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Wearable Systems with Minimal Set-up for Monitoring and
Training of Balance and Mobility

L. Chiari

Abstract— With the objective to release solutions which can
be easily manageable by their final users, including older users,
we worked to design methods and devices which rely on a
minimal set-up for monitoring and rehabilitation of balance
and mobility. A single inertial sensing unit, typically worn on
the trunk, was hence engineered to accomplish for activity
monitoring and event detection (including fall detection),
tremor rejection, instrumented clinical tests (e.g. stabilometry,
Timed-Up and Go), and sensory biofeedback (audio, visual or
tactile). The sensing unit is wirelessly connected with a
processing unit, which can in turn act as a gateway to remote
applications or caregivers. Promising results were obtained,
which may pave the way to novel intensive and pervasive
neurorehabilitation strategies.

I. INTRODUCTION

NERTIAL tracking technologies are becoming widely

accepted for the assessment of human movement in both
clinical practice and scientific research. They favourably
compare to commercial movement analysis systems in terms
of cost, size, weight, power consumption, ease of use and,
most importantly, portability, while showing, at the same
time, a similar reliability [1]. This makes movement data
collection no longer confined to a laboratory environment
and opens new and promising opportunities for an ecological
and intensive measurement of balance and mobility in real-
life conditions. This objective requires a mature technology
but also appropriate methods for managing the (on-line or
off-line) processing, compression and mining of inertial
data.

The use of accelerometers in gait and balance evaluation
is supported by theoretical arguments and results of prior
studies (e.g. see [2],[3]). An increasing number of studies
make use of accelerometers to characterize human gait or
classify physical activities. Only a few studies, nevertheless,
have employed accelerometers to investigate balance control
during standing [4],[5] or have extensively compared
information from force plate and accelerometer measures
[6],[7]. We recently worked on designing prototypes,
protocols, and signal analysis techniques with the aim to
release smart wearable systems with a minimal set-up (i.e. a
single sensing and processing unit) which can account for
reliable estimates of balance and mobility functions by
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minimizing information loss compared to more complex
systems.

Postural instability, gait disturbances and falls are a
leading cause of morbidity and mortality among older adults
[8], especially among patients suffering from a
neurodegenerative disease like Parkinson's disease (PD).
While much is known at the present about the multi-factorial
nature of gait disturbances and falls, there are still many
questions regarding the best therapeutic means of improving
these impairments and thus reducing fall risk.

The use of laboratory-based biofeedback has been offered
in the past as an instrument for training that enables an
individual to learn how to change physiological activity or
behavior for the purposes of improving performance. Inertial
sensors provide the mean for developing wearable
biofeedback platforms that are suitable for home-based
training and rehabilitation.

Based on our previous laboratory-based studies [9],[10],
we hypothesized that deficits in postural control can be
positively influenced by sensory Bio-Feedback (BF)-based
dynamic balance training and that this training can be
offered directly in patients” homes.

This paper presents a survey of some of the research
issues we addressed, in the Biomedical Engineering Group
of the University of Bologna, in the field of wearable
systems for monitoring and training of balance and mobility.

II. METHODS

A. Study 1: Accelerometer-based estimate of anticipatory
postural adjustments

After proving that accelerometers can reliably detect
characteristics of anticipatory postural adjustments (APAs)
before step initiation [11] we investigated whether
accelerometers can be used to characterize subtle step
initiation deficits in subjects with early-to-moderate,
untreated PD [12] which may then degenerate later on in the
disease in start hesitation and motor blocks. Eleven PD
(UPDRS 1I=29+1.0/108) and 12 age-matched healthy
control subjects were asked to take two steps moving from a
force plate (AMTI OR6-6). Postural adjustments were
compared from center of pressure (COP) and from
acceleration of the trunk at the center of mass level (MTX,
49A33G15, XSens).

B. Study 2: Accelerometer-based stabilometry

We investigated whether it is feasible to use
accelerometers similarly to force plates to quantify body
sway [13]. Postural performance during quiet standing (QS)
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and voluntary trunk sway (TS) was assessed in five young
and healthy subjects using a force plate (BERTEC 4060-08)
and four accelerometers (MTx, 49A33G15, XSens). Subjects
wore the sensing units via Velcro belts laterally on the right
thigh and on the posterior trunk, at the level of L5, T10, and
C7. By means of single- (SS) and double segment (DS)
models of the body we computed accelerometry-based
estimates of COP with the four accelerations used one at the
time in SS, and with three different couples of accelerations
in DS. In order to assess and quantify the relationship
between COP and accelerations, we performed a linear
regression analysis between the COP signal and the
acceleration signals at the four different measurement sites,
during QS and TS trials.

