked as reserved.

Read-Only Registers are marked as shown in Table 4-1: Register Access Coding. Any
attempt to write to these registers is ignored.

There are bits within some registers that trigger internal sequences. These bits are
configured for write-only access and read as value "0°.
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4.2 Register map

The register map is separated into two logical pages, Page 1 contains sensor specific
configuration data and Page 0 contains all other configuration parameters and output data.

At power-on Page 0 is selected, the PAGE_ID register can be used to identify the current
selected page and change between page 0 and page 1.

4.2.1 Register map Page 0

Table 4-1: Register Access Coding

o]

Table 4-2: Register Map Page 0

Register Register Default . . . . . .
A dgress Ngme Value | bit7 bit6 bit5 bit4 bit3 bit2
7F-6B Reserved NA
MAG_RADIUS
6A MSB
MAG_RADIUS
69 1sB  ~
ACC_RADIUS
68 MSB
ACC_RADIUS L
67 SB
GYR_OFFSET
66 T msp | 0x00
65 GYR_OFFSET_| 0x00
Z LSB
64 GYR_OFFSET_| 0x00
Y MSB
63 GYR_OFFSET_| 0x00
Y LSB
2 GYR_OFFSET_| 0x00
X MSB
61 GYR_OFFSET_| 0x00
X LSB
60 MAG_OFFSET_| 0x00
Z MSB
5F MAG_OFFSET_|[ 0x00
Z LSB
5E MAG_OFFSET_| 0x00
Y MSB
5D MAG_OFFSET_| 0x00
Y LSB
5C MAG_OFFSET_| 0x00
X MSB
58 MAG_OFFSET_|[ 0x00
X LSB
5A ACC_OFFSET_| 0x00
Z MSB
59 ACC_OFFSET_| 0x00
Z LSB
58 ACC_OFFSET_| O0x00
Y MSB
57 ACC_OFFSET_| 0x00
Y LSB
56 ACC_OFFSET_| 0x00
X MSB
55 ACC_OFFSET_| 0x00
X _LSB
43 - 54 Reserved 0x00
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Register |  Register | Default| hi7 | pbits bit4 bit3 bit2 bit1 bito
4 AXI S_MNAP_S IG TBD
m AXISNI\|4 I%IP_CO TBD
40 TEM P_ES OURC 0x02
3F SYS_TRIGGER| 0x00
3E PWR_MODE 0x00
3D OPR_MODE 0x1C
3C Reserved OxFF
3B UNIT_SEL 0x80
3A SYS_ERR 0x00 System Error Code
39 SYS_STATUS 0x00 System Status Code
38 S YS__IQLIJ_SK_S TA 0x00
37 INT_STA 0x00 GHY g{*lg ol “RAO—A
36 ST _RESULT | OxOF \ ST_MCU | ST_GYR
35 CALB STAT | oxo0 | SYS Ca(‘)"g Status | GYR Cg";’ Status | Acc calib Status 0:3 | MAG Calib Status 0:3
34 TEMP 0x00 Temperature
33 GRV—DSatBa—Z—M 0x00 Gravity Vector Data Z <15:8>
32 GRV_Igaéa_Z_L 0x00 Gravity Vector Data Z <7:0>
31 GRV_DSatBa_Y_M 0x00 Gravity Vector Data Y <15:8>
30 GRV—';&EE’"—Y—'- 0x00 Gravity Vector Data Y <7:0>
2F G RV_DSatBa_X_M 0x00 Gravity Vector Data X <15:8>
2E GRV_Igaéa_X_L 0x00 Gravity Vector Data X <7:0>
2D LIA_DatSa_Z_M B 0x00 Linear Acceleration Data Z <15:8>
2C LIA_Dat;_Z_LS 0x00 Linear Acceleration Data Z <7:0>
2B LIA_Datg_Y_M Bl oxo0 Linear Acceleration Data Y <15:8>
2A LIA_Dat;_Y_LS 0x00 Linear Acceleration Data Y <7:0>
29 LIA_DatSa_X_M B 0x00 Linear Acceleration Data X <15:8>
28 LIA_Dat;_X_LS 0x00 Linear Acceleration Data X <7:0>
27 QUA_I%aéa_z_M 0x00 Quatemnion z Data <15:8>
26 QUA_Daéa_z_LS 0x00 Quaternion z Data <7:0>
25 QUA_DSatBa_y M 0x00 Quaternion y Data <15:8>
24 QUA_Daéa_y LS oxo0 Quatemnion y Data <7:0>
23 QUA_DSatBa_x_M 0x00 Quaternion x Data <15:8>
22 QUA_Daéa_x_LS 0x00 Quaternion x Data <7:0>
21 QUA—DSE‘—W—M 0x00 Quaternion w Data <15:8>
20 QUA—%aéa—W—L 0x00 Quaternion w Data <7:0>
1F EUL_Pitch_MSB| 0x00 Pitch Data <15:8>
1E EUL_Pitch LSB | 0x00 Pitch Data <7:0>
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Register |  Register | Default| .. | pue | pis bit4 bit3 bit2 bit1 bit0
Address Name Value
1D EUL_Rol_MSB | 0x00 Roll Data <15:8>
1c EUL_ROI_LSB | 0x00 Roll Data <7:0>
1B EUL—HSegd‘”g—M 0x00 Heading Data <15:8>
1A EUL_HSesding_L 0x00 Heading Data <7:0>
19 GYRMDQEA—Z— 0x00 Gyroscope Data Z <15:8>
18 GYR—%ABT AZ Ll oxo0 Gyroscope Data Z <7:0>
17 GYRMDQEA—Y— 0X00 Gyroscope Data Y <15:8>
16 GYR—I?SA; AY_ 0x00 Gyroscope Data Y <7:0>
15 GYRMDQEA—X— 0x00 Gyroscope Data X <15:8>
14 GYR—%ABT AXLI ox00 Gyroscope Data X <7:0>
13 MAGMDSAEA—Z— 0x00 Magnetometer Data Z <15:8>
12 MAG—L%AJ AZ_ 0x00 Magnetometer Data Z <7:0>
11 MAGMDSAEA—Y— 0x00 Magnetometer Data Y <15:8>
10 MAG—FSAg AY_ 0x00 Magnetometer Data Y <7:0>
F MAGMDSA;:A—X— 0x00 Magnetometer Data X <15:8>
E MAG—L%AJ AX_ 0x00 Magnetometer Data X <7:0>
D ACCDREA- | ox00 Acceleration Data Z <15:8>
c ACCOEAZLL oxo0 Acceleration Data Z <7:0>
B ACC—MDQEA—Y— 0x00 Acceleration Data Y <15:8>
A ACC—DéAgA—Y—L 0x00 Acceleration Data Y <7:0>
9 ACCDREX- | oxo0 Acceleration Data X <15:8>
8 ACC—DSAI;- AXL 0x00 Acceleration Data X <7:0>
7 Page ID 0x00 Page ID
6 BL_Rev_ID NA Bootloader Version
5 SW—RE‘é—'D—M 0x03° SW Revision ID <15:8>
4 SW.REVIDLS | oxogf SW Revision ID <7:0>
3 GYR_ID OxOF GYRO chip ID
2 MAG_ID 0x32 MAG chip ID
1 ACC_ID OxFB ACC chip ID
0 CHIP_ID 0xA0 BNOO055 CHIP ID

