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primary diagnosis including, but not limited to fatigue, pain, sleep
disorders, reduction of mobility and falls [6]. If left untreated,
these secondary conditions can lead to worsening of symptoms or
other complications, such as broken bones from falls or pressure
ulcers from lack of movement. While there are many evidence-
based strategies available to help reduce the onset, intensity and
duration of secondary conditions, most of these are implemented
after problems have already developed. If these problems were
dealt with or anticipated earlier, then complications and
worsening of symptoms could be avoided [7–9]. As individuals
with disabilities age, they have an increase in symptoms and
therefore secondary conditions, which highlights the importance
of preventative care [10–12]. The use of continuous monitoring
and self-management techniques are ways to encourage preventa-
tive care to reduce the incidence or impact of possible secondary
conditions.

Although many new forms of embedded assessment have
been developed and tested in research environments, very few
have been implemented in community settings. In this study, we
designed, developed and field-tested an indoor–outdoor-combined
location sensing system,UbiTrack, with community dwelling
individuals who are aging with disabilities. Location is a good
measure of life space mobility, that is, the extent to which
individuals venture out into their community and the assistance
they require to do so [13–15]. The indoor/outdoor nature of our
system facilitates measurement of the full range of an individual’s
life space. Location is also an important element of a system
for measuring physical activity. As Chen et al. [16] note, there are
three different classes of sensors that have been used in activity
monitoring, including movement sensors (e.g. accelerometers,
pedometers, gyroscopes), physiological sensors (e.g. heart rate,
blood pressure, breathing frequency) and contextual sensors
[e.g. Global Position System (GPS), RFID, measures of ambient
conditions such as light/sound]. These types of sensors have been
used in various combinations to acquire an accurate view of
physical activity in different settings [17–21]. Location by itself
is an imperfect proxy for physical activity because physical
activity can occur without a change in location (e.g. exercising
on a treadmill) and location can change without physical
activity (e.g. traveling in a car). Thus, our system is a first step
in developing a complete measure of physical activity in a
community setting, but is incomplete without the addition of other
measures (e.g. accelerometry).

Our long-term goal is to develop a complete measure of
physical activity by adding additional types of sensor; however,
in this study our goal was to investigate the accuracy, feasibility
and acceptability of implementing an embedded assessment
system in the homes of individuals aging with disabilities.
We wanted to answer three research questions:
(1) How feasible is it to implement the system in the home and

community settings of people aging with disabilities?
(2) How accurate are the location data collected by the system?
(3) How acceptable is it for participants to have the system

installed in their home and how easy is it for them to use the
system on a daily basis?

Methods

Participants

We implemented UbiTrack in the home and community environ-
ments of five participants with disabilities who were 45 years
of age or older. The participants were recruited from a pool of
individuals who had completed a large-scale survey project for the
NIDRR-funded Rehabilitation Research and Training Center on
Aging with Physical Disabilities. Application was made to the
University of Washington Human Subjects Division in the Office
of Research for approval to conduct this research. Approval was
granted and subjects were consented using the IRB approved
format. We did not apply exclusion criteria or screen participants
based on their home setting or the nature or severity of their
disability. Rather, we wanted to investigate feasibility within the
context of the ‘‘real-world’’, naturally occurring challenges that
might be found in a large-scale implementation.

Table 1 shows demographic data about participants.
Participants ranged in age from 46 to 80 years and included two
males and three females. Two participants had spinal cord injuries
(SCIs), one had muscular dystrophy, one had multiple sclerosis
(MS) and one had late effects of polio (LEP). Participants used
a range of mobility devices including single canes, dual canes,
and manual and powered wheelchairs. UbiTrack was installed
in participants’ homes which ranged in size from 520 to 1390 ft2

and had 4–13 rooms.

Instrumentation

The location sensing system we developed, UbiTrack, consists
of three components: a portable sensor ‘‘tag’’, the location
sensing system and visualization software.

