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I.
INTRODUCTION
By current World Health Organization estimates, there are roughly 253 million
people worldwide living with vision impairment, and 36 million are completely blind
[1]. Most vision impaired people rely on a sighted guide or a seeing-eye dog for
navigation assistance, but for individuals wanting or needing to walk alone, the most
commonly used assistive technology is the iconic White Cane [2]. Unfortunately, the
cane has some significant drawbacks. It’s difficult to use indoors or in crowded areas,
and it can miss objects above waist-height such as hanging branches. More
sophisticated technologies are often expensive, cumbersome, and inaccurate, or have
other significant limitations like battery life, water resistance or minimum object
detection size.
The goal of this project was to tackle this problem in a novel way, improving on
some of the main shortcomings of existing solutions. Over the course of this project,
my team and I developed a wearable walking navigation assistance system for the
vision impaired that is low cost, comfortable, and accurate, implemented using a
headband of distance sensors to detect nearby objects and a waistband of vibration
motors to indicate the distance and direction of those objects.
I will begin this thesis by giving a high-level overview of the project development
process and timeline. Existing solutions will be presented along with the lessons we
learned from them and how we plan to address any of their limitations. I will then
present our design with justification for our major decisions. I will describe the
implementation process for our design, discussing the successes and failures of our
final system and some of the key challenges we faced during this project. To
conclude, I will present the final results of the system and summarize the key
takeaway lessons, both for my team and for the academic community at large.
A.

Project Timeline
The Navigation Assistance for the Vision Impaired system was created as an
Electrical and Computer Engineering senior capstone project at Oregon State
University over the course of the 2017-2018 school year in the ECE44x capstone
class. At the start of the year, a list of available projects was posted, and each student
ranked their preferences. The class was then split into groups of 3 or 4 according to
those rankings. Each project had a “project stakeholder” who had initially proposed
the concept and would be responsible for overseeing the progress of the project as the
year progressed.
The Fall, Winter, and Spring terms of the year-long capstone course were focused
on design, implementation, and testing, respectively. We followed a design-first
methodology, meaning we completed the design for the entire system before
beginning implementation on any individual part. We began by defining the system
requirements, then progressed into a high-level design concept, and finally, fleshed
out the concept into a complete design with every component considered. Spending a
significant amount of time on the initial design was intended to save time in the longrun of the project by helping us avoid major errors due to lack of foresight and
planning. Only after we had a complete system design did we move into
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implementation of individual system components, and finally, we integrated those
individual components into a cohesive system.
To help keep our team on track with this schedule, one group member, Jacy Barr,
volunteered to be the Project Manager. He oversaw scheduling team meetings and
meetings with our project stakeholder and creating long-term project plans. Within
our team, we collaborated on all assignments that weren’t explicitly individual and
were punctual with our work. As such, we were able to stay on track with the timeline
that Jacy created for the entire length of the year-long project. This timeline is shown
in Fig. 1 below.

Fig. 1. Project Timeline

The first week of this project was spent meeting with our project stakeholder to
learn about the problem statement and hear their requested features. Working with the
stakeholder and building off their requested features, we then defined the system
requirements. With the requirements fixed, we moved into the design phase of the
project. In the first two weeks of the design phase, we also spent time reviewing
current technology so that we might avoid common pitfalls and approach the problem
in a novel way. During the design phase we made two diagrams to help present and
organize our system. The Black-Box Diagram was made early in the design to show
the overall inputs and outputs of the system. The System Block Diagram was made at
the end of the design phase to show the major components making up the system, and
the connections between those components. Both of those diagrams will be presented
and explained in detail in the Design section.
Once our design was completed, we moved into implementation. The first step of
implementation was to individually build the blocks of our system, according to the
System Block Diagram. Two weeks into this phase, each team member was required
to have one block completed, meaning that that system component was completely
ready for integration into the full system. We then had just short of two months to
complete the remaining blocks in the system. Details on implementation of the blocks
for which I was responsible will be presented in the Implementation section.
With all blocks completed, we moved into the system integration and refinement
phases. In these phases, we combined all the individually implemented blocks into a
complete, functioning system. We also used this time to fix any outstanding issues
with the individual blocks and to make modifications to the system as necessary. The
major challenges of the integration phase are discussed in the System Integration
section.
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Finally, the full system was completed in the first week of May 2018. The last
two weeks of the project was spent creating posters and presentations to prepare for
the Oregon State University 2018 Engineering Expo, at which all the Capstone
projects of every engineering student at OSU were presented. The results of our final
system, including testing results and system images, are presented and discussed in
the Results section.
B.

System Requirements
Our first step in the design process for this project was to lay out the requirements
for our system. The purpose of beginning with requirements was to help guide our
design by giving us concrete metrics to meet throughout the design process. We
began with the initial requirements given to us by our project stakeholder: that the
system be comfortable, responsive, accurate, long-range, and have a long battery life.
Those are referred to as “Customer Requirements” or CRs. From there, we created a
list of ten requirements that are verifiable, unambiguous, specific, and, if completed
successfully, would ensure that our system fulfils all our stakeholder’s requests.
Those are referred to as “Engineering Requirements”, or ERs. We also defined
testing procedures for each of these ten requirements, included in the Appendix. The
complete list of our system requirements is shown below.
1. Feedback Differentiation:
CR: Users must be able to accurately sense object distance.
ER: After a 30-minute training session, 9/10 users will discern the distance to an
object with a precision of 1m at 100% accuracy for objects 1-5m directly in front
of the user, and with an accuracy of 20 cm for objects within 1m of the user in all
directions.
2. Object Direction:
CR: Users must be able to accurately sense object direction.
ER: System feedback module will indicate the direction to an object to within 30°
of the direction measured by the system sensor module.
3. Navigation:
CR: Users must be able to navigate with the product without hitting anything.
ER: 9 out of 10 blind or blindfolded users will walk down a hall of at least 20 m
long and at least 1 m wide and turn into a doorway without touching the walls,
after up to 30 minutes of training and practice.
4. Response Time:
CR: The system must update quickly.
ER: System feedback responds to changes in object position in less than 200ms.
5. Wearable Comfort:
CR: The system must be comfortable.
ER: The system weighs less than 900g, and after 15 minutes of use, 9/10 users
report the system is comfortable.
6. Water Resistance:
CR: The system must be durable.
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ER: After spraying at least 100 mL of water over the entire system over a period
of at least two minutes, the system feedback module will still respond to input
from the system sensor module
7. Wireless Communication:
CR: System must include a sensor band that reliably communicates wirelessly
with a separate feedback band.
ER: Wireless connection between the sensor and feedback bands remain
uninterrupted for 12 hours.
8. Battery Life:
CR: Battery must last a long time.
ER: The system will operate for at least 12 hours on battery power while objects
are within 20 cm of the system in all directions.
9. Charging Time:
CR: Battery must be rechargeable.
ER: Battery will charge from the level that the system doesn't turn on to the level
that the system passes the Battery Life requirement in less than 15 hours.
10. Low Power Mode:
CR: Battery must last a long time.
ER: System has an optional low power mode where: objects will be indicated
with a precision of 1 m at 100% accuracy for objects 1-5 m directly in front of the
user and an accuracy of 20 cm within 1m of the user in all directions; the system
will refresh in less than 300 ms; and the system will operate for at least 24 hours
while objects are within 10 cm of the system in all directions.
With the requirements for the project clearly defined, we were then able to begin
the design process. Our first step was to review existing projects that address the
same problem to help us make some key technology choices and design decisions for
our initial design concept.
II.
REVIEW OF CURRENT TECHNOLOGY
There are dozens of projects like our own with vastly different implementations,
all attempting to solve the deceptively simple problem of helping the vision impaired
navigate. We analyzed some of these similar systems before beginning our design so
that we might avoid some of the common pitfalls and approach this challenge in a
novel way. The lessons we learned from this analysis are discussed in this section.
A.

Comparison of similar systems
To help simplify comparisons between systems to determine the advantages and
disadvantages, I condensed each system into a few fundamental concepts: the method
of sensing the user’s surrounding environment (sensor type and location), the areas
around the user being sensed, and the method of relaying this information to the user.
Other factors, such as cost, comfort, and convenience (water resistance, battery life,
etc.) will be compared in less detail. The fundamental concepts mentioned for eight
existing projects are tabulated in Table 1 below, followed by a brief analysis of the
common choices and how they influenced our design.
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Table 1. Comparison of similar systems
Project Name

Sensor
Type

Sensor
Location

Direction
Scanned

Feedback
Type

Smart Cane [3]

Ultrasonic

Cane

Ultrasonic

Glove

A Path Force Feedback
Belt [5]
A design of blind-guide
crutch based on multisensors [6]
Navigation Assistance
Using RGB-D Sensor
with Range Expansion
[7]
Ultrasonic Assistive
Headset for visuallyimpaired people [8]
A Mobility Device for
the Blind with Improved
Vertical Resolution
Using Dynamic Vision
Sensors [9]
Ultrasonic Headband

IR
Camera
Ultrasonic

Hand-held

RGB-D
Sensor

Hung
around
neck

Vibration of
Cane
Vibration of
Glove
Vibration on
Belt
Vibration of
Cane, Audio
Cues
Verbal Cues,
Audio Cues

3m

Silicon Eyes [4]

Direct front,
above belt
Wherever the
glove is pointed
Direct front,
above belt
Direct front and
sides, above
belt
Wide range in
front, ground

Ultrasonic

Headset

360°

Audio Cues

5m

Solar Powered

Dynamic
Vision
Sensor

Headset

Direct Front,
above belt

3D Audio

8m

Very low power
consumption

Ultrasonic

Headset

360°

Vibration of
headband

5m

360° object
detection

Cane

Range

3m
3m

Unique
Features
In production in
India for $90
Braille keyboard
input
360° feedback

2m

3m

The most common methods of relaying feedback to the user was through either
audio cues, or haptic feedback vibration motors. We decided that using auditory cues
to relay information to the user, as seen in the Blind-guide Crutch, A Mobility Device
for…, and RGB-D Sensor with Range Expansion projects, is not ideal [6, 7, 9]. Vision
impaired people need to rely on their hearing to navigate effectively, so adding extra
auditory stimulation can be detrimental [10]. Alternatively, haptic feedback motors
have been shown in several projects to be an effective and intuitive method of
relaying information to the user. They have the added benefit of being extremely
cheap, as these motors can be bought for just a couple dollars each. The location of
the feedback motors affects the user experience as well, as we experienced first-hand
in testing the Ultrasonic Headband, which had the motors attached to a headband.
Vibrations near the head are extremely distracting, so a more unobtrusive location,
like a waist or arm band is preferable.
The sensing methods in the reviewed systems were much more varied than the
feedback. The most accurate sensing systems had the tradeoff of requiring large
cameras, computers, and battery packs. We wanted to keep our system affordable and
comfortable, so those sensing methods were off the table. Almost all the remaining
systems included ultrasonic distance sensors, and for good reason. The sensors are
small, lightweight, and low-power, without sacrificing accuracy or response time,
making them excellent options for a wearable object detection system.
B.