° The current software version is 0.3.0.8 and therefore the SW_REV_ID_MSB is 0x03. However the register default
value is subject to change with respect to the updated software.

The current software version is 0.3.0.8 and therefore the SW_REV_ID_LSB is 0x08. However the register default
value is subject to change with respect to the updated software.
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4.2.2 Register map Page 1

Table4-3: Register Map Page 1

Register Register Deftaul
Address Name
Value
7F-60 Reserved 0x00
5F - 50 UNIQUE_ID n.a. BNO unique ID
4F - 20 Reserved 0x00
tF | GYRAM SET| 0x0A Awakfl'_%fam” Slope Samples <1:0>
1E GY R—égl _THR 0x04 Gyro Any Motion Threshold <6:0>
iD GYR_DUR_Z 0x19 HR_Z_Duration
GYR_HR_Z_SE HR_Z THRES_H ]
1C T 0x01 VST <1:05 HR_Z_Threshold <4:0>
1B GYR_DUR_Y | 0x19 HR_Y_Duration
GYR_HR_Y_S HR_Y_THRES H )
1A ET 0x01 VST <1.0> HR_Y_Threshold <4:0>
19 GYR_DUR_X 0x19 HR_X_Duration
GYR_HR_X_SE HR_X_THRES_H ]
18 T 0x01 VST <1:05 HR_X_Threshold <4:0>
GYR_INT_SETI HR_FIL] AM_FIL| HR_Z_ | HR_Y_AX| HR_X_AX| AM_Z_AX| AM_Y _AX|
7 NG 0x00 T AXIS IS IS IS IS s
16 ACC_NM_SET | 0x0B NO/SLOW Motion Duration <5:0> SMNM
15 ACC—NEM -THR O0x0A Accelerometer NO/SLOW motion threshold
14 ACC—Eg—THR 0xCO0 Accelerometer High G Threshold
13 ACC__H%NDURA OxOF Accelerometer High G Duration
ACC_INT_Setti HG_Z_ | HG_Y_| HG_X_]| AM/NM_] AM/NM_ | AM/NM_ ]
12 ngs 003 | " axis™| axis™| axis | z axisT| v AxiS | x AxiS Bt DU <l
11 ACC—’E\'\S/I -THR 0x14 Accelerometer Any motion threshold
GYR_HI
ACC_N| ACC_A| ACC_HI -1 | GYRO_A
10 INT_EN 0x00 M M G e G HTERAT M
GYR_HI
ACC_N| ACC_A| ACC_HI 1| GYRO_A
F INT_MSK 0x00 M M GH G G HTERAT M
E Reserved 0x00
D GYR—ff'iegep—m 0x00 AUTO_SLP_DURATION <2:0> SLP_DURATION <2:0>
c ACC—Sf'iegep-Cm 0x00 SLP_DURATION <3:0> SLP_MODE
B GYR_Config_1 | 0x00 GYR_Power_Mode <2:0>
A GYR_Config_ 0 | 0x38 GYR_Bandwidth <2:0> GYR_Range <2:0>
9 MAG_Config 0x6D MAG_Power mod| MAG_OPR_Mode MAG_Data_output_rate <2:0>
e <1:0> <1:0>
8 ACC_Config 0x0D ACC_PWR_Mode <2:0> ACC_BW <2:0> | ACC_Range <1:0>
7 Page ID 0x01 Page ID
6-0 Reserved n.a.
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4.3 Register description (Page 0)
4.3.1 CHIP_ID 0x00
bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access r r r r r r r r
Reset 1 0 1 0 0 0 0 0
Content BNOO055 CHIP ID
DATA bits Description
BNOO055 CHIP ID <7:0> Chip identification code, read-only fixed value 0xAQ
43.2 ACC_ID 0x01
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r R r
Reset OxFB
Content ACC chip ID
DATA bits Description
ACC chip ID <7:0> Chip ID of the Accelerometer device, read-only fixed value 0xFB
4.3.3 MAG_ID 0x02
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r R r
Reset 0x32
Content MAG chip ID
DATA bits Description
MAG chip ID <7:0> Chip 1D of the Magnetometer device, read-only fixed value 0x32
434 GYR_ID 0x03
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r R r
Reset O0xOF
Content GRYO chip ID
DATA bits Description
GYRO chip ID <7:0> Chip ID of the Gyroscope device, read-only fixed value 0xOF
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435 SW_REV_ID_LSB 0x04
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset
Content SW Revision ID <7:0>
DATA bits Description
SW Revision ID <7:0> Lower byte of SW Revision ID, read-only fixed value depending on SW revision programmed on
<7:0> microcont roller
4.3.6 SW_REV_ID_MSB 0x05
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset
Content SW Revision ID <15:8>
DATA bits Description
SW Revision ID <7:0> Upper byte of SW Revision ID, read-only fixed value depending on SW revision programmed on
<15:8> microcont roller
43.7 BL_REV_ID 0x06
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset
Content Boot loader Version
DATA bits Description
Bootloader <7:0> Identifies the version of the bootloader in the microcontroller, read-only
Version
43.8 PAGE ID 0x07
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w rfw r/w rfw r/w r/w r/w r/w
Reset 0 0 0 0 0 0 0 0
Content Page ID
DATA bits Description
Page ID <7:0> Read: Number of currently selected page
Write: Change page, 0x00 or 0x01
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439 ACC_DATA_X_LSB 0x08
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Acceleration Data X <7:0>
DATA bits Description
Acceleration <7:0> Lower byte of X axis Acceleration data, read only
Data X <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.10 ACC_DATA_X_MSB 0x09

