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Independent travel and the ability to interact with the world are two of the greatest challenges facing blind/ visually impaired (BVI) 
persons (Jacobson, 1998). How to interact, map, navigate the environment, and move through it efficiently and collision-free are chal-
lenges faced when utilizing traditional tools, such as the white cane and guide dog (information collected from this research’s focus 
groups). These tools do not provide users with all the information they need to navigate effectively and gracefully (Wiener, Welsh, & 
Blasch, 1997; Shah, Bouzit, Youssef, & Vasquez, 2006). Because of these difficulties and limitations, many BVI persons find travel and 
exploration stressful, disorientating, and intimidating (Jacobson, 1998; Golledge, Marston, & Costanzo, 2001; Bruce, et al., 1991). As 
a result, many BVI individuals are significantly less willing to travel independently and tend to traverse only familiar routes (Golledge, 
Marston, & Costanzo, 2001). Globally, an estimated 285 million people have low-vision (World Health Organization, 2018); of these, 
40-45 million are totally blind (World Health Organization, 2009). With an aging population, these numbers are expected to triple by 
2050 to an estimated 115 million (Bourne, et al., 2017).

OBJECTIVE
My goal was to develop a more effective solution to the social and 
navigational challenges faced by the BVI community. See Figure 1 
for the flow of investigation map. The research investigated three 
characteristics of a successful solution:
1. Collect rich spatial information from the dynamic environment 
around the user;
2. Communicate the collected depth and obstacle location informa-
tion to the user effectively;
3. Provide a product/service that the target population wants to use 
and can access.
The work focused on designing a sensory substitution device (SSD), 
primarily concerned with obstacle avoidance, that aims to give us-
ers the freedom to explore the world independently with confidence 
and comfort. A sensor unit collects spatial information from the sur-
roundings and communicates it to the user through vibro-tactile stim-
uli that corresponds to the depth and location of obstacles, ‘painting 
a picture’ of the environment for the user.
PROCEDURE 
The steps used to inform each investigation were: 1) to review and 
analyze similar studies, work, and observations from those working 
in the BVI community; 2) prepare unique hypotheses informed by 
this research but tailored to meet the specific needs of wearable tech-

nology; 3) develop experimental procedures and tests in response 
to these hypotheses; and, 4) recruit unique sample groups from the 
BVI community to test the specific hypotheses as developed. Both 
visually impaired and sighted individuals were recruited for the 
investigations; however sighted individuals were only subject to 
those physical experiments that did not require knowledge of life 
as a member of the BVI community. 
Collecting Data (Rich Environmental Information) 
This sub-study investigated how best to collect environmental in-
formation. The most important characteristics of assistive technol-
ogies, or sensory substitution devices (SSD) that correspond the 
user’s needs, are defined as: Type of Analysis – how an SSD system 
needs to and can provide fast processing of information between 
the user and sensor; Coverage – how an SSD system can provide 
services both indoors and outdoors, and detect obstacles of varying 
heights and position (including moving objects); Time – an SSD 
system should perform equally under day and night conditions; 
Range – an SSD system should ideally detect objects at a minimum 
of 0.5m to more than 5.0m; and, Object Type – an SSD system 
should be able to detect both dynamic (e.g., a skateboarder) and 
static (e.g., a park bench) objects (Elmannai & Elleithy, 2017).

To address the requirements of Analysis, Coverage, Time, 
Range, and Object Type, the design includes a combination of ul-
trasonic sensors and Light Detection and Ranging (LIDAR). Ultra-
sonic sensors use the speed of sound to measure obstacles, whereas 
LIDAR uses the speed of light. Neither sensor type is limited to 
indoor or outdoor use, nor time of day. Ultrasonic sensors (HC-This work is licensed under: 

https://creativecommons.org/licenses/by/4.0



THE CANADIAN SCIENCE FAIR JOURNAL ARTICLE

CSFJ | Volume 2 | Issue 1
© Whitby 2019

22

SR04) have a limited range of <4.0m, 
whereas LIDAR (Garmin Lidar Lite 
v2) has a range of up to 40m. Both 
sensor types were effective in mea-
suring different object types and were 
easily enclosed in a small shell.