Shortcomings of Similar Systems
After reviewing these systems, we identified two shortcomings of existing
systems that we believed we could improve on. The first common shortcoming was
the lack of “peripheral vision” offered through the sensing systems. Other than the
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Ultrasonic Headband and Path Force Feedback Belt, all the systems presented only
detected objects directly in front of the user with a limited field of view. This is
typically not a problem for navigating through open areas, like walking down a street,
but poses some challenges when considering enclosed or indoor spaces. Supposing a
front-facing ultrasonic sensor is being used, it’s likely that if a user were facing down
an empty hallway, the ultrasonic sensor would detect the walls to either side of them.
If only this front-facing sensor were being used, then the feedback system would
incorrectly indicate that an object is directly in front of the user. This is a problem
that addressed in our design by including side-facing sensors into our sensing system.
The other common shortcoming that we noticed was slow system response time.
A slow system could completely miss fast-moving objects, such as a person walking
past the user. Even worse, a long delay between measurement and feedback could
cause a user to walk into a wall because they didn’t have enough time to react to the
delayed feedback. More sophisticated sensing methods, like IR or RGB-D cameras,
add in extra processing time, leading to slower system response time. So, we decided
to stick to simpler, faster sensors for our design.
Unfortunately, adding side-facing ultrasonic sensors to address the first
shortcoming would increase system delays, working against the second shortcoming
that we sought to address. Ultrasonic sensors function by sending out a highfrequency sound, then waiting for the sound to bounce off an object and return to the
sensor, so multiple ultrasonic sensors can’t take measurements at the same time. Each
sensor would pick up the signals sent out by all the other sensors in the system,
leading to inaccurate and unreliable readings. The sensors could be triggered one at a
time, but this would incur significant delays to the sensing system if more than one or
two sensors is to be used. So, for our design, we needed to choose sensors that don’t
interfere with each other or with the ultrasonic sensor.
Our two main concerns were peripheral vision and system response time. To
address these concerns while still meeting our overall design goals of affordability,
comfort, and convenience, a novel approach was needed. Our design uses laser timeof-flight distance sensors to fill in the system’s “peripheral vision”. Laser sensors
function similarly to ultrasonic sensors in that they send out a signal and measure how
long it takes to bounce back, but laser sensors send out a pulse of light instead of
sound. The consequence of this is that they have a much smaller measurement angle,
so they can be placed close together and perform measurements simultaneously
without interfering with each other. They can also measure extremely quickly as
they’re gated by the speed of light instead of the speed of sound. Moreover, the laser
sensors can perform measurements at the same time as the ultrasonic sensor since the
two sensor types won’t detect the signals sent by the other, thereby minimizing the
system response time.
C.

Implications for Our Design
From this review, we identified two key areas that we believed we could improve
on: increased peripheral vision and faster response time. Improving on those metrics
would help make the system feel more intuitive and be more effective as a
navigational tool. We were also able to learn from the specific technology choices of
these similar projects to help guide our design. For instance, we liked the simplicity
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and effectiveness of the ultrasonic sensors used in the majority of the projects
reviewed, but we realized that we needed to add another type of sensor to maintain
system response time. Also, we noticed how intuitively haptic feedback motors can
relay information back to a user, as long as we were careful about the placement of
the motors so that the vibrations remained unobtrusive. Finally, we decided that we
would not use any kind of auditory feedback and would avoid sensing methods that
require significant processing power (say, a laptop in a backpack), or require too
much power to be practical.

III.
DESIGN
Our initial design was based around the lessons we learned from our review of
current technologies and on the requirements of our project’s stakeholder. We
determined that applying a single ultrasonic sensor facing forward and some amount
of laser time-of-flight sensors facing other directions would be the best method of
sensing a user’s surrounding environment within our overall design goals of
affordability, comfort, and convenience. We also decided that we would use haptic
feedback vibration motors on the waist or arm to relay the sensor data back to the user
in an intuitive and non-intrusive way. From these design considerations, we created
the system black-box diagram shown below in Fig. 2.

Fig. 2. System black-box diagram, showing the environmental and user coming into the system (left)
and the system outputs back to the user (right)

This diagram is a high-level description of the system, presenting the overall
inputs and outputs and ignoring the internal details. The inputs shown coming into the
system are: the distance to, and direction of, objects in the user’s surroundings;
battery power; and a user-interface in the form of power switches and wearable
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harnesses. The only output of the system is the haptic feedback, which is our chosen
method of relaying information on the user’s surroundings back to the user. This
diagram helped us conceptualize the system during development without getting
distracted by the implementation details. Using the black-box model, our proposed
system of sensing and feedback, and our previous design considerations, we began
looking towards implementation of our design concept.
A.

Major Design Decisions
The first decision we needed to make was what field of view we wanted the laser
sensors to have. From our analysis of current technologies, it was already a given that
we wanted sensors pointing to the sides of the user to improve system performance in
enclosed spaces. We decided that without too much extra effort, we would
additionally place sensors pointing behind the user to give us 360° object detection
coverage.
The next major decision was about the positioning of the sensors and haptic
feedback motors. Since we decided on 360° sensor coverage, we needed to mount the
sensors in a location that they would not be obstructed by the user’s body or clothing.
A headband with all the sensors attached to it was the only viable option to meet this
requirement.
To go along with the 360° sensor coverage, we needed 360° feedback. From
examining existing systems, we had determined that an arm or waist band were our
best options for mounting the feedback motors. To provide the most intuitive
feedback, we wanted an object in some direction relative to the user to cause a motor
in that same direction to vibrate. The arm shifts and rotates to much during normal
walking movement to consistently meet that requirement, so we decided to mount the
feedback motors on a waistband.
Since we had at this point decided that we would have a headband of sensors and
a waistband of feedback motors, we now needed to decide how we were going to
connect these two components into one system. We decided that wires connecting the
two bands would be too unwieldy to put into practice, considering that the feedback
waistband could potentially be worn under a jacket. We decided that we would keep
the two bands physically separate, and instead connect the two using wireless
communication. This introduced many challenges pertaining to the physical
implementation of our system, like where to put the power source and controlling
circuitry on a headband, but we decided that the tradeoff was worth it.
The rest of the design components followed out of necessity. We needed
microcontrollers to control the sensors and feedback motors, two separate PCBs in
two separate enclosures to wire together and protect all the circuitry, harnesses to
fasten the sensor headband and feedback waistband to the user, and wireless
communication between the microcontrollers in the two bands. Fig. 3 on the next
page shows the final system with all the constituent components labeled, and Fig. 4
shows the object detection ranges of the system.
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Sensor
Band
Sensor
Enclosure

Feedback
Band

Feedback
Enclosure

Fig. 3. Completed design concept with constituent components labelled

Fig. 4. Object detection ranges

B.

System Block Diagram
From our final system design, we created the system block diagram shown on
the next page in Fig. 5. To make that diagram, we identified all the key individual
system components, the connections between them, and how they relate to the overall
inputs and outputs of the system.
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Fig. 5. System block diagram, showing the major components of the system abstracted into a single
block. The blocks that I designed and implemented are highlighted in green.

This diagram is a lower-level diagram as compared to the black-box diagram
previously presented, meaning it shows additional design details that were previously
abstracted away. It represents all the key components of the system as individual
blocks with arrows showing how those blocks fit together. The same inputs and
outputs from the black-box diagram in Fig. 2 are included in this diagram as well.
Creating this diagram has many benefits: it helps us visualize the different
components of the system that need to be assembled, it lets us break up this large
project into manageable chunks, and it allows us to divide up work between the team
members in an organized fashion.
The meaning of each block in the diagram above and its purpose in the complete
system at a high level are described briefly in the subsections below. I will describe
the implementation process and results for the blocks for which I was responsible,
highlighted in green in Fig. 5, in significantly more detail in the Implementation
section.
1)

Laser ToF Sensors
The laser time-of-flight (ToF) distance sensors provide short-range (< 1m) object
detection in 360° around the user. The 360° coverage allows the user to navigate
through enclosed spaces, like down an indoor hallway.
2)

Ultrasonic Sensor
The ultrasonic sensor provides long-range (< 5m) object detection in front of the
user. This gives the user advanced warning of obstacles directly in front of them,
letting them walk forwards with more confidence.
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3)

Haptic Feedback
The haptic feedback motors mounted on the waistband serve to relay information
about detected objects back to the user. They vibrate with intensity corresponding to
detected object distance – a closer object will cause stronger vibrations. Several
haptic feedback motors are spaced evenly around the band so that the system can
indicate the direction of the detected object as well. For instance, an object to the left
of the user will vibrate a motor touching the left side of the user.
4)

Power Supply
The power supply circuitry provides a connection point for a rechargeable battery,
regulation circuitry to ensure stable power distribution to all the system components,
and a charging circuit so that a user can recharge the included battery.
5)

Sensor Controller
The sensor controller is a microcontroller inside of the sensor band that interfaces
with the laser and ultrasonic sensors. It is connected via Bluetooth the feedback
controller.
6)

Feedback Controller
The feedback controller is a microcontroller inside the feedback band that
interfaces with the haptic feedback motors. It is connected via Bluetooth the sensor
controller.
7)

Controller Code
Each controller has its own code since they accomplish very different tasks. This
block oversaw the creation of all the code required to run the system. Plain-English
explanations of the code functionality will be shown in the Implementation section,
and the complete C-code is given in the Appendix.
8)

Bluetooth
There is a Bluetooth module in both the sensor band and feedback band
enclosures that are wirelessly linked together so that sensor data can be transmitted to
the feedback band without needing wires to connect them together. This connection is
made automatically on system startup.
9)

PCB
The PCBs (Printed Circuit Boards) in our system serve to connect multiple
components in a stable and space-efficient way, as compared to directly connecting
wires between them. There are four unique PCB designs in this system, all of which
will be presented in detail in the Implementation section.
10) Enclosure
Both the feedback band and sensor bands have a battery, and several electronic
modules and circuits that need to be contained compactly and safely. Two system
enclosures fulfil this function and ensure that all the electronics are protected from
water damage and physical intrusion.