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Acceleration Data X <15:8>
DATA bits Description
Acceleration <7:0> Upper byte of X axis Acceleration data, read only
Data X <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4311 ACC_DATA_Y_LSB 0x0A

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Acceleration Data Y <7:0>
DATA bits Description
Acceleration <7:0> Lower byte of Y axis Acceleration data, read only
Data Y <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4312 ACC_DATA_Y_MSB 0x0B

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Acceleration Data Y <15:8>
DATA bits Description
Acceleration <7:0> Upper byte of Y axis Acceleration data, read only
Data Y <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
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4313 ACC_DATA_Z_LSB 0x0C
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Acceleration Data Z <7:0>
DATA bits Description
Acceleration <7:0> Lower byte of Z axis Acceleration data, read only
Data Z <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4314 ACC_DATA_Z_MSB 0x0D

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Acceleration Data Z <15:8>
DATA bits Description
Acceleration <7:0> Upper byte of Z axis Acceleration data, read only
Data Z <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.15 MAG_DATA_X_LSB OxOE

bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Magnetometer Data X <7:0>
DATA bits Description
Magnetometer <7:0> Lower byte of X axis Magnetometer data, read only
Data X <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.16 MAG_DATA_X_MSB 0xO0F

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Magnetometer Data X <15:8>
DATA bits Description
Magnetometer <7:0> Upper byte of X axis Magnetometer data, read only
Data X <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
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43.17 MAG_DATA_Y_LSB 0x10
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Magnetometer Data Y <7:0>
DATA bits Description
Magnetometer <7:0> Lower byte of Y axis Magnetometer data, read only
Data Y <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.18 MAG_DATA_Y_MSB 0x11

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Magnetometer Data Y <15:8>
DATA bits Description
Magnetometer <7:0> Upper byte of Y axis Magnetometer data, read only
Data Y <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.19 MAG_DATA_Z_LSB 0x12

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Magnetometer Data Z <7:0>
DATA bits Description
Magnetometer <7:0> Lower byte of Z axis Magnetometer data, read only
Data Z<7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4320 MAG_DATA_Z_MSB 0x13

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Magnetometer Data Z <15:8>
DATA bits Description
Magnetometer <7:0> Upper byte of Z axis Magnetometer data, read only
Data Z <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
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4.3.21 GYR_DATA_X_LSB 0x14
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gyroscope Data X <7:0>
DATA bits Description
Gyroscope Data <7:0> Lower byte of X axis Gyroscope data, read only
X <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4322 GYR_DATA_X_MSB 0x15

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gyroscope Data X <15:8>
DATA bits Description
Gyroscope Data <7:0> Upper byte of X axis Gyroscope data, read only
X <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.23 GYR_DATA_Y_LSB 0x16

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gyroscope Data Y <7:0>
DATA bits Description
Gyroscope Data <7:0> Lower byte of Y axis Gyroscope data, read only
Y <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4324 GYR_DATA_Y_MSB 0x17

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gyroscope Data Y <15:8>
DATA bits Description
Gyroscope Data <7:0> Upper byte of Y axis Gyroscope data, read only
Y <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
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4325 GYR_DATA_Z_LSB 0x18
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gyroscope Data Z <7:0>
DATA bits Description
Gyroscope Data <7:0> Lower byte of Z axis Gyroscope data, read only
Z<7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

43.26 GYR_DATA_Z_MSB 0x19

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gyroscope Data Z <15:8>
DATA bits Description
Gyroscope Data <7:0> Upper byte of Z axis Gyroscope data, read only
Z <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4327 EUL_DATA_X_LSB 0x1A

bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Heading Data <7:0>
DATA bits Description
Heading Data <7:0> Lower byte of heading data, read only
<7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.28 EUL_DATA_X_MSB 0x1B

