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Abstract. 
BACKGROUND: Although a number of research studies on sensor technology for smart home environments have been conducted, 
there is still lack of consideration of human factors in implementing sensor technology in the home of older adults with visual 
disabilities. 
OBJECTIVE: This paper aims to advance knowledge of how sensor technology (e.g., Microsoft Kinect) should be implemented 
in the home of those with visual disabilities. 
METHODS: A convenience sample of 20 older adults with visual disabilities allowed us to observe their home environments and 
interview about the activities of daily living, which were analyzed via the inductive content analysis. 
RESULTS: Sensor technology should be integrated in the living environments of those with visual disabilities by considering 
various contexts, including people, tasks, tools, and environments (i.e., level-1 categories), which were further broken down into 
22 level-2 categories and 28 level-3 categories. Each sub-category included adequate guidelines, which were also sorted by sensor 
location, sensor type, and data analysis. 
CONCLUSIONS: The guidelines will be helpful for researchers and professionals in implementing sensor technology in the 
home of older adults with visual disabilities. 
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1. Introduction 
 
Although a great amount of efforts have been made 

to manage healthcare costs, quality, and access in the 
United States and some improvements have been ob- 
served there are still some gaps to address. For exam- 
ple, healthcare costs keep rising as the US healthcare 
spending increased 4.6 percept (to reach $3.6 trillion) 
in 2018, i.e., a faster growth rate than the rate of 4.2 
percent in 2017 [1]. A reactive healthcare approach 
was typically taken, e.g. healthcare professionals rely 
on patents to contact them when noticeable symptoms 
are found by patients; patients are passive recipients of 
interventions; and clinical visits are treatment-focused 
as opposed to patient-centered (i.e., holistic and root- 
cause care) [2]. In order to better manage the healthcare 
system, a proactive healthcare approach has recently 

gotten a lot more attention, e.g. patients are active part- 
ners in managing health conditions on a daily basis; and 
chronic conditions are prevented with promotion and 
disease prevention strategies that patients are allowed 
to navigate and control [2,3]. Thus, it is important to 
monitor the daily living activities and assess how much 
his/her own activities are deviated from the norm. 
There are a variety of technologies available (e.g., 

motion tracking sensors, networks, less invasive com- 
puting, and artificial intelligence) contributing to detect- 
ing accurately and collecting adequately different ac- 
tivities of daily living (e.g., gait characteristics), which 
is referred to as ambient intelligence that incorporates 
intelligence to our everyday lives and makes it sensitive 
and responsive to the presence of an individual [4]. For 
instance, Kinect is a Microsoft’s motion sensor add-on 
for the Xbox 360 gaming console. Engineers and scien- 
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tists often use the Kinect sensor in monitoring and ana- 
lyzing various human behaviors in natural settings. The 
Kinect sensor is equipped with a set of microphones, 
motion sensors, a color camera and a depth camera that 
emits a grid of infrared light [5]. The Kinect sensor cal- 
culates the distance between objects via time-of-flight 
analysis of reflected light beams. The Kinect sensor 
can detect an object in the distance of 0.5–4.5 meters 
and an angular field of view of 70◦ horizontally and 
60◦ vertically. The software development kit (SDK) of 
the Kinect sensor can detect 25 anatomical landmarks 
(Kinect joints) of an individual and identify up to six in- 
dividuals at once. The Kinect sensor can accurately de- 
tect audio input from + and –50 degrees in front of the 
sensor. The Kinect’s microphone array can be pointed 
at 5◦ increments within the 180◦ range such that it can 
precisely recognize the incoming direction of sounds 
without removing other ambient noise. The Microsoft 
company has recently released a new Azure Kinect that 
is an upgraded version of Kinect v2 [6]. For example, 
Azure Kinect has a full 6-axis inertial measurement 
unit (IMU) while Kinect v2 provides 1-axis. The Kinect 
sensor technology has widely been used in different 
fields such as computer vision [7], 3D mapping [8], 
robotics [9], health [10], and human tracking [11–13]. 
A smart home concept is a good example of using 
such ambient intelligence technologies to facilitate daily 
living activities [14], leading to promotion of an indi- 
vidual’s quality of life through; for instance, a mobile 
emergency response system [15], a fall detection sys- 
tem [16], and a recommender system for promoting a 
healthy lifestyle [17]. Sensor technologies are also an- 
ticipated to contribute to collecting and assessing clini- 
cal data for dementia [18], abnormal sleep disorder [19] 
heart rate problems [20], and an early sign (or onset) of 
Alzheimer’s disease [21]. 
However, studies on ambient intelligence technolo- 