12

11) Feedback Harness
The feedback harness is made up of two components: a clip attached to the
feedback enclosure holds the enclosure to the user in a comfortable and stable
fashion, and a waistband holds the feedback motors in a fixed orientation around the
user’s waist tightly enough so that the user can clearly feel the vibrations.
12) Sensor Harness
The sensor harness is made up of two components: an arm band attached to the
sensor enclosure holds the enclosure to the user in a comfortable and stable fashion,
and a headband holds the laser ToF sensors and the ultrasonic sensors in a fixed
orientation on the user’s head.
13) Project Management
Jacy Barr was our project manager for this group project. This isn’t a physical
part of the system, it was just included in the design as a block for grading and
organizational purposes. Jacy’s role as project manager was mainly to set a project
timeline and ensure that we followed it. This involved scheduling meetings and
communicating with the course instructors and our project’s stakeholder.
Along with these high-level descriptions, my team and I also explicitly defined
the requirements for each block in the system and the properties of the interfaces
between connected blocks. This allowed us to design the blocks separately, since we
knew from the beginning of the design how they were to fit together. Further details
on the design, implementation, and results of the blocks for which I was responsible,
as highlighted in green in Fig. 5, are presented next in the Implementation section.
IV.
IMPLEMENTATION
With the system design finished, my team and I could now move into
implementation. The first major step was to implement each of the blocks from our
system block diagram (Fig. 5) that would make up the complete system. We all
continually referenced back to our high-level designs and our notes on the review of
other similar projects to keep us on track for a successful implementation.
This section will present the implementation details for each of the blocks for
which I was responsible. Each of these block implementation descriptions will begin
with a more thorough explanation of the purpose of the block, and the requirements
for the design so that it could be integrated into the complete system. Then, I will
discuss the technologies I selected to implement the block’s design and present the
details of the implementation. Schematics, code, and/or PCB layouts will be included
as they are relevant to each block. Finally, the results of the implementation process
will be presented, including images of the completed block and a brief discussion on
the successes and failures of the implementation process.
A.

Laser ToF Sensors
The laser Time of Flight (ToF) sensors provide most of the sensory information to
the system. Two of the main goals of this project were to create a system with 360°
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object detection capabilities, and a fast response time. Laser sensors are small enough
that I can easily fit enough of them on a band to achieve the 360° object detection
goal, and they can perform measurements extremely quickly compared to other kinds
of sensors, so a fast response time is achievable with these sensors. Table 2 below
lists the interfaces of this block with other blocks in the system, and the properties of
those interfaces around which I based my design.
Table 2. Laser ToF sensor block interfaces

Interface

Properties

Environment

- Maximum range of at least 1 m
- Minimum detection angle of at least 5°
- Accuracy of 5%
- 360° object detection
- Waterproof
- Performs a measurement in less than 40ms
- Can be triggered to perform a measurement
and return the measured object distance
- Runs off the 3.3V system power supply
- Draws less than 900mA

Sensor Controller

Power Supply

1)

Technologies Selected
To perform the sensor measurements for this block, I chose the VL53L0X Laser
ToF Sensor, produced by STMicroelectronics. Infra-red laser measurement sensors
are not new technology, but getting them into a small, low-power, cost effective
component has only become possible in the past few years. As such, there were few
laser sensors on the market that fit all our design needs. For many reasons, the
VL53L0X sensor was the only option for our project.
The VL53L0X sensor is tiny, at only 4.4 x 2.4 x 1 mm. The small size allowed me
to put basically as many sensors as I wanted on the sensor headband, so the 360°
object detection goal was easy to achieve. The sensor also easily fits our measurement
requirements, with a maximum range of up to 2 m, a measurement angle of 12.5°, and
an accuracy of 4%. Its measurement time can go as low as 20 ms, though I chose to
use the standard measurement time of 33 ms because it loses some accuracy when
speeding up the measurement time. It consumes little power, drawing only 19mA
during a measurement. Finally, while the sensor package is not waterproof, I was able
to manually waterproof each sensor using a waterproof silicone sealant.
I also needed to implement a delay circuit, the reasons for which are described
below. To accomplish this, I chose the MAX6895 Delay IC (Integrated Circuit),
produced by Maxim Integrated. This component delays signal propagation, meaning a
signal going HIGH on its input goes HIGH on its output after some programmable
delay. I chose this particular component because its cheap, small, and has great
documentation that made the design process easy.
In addition to the laser sensor and delay IC, I needed to add several resistors and
capacitors connected to those two components to make them work properly. Resistors
and capacitors are standard components, so I simply picked them based on cost and
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size according to the value needed for the laser sensor and delay IC, as indicated by
the datasheets for those two parts.
2)

Implementation Details
The first implementation step was to determine the number of VL53L0X sensors
required to achieve 360° object detection capabilities. Each sensor has a measurement
angle of ~12°, so to cover all 360°, I needed 360°/12° = 30 sensors. The sensors are
small enough that fitting 30 on a typically-sized headband was not a problem. I then
had to ensure that this number of sensors was electrically feasible.
The sensor chosen communicates over an I²C bus, so I could only connect as
many sensors as would meet the capacitance limitations of the I²C communication
protocol. Each additional sensor on the bus adds a bit more capacitance, which further
distorts the signals being sent by the microcontroller – too much capacitance can lead
to communication errors. Each sensor adds 10pF of capacitance, and the maximum
allowed on an I²C bus is 400pF, so we could theoretically have up to 40 sensors
without running into capacitance problems. Thus, the capacitance of 30 sensors
would not be a problem. Finally, each sensor draws 19mA, so 30 sensors would draw
570 mA, which is well under the 3A limit of the power supply. With both the power
and capacitance requirements met, the 30 sensors calculated to cover 360° was
attainable.
The next key challenge that I needed to solve was how to enable individual
communication with each of the 30 sensors in the chain when they all share the same
I²C bus. Essentially, the same two wires connect every single sensor in the chain to
the microcontroller, and each component on the bus has an “address” to identify itself
with so that signals of each sensor can be uniquely identified. Luckily, the sensors
have a programmable address, so I could make each address unique. Unfortunately,
every time the sensor band is switched off and back on, the sensor address resets to
the default address. The problem here is that all the sensors initially have the same
address, so if they were all enabled at the same time, I wouldn’t be able to
individually reprogram each address, because that would require them to be
individually addressable in the first place!
My solution to this problem was to add a delay in the ENABLE signal being sent
by the microcontroller to the sensor chain to turn on the sensors one-at-a-time with a
30 ms delay. As that signal propagates through the sensor chain, I can then reprogram
each sensor from the default address to a unique address. When each sensor turns on
for the first time, it will be the only sensor on the default address, because I would
have already reprogrammed the addresses of all the sensors before it in the chain.
With all these design challenges overcome, the next step was to fabricate a PCB
(Printed Circuit Board) to hold an individual laser sensor and all the circuitry
necessary to interface with it. Thirty of these PCBs would then be linked together,
one after another, to form the complete band. The schematic in Fig. 6 below shows
the final design of this PCB.
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Fig. 6. Laser ToF sensor PCB schematic

This schematic shows the VL53L0X laser sensor and the MAX6895 delay IC
previously discussed. Capacitors C1 and C2 smooth the power inputs to the laser
sensor, and capacitor C3 sets the delay on the delay IC to be 30 ms. The values of all
these capacitors were calculated from the datasheets of each component.
The bottom section of the schematic shows the external connections to the PCB.
All the pins (denoted by the × symbol) labeled _I are the inputs, and all the _O pins
are outputs. The power lines (VCC and GND) lines and I²C lines (SCL and SDA) are
routed straight through from input to output, and the ENABLE signal (XSHUT) line
goes through the delay IC before being output, creating the propagation delay
previously discussed.
The next step was to physically lay out all the components and wires onto a PCB
so that it could be fabricated. I needed to make the width of the PCB as small as
possible so that we could fit all 30 onto a typically-sized headband. Since there were
very few components to fit onto the PCB, this did not pose a significant challenge.
Fig. 7 below shows the final design of the PCB, labeled with reference designators
(C1, C2, …) and wire names (VCC, GND, …) according to the schematic in Fig. 6
above.
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Fig. 7. Laser ToF sensor PCB layout.
Red=top, Blue=bottom, Gray=silkscreen, Green=vias from top to bottom

3)

Results
The implementation process for this block progressed without any major setbacks.
I made a wiring mistake on the first batch of PCBs that I ordered that caused the
delay IC to not function properly, but a quick re-routing and re-ordering of the PCBs
fixed the issue. Fig. 8 below shows two completed PCBs chained together. Thirty of
these sensors are chained together like that to create the full sensor band.

Fig. 8. Two laser ToF sensor PCBs, connected with rainbow ribbon cables
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B.