C. Study 3: Accelerometer-based tremor estimation and
filtering

Tremor, which is a common symptom of several disorders
of the central and peripheral nervous system, including PD,
may mask the underlying postural stabilization process and,
in turn, affects postural measures and leads to biased results
in stabilometry. We proposed a new method for tremor
removal based on Hilbert—-Huang transformation (HHT)
[14]. We compared the effectiveness of linear low-pass
filters (LPF) and HHT-based filtering on a set of postural
parameters extracted from acceleration signals.

We examined the quiet standing of 20 PD subjects, with
and without tremor (‘tremor at rest’ item of UPDRS
1M1=3.35+2.5/20), and 20 age-matched healthy control
subjects. Subjects were wearing at L5 a triaxial
accelerometer (McRoberts Dynaport Micromod; sample rate
=100 Hz, range = +2 g).

D. Study 4: Sensitivity of accelerometer-based measures of
postural sway to early, untreated PD

Abnormalities of postural sway associated with untreated
PD have not been reported, yet. Although not clinically
apparent, we hypothesized that spontaneous sway in quiet
stance is abnormal in people with untreated PD [15].

We examined 13 subjects, recently diagnosed with PD
(UPDRS III=28.1£11.2/108), who were not yet taking any
anti-parkinsonian medications and 12 healthy, age-matched
control subjects. Postural sway was measured with a linear
accelerometer (MTx, 49A33G15, XSens) at L5 and
compared with traditional forceplate (AMTI ORG6-6)
measures of sway. Subjects stood for two minutes under two
conditions: eyes open (EO) and eyes closed (EC).

E. Study 5: Feature selection for accelerometer-based
posture and TUG analysis in Parkinson’s Disease

We investigated the sensitivity to PD-related postural
instability of a broad set of 175 measures computed from
acceleration signals, including postural acceleration, postural
displacement, and tremor measures (see Fig.1) [16]. Twenty
early-mild PD (UPDRS III=26.6+7.1/108) and 20 age
matched healthy control subjects, wearing an accelerometer
at L5, were tested in five conditions characterized by
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Fig. 1. Sck(;ématic representation olfh]the different processin;] stages of
the acceleration signals. (a) Raw acceleration is filtered by the HHT
[14], obtaining (b) tremor-free acceleration; then the anthropometric
filter (AF) is applied to get (c) tremor-free displacement
different degrees of sensory and attentional perturbation.
Different testing conditions were considered in order to
identify those sensory and attentional demands that, in QS,
are more capable of disclosing postural differences between
PD and control subjects. Conditions include manipulations
of the visual and peripheral somatosensory input, and a dual
task paradigm challenging attentional and cognitive
resources of subjects.

Feature selection was implemented to identify the subsets
of measures that better characterize the distinctive behavior
of PD and control subjects. It was based on different
classifiers and on a nested cross validation, to maximize
robustness of selection with respect to changes in the
training set. The classifiers that we considered in this study
are some of the most popular classifiers, namely the linear
and quadratic discriminant analysis, Mahalanobis classifier,
logistic regression, K-nearest neighbors, and support vector
machines.

A similar methodology was used for feature selection on a
set of 56 temporal, coordination and smoothness measures
computed from acceleration signals during an instrumented
Timed-Up & Go (TUG) test carried out on the same
population [17]. A wrapper feature selection was
implemented for different classifiers with an exhaustive
search for subsets from 1 to 3 features. A leave-one-out
cross validation (LOOCV) was implemented both for the
feature selection and for the evaluation of the classifier,
resulting in a nested LOOCV.

F. Study 6: Neurorehabilitation potentials of a wearable
BF system

Within the activities of the EU-funded SensAction-AAL
project we advanced in the design and validation of a
previous portable prototype of an Audio-BF (ABF) system
for balance and mobility [18].

Augmentation of sensory information, such as during
ABEF of the trunk acceleration, has been shown to improve
postural control [19]. By means of quantitative
electroencephalography (EEG), we examined the basic
processes in the brain that are involved in the perception and
cognition of auditory signals used for ABF [20]. ABF and
Fake ABF (FAKE) auditory stimulations were delivered to

5829



10 healthy naive participants during quiet standing postural
tasks, with eyes-open and closed. Trunk acceleration and 19-
channels EEG were recorded at the same time. Advanced,
state-of-the-art EEG analysis and modeling methods were
used to assess the possibly differential, functional activation,
and localization of EEG spectral features (power in a., 3, and
v bands) between the FAKE and the ABF conditions, for
both the EO and the EC tasks.

Based on the observation that physical therapy may have a
positive effect in neurodegenerative disorders such as
Progressive supranuclear palsy (PSP) and PD, and
considering the promising results of the ABF training in
patients with peripheral vestibular deficits [9],[10], we
hypothesized that PSP and PD deficits in postural control
may also be influenced by ABF-based posture and dynamic
balance training.

