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Abstract—A clear association has been demonstrated between gait
stability and falls in the elderly. Integration of wearable computing and
human dynamic stability measures into home automation systems may
help differentiate fall-prone individuals in a residential environment. The
objective of the current study was to evaluate the capability of a pair of
electronic textile (e-textile) pants system to assess local dynamic stability
and to differentiate motion-impaired elderly from their healthy counter-
parts. A pair of e-textile pants comprised of numerous e-TAGs at locations
corresponding to lower extremity joints was developed to collect accelera-
tion, angular velocity and piezoelectric data. Four motion-impaired elderly
together with nine healthy individuals (both young and old) participated in
treadmill walking with a motion capture system simultaneously collecting
kinematic data. Local dynamic stability, characterized by maximum Lya-
punov exponent, was computed based on vertical acceleration and angular
velocity at lower extremity joints for the measurements from both e-textile
and motion capture systems. Results indicated that the motion-impaired
elderly had significantly higher maximum Lyapunov exponents (computed
from vertical acceleration data) than healthy individuals at the right ankle
and hip joints. In addition, maximum Lyapunov exponents assessed by
the motion capture system were found to be significantly higher than
those assessed by the e-textile system. Despite the difference between these
measurement techniques, attaching accelerometers at the ankle and hip
joints was shown to be an effective sensor configuration. It was concluded
that the e-textile pants system, via dynamic stability assessment, has the
potential to identify motion-impaired elderly.

Note to Practitioners—This paper presents an e-textile system with em-
bedded e-TAGs and a fall risk assessment algorithm using local dynamic
stability. By identifying the individuals with higher risk of falling, it is pos-
sible to prevent and/or reduce the injuries associated with fall accidents.

Index Terms—E-textile, local dynamic stability, slips and falls, wearable
computing.

|. INTRODUCTION

Injuries from slip-and-fall accidents have been recognized as a preva-
lent problem, especially for the elderly. Approximately one-third of
adults over 70 years of age fall in a given year, with one-fourth of those
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falls resulting in fall-related injuries [1]. Thus, the elderly, especially
those living independently in a home environment, are in a great need
of effective fall prevention, detection, and intervention solutions.

Age- and disease-associated degradation of an individual s ability to
ambulate in a repetitive and stable manner is regarded as an apparent
sign of many gait pathologies leading to falls. It was suggested that
individuals with step variability fell more often than nonfallers in a
study of older adults who were hospitalized after falls [2]. Furthermore,
researchers also demonstrated that gait variability was linked to falls
in the elderly [3]. Therefore, effective and timely assessment of gait
stability of the elderly could help detect individual changes in stability
and differentiate fall-prone individuals with higher instability.

Local dynamic stability measure, which is based on the nonlinear
dynamic theory, has been proposed as a more precise measurement
of individuals resistance to perturbations. Using the dynamic stability
concept, Dingwell and Cusumano [4] successfully explained that indi-
viduals with pathological gait exhibited a slowdown adaptation to in-
crease their stability, and clearly demonstrated the differences between
dynamic stability and conventional gait variability measurements. This
dynamic stability measure was also shown to be able to detect the in-

uences of external conditions, like treadmill walking and over ground
walking [5]. Presently, however, the application of local dynamic sta-
bility is still constrained in the laboratory with no attempt for everyday
eld assessment, which is greatly needed for fall prevention solutions.

Wearable computing via ambulatory sensors started to receive atten-
tion in the area of home automation. Wearable systems have the ad-
vantages that they can be worn during activities of daily living without
being tethered, and can be used for continuous health status monitoring,
disease prevention, early diagnosis, etc. [6]. From the perspective of
maximizing the user compliance, wearable systems can be embedded
into various forms including clothing [7], [8] and jewelry [9]. From the
application perspective, speci c to fall accidents prevention, various
designs utilizing ambulatory sensors have been proposed to demon-
strate the feasibility to detect fall events from daily activities [8], [10],
[11]. Developments of fall event detection system show promising po-
tential in terms of reducing injuries resulting from fall accidents in a
home living environment.

