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Fiber Braggs Grating Sensor Based Instrumentation
to Evaluate Postural Balance and Stability on an
Unstable Platform
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Abstract—This paper describes a novel application of Fiber
Braggs Grating (FBG) sensors in the assessment of human postural
stability and balance on an unstable platform. In this work, FBG
sensor Stability Analyzing Device (FBGSAD) is developed for
measurement of plantar strain to assess the postural stability of
subjects on unstable platforms during different stances in eyes open
and eyes closed conditions on a rocker board. The studies are
validated by comparing the Centre of Gravity (CG) variations
measured on the lumbar vertebra of subjects using a commercial
accelerometer. The results obtained from the developed FBGSAD
depict qualitative similarities with the data recorded by commercial
accelerometer. The advantage of the FBGSAD is that it measures
simultaneously plantar strain distribution and postural stability of the
subject along with its inherent benefits like non-requirement of
energizing voltage to the sensor, electromagnetic immunity and
simple design which suits its applicability in biomechanical
applications. The developed FBGSAD can serve as a tool/yardstick to
mitigate space motion sickness, identify individuals who are
susceptible to falls and to qualify subjects for balance and stability,
which are important factors in the selection of certain unique
professionals such as aircraft pilots, astronauts, cosmonauts etc.

Keywords—Biomechanics, Fiber Bragg Gratings, Plantar Strain
Measurement, Postural Stability Analysis.

I. INTRODUCTION

TANDING balance is an essential constituent of most

weight bearing tasks and engages a wide variety of sensory
inputs [1]-[3]. Generally, the balance can be defined as the
ability to maintain the body's Centre of Gravity (CG) over its
base of support with minimal sway or maximal steadiness [4].
It has been suggested by Woollacott et al. [5] that postural
control has substantial attentional requirements, with sway
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depending on the postural tasks, individual’s age, and
balancing capabilities. The fall-related injuries pose a massive
burden on geriatric population [6], sports performance [7], and
patients suffering from diabetes mellitus [8]. Several studies
undertaken on postural stability and balance [9] have focused
on the postural disposition and its possible consequences on
instability [10]; ground reaction force (GRF) for balance
assessment [11]; challenges in medio-lateral postural stability
during a swift upward step [12]; effects of vibration sensation,
vision and vestibular asymmetry in postural control of healthy
elderly subjects [13]; human postural responses to different
frequency vibrations of lower extremity muscles [14];
evaluation of visual effects on postural control and balance
[15]; usage of control models in the analysis of human
postural balance [16], [17]; feature selection of stabilometric
parameters in quantitative posturography [18]; application of
non-equilibrium statistical mechanics in posture control [19];
utilization of control systems to model the preceding motor
command applied by able-bodied subjects during quiet
standing [20]; study of implicit motor learning of a balancing
task [21]; investigation of the interference between postural
control and cognitive processing in patients with surgically
confirmed unilateral vestibular lesions [22]; study of
functional status of children after treatment for a malignant
tumour of the Central Nervous System (CNS) [23]; study of
the effects of aging and sensory reintegration on attentional
demands for postural control [24]; determination of the effects
of dual tasks performance on postural instability in subjects
with idiopathic Parkinson's disease [25]; study of standing
balance recovery from stroke [26]; the investigation of the
relationship between chronic ankle instability and postural
instability [27].

Many investigations have been reported in the literature
[28]-[30], in the area of postural stability analysis that utilise
inertial sensing, optical motion capture system, force plates,
etc. For example, Winter et al. [31] have explored the
possibility of evaluating details pertinent to human balance
and stability in various contexts such as bipedal and uni-pedal
stance, with and without visual feedback. There are many
unstable platforms such as rocker boards, wobble boards,
stability pads, etc. used to improve the balance [32],
coordination skills, and weight distribution, to avoid falls, and
to prevent sports-related injuries [33]-[35]. Omkar et al. [35]
have studied the angular deviations of the human body at the
CG while standing on a rocker board. It has been shown that
the measurement of dynamic strains beneath the plantar aspect
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of the foot provides a quantitative means of assessing the
plantar weight bearing patterns indicative of the
biomechanical transfer of load through the structure of the
foot.

Earlier, the feasibility of FBG sensor based instrumentation
for plantar strain measurements on a static platform has been
demonstrated by Guru Prasad et al. [36]. However, the use of
FBG sensors in the study of postural stability and balance in
an unstable environment like a rocker board has been
minimally reported in literature. The present study is an
extension of the work carried out by Guru Prasad et al. [36],
towards understanding the postural balance and stability of
subjects under unstable/dynamic conditions as it simulates
many real-life conditions.