Ultrasonic Sensor
As we had determined in the review of current technology, ultrasonic sensors are
an effective, low cost, and low power method of sensing objects in a user’s
environment. While the laser sensors are the primary sensor used in the system, the
ultrasonic sensor is used to compensate for the shorter range and smaller detection
angle of the laser sensors by providing a wide-angle, long-distance measurement in
front of the user. This ensures that objects in front of the user that they are most likely
to collide with are not missed. Table 3 below lists the interfaces of this block with
other blocks, and the properties of those interfaces around which I based my design.
Table 3. Ultrasonic sensor block interfaces

Interface

Properties

Environment

- Maximum range of at least 5 m
- Minimum detection angle of at least 37.5°
- Accuracy of ±10 cm at any distance
- Waterproof
- Performs a measurement in less than 40ms
- Can be triggered to perform a measurement
and return the measured object distance
- Runs off the 3.3V system power supply
- Draws less than 30mA

Sensor Controller

Power Supply

1)

Technologies Selected
The circuitry required to perform a measurement with an ultrasonic sensor is quite
complex. To save time and ensure a quality product, I chose an off-the-shelf solution,
the JSN-SR04T waterproof Ultrasonic Sensor module. The sensor used in the module
passes our measurement requirements with a range of 6 m, a detection angle of 37.5°,
and an accuracy of 2 cm. The board that controls the driver can perform a
measurement in less than 38 ms, and only draws about 20mA during a measurement.
2)

Implementation Details
Since I decided to use an off-the-shelf solution, all I had left to do was to
incorporate this sensor into the microcontroller code. This process is described in the
Controller Code section later in this Implementation section.
3)

Results
This implementation met all the requirements for this block thanks to the highquality module chosen. Fig. 9 below shows the ultrasonic module and sensor, and
Fig. 10 shows the sensor itself on the sensor band, inside of the enclosure designed by
my teammate, Jacy Barr.
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Fig. 9. Ultrasonic module board (left) and sensor (right)

Fig. 10. Ultrasonic speaker inside of the enclosure on the sensor band

C.

Haptic Feedback
From the current technology review, we decided to use haptic feedback vibration
motors as our method of relaying detected object information sensed by the system
back to the user. To correspond to the 360° object detection that our system provides,
we needed the feedback to be able to indicate objects in any direction. However, we
didn’t want to place too many motors on the feedback band, because if the motors
were too close together it would be difficult to pinpoint the direction that the system
is indicating. We settled on having 8 motors on the band, spread evenly in 45°
increments around the user’s waist.
Since we wanted users to be able to feel the distance to detected objects, not just
direction, we needed the haptic feedback motors to be able to vibrate with different
intensities. This could be accomplished either by varying the power going to the
motor to make the vibration stronger or weaker (closer object means stronger
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vibration), or by pulsing the motors with frequency corresponding to distance (closer
object means faster pulsing). The problem with the second option, varying pulse
frequency, is that that method requires potentially long periods without motor
feedback when objects are far away since the pulse frequency would be slow. This
makes the system feel less responsive, since the user would potentially only be
feeling the feedback a couple times per second, even though the system is actually
measuring upwards of 10 times per second. For this reason, we decided to vary
intensity instead of frequency to communicate distance information.
Table 4 below lists the interfaces of this block with other blocks, and the
properties of those interfaces around which I based my design.
Table 4. Haptic feedback block interfaces

Interface

Properties

User

- 4 distinct feedback intensities
- Continuous vibration in normal mode
- Pulsed vibration (100 ms ON, 150 ms OFF)
in low-power mode
- Can be switched ON/OFF in less than 50 ms
- Runs off the 3.3 V system power supply
- Draws less than 500 mA

Feedback Controller
Power Supply

1)

Technologies Selected
To meet all the requirements shown in Table 4, I selected the W0825AB001F
vibration motor, produced by Jinlong Machinery & Electronics. These motors have a
vibration intensity of 1.0 Grms, which is strong enough to feel through a thin layer of
clothing. They also draw only 60 mA and can run off 3.3 V, so they meet our power
requirements. They are a DC motor, so the intensity of vibration can be controlled
using PWM (Pulse Width Modulation). This is described in the Controller Code
section later in this Implementation section.
To be able to switch the motors on and off, I needed to include a transistor
(essentially an electrically-controlled switch) that the microcontroller could toggle.
For this purpose, I chose the very standard 2n7000 N-Channel MOSFET. This
transistor can easily handle the 60 mA current and can be controlled by the 3.3 V
microcontroller signals.
2)

Implementation Details
Like the laser sensors, each haptic feedback motor has its own smaller-scale PCB
that holds the circuitry required to interface with it. This circuit is very simple, being
just a motor with an electronic switch to turn it on and off. The schematic for this
circuit is shown in Fig. 11, and the physical layout of the PCB is shown in Fig. 12. An
explanation of how the haptic feedback motors are used in the system to
communicate with the user is given before the pseudocode in Fig. 24.
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Fig. 11. Haptic feedback PCB schematic

Fig. 12. Haptic feedback PCB layout

The positive end of the motor and VCC connect to the empty pad indicated by the
+ in the layout. The negative end connects to the transistor Drain, indicated by the –.
The transistor Gate, indicated by the G, connects to the microcontroller so that it can
switch the transistor on and off, and hence switch the motor on and off. Finally, the
transistor Source, indicated by the S, connects to the system GND.
3)

Results
After extensive testing of the haptic feedback motors, we fine-tuned the motor
intensities that correspond to the different object detection distance intervals. The
difference between the intensity levels feels subtle, but with practice it is intuitive to
sense the distance being indicated by the vibration. Fig. 13 below shows the
fabricated PCB, and Fig. 14 shows the complete band of all 8 haptic feedback PCBs
on the system feedback band, connected to the feedback enclosure.

21

Fig. 13. Printed haptic feedback motor PCB

Fig. 14. Completed feedback band with all 8 haptic feedback motors, shown connected to the feedback
enclosure

D.

Power Supply
Both bands need to be supplied with a stable, long-lasting, and rechargeable
source of power. And since our system is wearable, it clearly needs to be battery
powered.
Especially in the sensor band, fluctuations in the power supply can cause
measurement errors in the sensitive sensors that we’re using in this system, so we
needed to include some form of power regulation to keep the supply constant. To
make the power source long-lasting and rechargeable, we needed to use a high
capacity, rechargeable battery. This would ensure that a user of the system wouldn’t
have to worry about losing battery power while away from a charger and could
recharge before or after every use to maintain that ability. Table 5 below lists the
interfaces of this block with other blocks, and the properties of those interfaces
around which I based my design.
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Table 5. Power supply block interfaces

Interface

Properties

Laser ToF Sensor
Ultrasonic Sensor
Sensor Microcontroller
Feedback Microcontroller
Haptic Feedback
Bluetooth

- 3.3 V, 900 mA
- 3.3 V, 30 mA
- 3.3 V, 20 mA
- 3.3 V, 20 mA
- 3.3 V, 500 mA
- 3.3 V, 30 mA

In total, the sensor band power supply needs to be able to source 980 mA at any
given time, and the feedback band power supply needs 550 mA.
1)

Technologies Selected
The industry standard battery type for high-capacity, low-voltage applications
such as our project are Lithium-Ion batteries, which can be found in many different
capacities. I just needed to determine how much charge capacity we needed to power
our system long enough to meet our 12 hour battery life requirement.
While the laser sensors draw a maximum of 900 mA during measurements,
they’re only measuring 20% of the time, so on average they actually draw 180 mA.
The haptic feedback motors, however, are continuous, so the feedback band set the
minimum on the battery size. To calculate the required capacity, I used the maximum
current draw of the feedback band of 550 mA, and the battery life requirement of 12
hr, to calculate the battery capacity of (550 MA) × (12 hr) = 6600 mAh. This is a
standard Lithium-Ion battery size, so 6600 mAh is the size I decided on.
Ideally, I would have wanted a battery with at least a 50% higher capacity than
needed, so picking exactly the value needed was cutting it very close. However, the
next largest standard capacity required significantly larger batteries that I determined
were too big to reasonably use in a wearable system. I compensated for this tradeoff
by reducing the maximum power delivered to the haptic feedback motors so that they
would drain the battery slower, thereby allowing us to safely meet our battery life
requirement.
I selected the ICR18650 Lithium-Ion battery produced by Shenzhen PKCell
Battery Company. Its maximum discharge current of 3.3 A is well above our 980 mA
maximum, and its charging current of 1.65 A will let us quickly recharge the batteries
after depletion.
To handle charging, I decided to design and build my own charging circuit. The
majority of Lithium-Ion battery chargers are made to charge through USB, which
limits the current to 500 mA. This battery can handle more than three times that
current, meaning we could potentially charge it three times faster. Chargers also often
include other circuitry, like output voltage regulators and LEDs, that we don’t need
for our design. Those extra features just waste power and take up valuable space in
our design. To form the base of my design, I selected the ADP2291 Li-Ion battery
charger IC, produced by Analog Devices. This IC can handle up to 1 A of charging
current, letting us charge the battery twice as fast as an off-the-shelf solution without
all the unnecessary features.
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Finally, I needed to regulate the output voltage of the battery to the 3.3 V required
for all the components in our system. To keep cost, size, and complexity low, I
decided on using a linear, low-dropout voltage regulator. Linear regulators are great
at producing the stable voltage outputs needed for our sensitive sensors, and the lowdropout versions let us run the battery until it’s very close to being completely
depleted before it shuts down. I chose the UCC283 regulator, produced by Texas
Instruments. That regulator has a maximum output current of 3A, well above our 980
mA maximum.
2)

Implementation Details
With the battery, charger, and regulators all selected, I needed only combine them
into one design. The only minor setback I had in this design was with the voltage
regulators. Due to fundamental electrical limitations, all types of regulators have
trouble maintaining their output voltage when a sudden spike of current is drawn
through them. Our laser sensors go from drawing basically no current, to drawing
close to an Amp in just a couple microseconds when they all start measuring. This
causes a huge current spike through the regulator, which significantly drops its output
voltage. In my initial design with a single voltage regulator, this current spike
dropped the output voltage low enough that it was actually turning off most of the
components in the system, making the system completely non-functional.
My solution to this was very simple: I added another voltage regulator in parallel
with the existing one. This made it so that each regulator only had to supply half of
the current spike caused by the laser sensors, so the output voltage dropped less, and
the system was able to remain functional. Fig. 15 below shows the final power supply
schematic with the doubled voltage regulators.