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Heading Data <15:8>
DATA bits Description
Heading Data <7:0> Upper byte of heading data, read only
<15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
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43.29 EUL_DATA_Y_LSB 0x1C
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Roll Data <7:0>
DATA bits Description
Roll Data <7:0> <7:0> Lower byte of roll data, read only

The output units can be selected using the UNIT_SEL register and data output type can be
changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.30 EUL_DATA_Y_MSB 0x1D

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Roll Data <15:8>
DATA bits Description
Roll Data <15:8> <7:0> Upper byte of Y axis roll data, read only

The output units can be selected using the UNIT_SEL register and data output type can be
changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4331 EUL_DATA_Z_LSB Ox1E

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Pitch Data <7:0>
DATA bits Description
Pitch Data <7:0> <7:0> Lower byte of pitch data, read only

The output units can be selected using the UNIT_SEL register and data output type can be
changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.32 EUL_DATA_Z_MSB 0x1F

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Pitch Data <15:8>
DATA bits Description
Pitch Data <7:0> Upper byte of pitch data, read only
<15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
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4.3.33 QUA_DATA_W_LSB 0x20
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Quaternion Data W <7:0>
DATA bits Description
Quaternion Data <7:0> Lower byte of w axis Quaternion data, read only
W <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4334 QUA_DATA_W_MSB 0x21

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Quaternion Data W <15:8>
DATA bits Description
Quaternion Data <7:0> Upper byte of w axis Quaternion data, read only
W <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4335 QUA_DATA_X_LSB 0x22

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Quaternion Data X <7:0>
DATA bits Description
Quaternion Data <7:0> Lower byte of X axis Quaternion data, read only
X <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.36 QUA_DATA_X_MSB 0x23

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Quaternion Data X <15:8>
DATA bits Description
Quaternion Data <7:0> Upper byte of X axis Quaternion data, read only
X <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
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43.37 QUA_DATA_Y_LSB 0x24
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Quaternion Data Y <7:0>
DATA bits Description
Quaternion Data <7:0> Lower byte of Y axis Quaternion data, read only
Y <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.38 QUA_DATA_Y_MSB 0x25

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Quaternion Data Y <15:8>
DATA bits Description
Quaternion Data <7:0> Upper byte of Y axis Quaternion data, read only
Y <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4339 QUA_DATA_Z_LSB 0x26

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Quaternion Data Z <7:0>
DATA bits Description
Quaternion Data <7:0> Lower byte of Z axis Quaternion data, read only
Z<7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.40 QUA_DATA_Z_MSB 0x27

bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Quaternion Data Z <15:8>
DATA bits Description
Quaternion Data <7:0> Upper byte of Z axis Quaternion data, read only
Z <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
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43.41 LIA_DATA_X_LSB 0x28
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Linear Acceleration Data X <7:0>
DATA bits Description
Linear <7:0> Lower byte of X axis Linear Acceleration data, read only
Acceleration The output units can be selected using the UNIT_SEL register and data output type can be
Data X <7:0> changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
43.42 LIA_DATA_X_MSB 0x29
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Linear Acceleration Data X <15:8>
DATA bits Description
Linear <7:0> Upper byte of X axis Linear Acceleration data, read only
Acceleration The output units can be selected using the UNIT_SEL register and data output type can be
Data X <15:8> changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
4343 LIA_DATA_Y_LSB 0x2A
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Linear Acceleration Data Y <7:0>
DATA bits Description
Linear <7:0> Lower byte of Y axis Linear Acceleration data, read only
Acceleration The output units can be selected using the UNIT_SEL register and data output type can be
Data Y <7:0> changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
43.44 LIA_DATA_Y_MSB 0x2B
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Linear Acceleration Data Y <15:8>
DATA bits Description
Linear <7:0> Upper byte of Y axis Linear Acceleration data, read only
Acceleration The output units can be selected using the UNIT_SEL register and data output type can be
Data Y <15:8> changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
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43.45 LIA_DATA_Z_LSB 0x2C
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Linear Acceleration Data Z <7:0>
DATA bits Description
Linear <7:0> Lower byte of Z axis Linear Acceleration data, read only
Acceleration The output units can be selected using the UNIT_SEL register and data output type can be
Data Z <7:0> changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
43.46 LIA_DATA_Z_MSB 0x2D
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Linear Acceleration Data Z <15:8>
DATA bits Description
Linear <7:0> Upper byte of Z axis Linear Acceleration data, read only
Acceleration The output units can be selected using the UNIT_SEL register and data output type can be
Data Z <15:8> changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
43.47 GRV_DATA_X_LSB 0x2E
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gravity Vector Data X <7:0>
DATA bits Description
Gravity Vector <7:0> Lower byte of X axis Gravity Vector data, read only
Data X <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4.3.48 GRV_DATA_X_MSB 0x2F

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gravity Vector Data X <15:8>
DATA bits Description
Gravity Vector <7:0> Upper byte of X axis Gravity Vector data, read only
Data X <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
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43.49 GRV_DATA_Y_LSB 0x30
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gravity Vector Data Y <7:0>
DATA bits Description
Gravity Vector <7:0> Lower byte of Y axis Gravity Vector data, read only
Data Y <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4350 GRV_DATA_Y_MSB 0x31

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gravity Vector Data Y <15:8>
DATA bits Description
Gravity Vector <7:0> Upper byte of Y axis Gravity Vector data, read only
Data Y <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4351 GRV_DATA_Z_LSB 0x32