In the present work, a FBG Stability Analyzing Device
(FBGSAD) has been developed, and tested for assessing the
postural balance and stability from the recorded strain data of
FBG sensors. The developed FBGSAD uses 6 strain sensors at
various locations of the plantar aspect to assess the postural
stability of subjects on unstable platforms during different
stances such as bipedal and uni-pedal stance, Eyes Open and
Eyes Closed conditions on a rocker board. The results are
validated by comparing the CG variations measured
simultaneously at the second lumbar vertebra of subjects using
a commercial accelerometer [37]-[47].

In the following section (section II), the details of the
experiments carried out and protocols adopted for
quantification of plantar strains on an unstable platform are
outlined. Section III provides a brief description of the
instrumentation, namely FBG sensors and accelerometers. The
postural stability analysis for various participants is provided
in Section I'V.

II. METHODS AND MATERIALS

A. Subjects

10 healthy subjects (5 female and 5 male; mean = SD age =
26 + 3 years), free from any neuro-musculo-skeletal illnesses,
participated in this study. Subjects with similar foot sizes have
been chosen to suit the developed FBGSAD. These subjects
have been advised not to consume alcohol or any sort of
medication 24 hours prior to the onset of the experiment.

B. Layout

An outline of the FBGSAD comprising of FBG sensors
bonded between two Perspex sheets is shown in Fig. 1 which
is similar to that proposed by Guru Prasad et al. [36] for static
conditions. Individual strain sensing plates for both the feet
are firmly secured on a wooden plank. The upper Perspex
sheet of the sensing plate is divided into three separate
segments, each comprising of one FBG sensor. For the current
feasibility study, three sensors for each foot at
biomechanically significant positions, namely the fore-foot,
mid-foot and hind-foot are chosen to measure the plantar
strains [48]. Independent fibers (channel 1 and channel 2),
each carrying three FBGs of varying Bragg wavelengths have
been used for each of the foot. A small protrusion is provided

at the end of the Perspex sheet serving as a reference or datum
for the subjects to appropriately position their feet on the
plantar sensing plate. This plantar sensing plate with FBG
sensors on the wooden plank is then secured firmly on top of a
rocker board as shown in Figs. 2 and 3 to form FBGSAD, and
to evaluate the postural stability of subjects under
dynamic/unstable conditions.

CHANNEL1 CHANNEL 2
LETTTOOT RIGHT FOOT
|

! :

FBEG Sensor @

Fore-foot

Mid-foot

Hind-foot

[

Prormision

[Relerence

Tl

pesition)

Fig. 1 Schematic design of the plantar strain sensing plate

Fig. 2 The Rocker board
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Fig. 3 Schematic of the subject standing on a rocker board

C. Procedure

The experiment is conducted in an isolated room in order to
eliminate any possibility of external vibrations interfering with
the recorded plantar strain data. Subjects are instructed to
comfortably ingress on the FBGSAD with the heels touching
the small protrusions provided at the end of each foot on the
sensing plate. An accelerometer is mounted on the subject’s
CG i.e., second lumbar vertebra [49].

Table I details the different cases of the tasks performed in
the present study. Volunteers are instructed to stand on the
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plantar strain sensing rocker board without any footwear for
the following cases i.e., Bipedal eyes Open (BO), Bipedal eyes
Closed (BC), Unipedal eyes Open (UO) and Unipedal eyes
Closed (UC) for 2 minutes with an interim gap of 5 minutes
between each case to avoid any possible error due to muscle
fatigue.

TABLEI
DIFFERENT CASES CONSIDERED
Case Stance Visual Input
BO Bipedal Yes
BC Bipedal No
vo Unipedal Yes
uc Unipedal No

Subjects are asked to maintain a uni-pedal stance on the
rocker board on one of their legs as steadily as possible.
Further, they are asked to fixate their gaze on a black cross,
placed on the wall at eye level, about 2.5 meters away from
the subject. The arms are made to hang by their sides and
support from the elevated leg is not permitted to ensure proper
stance. Subjects have been given detailed instructions prior to
data acquisition and each subject is given a trial run session
for each of the cases mentioned in Table I (BO, BC, UO and
UQ).

Three trials of readings are recorded for each case. The
protocol is such that readings are first taken for bi-pedal
conditions followed by uni-pedal conditions.

