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Abstract—This paper describes an ab-initio design, development
and calibration results of an Optical Sensor Ground Reaction Force
Measurement Platform (OSGRFP) for gait and geriatric studies. The
developed system employs an array of FBG sensors to measure the
respective ground reaction forces from all three axes (X, Y and Z),
which are perpendicular to each other. The novelty of this work is
two folded. One is in its uniqueness to resolve the tri axial resultant
forces during the stance in to the respective pure axis loads and the
other is the applicability of inherently advantageous FBG sensors
which are most suitable for biomechanical instrumentation. To
validate the response of the FBG sensors installed in OSGRFP and to
measure the cross sensitivity of the force applied in other directions,
load sensors with indicators are used. Further in this work, relevant
mathematical formulations are presented for extracting respective
ground reaction forces from wavelength shifts/strain of FBG sensors
on the OSGRFP. The result of this device has implications in
understanding the foot function, identifying issues in gait cycle and
measuring discrepancies between left and right foot. The device also
provides a method to quantify and compare relative postural stability
of different subjects under test, which has implications in post-
surgical rehabilitation, geriatrics and optimizing training protocols for
sports personnel.

Keywords—Balance, stability, Gait analysis, FBG applications,
optical sensor ground reaction force platform.

[. INTRODUCTION

UMAN foot will be subjected to ground reaction forces

in every walk of life, like normal stance to extensive
physical exercises. These forces have been studied for decades
to understand force functions, to reduce the related injuries
and to increase comfort for better life style.

In literature, various solutions have been proposed to assess
the distribution of plantar strains and to measure ground
reaction forces [1]-[6]. These suggested solutions use diverse
sensing methodologies such as capacitive, resistive, piezo-
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electric, etc. [7]-[12]. Most of these sensors are from electrical
domain, which may be limited by accuracy, sensitivity,
reliability, force sensing range, sensor size, etc. In addition,
the electrical sensors are prone to interference from
electromagnetic fields which constraints their usage in
biomechanical applications.

The need for Ground Reaction Force (GRF) measurement
has gained immense interest among researchers and clinicians
over past few decades [13], [14]. The singularly most
interesting problem that brought about the advancement in this
field is the management of diabetic foot [15], [16].

In the recent times, the number of people suffering from
neuropathic or vascular ulceration of the foot has increased. A
combination of peripheral neuropathy and vascular
insufficiency pre-disposes the diabetic foot to physical trauma
and ulceration; subsequent infection and possibly the onset of
gangrene leading to the necessity for leg amputations [17]-
[22]. Furthermore, most peripheral neuropathies, damage
nerves of the limbs, especially the foot, on both sides and thus
leading to balance impairment, which can be obtained from
measurement of GRFs [23]-[26]. Hence, there is a pressing
need to have an objective assessment of GRFs measurement
devices to critically identify patients with a risk of plantar
ulceration and also to analyze the underlying force acting
mechanism.

The use of FBG sensors are growing in importance, both for
intermittent and for continuous monitoring of variety of
critical engineering parameters in diverse fields [27]-[30].
These sensors can detect a variety of parameters including
strain, temperature, pressure, vibration, and refractive index of
the surrounding material, even in high magnetic and electric
field environments [31], [32]. Therefore, they can serve in
diagnostic purposes and in different areas of healthcare such
as biomechanics, cardiology, gynaecology, and immuno-
sensing [33]. The use of Fiber Braggs Grating (FBG) as
sensors in the development for measurement of ground
reaction forces was well explored in literature [34].

Present work details about the design and development of
an Optical Sensor Ground Reaction Force Measurement
Platform (OSGRFP) using inherently safe FBG sensors, which
has critical implications in many fields of the biomechanical
engineering.
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II. DESIGN DETAILS OF OSGRFP

The unique mechanical design of this work enables the
explicit measurement X, Y and Z-axis forces from the total
resultant force.

The OSGREFP is supported from the bottom by four legs on
the ground and has another two legs, each on the other two
perpendicular directions. The side legs are attached to lateral
supports using the special type of universal joints, which
enable to produce the motion only in the direction of loading
and restrict in the other directions. The universal joints (2 in X
axis, 2 in Y axis) provide the free motion in only one axis and
constrain motion are in other two axes facilitating the pure
axis force measurement whereas the 4 ball joints provided at
the bottom of the plate offers the point contact with the
ground.

Fig. 1 Schematic picture of the ground reaction force measurement
platform with ball joint supports

The three dimensional diagram of the complete ground
reaction force measurement platform with joints and supports
for explicit pure axis force measurement is outlined in Fig. 1.