Ambulatory fall risk assessment is an important research direction,
as part of the early diagnosis application of the telemonitoring system.
Compared to the fall detection literature, studies relevant to the ambula-
tory fall risk assessment are scattered [12], [13]. Their performances in
fall risk prediction are also limited, possibly due to the linear approach
to assess postural stability [4]. Because it is possible to uncover the un-
derlying motor control dynamics using nonlinear dynamics approach,
it is important to investigate whether the combination of local dynamic
stability and the wearable computing technology could be a viable so-
lution in terms of identifying or differentiating individuals with higher
risk of falling. Such solution can be easily integrated into a wireless
home surveillance network to offer medical assistance to individuals
deemed with risk of falling.

Therefore, the purpose of the current study was to demonstrate the
feasibility of an e-textile pants system in differentiating motion-im-
paired individuals, via a local dynamic stability algorithm. Speci cally,
we were trying to assess the effectiveness of local dynamic stability,
indicated by maximum Lyapunov exponent (refers to the nite-time
local dynamic stability in this document unless speci ed otherwise),
computed from both the motion capture (as a baseline measurement)
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Fig. 1. llustration of e-textile pants. (Only pants were used in the current study.)

and e-textile systems in differentiating three diverse groups with dif-
ferent physical characteristics. This study was intended to provide the
proof of concept for assessing fall risks utilizing our e-textile system
and local dynamic stability algorithm.

Il. METHODS

A. Instrument and Procedure

A pair of e-textile pants (one size) was developed to collect accel-
eration, angular velocity, and piezoelectric data. These e-textile pants
(Fig. 1) were in the form of special textile, embedded with numerous
e-TAGs which are small printed circuit boards with some combination
of microcontrollers, sensors, and communication devices [14]. Each
e-TAG has an Atmel AVR Atmega8 microcontroller with a built-in
interface and 10-bit analog-to-digital converter [15]. These e-textile
pants have four main types of e-TAGs. Four gyroscope/accelerometer
e-TAGs consisting of an ADXL203 accelerometer ( ,

, ) and ADXRS300
gyroscope ( , ,
) [16], [17] were attached near
the ankles and the knees of the participant wearing the e-textile. There
were also two e-TAGs attached to the participant s hips with the same
accelerometers but without the gyroscope. To aid in heel contact
detection, each foot had a piezoelectric sensor attached to the heel that
was connected to an e-TAG close to the ankle on the pants [18]. Each
gyroscope/accelerometer was sampled by its microcontroller at 125
Hz. The piezoelectric sensors were sampled at 750 Hz. Choice of these

speci ¢ sampling rates was made both to accommodate the initial
hardware development and to suf ciently measure the characteristics
of daily activities, which is generally below 15 Hz [19]. All data was
then transmitted over the network to a nal Bluetooth e-TAG,
which then wirelessly transmitted the data to a host computer for
further processing.

Ten infrared-re ective markers were placed bilaterally over bony
landmarks of the participant s lower extremities (distal head of the
second metatarsal/heel/lateral malleolus/lateral epicondyle/ASIS) for
kinematic motion capture with a six-camera ProRe ex system (Qual-
ysis Medical AB, Gothenburg, Sweden). The sampling rate for the mo-
tion capture system was 120 Hz. An overhead safety harness system
was used to protect participants from accidentally losing balance while
walking on the treadmill.

Before the data collection, each participant was allowed up to 5 min
to familiarize themselves on the Parker PM treadmill (Parker Treadmill
Company, Auburn, AL). Participants selected their own preferred speed
at which they felt comfortable to swing their arms naturally without
requiring the use of the handrails on the treadmill. This speed was then
used as the 100% normal walking speed for that participant. During the
data collection, participants were instructed to walk on the treadmill at
the speed remotely controlled by the experimenter. Three speed levels
(100%, 110%, and 120% of the individual s normal speed) were tested
for each participant sequentially. At each speed level, a 50-s dataset
was taken by both motion capture system (MT) and e-textile system
(ET) simultaneously. Synchronization between motion capture system
and e-textile system was achieved by a signi cant right heel contact
made intentionally by each participant before each walking trial.
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