To determine the accuracy and 
most effective navigation walking 
speed, a comprehensive set of ex-
periments was conducted. The ex-
periments were designed to test each 
system in a variety of settings that 
would replicate the constantly chang-
ing world. The first experimental set-
ting was an office space, which pro-
vided a variety of unique obstacles 
in both height and depth dimensions 
(Figure 2). The second test environ-
ment, a much simpler map, exposed 
the system to different ground heights 
– steps and stairs going up and down 
(Figure 3).
Communication of Complex Stimuli 
In designing a sensory substitution 
device, it is critical to identify those 
senses that can substitute for sight. 
These senses require the ability to 
discern the complex stimuli that rep-
resent the rich environmental infor-
mation collected by the sensors and 
to respond quickly under real-time 
conditions. This sub-study focused 
on understanding the feasibility and 
effectiveness of using the senses that 
remain for BVI people, which are ol-
faction (smell), gustation (taste), au-
dition (hearing), and somatosensation 
(touch). This work explored the lim-
itations and abilities of human sensi-
tivity to unique vibration stimuli – the 
sense of touch proved to be the most 
effective. It also examined how to ef-
fectively alert users to a wide range of 
obstacle information while still being 
understandable together with those 
other senses.
Experiment #1 (E-1) – Fastest Muscles
The first experiment investigated the questions: which muscles re-
spond quickest to vibrations; and, which muscles does the target 
population prefer to be notified through? Essentially, which body 
area is most effective to use when delivering spatial information as 
vibrations. Figure 4 depicts those regions tested. In this experiment 
the location of the vibration motor was manipulated (IV) and the 
user’s reaction time to vibration-stimuli was measured (DV). Users 
responded to the same stimuli (CV) and were instructed to respond 
the same way (CV).
Experiment #2 (E-2) – Optimal Settings

The second sub-set exploration investigated the questions: what is 
the minimum distance apart that motors of different frequencies can 
be positioned and be highly discernable by users; and, what is the 
most effective frequency step to communicate varying distances of 
obstacles? The regions tested in E-2 drew from the most responsive 
muscle groups in E-1.

In this experiment two vibration motors were used, incremen-
tally spaced from each other (IV). The user’s accuracy in differen-
tiating between which of the two felt the strongest was measured 
using a trigger button (DV). The difference between these frequen-
cies, known as the frequency step, was incrementally increased 
for each spacing (CV). Motors were adjusted along 1-2-4-6 cm 

Figure 1. Research investigation map. 
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Figure 2. Office space test environment. 

Figure 3. Stairwell test environment. Figure 4. Experiment #1 (E-1) – Fastest Muscle – Test Locations.



THE CANADIAN SCIENCE FAIR JOURNAL ARTICLE

CSFJ | Volume 2 | Issue 1
© Whitby 2019

24

spacings and triggered at 10-17-24-31-38-45 Hz for each spacing 
(CV). 
Consumer (User Design)
It is important to design a device that performs precisely, safe-
ly and accurately in real-time, but is also effective for people the 
device is designed for. To achieve this, the designer must deeply 

understand the target population. Previous SSD systems have had 
limited market acceptance because they focused on designing a 
strong navigation system but not on the equally important aspects 
of dignity, comfort, fixability, daily maintenance, customized mod-
ularity, and ultimately, cost efficiency.

Designing a final marketable product was beyond the scope 
of this work. However, a second stream of research 
was conducted to better understand how the pur-
pose, performance and cost of the few available 
solutions could be improved in the design of this 
device. Customer satisfaction and comfort leading 
to acceptance and use is as important as device ac-
curacy.