gies are often introduced by targeting general popula- 
tions over those with special needs (e.g., older adults 
with visual disabilities). For example, many studies on 
smart home environments tried to identify ideal loca- 
tions to place sensors in the home [22–25] by relying 
on mathematical models such as a Monte Carlo algo- 
rithm, a hill climbing algorithm, and a genetic algo- 
rithm computational modeling [22]. While a few re- 
search reports discussed the importance of integrating 
sensors in a human behavior monitoring system for vul- 
nerable populations [26–28], they merely focused on 
older adults who do not have disabilities; for example, 
assistive robot hands to help older adults’ daily living 
activities [29], a stand-up robotic chair [30], and a fall 

detection alarm [31]. Technology designs suitable for 
sighted users, would not guarantee that they are also 
suitable to users with visual disabilities (e.g., visual im- 
pairments and blindness) because the two user groups 
are likely to have different performance capabilities, 
limitations, and preferences [32–34]. 
There is lack of consideration of the user-centered 

approach; that is, a systematic analysis of the end users’ 
living and working contexts, users’ preferences, tools 
users use, tasks users carry out on a daily basis, users’ 
capabilities and limitations that affect the system de- 
signs developments, and implementations [35,36]. The 
technology that engineers develop will eventually be 
used by end users. Without in-depth consideration of 
the end users’ needs and concerns, any technology is 
likely to be abandoned by users, leading to becoming 
useless technology despite technical advancements. The 
user-centered approach should be integrated in the am- 
bient intelligence and smart home by rigorous scientific 
methods – not simply relying on a computational mod- 
eling or a human common sense only. This paper aims 
to advance knowledge of how sensor technology (e.g., 
Microsoft Kinect) should be implemented in the home 
of people with disabilities, particularly older adults with 
visual disabilities. 
 
2. Methods 

A descriptive research design (involving interviews 
and observations in the field) was used to describe sys- 
tematically and accurately the characteristics of various 
contexts of research participants without experimental 
manipulation or control of variables [37]. To ensure 
the visual acuity, each participant’s visual acuity was 
measured with a Snellen eye chart [38]. Approval for 
this study was obtained from the Institutional Review 
Board. 

2.1. Participants 

A convenience sampling method helped to recruit 20 
older adults with visual disabilities who live in various 
towns across North Carolina in the United States. Indi- 
viduals who met the following eligibility criteria were 
invited: (1) English speaking, (2) 65 years old or older, 
(3) community-dwelling, and (4) visual acuity levels 
worse than 20/70 [39]. Table 1 shows the participants’ 
characteristics. 

2.2. Procedure 

A researcher visited each participant’s home and con- 
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Table 1 
Characteristics of the participants 

 

Participants n = 20 
Visual acuity 
Between 20/70 and 20/200 

 
2 

Between 20/200 and 20/400 11 
Between 20/400 and 20/1200 1 
Less than 20/1200, but has light perception 1 
No light perception at all 5 

Duration of visual impairments (years) 
Age (years) 

28.35 ± 23.04 

Gender 
Male 

72.85 ± 7.96 

4 
Female 16 

Race/ethnicity 
Black or African American 

 
12 

White 8 
Marital status 
Married 

 
6 

Not married 4 
Widow/widower 4 
Divorced 6 

Education 
High school or equivalent 

 
7 

Bachelors 7 
Masters 5 

Doctorate 1 
Occupation 
Full time 1 
Unemployed 6 
Retired 13 

Household income 
< $25,999 8 
$26,000–$51,999 7 
$52,000–$74,999 2 
  $75,000 2 

  Declined to say 1  
 

ducted the interview and observation to obtain a deep 
understanding of their daily living contexts. It lasted ap- 
proximately 60 minutes. The interview was carried out 
with semi-structured questions, e.g. “How do you walk 
in the home and outside?”, “Do you use any tools/aids 
for walking (e.g. a white cane, a service animal, per- 
sonal help)?” “Are there any barriers or facilitators 
to your activities of daily living?”, “What can you tell 
us about environmental factors (e.g., sunlight, noise, 
location) and its impact on your daily living activi- 
ties?”, “What is your daily routine?”, and “How do 
you think about having a sensor technology that keeps 
track of your activities of daily living in the home?” We 
also observed their living environments such as housing 
types, rooms, walking in the home, household goods, 
and interaction with household goods. The participants’ 
comments were audio-recorded to capture all details 
and transcribed for content analysis, and also the ob- 
servation was recorded making notes (including quick 
sketches, see Fig. 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Quick sketch map of a participant’s home, which was drawn 
from observation to show the main features of the area. 