III. SENSOR INSTRUMENTATION DETAILS

A FBG is a periodic or quasi-periodic modulation of the
refractive index of the core of the photosensitive, germania
doped silica fiber achieved by exposing it to intensity
modulated UV light [50]. Over the years, there have been
several techniques developed to inscribe the gratings in an
optical fiber [S51], [52]. The phase mask method is used in the
present study with the UV radiation from a 248nm KrF laser
[53].

In order to facilitate easy post-processing of the data,
FBGSAD and accelerometer are configured to acquire data at
the sampling rate of 50 Hz. The data from FBGSAD is
recorded simultaneously from all the 6 FBG sensors
corresponding to both the feet, using a commercial FBG
sensor interrogation system (Micron Optics SM-130). Since,
the obtained data from the FBG interrogator is in the form of
change in reflected Bragg wavelengths, a pre-determined
wavelength to strain conversion factor of 1.22 pm/pe is used
to obtain the corresponding strains from each of the sensors
[56].

For quantifying the relative postural stability of the subjects
under test, the real-time strain recorded from FBG sensors are
compared against the calibrated tri-axial accelerometer
(ADXL326) [54], [55] of 60mV/g sensitivity, which records
the movements at CG of the subjects. From the obtained real
time strain data, the variations in the magnitude of the data are
considered for accessing the stability and balance factor of the
subject. The axes system adopted in the present study for the

accelerometer is shown in Fig. 4. All measurements are
obtained with respect to the accelerometer’s fixed axes
system. The accelerometer outputs the accelerations along X,
Y, and Z-axes.

A ¥ Axis  Dorsoventral Axis
Y Axis — Dextro-simster Axas
Z Axls — Anteroposterior Axis

»

Fig. 4 Axes system used for accelerometer measurements

IV. RESULTS AND DISCUSSION

This section presents two distinct aspects of the results
obtained in the study. One being the quantitate evaluation of
volunteered subjects for postural stability from FBGSAD and
commercial accelerometer and the other being the evaluation
FBGSAD with accelerometer and other obvious facts for
different cases of the experiment (BO, BC, UO and UC).

A. Subjective Evaluation for Postural Stability Using
FBGSAD and Accelerometer

As ten subjects are involved in the present study, a box-plot
analysis is used which summarizes all the data measured on an
interval scale, helping to compare different sets of measured
data values. This type of analysis represents the strain
distribution, mean, median, and percentile ranges for better
analysis and comparison of the measured plantar strain data
among the volunteered subjects.

Fig. 5 shows the box-plot of CG variations of all the
subjects for BO trial obtained from accelerometer. Fig. 6
shows the strain variations of all the subjects for BO trial
obtained from FBGSAD. From qualitative comparison of the
results of Figs. 5 and 6, it is evident that distribution, mean,
median, and percentile ranges of individual subjects match
well. From both the plots, it is evident that for BO case, the
postural stability/balance results can be grouped into three
categories in the order of higher to lower postural balance and
stability (Group 1: sub 5, sub 8 and sub 1; Group 2: sub 4, sub
3 and sub 2; Group 3: sub 10, sub 9 sub 7 and sub 6).

For the purpose of illustration, only BO case validation has
been reported in the present study. However, all the other
cases (BC, UO and UC) are also analyzed with their respective
acceleration variations and the results are found to be in good
agreement.
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Fig. 6 Strain variations of all the subjects for BO case obtained from
FBGSAD

B. Analysis of Different Cases for Validation of FBGSAD

From the real time strain recording of all the subjects (sub 1
to sub 10) of all the cases (BO, BC, UO and UC), the mean of
spread of the individual case data is analyzed (excluding the
10 sec ingress and 10 sec egress of FBGSAD). This is used to
arrange different cases on the order of the postural balance and
stability.

Figs. 7 and 8 show the box-plot spread of mean of strain
variations of all the 10 subjects for all the cases (BO, BC, UO
and UC) obtained from accelerometer and FBGSAD
respectively. From the quantitative observation of these plots,
it is evident that subjects in BO have more stability than other
cases experimented in the study. This is obvious as a subject
receives visual inputs and stands on both the legs (Table I).
Similarly, the order of case preference list which can be drawn
from this study for the balance and stability is BO, BC, UO
and UC.

It is clear from the present results that the FBGSAD
developed can assist in evaluating the balance and stability of
the subjects undergoing similar tests and in accessing the
suitability of them for various critical professions where
balance and stability plays a key role.
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