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gravity Vector Data Z <7:0>
DATA bits Description
Gravity Vector <7:0> Lower byte of Z axis Gravity Vector data, read only
Data Z <7:0> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3

4352 GRV_DATA_Z_MSB 0x33

bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Gravity Vector Data Z <15:8>
DATA bits Description
Gravity Vector <7:0> Upper byte of Z axis Gravity Vector data, read only
Data Z <15:8> The output units can be selected using the UNIT_SEL register and data output type can be

changed by updating the Operation Mode in the OPR_MODE register, see section 3.3
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43.53 TEMP 0x34
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Temperature
DATA bits Description
Temperature <7:0> Temperature data, read only

The output units can be selected using the UNIT_SEL register and data output source can be

4.3.54 CALIB_STAT 0x35

bit7 bit6
Access r r
Reset 0 0

Content SYS Calib Status <0:1>

DATA bits
SYS Calib Status <7:6>

<0:1>
GYR Calib Status <5:4>

<0:1>
ACC Calib Status <3:2>

<0:1>
MAG Calib Status <1:0>

<0:1>

4.3.55 ST_RESULT 0x36

selected by updating the TEMP_SOURCE register, see section 3.6.5.8

bit5 bit4 bit3 bit2 bit1 bit0
r r r r r r
0 0 0 0 0 0

GYR Calib Status <0:1> ACC Calib Status <0:1> MAG Calib Status <0:1>

Description
Current system calibration status, depends on status of all sensors, read-only
Read: 3 indicates fully calibrated; 0 indicates not calibrated
Current calibration status of Gyroscope, read-only
Read: 3 indicates fully calibrated; 0 indicates not calibrated
Current calibration status of Accelerometer, read-only
Read: 3 indicates fully calibrated; 0 indicates not calibrated

Current calibration status of Magnetometer, read-only
Read: 3 indicates fully calibrated; 0 indicates not calibrated

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 1 1 1 1
Content Reserved ST_MCU ST_GYR ST_MAG ST_ACC
DATA bits Description
ST_MCU 3 Microcontroller self test result.
Read: 1 indicated test passed; O indicates test failed
ST _GYR 2 Gyroscope self test result.
Read: 1 indicated test passed; O indicates test failed
ST_MAG 1 Magnetometer self test result.
Read: 1 indicated test passed; 0 indicates test failed
ST_ACC 0 Accelerometer self test result.
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4.3.56 INT_STA 0x37
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0
Content ACC_NM ACC_AM ACC_HIGH Reserved GYR_HIG GYRO AM Reserved Reserved
G H_RATE -
DATA bits Description
ACC_NM 7 Status of Accelerometer no motion or slow motion interrupt, read only
Read: 1 indicates interrupt triggered; 0 indicates no interrupt triggered
ACC_AM 6 Status of Accelerometer any motion interrupt, read only
Read: 1 indicates interrupt triggered; 0 indicates no interrupt triggered
ACC_HIGH_G 5 Status of Accelerometer high-g interrupt, read only

Read: 1 indicates interrupt triggered; 0 indicates no interrupt triggered

GYR_HIGH_RATE 3 Status of gyroscope high rate interrupt, read only
Read: 1 indicates interrupt triggered; 0 indicates no interrupt triggered

GYRO_AM 2 Status of gyroscope any motion interrupt, read only
Read: 1 indicates interrupt triggered; 0 indicates no interrupt triggered

4.3.57 SYS_CLK_STATUS 0x38

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content Reserved Reserved Reserved Reserved Reserved Reserved Reserved ST_CIVII_QIN_
DATA bits Description
0 0 Indicates that, it is Free to configure the CLK SRC (External or Internal)
1 0 Indicates that, it is in Configuration state

4.3.58 SYS_STATUS 0x39

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset 0 0 0 0 0 0 0 0
Content System Status Code
DATA bits Description
System Status <7:0> Read: 0 System idle,
Code 1 System Error,