Several in-depth interviews and focus groups 
were conducted to understand the thoughts, opin-
ions, and interests of the BVI community with 
respect to available SSDs and other navigational 
tools. These interviews sought to understand: the 
current tools used by the community; the chal-
lenges faced using these tools; how the low vision 
community currently perceives electronic travel 
aids; the interest in electronic travel aids; the in-
terest for specific features in these aids; and what 
individuals expect and are willing to pay. Market 
research was also conducted to evaluate those re-
searched solutions and how they score against the 
characteristics defined in Sub-Study 1 – Collecting 
Data, adding to the data collected in Elmannai’s 
evaluation of devices designed before 2017 (El-
mannai & Elleithy, 2017).
System Combination
Finally, the best results gathered from each system 
investigation, excluding user design, were paired 

and tested to determine how effectively these systems performed 
when worn by subjects. The experiment sought to answer the 
question: how efficient is the device compared to a white cane 
and guide dog? Currently marketed SSDs were excluded from the 
project due to budget limitations on obtaining SSDs. Users tra-
versed the same paths as used in Sub-Study #1 – Collection (CV). 
Time and accuracy were measured (DV); the walking speed was 
varied, but constant for each trial (IV).
OBSERVATIONS AND RESULTS
Collecting Data (Rich Environmental Information) 
This sub study investigated an evolution of ideas through two pro-
totype shells (See Figures 5 & 6). Initially the hypothesis was that 
all locations around the user are equally important, so sensors were 
positioned symmetrically, with a conical detection spread (Figure 
7). However, through testing in complex environments it was de-
termined that the most important areas to monitor were at and be-
low shoulder level. These results led to the design of a second shell, 
that prioritized these zones relative to those above shoulder height; 
however, zones above the head were still monitored (Figure 8). 
The second shell was used to determine the relationship between 
user walking speed and Collection System accuracy; testing the 
system at walking speeds of 1m/s (casual), 1.5m/s (rushed), and 
2m/s (very fast). The results showed that an increase in walking 
speed reduced the accuracy of the system’s outermost sensors. The 

Figure 5. First prototyped sensor shell. 

Figure 6. Second prototyped sensor shell.
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greater the angle of the sensor from the centre, the less accurate the 
measured distances, as objects are moving away faster than those 
measured at a smaller angle.
Communication of Complex Stimuli
From literature review it was determined that utilizing somato-
sensation, or the sense of touch, to communicate spatial informa-
tion would be the most effective and affordable. Communicating 
through touch does not interfere with other sensorimotor functions 
or hinder the already limited navigational abilities of users. For 
example, communicating information auditorily would be ineffec-
tive, as it would overlay important information over a sense that is 
already used to understand reverberations from the environment. 
It would not only be ineffective; it would interfere with important 
auditory cues.

Experiment #1
Many muscle locations were eliminated as sites to receive 

spatial information, such as the quadriceps, due to their slow re-
action time. This region, with its high density of muscle tissue, is 
not particularly sensitive. The range of reaction times among many 
muscle groups is very narrow, and it was also learned that sensitiv-
ity is not necessarily determined by muscle location.

The fastest reaction time occurred at the shoulders (mean 
= 0.299 ms); other locations that could be considered are the bi-
ceps (mean = 0.303 ms), triceps (mean = 0.303 ms), and external 
obliques (mean = 0.303 ms), (Figure 9). In general, the arms were 
the area most reactive to vibrations, which led to the design of the 
second experiment. 

Experiment #2
Forearms: The results indicate that it is optimal to space the 

motors at 2 cm and use step distance increments of 38Hz. Among 
both BVI and Sighted groups, another optimal setting would be 4 
cm spacing at the same 38 Hz (Figure 10).

Biceps: Connected by joints to the forearms, the biceps re-

sults are similar to those for the forearms. The results indicate 
higher sensitivity to 38 Hz, and two optimal spacings at 1 cm and 
4 cm. Unique to the biceps is the specific reactivity to 24Hz at 4 
cm (Figure 11).

Triceps: Unlike the forearm and biceps, data from the triceps 
show mixed results. The sighted (VP) group favours a closer spac-
ing at 38 Hz, while the BVI (VI) group favours a closer spacing at 
the higher frequency of 45 Hz. The optimal setting appears to be a 
1cm to 2cm spacing, at 38 Hz (Figure 12).