Sensing tag

The sensing tag includes two parts, a WiFi tag for indoor tracking
and a GPS logger for outdoor tracking (see Figure 1). One side
of the tag (black) is part of the Ekahau T301A WiFi tag (http://
www.ekahau.com/products/wi-fi-tags.html) used in the indoor
location tracking. The other side (white) is the GPS logger used
in collecting the data of outdoor activities. In order to ease the
burden on our participants, the tag needed to be as small, compact
and easy-to-use as possible. We removed part of the T301A tag
and designed a new cap to integrate the GPS logger with the tag.
We choose iBlue 860E (http://gpsdatalogger.thebestpricegps.com/
i-blue-860e-mini-gps-datalogger-receiver/) as our GPS data
logger because of its compactness. It is the smallest GPS data
logger we can find in the market. The integrated tag is only
70 g with compact dimensions (54 mm� 45 mm� 26 mm). The
Ekahau part of the tag did not require charging during the 3–6
weeks of study; however, the GPS part of the tag has a battery life
of � 11–14 h, which is enough only for one or days of activities.
Therefore, participants were asked to turn on the GPS component
of the tag when leaving the house and turn it off when returning,
download the GPS data to the laptop, clean the memory and
charge it.

Table 1. Participant demographics and home characteristics.

Participant Gender Age Diagnosis Mobility aids used Home size (ft2/m2)
Style/# of rooms

in home
Weeks

of study

1 M 81 LEP Cane 1350/120 House/8 6
2 F 69 SCI Powered and manual wheelchair/2 canes 520/50 1 Bed Apt/4 6
3 M 69 SCI Manual wheelchair 700/68 House/5 3
4 F 46 MD Powered wheelchair 1390/128 House/13 3
5 F 60 MS None 1185/110 House/9 3

2 K.-Y. Chen et al. Disabil Rehabil Assist Technol, Early Online: 1–9
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Location sensing system architecture

Figure 2 shows the system architecture of the location system,
which includes two parts, indoor and outdoor location tracking.
For the indoor positioning, we adopted network-based location
system manufactured by Ekahau (http://www.ekahau.com). We
installed wireless access points (WAPs) in the participants’ house
and used them as the signal sources for the tag. The tag searches
nearby WAPs and sends the collected received signal strength
indication as the fingerprinting to the location server for
reasoning its position. For the outdoor location sensing, we
adopted GPS to collect data of the subjects’ outdoor activities
due to its simplicity, usability, reliability and low cost.

Visualization software

In addition to the hardware design, we also developed a platform
for participants to review their visualized and statistical location
data including the participants’ route in their house, total time
spent in each room, total travel distance of an outdoor trip,
thus allowing them to review their real-time and history activity
status. Figure 3 (left) shows the visualization of the indoor
tracking data. The software extracts the raw data (i.e. location
positions) from the server database through Ekahau APIs and

visualizes them as meaningful information. Users can specify
the period of interest and explore the route of their indoor
activities and the total time spent in different rooms during
this period. For outdoor activities, as show in Figure 3 (right), the
platform showed participants’ routes based on their GPS data and
the total travel time and distance of each route. We embedded
Google Earth (http://www.google.com/earth/index.html) into our
platform and provided an interactive map view that allowed users
to easily view the route from different angles or to check where
they were at any specific time. We chose Google Earth instead
of Google Maps because many of our participants did not have
Internet connections from home, which is necessary for Google
Maps, but not for Google Earth.

Procedures

Each household was enrolled in the study for 3–6 weeks. In our
first visit to a participant’s house, we collected informed consent
and measured the floor plan of the house. In our second visit,
we deployed the system and provided training to our participants.
In each home, we first installed the WAPs as the signal sources
for the indoor location tracking and then performed the site survey
of the whole house to build the signal model of the system.

Figure 2. System architecture of UbiTrack.

Figure 1. The sensing tag with dimension of 54 mm� 45 mm� 26 mm.Left-top: GPS logger for the outdoor tracking.Left-bottom: WiFi tag for the
indoor tracking.Right: different view of the tag.

DOI: 10.3109/17483107.2013.805824 Embedded assessment 3
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Figure 3. UbiTrack platform entry.Top: Indoor location tracking, showing the route, basic profile of the subject and the time spent in each
room. Bottom: Outdoor location tracking, including an interactive map window, the trip route, way points and total travel time and distance of
each route.

4 K.-Y. Chen et al. Disabil Rehabil Assist Technol, Early Online: 1–9
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