Fig. 15. Power supply schematic

The block on the far-left is a power-jack input to connect the charger IC to a
power source. The block in the middle-left is the charger IC, with all the necessary
components attached to it to set it to charge at 1 A, as given in the datasheet for the
component. The two blocks in the middle-right are the voltage regulators, with
capacitors on either end to help hold the output voltage constant. Finally, the
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components on the far right are the two switches; the bottom switch is the master
power switch for the system, and the top switch enables low-power mode by
connecting the LP pin on the microcontroller to VCC. The R4 resistor pulls down the
LP pin to GND when the low-power mode switch is not enabled.
3)

Results
Other than the slight setback with needing a second voltage regulator, the results
of this implementation met all the block’s requirements. The charging circuit was
able to safely charge the system’s batteries faster than we would have been able to
with an off-the-shelf solution, the power delivered was smooth enough for system
functionality, and the battery capacity was large enough to ensure a 12-hour battery
life. The physical layout of the power supply can be seen in both the sensor band PCB
(Fig. 17) and feedback band PCB (Fig. 19) layout figures, and the corresponding
fabricated PCB images.
E.

PCB
I created four unique PCB (Printed Circuit Boards) designs for our system. Two
of these designs were discussed already in the Laser ToF Sensor and Haptic
Feedback subsections in this Implementation section, so they won’t be presented
again in this section. Those two designs hold all the circuity for interfacing with the
laser sensors and for controlling the haptic feedback motors, respectively. The other
two PCBs were created to go into each enclosure; one for the sensor band and one for
the feedback band. The purpose of these two PCBs was to connect all the different
components used in each of the two bands into one cohesive unit in a way that is
space-efficient and sturdy. This let us minimize the size of the enclosures, making the
system more comfortable for the user to wear. Table 6 below lists the components
included on each of these four PCBs.
Table 6. Components included on each PCB in the system

PCB Design
Sensor Band PCB

Feedback Band PCB

Components Included
- 4.2V Lithium-Ion battery interface and
charger circuit
- 3.3V regulated power supply
- Microcontroller
- Ultrasonic sensor module
- Bluetooth module
- Power switch, and low-power mode switch
- Output connector to the sensor band
- 4.2V Lithium-Ion battery interface and
charger circuit
- 3.3V regulated power supply
- Microcontroller
- Bluetooth module
- Power switch, and low-power mode switch
- Output connector to the feedback band
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PCB Design

Components Included

Laser Sensor PCBs

- Laser ToF Sensor
- Circuitry to interface and control the sensors
- Circuitry to connect multiple of these in a
row on one I²C bus.
- Haptic feedback motor
- Transistor to switch the motor on and off

Haptic Feedback Motor
PCBs

1)

Technologies Selected
Since our system is low-power and doesn’t have any high-frequency signals, both
of which would require sophisticated PCB technologies, I was able to use relatively
cheap PCB technologies. I ordered all the PCBs from www.PCBWay.com, selecting
the cheapest option in all categories, tabulated below. Essentially, this means
selecting the cheapest materials and process for fabrication of the PCBs, since the
requirements for my designs are so lax. Table 7 below shows the values I chose for
the specifications on PCBway for all the PCBs in our system.
Table 7. PCB fabrication specifications

2)

Specification

Value

Board Material
FR4-TG
Board Thickness
Minimum Thickness
Minimum Spacing
Minimum Hole Size
Surface Finish
Via Process
Copper Thickness

Normal FR-4
TG 130-140
1.6 mm
6 mils
6 mils
0.3 mm
HASL with lead
Tenting vias
1 oz

Sensor Band PCB
The sensor band needed to hold the power supply, described in the Power Supply
section earlier in this Implementation section, the sensor band microcontroller,
ultrasonic module, and Bluetooth modules, as well as output connectors to connect to
the laser and ultrasonic sensors. The size of the PCB needed to be as small as
possible, so that the size of the enclosure that the user needed to wear could be
minimized. Since the minimum width of the enclosure was already set by the battery,
I fixed the PCB width to that and expanded only the length of the PCB to fit all the
components.
Other than what has been previously discussed in earlier subsections of this
Implementation section, I only needed to add two resistors to pull the I²C data lines
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up to VCC, as per the specifications of the I²C protocol. Fig. 16 shows the final
schematic of the sensor band PCB, and Fig. 17 shows the physical layout of the PCB.

Fig. 16. Sensor band PCB schematic
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Fig. 17. Sensor band PCB layout
Red=top, Blue=bottom, Gray=silkscreen, Green=vias from top to bottom

3)

Feedback Band PCB
My methodology for designing the feedback band PCB was essentially the same
as with the sensor band. I fixed the width to be the same as the battery width, then
extended the length to fit all the components that needed to be on the feedback band.
Again, all components on this PCB have been previously discussed other than the two
pull-up resistors attached to the I²C data lines. Fig. 18 shows the final schematic of
the sensor band PCB, and Fig. 19 shows the physical layout of the PCB.
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Fig. 18. Feedback band PCB schematic
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Fig. 19. Feedback band PCB layout
Red=top, Blue=bottom, Gray=silkscreen, Green=vias from top to bottom

4)

Results
The PCBs shown in this section were ordered from PCBWay after I completed
and verified the designs. below show the resulting boards, before and after soldering
all the components down. There were two errors on this final design that needed to be
manually corrected after the PCBs arrived. The first error was that I forgot to add to
plug the battery into the charger board. To fix this, I attached a connector directly to
the pins of the voltage regulator. This is admittedly not the most professional
solution, but we unfortunately didn’t have time to re-print the designs to correct this
error. The other error was that I connected the “off” end of both switches to GND,
which would short power to ground on both switches. To fix this, I cut off that pin on
the switches so that they wouldn’t connect to GND when off. After correcting those
two errors, the PCBs functioned as expected. Fig. 20 below shows the two printed
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PCBs, before adding components to them, and Fig. 21 shows them with components
added, next to the two enclosures.

Fig. 20. Printed feedback PCB (left) and sensor PCB (right) before adding components

Fig. 21. Feedback PCB (left) and sensor PCB (right) with components added, shown next to their
respective enclosures

F.

Controller Code
Our system is comprised of many different individual modules. There is an
ultrasonic sensor, a long chain of laser sensors, Bluetooth modules, and haptic
feedback motors. Each of these components doesn’t do anything on its own; they all
need to be controlled externally by a microcontroller.
We have two microcontrollers in the system, one in each of the two bands. These
control the function of all those sensors, motors, and modules. The sensor band
microcontroller triggers all the sensors to take measurements, reads the measurement
data, processes the data into manageable packets, and sends those data packets to the
feedback band microcontroller. The feedback band microcontroller reads those data
packets from the sensor band microcontroller, processes that data, and uses it to send

31

out control signals to the haptic feedback motors to relay detected object information
to the user. Both microcontrollers also have a low-power mode input that affects
some of these processes. This whole process is happening between 5 and 10 times per
second. The controller code is the instructions I wrote and stored on each of the
microcontrollers to makes all of this happen.
The complete code is included in the Appendix. In this section, I will present and
discuss the pseudocode, a plain-English explanation of the function of the code,
ignoring the details of how the code is written.
1)

Sensor Band Microcontroller Pseudocode
As described in the Laser ToF Sensor subsection in this Implementation section,
the laser sensors are all controlled by the same I²C bus connected to the
microcontroller. All the laser sensors start with the same address on start-up, which
would prevent the microcontroller from controlling them individually. A delay circuit
between each sensor in the chain causes them to enable one-at-a-time, allowing for
them to be individually reprogrammed to have a unique address, so that they can all
share this I²C bus. The pseudocode in Fig. 22 below describes the initialization
procedures for the sensor band microcontroller. The procedure runs once on system
startup and takes just under one second to complete.
1)
2)
3)
4)
5)
6)

Initialize the I²C communication settings
Send an ENABLE signal to the first laser sensor
for i = 1 to 30 do
Program the sensor at the default I²C address to
be the default address + i
Wait 30ms
end for
Fig. 22. Sensor controller initialization pseudocode

The code loop after the sensor initialization is more straight-forward. Essentially,
it reads all the sensor data, determines the distance interval that the closest object in
all directions is, then sends that data to the feedback band microcontroller to be
relayed to the user through the haptic feedback motors. The pseudocode in Fig. 23
below describes the continuous loop procedures for the sensor band microcontroller.
The procedure loops every 160 ms in low-power mode, and every 100 ms in normal
mode.
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1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)

for i = 1 to 32 do
Trigger sensor i to perform a measurement
end for
Trigger the ultrasonic module to perform a
measurement
Record the time taken for the ultrasonic module to
measure
if in low-power mode then
Wait for 30 ms minus the ultrasonic module
measurement time
else
Wait for 90 ms minus the ultrasonic module
measurement time
end if
for i = 1 to 30 do
Read sensor i measurement result
end for
for i = 1 to 8 do
min = minimum of sensors corresponding to motor i
case min of
[0, 200]: output[i] = 5
[200, 600]: output[i] = 4
[600, 1000]: output[i] = 3
[1000, 3000]: output[i] = 2
[3000, 5000]: output[i] = 1
> 5000 : output[i] = 0
end case
end for
Send output over Bluetooth
Fig. 23. Sensor controller loop pseudocode

2)

Feedback Band Microcontroller Pseudocode
As described in the Haptic Feedback subsection in this Implementation section,
the intensity of the haptic feedback motors is controlled using PWM (Pulse Width
Modulation). Essentially, this code will switch the motors on and off in a 10 ms
pattern where the percentage of time that the motor is ON in this 10 ms governs the
intensity of the vibration. If it’s mostly ON in the 10 ms period, it will vibrate
strongly, if it’s mostly OFF, it will vibrate weakly. The percentage that the motor is
ON is called the “duty cycle”. For example, a 90% duty cycle in a 10 ms period
means that the motor is ON for (10 ms) × (90%) = 9 ms, and OFF for (10 ms) × (1 –
90%) = 1 ms. Our system has five different intensities, corresponding to four
different object distance ranges, and a “no-measurement” setting. The duty cycles for
each range, from strongest to weakest, is: 100%, 95%, 80%, 70%, 55%, and 0%.
Low-power mode preserves those intensities, but just briefly pulses the motors
four times per second instead of leaving them on continuously. To preserve system
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responsiveness, the controller will also force a motor pulse if an object is detected
close to the user. This ensures that the user won’t miss an obstacle near them because
of the low-power mode setting. The pseudocode in Fig. 24 below describes the
continuous loop procedures for the feedback band microcontroller. The procedure
loops every 10 ms.
1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)
14)
15)
16)
17)

if Bluetooth data packet received then
Update the motor[8] array
end if
Turn all motors OFF
if normal mode or (low-power mode and (any motor
changes to interval 5 or counter < 10) then
Switch on motors with motor[] == 5
Wait for 0.5 ms
Switch on motors with motor[] == 4
Wait for 1.5 ms
Switch on motors with motor[] == 3
Wait for 1.0 ms
Switch on motors with motor[] == 2
Wait for 1.5 ms
Switch on motors with motor[] == 1
Wait for 5.5 ms
end if
counter = (counter + 1) % 25
Fig. 24. Feedback controller loop pseudocode

G.