2 Initializing peripherals

3 System Initialization

4 Exeauting selftest,

5 Sensor fusion algorithm running,

6 System running without fusion algorithm
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4359 SYS_ERR 0x3A
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r r r r r r r r
Reset
Content System Error Code
DATA bits Description
System Error <7:0>  Read the error status from this register if the SYS_STATUS (0x39) register is SYSTEM ERROR
Code (0x01)
Read : 0 No error
1 Peripheral initialization error
2 System initialization error
3 Self test result failed
4 Register map value out of range
5 Register map address out of range
6 Register map write error
7 BNO low power mode not available for selected operation mode
8 Acceleromet er power mode not available
9 Fusion algorithm configuration error
A Sensor configuration error
4.3.60 UNIT_SEL 0x3B
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w rfw rfw r/w rf'w r/w r/w r/w
Reset 0 0 0 0 0 0
L ORI_.Androi reserved TEMP_Unit reserved EUL_Unit GYR_Unit ACC_Unit
d_Windows
DATA bits Description
ORI_Android_Win 7 Read: Current selected orientation mode
dows Write: Select orientation mode
0: Windows orientation
1: Android orientation
See section 3.6.2 for more details
TEMP_Unit 5 Read: Current selected temperature units
Write: Select temperature units
0: Celsius
1: Fahrenheit
See section 3.6.1 for more details
EUL_Unit 3 Read: Current selected Euler units
Write: Select Euler units
0: Degrees
1: Radians
See section 3.6.1 for more details
GYR_Unit 2 Read: Current selected angular rate units
Write: Select angular rate units
0: dps
1: ps
See section 3.6.1 for more details
ACC_Unit 1 Read: Current selected acceleration units
Write: Select acceleration units
0: m/s?
1: mg
See section 3.6.1 for more details
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4.3.61 OPR_MODE 0x3D
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access rfw r/w r/w r/w
Reset
Content Reserved Operation Mode <3:0>
DATA bits Description
Operation Mode <3:0> Read: Current selected operation mode
<3:0> Write: Select operation mode
See section 3.3 for details
4.3.62 PWR_MODE 0x3E
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w r/w
Reset
Content Reserved Power Mode <1:0>
DATA bits Description
Power Mode <1:0> Read: Current selected power mode
<1:0> Wirite: Select power mode
See section 0 for details
4.3.63 SYS_TRIGGER 0x3F
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access w w w w
Reset 0 0 0 0
Content CLK_SEL RST_INT  RST_SYS Self_Test
DATA bits Description
CLK_SEL 7 0: Use internal oscillat or
1: Use external osdillator. Set this bit only if external crystal is connected
RST_INT 6 Set to reset all interrupt status bits, and INT out put
RST_SYS 5 Set to reset system
Self_Test 0 Set to trigger self test
4.3.64 TEMP_SOURCE 0x40
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w r/w
Reset
Content Reserved TEMP_Source <1:0>
DATA bits Description
TEMP_Source <1:0> See section 3.6.5.8 for details
<1:0>
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4.3.65 AXIS_MAP_CONFIG 0x41
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access 1w rfw r/w r/w r/w r/w
Reset
Content Reserved Remapped Z axis value Remapped Y axis value Remapped X axis value
DATA bits Description
Remapped Z axis <5:4> See section 3.4 for details
value
Remapped Y axis <3:2> See section 3.4 for details
value
Remapped X axis <1:0> See section 3.4 for details
value
4.3.66 AXIS_MAP_SIGN 0x42
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w r/w rfw
Reset
Content Reserved Remapped Remapped Remapped
X axis sign Y axis sign Z axis sign
DATA bits Description
Remapped X axis 2 See section 3.4 for details
sign
Remapped Y axis 1 See section 3.4 for details
sign
Remapped Z axis 0 See section 3.4 for details
sign
43.67 ACC_OFFSET_X_LSB 0x55
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access rfw rfw rf'w r/w rf'w r/w r/w r/w
Reset
Content Accelerometer Offset X <7:0>
DATA bits Description
Accelerometer <7:0> See section 3.6.4 for details
Offset X <7:0>
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4.3.68 ACC_OFFSET_X_MSB 0x56
bit7 bit6 bit5 bit4 bit3 bit2 bit1l bit0
Access rw r/w r/w rfw 1w r/w r/w r/w
Reset
Content Accelerometer Offset X <15:8>
DATA bits Description
Accelerometer <7:0> See section 3.6.4 for details
Offset X <15:8>
43.69 ACC_OFFSET_Y_LSB 0x57
bit7 bit6 bit5 bit4 bit3 bit2 bit1l bit0
Access r/w rfw rfw r/w rf'w r/w r/w r/w
Reset
Content Accelerometer Offset Y <7:0>
DATA bits Description
Accelerometer <7:0> See section 3.6.4 for details
Offset Y <7:0>
43.70 ACC_OFFSET_Y_MSB 0x58
bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access rfw rfw rfw r/w rfw r/w r/w r/w
Reset
Content Accelerometer Offset Y <15:8>
DATA bits Description
Accelerometer <7:0> See section 3.6.4 for details
Offset Y <15:8>
43.71 ACC_OFFSET_Z_LSB 0x59
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w rfw r/w rfw r/w r/w r/w r/w
Reset
Content Accelerometer Offset Z <7:0>
DATA bits Description
Accelerometer <7:0> See section 3.6.4 for details
Offset Z<7:0>

BST-BNO055-DS000-12 | Revision 1.2 | November 2014

Bosch Sensortec

© Bosch Sensortec GmbH reserves all rights even in the event of industrial property rights. We reserve all rights of disposal such as copying and

passing on tothird parties. BOSCH and the symbol are registered trademarks of Robert Bosch GmbH, Germany.
Note: Specifications within this document are subject to change without notice.



BNOO055

Data sheet Page 73
43.72 ACC_OFFSET_Z_MSB 0x5A
bit7 bit6 bit5 bit4 bit3 bit2 bit1l bit0
Access rw r/w r/w rfw 1w r/w r/w rw
Reset
Content Accelerometer Offset Z <15:8>
DATA bits Description
Accelerometer <7:0> See section 3.6.4 for details
Offset Z <15:8>
4.3.73 MAG_OFFSET_X_LSB 0x5B
bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access rfw rfw r/w rfw rw r/w r/w rfw
Reset
Content Magnetometer Data X <7:0>
DATA bits Description
Magnetometer <7:0> See section 3.6.4 for details
Offset X <7:0>
43.74 MAG_OFFSET_X_MSB 0x56C
bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access rfw rfw rfw r/w rfw r/w r/w r/w
Reset
Content Magnetometer Offset X <15:8>
DATA bits Description
Magnetometer <7:0> See section 3.6.4 for details
Offset X <15:8>
4.3.75 MAG_OFFSET_Y_LSB 0x5D
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w rfw r/w rfw r/w r/w r/w r/w
Reset
Content Magnetometer Offset Y <7:0>
DATA bits Description
Magnetometer <7:0> See section 3.6.4 for details