2.3. Data analysis 

The inductive content analysis [40] with QSR Inter- 
national’s NVivo 11 software [41] helped to understand 
the interview and observation data via open coding, 
axial coding, and selective coding In the open coding 
phase, the raw data were sorted into several groups to 
interpret them. Detailed word-by-word and line-by-line 
analysis was accomplished by assigning an appropri- 
ate label to each sentence (or idea and concept), and 
they were then regrouped as needed. The axial coding 
contributed to regrouping and linking themes into each 
other in a rational manner. The last step was a selective 
coding that helped to select a primary theme and then 
relate it to other themes appropriately. Another coder 
was invited to assess the inter-rater reliability using 
Cohen’s kappa statistic. There was strong agreement 
among the raters as the inter-rater reliability was found 
to be κ = 0.80 (95% CI: 0.596 to 1.004), p < 0.001. 
 

3. Results 

The observation and interview data analysis produced 
in-depth insights into user-centered implementations 
of sensor technology (e.g., Kinect) in the home where 
people with visual disabilities live. As shown in Table 2, 
it is recommended that sensor technology be integrated 
in the living environments of those with visual disabili- 
ties by considering various contexts, including the fol- 
lowing four categories: people, environment, tasks, and 
tools (i.e., level-1 categories). The level-1 categories 
were further broken down into 22 level-2 categories and 
28 level-3 categories For example, the category of Tool 
has sub-categories such as white cane and sensor (dis- 
tance from the sensor to the target, parallel connection 
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Table 2 
Determinants for implementation of Kinect sensor technology in the home of older adults with visual disabilities 

Categories Contexts Determinants of implementing sensors 
Data-

 

 
 

Sensor- 
location 

 
 

Sensor- 
type 

Tool White cane Us Participants (i.e., older adults with visual disabilities) 
mostly used a white cane outside but would still carry 
it from a room to an entrance door when going 
outside. A Kinect-based monitoring system can be 
interfered with a walking aid in detecting and 
analyzing the human gait. 

Not us Participants with moderate visual impairments relied 
on their residual vision or just relied on family 
members’ help while walking, which would result in 
different gait characteristics compared to others with 
severe visual impairments (or total blindness) and 
those living alone. 

Avoid having the Kinect sensors aim at the entrance x x 
door when a study is set to monitor gait characteristics 
of an individual who walks without a white cane; 
Incorporate algorithms that can distinguish the gait 
data between people with and without the white cane 
 
Analyze an individual’s gait data adaptively by x 
referring to a variety of different conditions associated 
with visual acuity and personal assistant 

Sensor Distance to 
the target 

 
Parallel 
connection 
of sensors 

 
Series 
connection 
of sensors 

A Kinect sensor can cover the distance of 1.2 to 3.5 
meters and an angular field of view of 57◦ 

horizontally and 43◦ vertically. 
If it is a large room, it may be too far for two sensors 
(placed on two opposite walls) to detect an individual 
walking in the middle of the room due to its technical 
limitations. 
The Kinect sensor’s infrared laser is emitted in a 
fan-shape. When a sensor is placed to be adjacent to 
another sensor (i.e., series connection), a blind spot 
will be generated. 

Understand the technical limitations of a Kinect sensor 
and place the sensor in the home by considering an 
individual’s living contexts and walking routes 
Avoid placing two sensors in parallel (facing each x 
other) if the target room is too large 

 
 
Avoid the placement of series connection that could x 
generate a blind spot unless additional sensors would 
be available to cover all the blind spots; yet, that is 
inefficient implementation of sensor technology 

Peopl Emotio Participants shared their experience with emotional 
challenges (e.g., lonely, depressed) followed by 
changes in his/her gait characteristics such as slower 
gait speed and shorter stride length. 

Consider the relations between emotional challenges x x 
and walking characteristics, which should be reflected 
in analyzing the gait data and also consider a sensitive 
sensor technology that can detect subtle changes in 
their body moments 

Cognitio Fall history 
& fear of 
falling 

 
 

Cognitive 
maps 

Participants (including those with a fall history) 
expressed fear of falling, which would result in 
abnormal gait characteristics (e.g., too much cautious 
or fearful walking, leading to lower gait velocity, 
higher stride length variability, and higher stride time 
variability). 
Participants who lived in the current home longer 
enough to form a clear cognitive map of their home 
felt comfortable walking in the home. 

Consider an individual’s fall history and fear of falling 
when analyzing the gait data as compared to their 
peers with no fall history and/or less fear of falling 

 
 

Consider the individual differences in developing a 
cognitive map of a physical area and relevant effects 
on his/her walking characteristics 
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Table 2, continued 

Categories Contexts Determinants of implementing sensors 
Data-

 

 
 

Sensor- 
location 

 
 
Sensor- 
type 

Privacy With regard to the concept of smart home 
technology (e.g., sensors) and privacy, participants 
wanted to have a full control of the sensor 
technology; for example, by switching on and off 
whenever they want (i.e., user empowerment). 