Implementation Summary
At this point in the project, we had successfully implemented all the individual
blocks that would make up the complete system. Within my team, we all followed
similar procedures to implement our blocks. Based on the requirements for the block
within the system, we selected the appropriate technologies around which to base the
design, then built and tested the block. Since we designed each block around clearly
defined requirements for how they all connect together, we were able to move into
system integration with confidence.
V.
SYSTEM INTEGRATION
With all blocks in the system block diagram shown in Fig. 5 implemented
individually, we were able to begin working on combining them into a complete
system. While all components continued to work individually, system integration
introduced several new, unexpected challenges. Specifically, the wiring and physical
connections between the separate components.
We quickly realized that our initial idea of mounting each enclosure on the bands
themselves was not a viable option. The sensor enclosure was too bulky to
comfortably fit on a headband without sliding down the user’s head, and the feedback
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enclosure was large enough that there wasn’t enough room to space the eight haptic
feedback motors properly on the band. We couldn’t reduce the size of the enclosures
due to the large battery size needed to meet our battery life requirement. So, to
address this issue, we redesigned both enclosures so that they would instead clip onto
the user’s clothing: an armband for the sensor enclosure and a belt or pants pocket for
the feedback enclosure. This change added extra wires to our system to connect the
enclosures to the respective bands, but the dramatically increased comfortability was
deemed a worthy tradeoff.
Another major challenge we faced in system integration was that our method of
routing wires entering and exiting the enclosure was initially quite poor. We required
several iterations of enclosure and connector designs for everything to function
consistently and neatly. Fig. 25 below shows our three iterations of enclosures, each
with their own connector method.

Fig. 25. Connection method version 1 (top-left), 2 (bottom-left), and 3 (right)

Our initial design, shown in the top-left of Fig. 25, had intermediary wires
between the PCB and the connectors glued into holes in the enclosure. In addition to
requiring a significant amount of extra space within the enclosure, wires began
snapping off the connectors, and with no real way to remove the connectors to
reattach the wires, we essentially had to start from scratch.
The next revision, shown in the bottom-left of Fig. 25, did away with wires inside
of the enclosure by attaching the connectors directly to the PCB, then attaching the
connectors to the removable lid of the enclosure. This saved a significant amount of
space and allowed us more room to maneuver to fix connectivity problems, should
they occur. Unfortunately, the connectors we chose for this iteration proved to be
extremely unreliable. They wore down over time as we plugged and unplugged wires,
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eventually cutting out signal flow entirely. We were able to fix this issue by directly
soldering everything together, but this solution is unreliable, unprofessional, and
could break at any time.
Our final iteration, shown on the right in Fig. 25, had a similar concept to the
second iteration, with connectors directly connected between the PCB and enclosure
lid, but we replaced the cheap, low-quality connectors with consumer-grade, reliable
connectors. Using commercially-available connectors also let us purchase
commercially-available cables, which are significantly more sturdy and neat than the
handmade cables we were using before. This connection method has proven to be
reliable and hasn’t caused any issues since we implemented it.
After addressing these comfort and wiring challenges, we were able to complete
system integration. All our individual blocks continued to work in the combined
system, and all our interfaces between blocks meshed together as intended. With the
system now completely built and functional, we were able to progress into systemlevel testing against the system requirements outlined in the Introduction section.
VI.
RESULTS
The diagrams included below show the resulting physical system following the
successful completion of the system integration phase of the project. Fig. 6 shows a
user wearing the complete system, comprised of the sensor band and enclosure, and
the feedback band and enclosure. Fig. 26 below shows the two band and enclosures,
and Fig. 27 shows the interface panel for each enclosure.

Fig. 26. Final system sensor band and enclosure (left), and feedback band and enclosure (right)
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Fig. 27. Enclosure interface panel with (from left to right) charging port, sensor/feedback band
connector, power switch, and low power mode switch

A.

System Operation
Our final system operates using two physically separated modules that
communicate wirelessly. The headband has 30 laser sensors that detect objects within
1 m in all directions of the user, and an ultrasonic sensor that detects objects within 5
m of the user in a 35° cone directly in front of them. The sensor microcontroller
triggers those sensors to take measurements, reads the data that the sensors send back,
calculates object positions based on the sensor data, then sends that data to the
feedback controller via Bluetooth. The feedback controller uses that data to calculate
the control signals to be sent to the feedback motors. Finally, the feedback motors
vibrate according to those control signals, relaying the detected object information
back to the user.
This whole process takes less than 130 ms to complete (160 ms in low power
mode). The system can run off a fully-charged battery for at least 13 hours (25 hours
in low power mode). The batteries can be fully recharged from fully depleted through
the charging port in each enclosure in less than 8 hours. Additionally, the entire
system is waterproofed well enough that it could theoretically be worn outside in the
rain.
B.

Testing Results
Each system requirement has a corresponding testing procedure that we followed
to determine the results of our system. These testing procedures are included in the
Appendix. Table 8 on the next page shows the required value for each system
requirement, and the results of our system as measured by those testing procedures.
Refer to the list of system requirements in the Introduction section for a description of
each requirement.
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Table 8. System testing results
Requirement
Name

Feedback
Differentiation
Object
Direction
Navigation

Response Time
Wearable
Comfort
Water
Resistance
Wireless
Communication
Battery Life
Charging Time
Low Power
Mode

Result

Definition (abridged)

Minimum 1-5 m range accuracy: ±1 m
Minimum 20-100 cm range accuracy: ±20 cm
Maximum Training Time: 30 minutes
Minimum direction accuracy: ±30°

1-5 m accuracy: ±1 m
20-100 cm accuracy: ±20 cm
Training Time: 10-15 minutes
Direction accuracy: ±22.5°

9/10 blindfolded users can walk down a
hallway and turn into an open door without
touching the walls.
Maximum Training Time: 30 minutes
Maximum system response time: 200ms.
The system weighs less than 900g, and 9/10
users report that the system is comfortable.

10/10 users completed this test
successfully

System functions after being sprayed with
100mL of water.
Wireless connection between the sensor and
feedback bands remain uninterrupted for 12
hours.
Minimum battery life: 12 hours
Maximum charge time: 15 hours
Minimum battery life: 24 hours
Maximum Response time: 300ms

Training Time: 10-15 minutes
System response time: 130ms
Weight: 855g
10/10 users reported the system
to be comfortable
Success
Success

Battery life: >13 hours
Charge time: <8 hours
Battery life: >25.5 hours
Response Time: 160ms

Our final system was able to pass all the system requirements that we had written
at the beginning of this project. In some cases, we were even able to do significantly
better than the system requirement. For instance, we exceeded both battery life
requirements by an hour, and cut the charging time in half. We accomplished this by
selecting very energy-dense batteries and low-power components to get a long battery
life, and by designing a fast-charging circuit to quickly recharge the batteries. The
results of the user testing were also better than expected. Our volunteer testers were
quickly able to understand the feedback system, allowing them to pass the tests with
ease after only ten to fifteen minutes of practice with the system, compared to the 30minute maximum indicated in the requirement.
C.

Future Improvements
Despite the successes of this project, (as with any project) there are still clear
areas of possible improvement. For instance, a problem with having the laser sensors
distributed on a headband is that every user’s head is shaped differently. It was
difficult to pick which sensor readings should correspond to which motor, since a
motor pointing forward-right for one user might be directly right or directly forward
on a different user. To address this challenge, the sensors could instead be worn on a
rigid, perfectly circular ring with some method of fastening this ring to the user.
Adding a rigid ring for the laser sensors would simultaneously solve another
problem with our system: the vertical angle of the sensors. Along the sensor band,
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some of the laser sensors were angled slightly up or down depending on the shape of
the user’s head. This could theoretically cause the sensor to miss an object at headheight. Having a rigid ring would allow us to fix the angle of all the sensors to ensure
the most useful sensor coverage of the user’s surroundings.
Another area of improvement is the laser sensor system being used. The laser
sensors that we used for this project theoretically have a 2m range, but this varies
considerably based on the object being detected. Black objects can only be detected
within roughly 0.5m because they reflect less of the light emitted by the sensor, and
some reflective surfaces like a shiny poster can scatter the sensor beam enough that
the range is similarly reduced. Fewer, higher power laser sensors could be used to
mitigate some of these shortcomings.
Finally, at close to $400, the cost of this system would need to be reduced for it to
be a viable commercial project. Prototyping is inherently more expensive than
production due to shipping costs, non-bulk orders, and unrefined processes.
Significant savings could come from reducing the number of sensors, using cheaper
batteries, and ordering in bulk, dropping the overall cost to around $200. This is still
expensive but is significantly cheaper than a seeing-eye dog or full-time navigation
assistance companion. That price range is also more comparable to the higher-end
White Canes which are typically around $100.
VII. CONCLUSION
The Navigation Assistance for the Vision Impaired ECE Capstone project
accomplished all the initially-set design goals and exceeded expectations on several
system requirements, as shown in Table 1. We had several setbacks and faced many
challenges over the course of this project, such as wiring reliability, enclosure sizing,
battery life, and system response time, but we were able to design and implement
effective solutions to these challenges as they came up. Through my design and
implementation of the novel combination of ultrasonic and laser time-of-flight
sensors, I was able to solve some of the main problems that existing systems faced:
the lack of peripheral vision and the sluggish system response time. More
importantly, volunteer users that helped us test the system found the system to be
comfortable and the feedback to be intuitive. After only five to ten minutes of
practicing, each of our ten volunteer testers were able to navigate blindfolded using
only our system to guide them and were able to determine the distance to a detected
object based solely on the intensity of the feedback. More practice with our system
would give the users even more confidence in their navigation, further improving the
ease of sensing their environment.
The key takeaways for the engineering community are what we learned about
sensing and feedback methods. We, and our volunteer testers, determined that the
approach of including both long-range, front-facing detection, as well as short-range,
360° detection is an effective way of giving a vision impaired individual confidence
in moving through their environment. The additional information on the user’s
surroundings from the 360° vision proved to be useful in navigating around enclosed
and/or indoor environments, which are places that existing technologies struggle to
remain helpful. We also found that spacing haptic feedback motors around a
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waistband was an effective way of indicating object direction to a user. Our choice of
eight motors led to motor spacing wide enough that it was immediately clear which
motor was vibrating, allowing the user to intuitively feel the direction pointed to by
the feedback system.
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IX.
A.
1)