Deltoids: Unique to the deltoids are three peaks in optimal 
frequencies. For the visually impaired group the response was 
most accurate at 38Hz at 3cm spacing, while the sighted group 
showed peaks at 17Hz and 38 Hz. An additional optimal peak ap-
pears for the visually impaired group at 2 cm and 17Hz. Variability 
suggests that both groups cannot be compared equally (Figure 13).
Consumer Design 
Secondary research revealed that all SSDs available today are ex-
tremely expensive and only focus on preforming one task well. 
Based on my evaluation, devices reviewed did not meet the re-
quired criteria, (Figure 14). Responses from participants fell into 
one of three categories: 

Modularity (User-flexible): When designing an SSD for a 
population that is highly heterogeneous the solution cannot be re-
stricted to a single design. Modularity gives users the flexibility to 
personalize a device to their skills and abilities.

Convenience (Multi-Purpose): It is difficult for individuals 
to manage and operate several single purpose devices simultane-
ously. The ideal SSD would integrate all the strong features into 
one device – a device that does it all, efficiently and conveniently. 

Cost: Companies should consider reducing their prices as 
much as possible, and the government should increase subsidizes. 
Independent navigation should not be a luxury!

Figure 7. First Shell - Sensor Location and Measuring Spread. Figure 8. Second Shell - Sensor Location and Measuring Spread.
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Figure 9. Data Results for Sub-Study #2 – Experiment #1.

System Combination
Using the combination of sensor unit and vibration feedback was 
difficult. Similar to learning a new language, teaching those who 
were unfamiliar with the device was challenging. The office space 
test environment generated a positive response, at a basic level, 
for navigational abilities. Users were able to traverse the environ-
ment with high accuracy and reduced collisions. The device was 
as effective as the white cane; however, it underperformed when 
communicating the exact position of stairs, something a white cane 
is exceptionally good at. The relatively short testing period made it 
challenging for users to experience full device potential. A longitu-
dinal study is currently being conducted to understand how users 
learn to use the device, identify strategies used to navigate with the 
device, and how best to reduce learning time. 
CONCLUSION
The objective of this research was to investigate if a more effective 
solution could be designed to overcome the social and navigational 
challenges faced by the blind and visually impaired (BVI) commu-
nity. The results from each sub-study showed a positive correla-
tion to meeting this goal in a wearable, sensory substitution device 
(SSD). The final prototype collects significantly more spatial in-
formation than a white cane, which can be conveyed to the user as 
quickly as the white cane. Users were able to navigate smoothly 
and with confidence, once they learned the different cues. The fi-
nal prototype was not subject to a longitudinal study to measure 

the effects of the design on social interactions; however, feedback 
from users indicated that the device would allow for closer and 
more personal interaction. The final prototype satisfied the basic 
design goal; however, it is not ready for real-world applications. 
The work is continuing, to gather data from users and to identify 
and understand strategies that reduce the time to learn how to nav-
igate with this device.
FUTURE DIRECTION
The work presented at the Canada-Wide Science Fair was im-
portant to understand the foundational aspects of designing an ad-
vanced electronic travel aid primarily focused on obstacle avoid-
ance. A device closer to commercial production could include an 
enhanced navigational service. For example, the device could 
determine location by incorporating GPS. The future direction of 
this device is commercialization. The marketable product would 
include functions like voice commands; Bluetooth connectivity 
to your smartphone, so you may control your in-phone applica-
tions; bone-conducting technology, to communicate auditory cues 
unobtrusively; advanced haptic fabric, highly comfortable and en-
closing the haptic feedback system neatly; and menu functions to 
personalize preferences in-device. The goal for commercialization 
is optimistic at 2-3 years, adding another year for product launch.
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Figure 10. Experiment #2 – Forearm Data Results.

Figure 11. Experiment #2 – Bicep Data Results.

Figure 12. Experiment #2 – Triceps Data Results.
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