Provide an adequate means of controlling the 
monitoring system (e.g., on/off switch) (or avoid 
installing sensors in private places, e.g. bedrooms 
and bathrooms if feasible) 

Preference Technology 
adoption 

 
 
 

Favorite 
place in the 
home 

 
Monitoring 
the house 

In relation to the implementation of the Kinect 
sensor technology in the home, participants were 
divided into early and late adopters. While the 
early adopters wanted to try the Kinect sensor to 
monitor their daily living activities, the late 
adopters were unsure about it yet 
Participants tended to spend most of their time in a 
particular room or location (e.g., a particular 
sofa/table/chair) while staying at home during a 
day. 
As participants struggle with the visual disability, 
they would like to have a sensor technology system 
that helps to take care of health but also manage 
the home. 

Refer to valid usability and accessibility standards x 
(e.g., Web Content Accessibility Guidelines, 
WCAG) in designing, developing, and 
implementing technology to ensure ease of use, 
secure, safe, and accessible to users with 
disabilities 
Identify the location where a target user tends to x 
spend most of his/her time during a day and install 
the sensor to capture fully his/her daily living 
activities, i.e., rich data collection 
Consider the opportunity to monitor a target user’s x 
daily living activities but also home environments 
(e.g., notifications for when a door is left 
open/unlocked, which should notify a user via 
alternative formats – sound and haptic/tactile) 

Visitor/cohabitant Participants had regular/occasional visitors (e.g., 
friends, social workers, family) and/or lived with 
sighted cohabitants (e.g., other family members 
and friends in a relationship) 

Include algorithms in a system to distinguish the x 
target individual from others in the house (e.g., gait 
biometrics) 

Environment Wall Bump into 
wall 

 
 
 
 

Walls in 
small homes 

Participants typically used their hands and feet to 
scan their surroundings to detect obstacles or 
orientation-marks as they were less likely to use a 
white cane in the home. Yet, they often bumped 
into walls, which would increase the risk of falling 
 
 
Participants living in a small studio apartment 
showed that the walking routes and patterns tended 
to be short, non-linear, and/or discontinuous (e.g., 
frequently stop and go). Their small studio 
apartment does not have a divider/wall to separate 
a bedroom from a living area. 

Avoid installing the Kinect sensors on/near the x x 
walls that those with visual disabilities use as their 
orientation-marks while walking; Consider it that 
the gait data may show abnormal gait patterns due 
to bumping into walls although they have no health 
problems, which should be reflected accordingly in 
data analysis 
Analyze the gait data by differing walking x x 
conditions such as walking in a wide-open area 
(e.g., a wide living room, a straight hallway) versus 
a small area with many household goods; Set the 
Kinect sensors to aim at the target zone that does 
not include a bed area 

Home size Participants lived in various residence types and 
sizes – ranging from a studio apartment to a house 
with multi-stories, which will affect one’s activities 
of daily living. 

Determine the number of sensors by x 
comprehensively considering the target user’s 
living environments. Yet, a larger number of 
sensors do not always result in great data accuracy 
as the sophisticated algorithms with a smaller 
number of sensors could also lead to a great 
performance. 
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Table 2, continued 

Categories Contexts Determinants of implementing sensors 
Data-

 

 
 

Sensor- 
location 

 
 
Sensor- 
type 

Stairs To prevent from falls while walking on stairs, 
participants tended to adjust their gait 
characteristics. 

Home adjustment Participants took advantage of a home 
modification (i.e. alteration made to a home to 
meet the needs of people with special needs such 
that they can live independently and safely), e.g., 
installment of handrails, extra overhead lighting, 
and a large mirror. 

Consider the gait changes before and after stairs x 
induced by one’s fear of falling if the sensors are 
required to be located near/on the stairs. 
Consider various factors affecting the Kinect sensor x x 
data collection and analysis, such as a home 
modification that would cause an individual to 
change the gait characteristics 

Door Door 
alignment 

 
 

Door swing 
direction 

 
Doorway 
without a 
door 

 
 

Entrance 
door 

 
Hallway Narrow 

hallway 
 
 

Short 
hallway 

Participants lived in the home where the doors of 
each room were aligned in a perfectly straight line; 
thus, they often walked in a straight line when 
transitioning between rooms. 
Participants used to keep the door open during a 
day. The swing directions varied between a 
left-handed and right-handed door. 
Participants who lived in an assisted living 
apartment (e.g., a one-bedroom apartment) had 
private places (e.g., a bedroom and a bathroom) 
connected with a living room by an open doorway 
(i.e., without a door). 
Participants tended to spend most of their time in 
the home instead of going outside due to 
retirement or visual impairments 
In the narrow hallway, participants walked close to 
the wall by touching the wall due to his/her visual 
disability. A Kinect sensor cannot detect an 
individual who is too close to the sensor. 

 
Once participants just enter (or exit) a room, they 
would still be in the midst of increasing (or 
decreasing) their gait speed, which should not be 
considered as their normal gait speed. 