APPENDIX

Microcontroller code
Feedback Controller

#define
#define
#define
#define
#define
#define
#define
#define
#define

MOTOR_PIN0
MOTOR_PIN1
MOTOR_PIN2
MOTOR_PIN3
MOTOR_PIN4
MOTOR_PIN5
MOTOR_PIN6
MOTOR_PIN7
debugPin

PD3
PD4
PD5
PD6
PD7
PB0
PB1
PB3
PB4

//3
//4
//5
//6
//7
//8
//9
//11
//12

uint8_t dist[8];
uint16_t counter = 0;
byte dummy;
void setup()
{
Serial.begin(57600);
DDRD |= (1<<MOTOR_PIN0) | (1<<MOTOR_PIN1) | (1<<MOTOR_PIN2) |
(1<<MOTOR_PIN3) | (1<<MOTOR_PIN4);
DDRB |= (1<<MOTOR_PIN5) | (1<<MOTOR_PIN6) | (1<<MOTOR_PIN7) |
(1<<debugPin);
write_all_high();
delay(200);
write_all_low();
delay(200);
write_all_high();
delay(200);
write_all_low();
while(Serial.available() > 0) dummy = Serial.read();
}
void loop()
{
//read full data packet of 5 bytes
write_all_low(); //all motors initially off
if(Serial.available() >= 5)
{
if(Serial.read() == 0xff)
{
read_bluetooth();
counter = 0;
}
}
else counter++;
if(counter >= 1000)
{
for(uint8_t i=0; i<=7; i++)
{
dist[i] = 0;
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counter = 0;
}
write_all_high();
delay(200);
write_all_low();
}
//pwm loop
//turns on motors at the appropriate step in the pwm loop
// depending on their distance
//dist=0→8:
// 5: closest
(turns on immediately)
// 1: farthest
(only on for the last index)
// 0: out of range (always off)
for(uint8_t index=0; index<6; index++)
{
check_all(index);
delayMicroseconds(400);
}
}
//*********************************************************//
// reads the 4-byte packet of sensor data from the sensor
// controller
// TODO: adjust for magnetometer data packet
//*********************************************************//
void read_bluetooth()
{
byte input0 = byte(Serial.read()); //read 1st byte
byte input1 = byte(Serial.read()); //read 2nd byte
byte input2 = byte(Serial.read()); //read 3rd byte
byte input3 = byte(Serial.read()); //read 4th byte
dist[4]
dist[3]
dist[2]
dist[1]
dist[0]
dist[7]
dist[6]
dist[5]

=
=
=
=
=
=
=
=

uint8_t(input0
uint8_t((input0
uint8_t(input1
uint8_t((input1
uint8_t(input2
uint8_t((input2
uint8_t(input3
uint8_t((input3

&
&
&
&
&
&
&
&

0x0F);
0xF0) >>
0x0F);
0xF0) >>
0x0F);
0xF0) >>
0x0F);
0xF0) >>

4);
4);
4);
4);

}
//*********************************************************//
// writes 1 (turns off) to all of the motor pins
//*********************************************************//
void write_all_high()
{
PORTD |= (1<<MOTOR_PIN0) | (1<<MOTOR_PIN1) | (1<<MOTOR_PIN2) |
(1<<MOTOR_PIN3) | (1<<MOTOR_PIN4);
PORTB |= (1<<MOTOR_PIN5) | (1<<MOTOR_PIN6) | (1<<MOTOR_PIN7);
}
//*********************************************************//
// writes 0 to all of the motor pins
//*********************************************************//
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void write_all_low()
{
PORTD &= ~((1<<MOTOR_PIN0) | (1<<MOTOR_PIN1) | (1<<MOTOR_PIN2) |
(1<<MOTOR_PIN3) | (1<<MOTOR_PIN4));
PORTB &= ~((1<<MOTOR_PIN5) | (1<<MOTOR_PIN6) | (1<<MOTOR_PIN7));
}
//*********************************************************//
// writes 0 (turns on) motors depending on their distance
// range and what index (i) the pwm loop is at
//*********************************************************//
void check_all(uint8_t i)
{
PORTD |= ((dist[0] > i) << MOTOR_PIN0)
| ((dist[1] > i) << MOTOR_PIN1)
| ((dist[2] > i) << MOTOR_PIN2)
| ((dist[3] > i) << MOTOR_PIN3)
| ((dist[4] > i) << MOTOR_PIN4);
PORTB |= ((dist[5] > i) << MOTOR_PIN5)
| ((dist[6] > i) << MOTOR_PIN6)
| ((dist[7] > i) << MOTOR_PIN7);
}

2)

Sensor Controller

#include <Wire.h>
#define
#define
#define
#define

VL53L0X_REG_SYSRANGE_START
VL53L0X_REG_RESULT_RANGE_STATUS
VL53L0X_REG_I2C_SLAVE_DEVICE_ADDRESS
DEFAULT_ADDR

#define NUMBER_OF_SENSORS

30

#define PROGRAM_DELAY
#define MEASURE_DELAY

30431
35

#define
#define
#define
#define
#define
#define
#define

PB1
PD2
PD4
PD5
PB2
PB3
PB4

XSHUT_PIN
LPPin
trigPin
echoPin
debugPin1
debugPin2
debugPin3

//9
//2
//4
//5
//10
//11
//12

byte gbuf[16];
uint8_t target_addr = DEFAULT_ADDR;
uint16_t distances[NUMBER_OF_SENSORS];
uint16_t prev[NUMBER_OF_SENSORS];
byte statuses[NUMBER_OF_SENSORS];
byte output[4];
long ultra_distance=9999;
uint8_t LP = 1;
void setup() {
Serial.begin(57600);
while (! Serial) {delay(1);}

0x00
0x14
0x8a
0x29
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DDRB |= (1 << XSHUT_PIN) | (1 << debugPin1) | (1 << debugPin2) |
(1 << debugPin3);
DDRD |= (1 << trigPin);
PORTB = 0;
Wire.begin();
//Wire.setClock(200000L);
delay(500); //wait for sensors to boot
//reprogram all the addresses as the XSHUT signal propagates
PORTB |= (1 << XSHUT_PIN); delay(15);
for(int i=1; i<=NUMBER_OF_SENSORS; i++)
{
distances[i-1] = 9999;
prev[i-1] = 9999;
target_addr = DEFAULT_ADDR;
set_address(DEFAULT_ADDR + i);
delayMicroseconds(PROGRAM_DELAY);
}
}
void loop() {
//LP off, pin high, enable LP
if(LP == 1 && (PINB & 1<<LPPin)) LP = 2;
//LP on, pin low, disable LP
else if(LP == 2 && !(PINB & 1<<LPPin)) LP = 1;
//trigger sensors
PORTB |= (1 << debugPin1);
trigger_part(0, NUMBER_OF_SENSORS-3, 1);
//read the ultrasonic measurement and determine measurement time
long timer = millis();
read_ultrasonic();
long elapsed = millis() - timer;
//wait for the rest of the measure delay, if needed
if(elapsed < LP*MEASURE_DELAY)
delay(LP*MEASURE_DELAY - elapsed);
PORTB |= (1 << debugPin2);
read_part(0, NUMBER_OF_SENSORS-3, 1);
PORTB |= (1 << debugPin3);
//fill in and send the output array
calculate_output2();
distances[NUMBER_OF_SENSORS-1] = ultra_distance;
//send output data
send_output();
//send_data();
//send_status();
PORTB &= ~((1 << debugPin1) | (1 << debugPin2) | (1 <<
debugPin3));
for(uint8_t i=0; i<NUMBER_OF_SENSORS; i++)
prev[i] = distances[i];
}
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//*********************************************************//
// updates the address of the sensor on the DEFAULT_ADDR
// to the input "addr"
//*********************************************************//
void set_address(uint8_t addr){
write_byte_data_at(VL53L0X_REG_I2C_SLAVE_DEVICE_ADDRESS, addr);
}
//*********************************************************//
// triggers NUMBER_OF_SENSORS sensors to start measuring
// starts at DEFAULT_ADDR, then increments address from there
//*********************************************************//
void trigger_part(uint8_t first, uint8_t last, uint8_t step_size){
target_addr = DEFAULT_ADDR + 1 + first;
for(int i=first; i<=last; i+=step_size){
write_byte_data_at(VL53L0X_REG_SYSRANGE_START, 0x01);
target_addr += step_size;
}
}
//*********************************************************//
// asks NUMBER_OF_SENSORS sensors to return their measurements
// starts at DEFAULT_ADDR, then increments address from there
// adds distance data to the "distances" array
// adds status data to the "statuses" array
//*********************************************************//
void read_part(uint8_t first, uint8_t last, uint8_t step_size){
uint16_t meas;
target_addr = DEFAULT_ADDR + 1 + first;
for(int i=first; i<=last; i+=step_size){
read_block_data_at(VL53L0X_REG_RESULT_RANGE_STATUS, 12);
statuses[i] = ((gbuf[0] & 0x78) >> 3);
meas = ((gbuf[10] & 0xFF) << 8) | (gbuf[11] & 0xFF);
if(meas > 20 && meas < 1500)
distances[i] = meas;
if(prev[i] != 9999) distances[i] = meas;
else distances[i] = 9998;
else distances[i] = 9999;