Offset Y <7:0>
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4.3.76 MAG_OFFSET_Y_MSB 0x5E
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w rfw rfw r/w rfw r/w r/w r/w
Reset
Content Magnetometer Offset Y <15:8>
DATA bits Description
Magnetometer <7:0> See section 3.6.4 for details
Offset Y <15:8>
43.77 MAG_OFFSET_Z_LSB 0x5F
bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access r/w rw A rfw r/w r/w r/w A
Reset
Content Magnetometer Offset Z <7:0>
DATA bits Description
Magnetometer <7:0> See section 3.6.4 for details
Offset Z <7:0>
43.78 MAG_OFFSET_Z_MSB 0x60
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w rw r/w rfw r/w r/w r/w r/w
Reset
Content Magnetometer Offset Z <15:8>
DATA bits Description
Magnetometer <7:0> See section 3.6.4 for details
Offset Z <15:8>
43.79 GYR_OFFSET_X_LSB 0x61
bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access r/w rfw rf'w r/w rf'w r/w r/w r/w
Reset
Content Gyroscope Data X <7:0>
DATA bits Description
Gyroscope <7:0> See section 3.6.4 for details

Offset X <7:0>
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4.3.80 GYR_OFFSET_X_MSB 0x62
bit7 bit6 bit5 bit4 bit3 bit2 bit1l bit0
Access rfw rfw r/w rfw r/w r/w r/w rw
Reset
Content Gyroscope Offset X <15:8>
DATA bits Description
Gyroscope <7:0> See section 3.6.4 for details
Offset X <15:8>
43.81 GYR_OFFSET_Y_LSB 0x63
bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access rw rw r/w rfw r'w r/w r/w r/w
Reset
Content Gyroscope Offset Y <7:0>
DATA bits Description
Gyroscope <7:0> See section 3.6.4 for details
Offset Y <7:0>
4.3.82 GYR_OFFSET_Y_MSB 0x64
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w r/w 1w rfw r/w r/w r/w r/w
Reset
Content Gyroscope Offset Y <15:8>
DATA bits Description
Gyroscope <7:0> See section 3.6.4 for details
Offset Y <15:8>
43.83 GYR_OFFSET_Z_LSB 0x65
bit7 bit6 bit5 bit4 bit3 bit2 bit1 bit0
Access r/w rfw rf'w r/w rf'w r/w r/w r/w
Reset
Content Gyroscope Offset Z <7:0>
DATA bits Description
Gyroscope <7:0> See section 3.6.4 for details

Offset Z<7:0>
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43.84 GYR_OFFSET_Z_MSB 0x66
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w rw /w rfw r/w r/w r/w rfw
Reset
Content Gyroscope Offset Z <15:8>
DATA bits Description
Gyroscope <7:0> See section 3.6.4 for details
Offset Z <15:8>
4.3.85 ACC_RADIUS_LSB 0x67
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w r/w rfw r/w rfw r/w r/w r/w
Reset
Content Accelerometer Radius <7:0>
DATA bits Description
Gyroscope <7:0> See section 3.6.4for details
Offset Z<7:0>
4.3.86 ACC_RADIUS_MSB 0x68
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w rfw rfw r/w rfw r/w r/w r/w
Reset
Content Accelerometer Radius <15:8>
DATA bits Description
Gyroscope <7:0> See section 3.6.4 for details
Offset Z <15:8>
4.3.87 MAG_RADIUS_LSB 0x69
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access rfw rfw r/w rfw r/w r/w r/w r/w
Reset
Content Magnetometer Radius <7:0>
DATA bits Description
Gyroscope <7:0> See section 3.6.4 for details
Offset Z <7:0>
4.3.88 MAG_RADIUS_MSB 0x6A
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access rw rfw r/w rfw r/w r/w r/w r/w
Reset
Content Magnetometer Radius <15:8>
DATA bits Description
Gyroscope <7:0> See section 3.6.4 for details

Offset Z <15:8>
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4.4 Register description (Page 1)
44.1 Page ID 0x07
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w r/w rfw r/w rfw r/w r/w r/w
Reset 0 0 0 0 0 0 0 0
Content Page ID
DATA bits Description
Page ID <7:0> Read: Number of currently selected page
Write: Change page, 0x00 or 0x01
4.4.2 ACC_Config 0x08
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w rfw rfw r/w rf'w r/w r/w r/w
Reset 0 0 0 0 1 1 0 1
Content ACC_PWR_Mode <2:0> ACC_BW <2:0> ACC_Range <1:0>
DATA bits Description
ACC_PWR_Mode <7:5> Read: current selected power mode
<2:0> Write: can only be changed in sensor mode, see section 3.5.2
ACC_BW <2:0> <4:3> Read: current selected bandwidth
Write: can only be changed in sensor mode, see section 3.5.2
ACC_Range <1:0> <2:0> Read: current selected range

4.4.3 MAG_Config 0x09

Write: can only be changed in sensor mode, see section 3.5.2

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w rw r/w rfw r/w r/w r/w r/w
Reset 0 0 0 0 1 0 1 1
Content reserved MAG_Power_mode <1:0> MAG_OPR_Mode <1:0> MAG _Data_output_rate <2:0>
DATA bits Description
MAG_Power_mode  <6:5> Read: current selected power mode
<1:0> Write: can only be changed in sensor mode, see section 3.5.4
MAG_OPR_Mode <4:3> Read: current selected operation mode
<1:0> Write: can only be changed in sensor mode, see section 3.5.4
MAG_Data_output_  <2:0> Read: current selected data output rate
rate <2:0> Write: can only be changed in sensor mode, see section 3.5.4
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4.4.4 GYR_Config_0 0x0A
bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access r/w rfw rfw r/w rfw r/w r/w r/w
Reset 0 0 1 1 1 0 0 0
Content reserved GYR_Bandwidth <2:0> GYR_Range <2:0>
DATA bits Description
GYR_Bandwidth <5:3> Read: current selected bandwidth