By considering the alignment of doors, the Kinect x 
sensors should aim at the walking direction, i.e., 
lengthwise instead of crosswise 

 
Avoid installing the Kinect sensor behind the door x 
as the sensor would be hidden behind the door 
when it is open 
Set the Kinect sensor in the living room by x 
avoiding aiming at the private places 

 
 

Avoid aiming at the entrance door if the target user x 
is less likely to pass through the entrance door 
during a day 
Install Kinect sensors at the end of the hallway to x 
aim    at    the    walking    direction    because    a    sensor    – 
installed on the wall in the narrow hallway – would 
be difficult to keep monitoring an individual 
passing through the hallway 
Avoid installing the Kinect sensor in a short and x 
narrow hallway to measuring one’s gait speed 

Kitchen Participants repeatedly went back and forth for a 
few steps in the kitchen, i.e., an incomplete gait 
cycle, leading to fragmentary gait data collection 
and inaccurate data analysis. 

Avoid installing the Kinect sensor in the kitchen x 
unless there is a need to monitor other behavioral 
data such as cooking-related tasks 

Household 
good Table/Chair Due to vision loss, participants did typically stand 

up to begin walking (or sit down to end walking) 
by gradually increasing (or decreasing) their gait 
speed. In general, the gait speed is assessed when a 
person walks comfortably for a few meters, such 
that the first and last meters are excluded in 
analyzing the gait speed. 

Avoid setting the Kinect sensor to aim solely at a x 
table or a chair unless there is a need to track one’s 
behavior of standing up or sitting down 
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Table 2, continued 

Categories Contexts Determinants of implementing sensors 
Data-

 

 
 

Sensor- 
location 

 
 
Sensor- 
type 

Location Participants often found that his/her family members 
rearranged household goods (e.g., furniture) such 
that they often hit the household goods that were 
located in their routinized walking paths. His/her 
walking area should be free from clutter. 

Avoid placing the Kinect sensor in the area that x 
interferes with his/her walking paths 

Too much 
stuff in the 
home 

 
 

Interfered with 
pets & service animals 

 
A house/room was often crammed full of household 
goods, and the household goods could block the 
view of sensors. As a user-centered design approach, 
the household goods should not be removed or 
relocated intentionally for the sensor system. 

Pets (including a service dog) walked on the floors 
as well as climbed furniture (e.g., chair, desk, sofa). 

 
Find a less-crowded place in the home to install the x 
Kinect sensor such that the sensor could have a clear 
view 

 
 
Install the Kinect sensors in a secure place to avoid x x 
any interference with dogs/cats chewing or blocking 
the view of sensors; Include algorithms to 
distinguish the gait data between humans and 
dogs/cats 

Noisy place in the house Participants experienced that their walking routes 
were affected by noisy sound, e.g., a participant 
lived with his cousin who made a loud noise in his 
room by playing musical instruments such that the 
participant occasionally changed his walking paths 
away from the noisy room. 

External environment External environment factors such as weather could 
affect the activities of daily living, e.g., participants 
spent most of their time on the porch in the summer 
as compared to indoors 

Task Activities at home While staying at home, participants kept themselves 
busy with various activities of daily living (e.g. 
watching TV, conversation on the phone, reading 
books, and other tasks) that would occur in different 
places, at different times, and under different 
circumstances. 

Exercise In the home Participants did occasionally or regularly exercise at 
home by using a variety of equipment (e.g., a 
treadmill, a stationary bike). If they do exercise 
within the detection zone of the Kinect sensors, it 
may appear to be that he/she is walking abnormally 
in the home. 

Install the Kinect sensors by comprehensively x 
considering his/her living environments (e.g., noisy 
place) affecting their daily living activities such as 
walking paths 
 
 
Install the Kinect sensors by considering outdoor x 
environments (i.e., individual preferences) 
 
 
Install the Kinect sensors to be aligned with his/her x 
daily activities’ routines, locations and timelines 
 
 
 

Avoid setting Kinect sensors to focus on the exercise x x 
equipment (e.g., treadmill) unless the sensors aim to 
monitor exercise activities. Alternative option to 
consider will be to set up a separate Kinect sensor 
aiming solely at the exercise equipment if it is 
necessary to monitor exercise activities. 
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Table 2, continued 

Categories Contexts Determinants of implementing sensors 
Data-

 

 
 

Sensor- 
location 

 
 
Sensor- 
type 

Outsid Although participants were retired, they were still 
active and regularly participated in social events and 
physical exercise programs at YMCA and senior 
centers. 

Cooking Participants tended to avoid cooking due to their 
vision loss. 