//

target_addr += step_size;
}
}
//*********************************************************//
// talks to the I2C device with the "target_addr" address
// writes "data" to the "reg" register
//*********************************************************//
void write_byte_data_at(byte reg, byte data) {
Wire.beginTransmission(target_addr);
Wire.write(reg);
Wire.write(data);
Wire.endTransmission();
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}
//*********************************************************//
// talks to the I2C device with the "target_addr" address
// reads "sz" bytes from the "reg" register
// loads data into the global "gbuf" buffer
//*********************************************************//
void read_block_data_at(byte reg, uint8_t sz) {
Wire.beginTransmission(target_addr);
Wire.write(reg);
Wire.endTransmission();
Wire.requestFrom(target_addr, sz);
for (int i=0; i<sz; i++) {
while (Wire.available() < 1) delay(1);
gbuf[i] = Wire.read();
}
}
//*********************************************************//
// triggers and reads the ultrasonic sensor measurement
// and stores it into the ultra_distance global
//*********************************************************//
void read_ultrasonic()
{
PORTD |= (1 << trigPin);
delayMicroseconds(10);
PORTD &= ~(1 << trigPin);
//long duration = pulse_in(echoPin, 1, MEASURE_DELAY*1000);
long duration = pulseIn(echoPin, 1);
ultra_distance = (duration/2) / 29.1 * 10;
// distance
calculation in mm
}

//*********************************************************//
// the three functions below fill in the output array
//*********************************************************//
void calculate_output2()
{
uint16_t _min;
uint8_t out;
//initially
output[0] =
output[1] =
output[2] =
output[3] =
output[0] |=
output[0] |=
left
output[1] |=
output[1] |=
//front-left

clear the output bytes
0;
0;
0;
0;
(0x0F & calc_range(min_dists(0, 2))); //back
(0xF0 & (calc_range(min_dists(3, 5)) << 4)); //back(0x0F & calc_range(min_dists(6, 9))); //left
(0xF0 & (calc_range(min_dists(11, 13)) << 4));
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output[2] |= (0x0F & calc_range(min(min_dists(14, 16),
ultra_distance))); //left
//output[2] |= (0x0F & calc_range(min_dists(14, 16))); //left
output[2] |= (0xF0 & (calc_range(min_dists(17, 19)) << 4));
//front-right
output[3] |= (0x0F & calc_range(min_dists(20, 24))); //right
output[3] |= (0xF0 & (calc_range(min_dists(25, 27)) << 4));
//back-right
}
//*********************************************************//
// finds the min in the given range in the distances array
//*********************************************************//
uint16_t min_dists(uint8_t first, uint8_t last)
{
uint16_t _min = 65536;
for(uint8_t i=first; i<last; i++)
{
_min = min(distances[i], distances[i+1]);
}
return _min;
}
//*********************************************************//
// converts a raw distance value to a distance range
//*********************************************************//
uint8_t calc_range(uint16_t dist)
{
uint8_t out;
if(dist <= 200)
else if(dist <=
else if(dist <=
else if(dist <=
else if(dist <=
else out = 0;

out = 5;
600) out = 4;
1000) out = 3;
3000) out = 2;
5000) out = 1;

return out;
}
//*********************************************************//
// serially sends all sensor data
//*********************************************************//
void send_data()
{
for(uint8_t i=0; i<NUMBER_OF_SENSORS; i++)
{
Serial.write(0x00FF & distances[i]);
Serial.write((0xFF00 & distances[i]) >> 8);
}
}
//*********************************************************//
// serially sends all sensor data
//*********************************************************//
void send_status()
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{
for(uint8_t i=0; i<NUMBER_OF_SENSORS; i++)
{
Serial.write(0x00FF & statuses[i]);
Serial.write((0xFF00 & statuses[i]) >> 8);
}
}
//*********************************************************//
// serially sends output bytes
//*********************************************************//
void send_output()
{
Serial.write(0xff);
Serial.write(output[0]);
Serial.write(output[1]);
Serial.write(output[2]);
Serial.write(output[3]);
}
unsigned long pulse_in(uint8_t pin, uint8_t state, unsigned long
timeout)
{
// cache the port and bit of the pin in order to speed up the
// pulse width measuring loop and achieve finer resolution.
calling
// digitalRead() instead yields much coarser resolution.
uint8_t bit = digitalPinToBitMask(pin);
uint8_t port = digitalPinToPort(pin);
uint8_t stateMask = (state ? bit : 0);
unsigned long width = 0; // keep initialization out of time
critical area
// convert the timeout from microseconds to a number of times
through
// the initial loop; it takes 16 clock cycles per iteration.
unsigned long numloops = 0;
unsigned long maxloops = microsecondsToClockCycles(timeout) / 16;
// wait for any previous pulse to end
while ((*portInputRegister(port) & bit) == stateMask)
if (numloops++ == maxloops)
return 0;
// wait for the pulse to start
while ((*portInputRegister(port) & bit) != stateMask)
if (numloops++ == maxloops)
return 0;
// wait for the pulse to stop
while ((*portInputRegister(port) & bit) == stateMask) {
if (numloops++ == maxloops)
return 0;
width++;
}
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// convert the reading to microseconds. The loop has been
determined
// to be 20 clock cycles long and have about 16 clocks between the
edge
// and the start of the loop. There will be some error introduced
by
// the interrupt handlers.
return clockCyclesToMicroseconds(width * 21 + 16);
}

B.
1)

Testing procedures
Feedback Differentiation

After a 30-minute training session, 9/10 users will discern the distance to an object with a
precision of 1m at 100% accuracy for objects 1-5m directly in front of the user, and with an
accuracy of 20 cm for objects within 1m of the user in all directions.
1. Give a tester a 30-minute training session on differentiating system feedback.
2. Blindfold a tester.
3. Place a 1x1m object directly in front of the tester in one of the following distances:
10cm, 90cm, 110cm, 490cm, and ask them to state the distance to the object based on
the haptic feedback output.
4. Repeat with at least 9 more testers
PASS if 9/10 users can correctly identify the distance interval in which the object was
placed to within 1m directly in front of the user, and to within 20cm in any direction.
2)

Object Direction
System feedback module will indicate the direction to an object to within 30° of the
direction measured by the system sensor module.
1. Place a 1x1m wide object in a fixed location in range of the sensors
2. Use compass and measuring tape to verify that the object remains within 30 degrees
3. Leaving the feedback band stationary, rotate the sensor band a full 360° in place.
PASS if the direction indicated by the feedback modules is always within 30° of the
actual direction of the object for the full rotation of the sensor band.
3)

Navigation

9 out of 10 blind or blindfolded users will walk down a hall of at least 20 m long and at least 1
m wide and turn into a doorway without touching the walls, after up to 30 minutes of training and
practice.

1. Give at least 10 test subjects a 30 minute training and practice session with the
system.
2. Have 10 test subjects walk down a hall of at least 20m long and at least 1m wide and
turn into a doorway.
PASS if 9/10 users successfully walk down the hall and enter the doorway without hitting
any walls.
4)

Response Time
System feedback responds to changes in object position in less than 200ms.
1. Place tape over all but one sensor in a group corresponding to a single motor.

50
2. Place a switch such that in one position it covers the remaining sensor, and in the
other position it does not.
3. Attach a battery and an oscilloscope to the switch so that in one position, the
oscilloscope reads the battery voltage, and in the other position it reads 0V.
4. Connect another oscilloscope probe to the signal pin of the motor being tested.
5. Configure the oscilloscope to measure the time between the switch flipping to cover
the sensor, and the motor reflecting that change.
PASS if the time measured by the oscilloscope is less than 200ms.
5)

Wearable Comfort
The system weighs less than 900g, and after 15 minutes of use, 9/10 users report the
system is comfortable.
1. Have at least 10 users wear the system for 15 minutes.
2. Poll user on whether or not they considered the system comfortable
3. Use kitchen scale to weigh the complete system
PASS if 9/10 users think that it is comfortable, and the system weighs less than 900g.
6)

Water Resistance
After spraying at least 100 mL of water over the entire system over a period of at least
two minutes, the system feedback module will still respond to input from the system sensor
module
1.
2.
3.
4.

Turn the system off.
Fill two spray bottles with 50mL of water each.
Hold the entire system over a container to catch the spraying water.
Over a period of at least two minutes, spray the entire contents of both bottles over
the system, ensuring that every surface is sprayed.
5. Turn the system on and ensure that the system feedback module still responds to
input from the system sensor module.
PASS if the system feedback module still responds to input from the system sensor
module.
7)

Wireless Communication
Wireless connection between the sensor and feedback bands remain uninterrupted for 12
hours.
1. After performing the 12-hour Battery Life Engineering Requirement test, check to
see if the sensor band and feedback band are still connected wirelessly.
PASS if after the 12-hour Battery Life Engineering Requirement test, the sensor band and
feedback band are still connected wirelessly.
8)

Battery Life
The system will operate for at least 12 hours on battery power while objects are within 20
cm of the system in all directions.
1. Charge sensor module and feedback module batteries according to the Charging
Time engineering requirement.
2. Place the sensor band in an enclosed space so that all sensors detect objects within
20cm for maximum motor vibration.
3. Leave the system in this configuration for 12 hours of continuous operation.
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PASS if after 12 hours, the system is still functional.
9)

Charging Time
Battery will charge from the level that the system doesn't turn on to the level that the
system passes the Battery Life requirement in less than 15 hours.
1. Connect both batteries used in the system to a DC load pulling 2 Amps while
maintaining >3V battery voltage.
2. Once the battery voltage drops below 3.1V at 300mA disconnect from the DC load.
3. Check that the sensor band does not send measurements with the depleted battery.
4. Check that the feedback band does not pulse all the motors twice on startup.
5. Connect both batteries to a charger using the charging boards included in each
module.
6. Leave to charge for less than 15 hours.
7. Test the Battery Life engineering requirement.
PASS if the battery charges from the level that the system doesn't turn on to the level that
the system passes the Battery Life Requirement in less than 15 hours.
10)

Low Power Mode
System has an optional low power mode where: objects will be indicated with a precision
of 1 m at 100% accuracy for objects 1-5 m directly in front of the user and an accuracy of 20
cm within 1m of the user in all directions; the system will refresh in less than 300 ms; and the
system will operate for at least 24 hours while objects are within 10 cm of the system in all
directions.
8. Configure the system for maximum power draw by placing objects within 10cm of
every sensor.
9. Switch the system to low power mode
10. Leave system to run for 24 hours
PASS if after 24 hours, the system is still functional.
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