To this aim, a first uncontrolled intervention study, with a
6-week intervention to improve posture and dynamic
balance was conducted in a 1:1 setting three times per week
for approximately 45 minutes in a geriatric rehabilitation
center in southern Germany [21]. Assessments were
performed within 1 week before the beginning of the
intervention (T1), within 1 week after the last training
session (T2), and 4 weeks after the completion of the
intervention (T3). The intervention involved 8 PSP patients
(median age 66 years).

In a second study run in Tel Aviv, 7 patients with PD
were recruited for a similar 6-week intervention program
[22]. The training was individualized to each patients needs
and was delivered using the ABF system. The training was
focused on improving posture, sit-to-stand abilities, and
dynamic balance in various positions. Non parametric
statistics were used to evaluate training effects.

III. RESULTS

A. Study 1: Accelerometer-based estimate of anticipatory
postural adjustments

APAs measured from the peak COP displacement toward
the swing leg and the peak trunk acceleration toward the
stance leg were smaller in untreated PD compared with
control subjects [12]. The magnitude of APAs measured
from peak COP displacements and accelerations were
correlated.

Reduced APAs are a specific, primary symptom of PD,
responsible for severe balance and mobility problems [23].
In this study, we found small peak APAs in subjects with
mild PD, even though the velocity and length of their first
steps were not slower or smaller than steps of control
subjects. These results are consistent with separate,
interacting motor programs for neural control of APAs and
the step itself [23],[24]. Early PD may affect the
supplementary motor cortex, responsible for APAs before it
affects the primary motor cortex and other areas responsible
for generating force for stepping [25].

These results suggest that quantitative analysis of step

initiation from one accelerometer on the trunk could provide
useful information for the characterization of patients in
early stages of PD, when clinical evidence of start hesitation
may not be detectable. Ambulatory monitoring of step
initiation is also promising for monitoring patient
progression in the home environment, and eventually
providing feedback for preventing freezing of gait episodes.

B. Study 2: Accelerometer-based stabilometry

We obtained [13] root mean square errors between
measured and estimated COP which are comparable with the
accuracy of the force plate: 1.1+0.1 mm (QS) and 6.0£1.1
mm (TS) with the SS model using the thigh acceleration, and
0.9+£0.06 mm (QS) and 4.6+0.6 mm (TS) with the DS model
using the combination of thigh and L5 accelerations. In
addition, model parameters in QS were well in line with
values from anthropometric tables disclosing interesting
developments for the proposed methodology. Lastly, we
found a very good correlation (0.90<r<0.98) between the
performance measures computed from measured and
accelerometer-based COP. Such high correlations are
important since performance measures computed from the
COP have proved able to distinguish conditions [26] or
discriminate between people with and without balance
disorders [27].Based on these results we can conclude that
accelerometers could be used to provide information similar
to force-plates to assess postural performance.

C. Study 3: Accelerometer-based tremor estimation and
filtering

HHT can be used to effectively remove tremor artifacts
from accelerometer-based postural parameters in those trials
of PD, which are most affected by this non-stationary
symptom of the disease [14]. We compared the performance
of HHT and a linear filter showing that LPF and HHT-based
filtering lead to similar results when subjects do not have
tremor. However, some postural parameters (mean velocity,
frequency-domain parameters, and jerk) are strongly
affected by high-frequency tremor components; thus,
inefficient tremor suppression may mask the underlying
postural performance. Using LPF, cutoff frequency and the
order of the filter must be accurately set to avoid misleading
results and interpretations. On the other hand, HHT is a very
powerful tool for signal analysis, capable of handling
nonlinear and nonstationary signals.

On the basis of these results HHT-based filtering can be
recommended as an efficient and robust tool for tremor
removal that allows the preservation of local dynamics
without sacrificing frequency bandwidth (see Fig.1). Further,
the results obtained using HHT (and not LPF) closely match
the classification of different PD phenotypes with distinct
clinical patterns, benign (tremor-dominant) and malign
(bradykinesia, rigidity, and gait and posture disabilities),
which may disclose in the future different
neurorehabilitation strategies [28].
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D. Study 4: Sensitivity of accelerometer-based measures of
postural sway to early, untreated PD

The key findings of this study [15] are: 1) postural control
is affected in subjects with untreated PD; 2) acceleration-
based parameters are able to distinguish between the two
groups as well as COP parameters.