Find ideal timeframes for monitoring by considering x x 
his/her daily living activities outside; or enable a user 
to control the monitoring system through an on/off 
switch 
Avoid installing Kinect sensors in the kitchen for x 
those who rarely or never use the kitchen 

Walking Walking with 
visual 
impairment 

Participantscounted their steps and constantly 
looked down by using his/her parallel vision while 
walking. The gait characteristics of an individual 
may be different from that of others who have 
different visual acuity levels. 

Consider individual differences in gait 
characteristics,which should be reflected in analyzing 
his/her gait data 

Parallel paths Participants established his/her walking paths that 
they frequently used while walking in the house. 

Identify places where the Kinect sensors can cover as 
many walking paths as possible, leading to rich data 
collection 

Contact 
(crossed) 
points of 
path 
Favorite 
paths 

 
 

Gait 
direction 

The walking paths were often crossed at some 
points in the house; for example, the living room is a 
place where an individual frequently transitions 
between rooms. 
Although participants were aware that there were 
multiple walking paths leading to a particular 
place/room in the house, they tended to use his/her 
favorite path(s) (e.g., a shorter path, a more 
convenient path, a safer path, and so on). 
There is ample evidence in literature to suggest that 
a Kinect sensor can accurately monitor gait 
characteristics when the sensor is set to aim at the 
lengthways of his/her gait direction as compared to 
crossways. 

Identify places where many walking paths are 
crossed, which would be good locations for the 
Kinect sensors to capture the gait data 

 
Identify his/her favorite path(s) and accordingly 
install the Kinect sensors to monitor their gait data 

 
 

Set the Kinect sensor to be aligned with the gait 
direction (i.e., lengthways) 
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of sensors, and series connection of sensor). The cate- 
gory of People has sub-categories including emotion, 
cognition (fear of falling and cognitive maps), privacy, 
preferences (technology adoption, favorite place in the 
home, monitoring the house), and visitors/cohabitants. 
The category of Environment has sub-categories such 
as walls (bump into walls and walls in small homes), 
home size, stairs, home adjustment, doors (door align- 
ment, door swing direction, doorway without a door, 
and entrance door), hallway (narrow hallway and short 
hallway), kitchen, household goods (tables, chairs, lo- 
cation, and too much stuff in the home), interference 
with pets and service animals, noisy place in the house, 
and external environment. The category of Task is fur- 
ther broken down into the following sub-categories: ac- 
tivities in the home, exercise (in the home and outside), 
cooking, walking (walking with visual impairments, 
parallel paths, contact points of paths, favorite paths, 
and walking direction) Each subcategory was given ad- 
equate guidelines, which were also sorted by sensor lo- 
cation, sensor type, and data analysis. It should be noted 
that the design guidelines were developed by targeting 
older adults (age 65+) who have visual impairments or 
blindness, a video-based sensor technology (e.g., Mi- 
crosoft Kinect), and gait data collection and analysis in 
the home. 
 
 
4. Discussion 
 
As compared to general populations, less attention 

has been paid to older adults with visual disabilities with 
regard to implementations of smart sensors in the home 
(e.g., ambient intelligence and smart home). This study 
has conducted contextual inquiries (i.e., observations 
and interviews in participants’ home) to advance knowl- 
edge of the target user’s living environments, needs and 
concerns about placing sensors in his/her home to keep 
track of daily living activities. This study suggested a 
set of guidelines that would be useful for researchers 
and professionals in determining on how to implement 
sensor technology (e.g., sensor type, data collection and 
analysis) for older adults with visual disabilities in the 
home. The guidelines were constructed by comprehen- 
sively reviewing various factors such as tools, people, 
environment, and tasks. 
As previous studies in literature have been found to 

support the results of this study (i.e., the guidelines), 
we discussed further the guidelines by referring to pre- 
vious studies. For example, participants in this study 
(i.e., older adults with visual disabilities) perceived that 

 
they often felt lonely while staying at home. Besides a 
decrease in lower extremity muscle mass and muscle 
strength, such human emotion as a feeling of loneli- 
ness can cause an individual to change his/her gait char- 
acteristics [42–44], such as slower gait speed, shorter 
stride length and lower cadence, which should be re- 
flected when analyzing the gait data. Yet, the changes in 
gait characteristics – induced by emotion – may occur 
in certain contexts only (e.g., a particular location or 
time) and they may go back to normal in different con- 
texts [45,46]. The gait data of older adults with visual 
disabilities should be analyzed adaptively by consider- 
ing such various conditions. As lonely people may have 
a limited range of movement [47], a sensitive sensor 
technology (e.g., micro-scale motion sensing technolo- 
gies [48,49]) may be used to detect and distinguish the 
subtle changes in the body movements of older adults 
with visual disabilities. 
Participants mentioned that they typically spend most 