<2:0>
GYR_Range <2:0> <2:0>

445 GYR_Config_1 0x0B

bit7 bit6
Access r/w rfw
Reset 0 0
Content
DATA bits
GYR_Power_Mode  <2:0>
<2:0>

BST-BNO055-DS000-12 | Revision 1.2 | November 2014

Write: can only be changed in sensor mode, see section 3.5.3

Read: current selected range
Write: can only be changed in sensor mode, see section 3.5.3

bit5 bit4 bit3 bit2 bitl bit0
rfw r/w rf'w r/w r/w r/w
0 0 0 0 0 0
reserved GYR_Power_Mode <2:0>
Description

Read: current selected power mode
Write: can only be changed in sensor mode, see section 3.5.3
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4.4.6 ACC_Sleep_Config 0x0C

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access rw r/w r/w rfw 1w r/w r/w r/w
Reset
Content reserved SLP_DURATION <3:0> SLP_MOD
E
DATA bits Description
SLP_DURATION <4:1> Write: The sleep duration for accelerometer low power mode can be only configured in the sensor
<3:0> operation mode where no fusion library is running. Following sleep phase duration is possible to set.
SLP DURATION Accelerometer Sleep Phase Duration
0000b 0.5 ms
0001b 0.5 ms
0010b 0.5 ms
0011b 0.5 ms
0100b 0.5 ms
0101b 0.5 ms
0110b 1ms
0111b 2 ms
1000b 4 ms
1001b 6 ms
1010b 10 ms
1011b 25 ms
1100b 50 ms
1101b 100 ms
1110b 500 ms
1111b 1 ms
SLP_MODE 0 The sleep timer mode for accelerometer low power mode can be only configured in the sensor
operation mode where no fusion library is running
Write 0: use event driven time-base mode
1: use equidistant sampling time-base mode
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4.4.7 GYR_Sleep_Config 0x0D
bit7 bit6 bit5 bit4 bit3 bit2 bit1l bit0
Access r/w rfw rfw r/w rfw r/w r/w r/w
Reset
Content reserved AUTO_SLP_DURATION <2:0> SLP_DURATION <2:0>
DATA bits Description
AUTO_SLP_DURAT  <5:3> The Gyroscope can be configures in the advanced power mode to optimize the power consumption.
ION <2:0> This can be only done if the selected operation mode in sensor mode. The auto sleep duration is the
wake up duration of gyroscope during the duty cyding between normal and fast - power up mode.
Possible configuration for auto sleep duration are:
Auto sleep duration Time (ms)
000b Not allowed
001b 4 ms
010b 5 ms
011b 8 ms
100b 10 ms
101b 15 ms
110b 20 ms
111b 40 ms
SLP_DURATION <2:0> The Gyroscope can be configures in the advanced power mode to optimize the power consumption.
<2:0> This can be only done if the selected operation mode in sensor mode. The sleep duration is the sleep

time of gyroscope during the duty cyding between normal and fast -power up mode. Possible
configuration for sleep duration are:

Sleep duration Time (ms)
000b 2 ms
001b 4 ms
010b 5 ms
011b 8 ms
100b 10 ms
101b 15 ms
110b 18 ms
111b 20 ms

The onlyrestriction for the use of the power save mode comes from the configuration of the
digital filter bandwidth of gyroscope. For each bandwidth configuration, minimum auto sleep
duration must be ensured. For example, for bandwidth = 47Hz, the minimum auto sleep
duration is 5ms. This is specified in the table below. For sleep duration, there is no
restriction.

Gyroscope bandwidth (Hz) Mini Autosleep duration (ms)
32 Hz 20 ms
64 Hz 10 ms
12 Hz 20 ms
23 Hz 10 ms
47 Hz 5ms
116 Hz 4 ms
230 Hz 4 ms
Unfiltered (523 Hz) 4 ms
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4.4.8 INT_MSK 0x0F

bit7 bit6 bit5 bit4 bit3 bit2 bitl bit0
Access rfw rfw rfw rw rfw rw r/w rw
Reset 0 0 0 0 0
Content ACC NM ACC AM ACC_HIGH reserved GYR_HIG GYRO AM reserved reserved
- = _G H_RATE =
DATA bits Description
ACC_NM 7 Masking of Accelerometer no motion or slow motion interrupt, when enabled the interrupt will

update the INT_STA register and trigger a change on the INT pin, when disabled only the INT_STA
register will be updated.

Read: 1: Enabled / 0: Disabled

Write: 1: Enable / 0: Disable

ACC_AM 6 Masking of Accelerometer any motion interrupt, when enabled the interrupt will update the
INT_STA register and trigger a change on the INT pin, when disabled only the INT_STA register will
be updated.

Read: 1: Enabled / 0: Disabled
Write: 1: Enable / 0: Disable

ACC_HIGH_G 5 Masking of Accelerometer high-g interrupt, when enabled the interrupt will update the INT_STA
register and trigger a change on the INT pin, when disabled only the INT_STA register will be
updated.

Read: 1: Enabled / 0: Disabled
Write: 1: Enable / 0: Disable

GYR_HIGH_RATE 3 Masking of gyroscope high rate interrupt, when enabled the interrupt will update the INT_STA
registe