One of the parameter that best discriminated postural
sway between untreated PD and control subjects was JERK
of the lower trunk. JERK, the relative smoothness of
postural sway can be interpreted as a measure of dynamic
stability, reflecting the amount of active postural corrections.
It is not likely due simply to changes in postural tone or
movement speed clinically apparent in untreated PD because
it did not correlate with the Motor UPDRS or its rigidity or
bradykinesia subcomponents. It is possible, however, that
increased JERK reflects increases in axial rigidity at the
trunk that is not measured in the UPDRS but can be shown
to be increased in early-to-moderate PD using sensitive
torque measures [29]. The JERK increase in our subjects
was not due to resting tremor because we low-pass filtered
the acceleration signals at 3.5 Hz to eliminate parkinsonian
resting tremor that ranges from 4 to 7 Hz and JERK did not
correlate with Motor UPDRS tremor. Previous studies of
patients with Parkinson’s disease [30] reported statistically
significant abnormalities of JERK measures in handwriting
likely related to a reduced capability to coordinate the finger
and wrist and by reduced control of wrist flexion.

Root mean square and the frequency dispersion of
postural sway in the EO condition also discriminated sway
in untreated PD subjects compared to controls subjects.

E. Study 5: Feature selection for accelerometer-based
posture and TUG analysis in Parkinson’s Disease

We found the appropriate combination of measures that
could best discriminate between early-mild PD subjects and
CTRL subjects [16]. Results revealed that feature selection
procedures based on different classifiers were comparable in
terms of accuracy in discriminating between PD and CTRL
subjects (5% of misclassification rate). Therefore in similar
circumstances, attention should be focused on the feature
selection procedure rather than on building new or complex
classifiers. We obtained good classification results with only
three measures, showing that several redundant or irrelevant
features were in the dataset. Selected measures included a
tremor-related measure, a postural measure in the frequency
domain, and a postural displacement measure. The proposed
feature selection hence is useful to: 1) optimize the
experimental protocol and reduce the cost of data
acquisition; 2) reduce the computational costs; 3) improve
clinical understanding of the results; 4) help in data
visualization; and 5) improve classification accuracy.

As far as TUG is concerned [17] the resulting selected
features allow obtaining a good accuracy (7.5% of
misclassification rate) in the classification of PD.
Interestingly the traditional TUG duration was not selected
in any of the best subsets.

Results suggest that quantitative analysis of balance and
mobility using a single accelerometer and a simple test
protocol may provide useful information to characterize
early PD subjects. This protocol is potentially usable to
monitor the disease’s progression and hence personalize
neurorehabilitation.

F. Study 6: Neurorehabilitation potentials of a wearable
BF system

Healthy participants [20] gained advantage by ABF in
reducing their postural sway, as measured by a reduction of
the root mean square of trunk acceleration during the ABF
compared to the FAKE condition. EEG outcomes supported
the idea that ABF for postural control heavily modulates
(increases) the cortical activation in healthy participants. The
sites showing the higher ABF-related modulation are among
the known cortical areas associated with multi-sensory,
perceptual integration, and sensorimotor integration,
showing a differential activation between the EO and EC
conditions.

Both PSP [21] and PD [22] patients well accepted the
wearable ABF device and no adverse events occurred.

In the PSP group a significant improvement in the Berg
Balance Scale was observed (T2 vs. T1, p=0.016), which
remained significant at the 4-week follow-up (T3 vs. T,
p=0.008). Significant improvement of the PD questionnaire
was demonstrated. No significant changes were found in the
TUG, the Five Chair Rise Test, and in specific clinical scales

In the PD group a significant improvement of balance, as
assessed by the Berg Balance Scale, was observed
(improvement of 3%, p=0.032), and a trend in the TUG
(improvement of 11%, p=0.07). In addition, the training
appeared to have a positive influence on psychosocial
aspects of the disease as assessed by the PD quality of life
questionnaire (PDQ-39) and in the level of depression as
assessed by the geriatric depression scale.

IV. DISCUSSION

A wearable accelerometer attached to a patient’s belt
seems a practical yet inexpensive alternative to forceplate
measures of postural sway because it is an unobtrusive and
accurate measure of postural control that can be used in a
variety of settings. We proved its suitability for early clinical
trials and for monitoring the effects of treatment of tremor,
balance disorders and gait disabilities in subjects with PD.
Further studies are needed to determine the reliability and
sensitivity of accelerometry-based measures of postural
sway. Longitudinal studies of postural sway are also needed
to determine if acceleration parameters might be sensitive
descriptor of disease progression and hence useful in clinical
trials of neuroprotective interventions.

Preliminary evidences of the neurorehabilitation potential
of wearable ABF are encouraging but further work is needed
to investigate larger populations and to personalize the
sensory feedback in order to implement home-based training
strategies for patients with PD, a cohort which does not yet
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have sufficient or therapeutically valid options for improving
postural instability and alleviate gait disturbances.
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