of their time in the home instead of going outside due 
to retirement or vision loss. It is well documented that 
people with visual disabilities tend to encounter outdoor 
mobility restrictions [50] in that 35% of adults with 
visual disabilities are likely to decrease the frequency 
of socializing after vision loss and 47% depend on other 
people [51]. A Kinect sensor may not aim at the en- 
trance door as they are less likely to use the entrance 
door compared to other locations in the home. 
Participants showed different techniques to get 

around safely by preventing from tripping and falling 
even when they were in the home. For example, they 
tended to count their steps or constantly look down by 
using his/her parallel vision while walking. However, 
individual differences within the group of people with 
visual disabilities should be accordingly reflected in 
the gait data analysis. For instance, an empirical gait 
study [52] found that the walking characteristics (e.g., 
gait speed, stride length, time of stance phase, and time 
of swing phase) would vary, depending on different 
visual status (e.g., late blind and congenitally blind) 
Participants used their hands and feet to scan their sur- 
roundings for obstacles or orientation marks; yet, it was 
observed that participants often bumped into walls al- 
though it is their home. Various installation kits (e.g., 
poles, tripods, or stands) are typically used to install 
the Kinect sensors on/near the walls, but the sensors 
should not be placed on/near the walls that older adults 
with visual disabilities are likely to bump into or use 
as their orientation marks. The gait data should also be 
carefully analyzed by considering it that the gait data 
may show abnormal gait patterns due to bumping into 
walls although they have no health problems. 
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When participants walked on stairs, especially with 
too short tread depth for adults or with a little darker or 
no lighting, they tended to experience a fear of falling 
and thus change their gait to prevent from falls It is well 
documented that walking on stairs is among the most 
challenging and hazardous activities of daily living for 
older adults, leading to a fear of falling and changes in 
walking patterns [53,54]. According to the Stair Behav- 
ior Model [55], an individual walking on stairs is likely 
to perform a series of information process tasks, i.e. 
initial conceptual scan for sensory input, detection of 
hazards, choice of route, visual perception of step loca- 
tion, and continuous monitoring scans. Any interruption 
of these processes puts the individual at increased risk 
of falling. As people with visual disabilities are signifi- 
cantly affected by the lack of visual input, he/she would 
result in the information processing interruption such 
that they are likely to increase the risk of falling while 
walking on stairs and thus, change their walking char- 
acteristics to prevent from falling. The walking changes 
should be considered in analyzing the gait data if the 
sensors are needed to be located near/on the stairs. 
Participants had a set of walking paths to frequently 

use while walking in the home, which is likely to be 
routinized. The Kinect sensors could be installed in a 
place where the sensors can cover as many walking 
paths as possible, leading to rich data collection. The 
walking paths are often crossed at some points in the 
house (e.g., a living room), which would also be good 
locations for the Kinect sensors to aim. Even though 
there were multiple walking paths leading to a cer- 
tain place/room in the house, participants tended to use 
his/her favorite paths (e.g., a shorter path, a more conve- 
nient path, a safer path, and so on). It is recommended 
to identify his/her favorite path(s) and accordingly in- 
stall the Kinect sensors to monitor the gait. According 
to an empirical study with sighted participants [56], a 
Kinect sensor can accurately monitor gait characteris- 
tics when the sensor is set to aim at the lengthways of 
walking direction as compared to crossways. It would, 
thus, be ideal for the Kinect sensor to be aligned with 
the walking direction (i.e., lengthways) of people with 
visual disabilities. 
Participants stated that after experiencing a fall, they 

tended to pay much more attention to their walking and 
surroundings, ultimately affecting their gait patterns. 
There is ample evidence to suggest that a history of 
falls can cause fear of falling, which is likely to result in 
abnormal gait characteristics (e.g., too much cautious 
or fearful walking, leading to lower gait velocity, higher 
stride length variability, and higher stride time variabil- 

ity) [57–60]. People with visual disabilities are already 
overwhelmed with their vision loss and likely to adjust 
their gait patterns to prevent from bumping into objects 
and people. The fear of falling caused by the fall history 
would cause them to change their walking character- 
istics furthermore, which should carefully be reflected 
in analyzing the gait data of people with a history of 
a fall as compared to people with no history of a fall, 
especially among people with visual disabilities. 
Participants took advantage of a home modifica- 

tion [61] (i.e. alteration made to a home to meet the 
needs of people with disabilities) such that they can live 
independently and safely. While the home modification 
can positively affect the activities of daily living [62], it 
could ironically interfere with the Kinect sensors. Par- 
ticipants in this study installed handrails on the walls 
to prevent from falls, which may change the gait char- 
acteristics as they walk closely with the walls The gait 
data should be analyzed by considering the two differ- 
ent conditions, i.e. walking with and without handrails. 
Furthermore, the home modification may include ex- 
tra overhead lighting and a larger mirror [62] which 
could make a strong glare that makes it hard for the 
Kinect sensor to identify an individual or keep track of 
an individual’s movements [63,64]. The Kinect sensor 
should avoid aiming at the walls equipped with mirrors 
or highly reflective objects. 
A group of participants were willing to adopt and in- 

stall the Kinect sensor in their home to monitor various 
activities of daily living to improve the quality of life; 
on the other hand, another group of participants were 
unsure about it in that they were hesitant to even replace 
their conventional technology applications (e.g., a flip 
phone) with a new one (e.g., a smartphone). In liter- 
ature, users with visual disabilities are anticipated to 
adopt a new technology if it is ease of use, secure, safe, 
and designed for people with special needs [65–67], 
which should be referred in designing, developing, and 
implementing the Kinect sensor technology in the home 
for those with visual disabilities. 
The sensor placement could be affected by not only 

humans but also animals in the home. Participants lived 
with a service dog (and/or pets) in the home. Those 
animals could climb furniture (e.g., chair, desk, sofa) 
so that the Kinect sensors should carefully be placed in 
the home to avoid any interference with those animals 
chewing or blocking the sensors. The Kinect technol- 
ogy is also recommended to be equipped with algo- 
rithms that can distinguish the behavioral data of hu- 
mans from that of animals. A research team by Munsell 
et al. [68] introduced a person identification algorithm 
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by using human full-body motion and anthropometric 
biometrics, acquired from Kinect sensors. It can help 
to distinguish a person from others but also two people 
who have similar full body motion characteristics. Ad- 
ditional research is needed to explore the quantitative 
relationship between gait parameters measured by the 
Kinect system in home environments and those mea- 
sured by the conventional, clinical assessment in a con- 
trolled setting. The research team by Stone et al. [69] 
found that the conventional measures for gait parame- 
ters tended to show significantly greater variation from 
month to month than the Kinect-based measures. The 
variation would be induced by intraindividual variation 
between sessions of measurements [70,71]; for exam- 
ple, changes in activities of daily living (e.g., a very 
slow gait speed) may be unrelated to a “true” change 
in one’s physical function but merely reflect normal 
variation or noise data in the measurement [69]. When 
a chair is located between a faller and the Kinect sensor, 
the Kinect sensor could consider the chair as part of 
the faller, leading to miscalculating a person’s fall risk. 
Other behavioral examples (leading the Kinect sensor to 
inaccurate evaluation for falls) are the situations where 
a person performs certain yoga poses on the floor; kids 
drop to the floor while playing; and pets jump down 
from furniture. A sophisticated tracking and analysis 
algorithm is recommended to avoid triggering a false 
alarm [72]. A personalized data analytics approach may 
contribute to adequately determining the optimal thresh- 
old for an individual at risk by considering his/her own 
contexts. For example, a research team by Skubic et 
al. [73] developed a fall alert system for older adults 
at home, which was equipped with a personalized al- 
gorithm that was developed via retrospective analysis 
and collaboration with clinicians. They kept monitoring 
an older adult and reviewed his/her emergency room 
visits, hospitalizations, and fall histories, which were 
compared with home sensor data. Potential algorithms 
were iteratively tested, and adequate thresholds were 
then determined for the individual. 
Biometrics can help to make the Kinect system appli- 

cable to multiple people in that a single Kinect sensor 
can monitor multiple users and analyze each individual 
based on his or her anatomical and/or behavioral traits 
(i.e., biometric algorithms) even when they enter the 
detection zone at the same time [74]. A range of Kinect- 
based interventions offer various benefits, such as rel- 
evant feedback in real time to a person performing a 
physical exercise [75]; classification of Parkinson’s dis- 
ease stages based on on’s own gait characteristics [76]; 
real-time fall alerts via an acoustic fall detection sys- 

 
tem, FADE [77] or infrared sensors [78]; in-home self- 
assessment of fall risk [79]; and real-time monitoring 
of facial expressions of emotions to inform a caregiver 
online [80]. 
 

5. Conclusion 
 
Although a variety of research studies on sensor 

technology for smart home environments have been 
conducted, there is still lack of consideration of user- 
centered approach in implementing sensor technology 
in the home, especially for older adults with visual dis- 
abilities. This study conducted observations and inter- 
views to advance knowledge of human factors-based 
implementations of sensor technology (e.g., Kinect) in 
the home of people with visual disabilities. It is rec- 
ommended that sensor technology be integrated in the 
living environments by considering various contexts of 
those with visual disabilities, such as people, environ- 
ment, tasks, and tools, each of which was further broken 
down into several sub-categories. Each sub-category 
included adequate guidelines, which were also sorted 
by sensor location, sensor type, and data analysis. The 
guidelines will be helpful for researchers and profes- 
sionals in designing, developing, and installing sensors 
in the home to be usable, safe, and accessible to older 
adults with visual disabilities. 
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