III. FORMULATIONS FOR EXTRACTION OF FORCE FROM
MEASURED STRAIN

The fundamental change in the FBG sensor for the applied
load is in the physical change in length or dimensions. This
physical deformation will be indicated in terms of change in
the Bragg wavelength of the FBG sensor which can be
converted to respective strain from the simple formulations
explained both in theoretical and empirical form in the
literature [31]. However, calculation of force from the strain
observed by the FBG sensor which is of the parameter of
interest in GRFP is explained in the subsequent section.

Consider the following nomenclatures for various
parameters like strain (¢) and Force (F) in different axes,
Young’s modulus (Y), Stress (o) and Area (A).

For the two FBG sensors on OSGRFP in X axis, let & -
Strain obtained from FBGy, of X axis, €,, -Strain obtained
from FBGyx, of X axis, g, —Total Strain obtained from X axis
sensors. Similarly, for Y axis, let €, _ Strain obtained from
FBGy, of Y axis, &, . Strain obtained from FBGy, of Y axis, €,
— Total strain obtained from Y axis sensors.

Since there are four FBG sensors each on the four different
legs of the OSGRFP, following nomenclature is considered;
€, - Strain obtained from FBGy, of Z axis sensor, &, . Strain
obtained from FBGy, of Z axis sensor, €, . Strain obtained

from FBGy; of Z axis sensor, €,4 . Strain obtained from FBGy4
of Z axis sensor, €, —Total strain obtained from X axis sensors.
For Calculation of Force (F) from the obtained strain

readings of FBGs mounted on OSGRFP, following
fundamental equations can be used.
Force = Young’s Modulus * Area/ Strain,
F=Y*A /¢ )

For calculation of Forces in the respective, X, Y and Z axes,
following formulation can be used.

F, = Medio-lateral force = F,;+F,, 2)
F, = Anterior-posterior force= Fy,+Fy, 3)
F, = Vertical force= F,;+F ,+F s+F 4 4)

IV. SENSOR INSTRUMENTATION DETAILS

An array of FBG sensors of varying Bragg wavelength are
fabricated in a single fiber enabling multi point sensing using
a single fiber [32]. Three independent fibers carrying a total of
8 FBG sensors (2 FBGs in X axis: FBGy; and FBGx,, 2 FBGs
in Y axis: FBGy, and FBGy, and 4 FBGs in Z axis: FBGy,
FBGz,, FBGz; and FBGgzy) are used for sensing strain in all
three axes of OSGRFP. An interrogation system (SM 130-
700) from Micron Optics Inc. is used for real-time recording
of the centre wavelengths of all the FBG sensors instrumented
in the experiment. Fig. 2 shows the picture of the FBG sensors
instrumented on the developed OSGRFP.

FBGx,

s
FBGz FBGy; FBGy,

Fig. 2 Photograph of the FBG sensor instrumented on OSGRFP

Several solid load blocks are used to build and firmly hold
OSGRFP, avoiding any possible movement/slipping while
loading, which may add errors in to the measurement of pure
axis force. Fig. 2 also shows two load sensors (LSx, LSy)
coupled with scissors type mechanical jack on either direction
(X and Y direction). These load sensors are used for
calibration of the FBG sensor and also to validate the cross-
force sensitivity of the OSGRFP.
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V.CALIBRATION PROCEDURE

Before inducting the developed OSGRFP for clinical trials,
systematic calibration trials have been conducted to ensure
that the design parameters are satisfactorily met though
evaluation of cross-force sensitivity. For pure axis loading in
X and Y directions, two scissors type mechanical jack as
shown in Fig. 2 are used. These two jacks are manually
turned/tightened to load OSGRFP in X and Y axis, whereas
for Z axis loading, dead weights are piled up at the center of
the platform as shown in Fig. 3. Fig. 3 also shows the dead
weights used for loading along the Z axis, the load cell
indicator, FBG interrogation system and other necessary
accessories of the experimental setup. An incremental load of
10kN was applied till the load indicator reads 140kN in both X
and Y directions. To monitor the magnitude of load applied
from the mechanical jacks of X and Y axis, two commercial
load cells along with load cell indicator are used.

Fig. 3 Experimental setup for calibration of Z axis sensors

VI. EXPERIMENTAL RESULTS

This section of the results details about the three calibrating
test cases where, the response of FBGs and load cells were
tested to validate the design of OSGRPF. Fig. 4 shows the
responses of all the sensors instrumented on OSGRPF where
the mechanical jack positioned along X axis is tightened to
increase the long along X axis by an amount to 10 kN till a
maximum load of 140 kN. In Fig. 4, real-time is plotted in X
axis whereas deferent units sensors (Strain for FBGs and Load
for Load cells) are plotted against Y axis. It can be observed
that the FBG sensor has recorded a maximum strain of around
20pe which is well within the sensing limits of the FBG
sensors. Since the loading is in the direction of the X axis, it is
expected that the FBG and load cell in X axis receives the full
load applied which is evident from the results. However, it can
be noted that the response of other sensors in Y and Z
direction are negligible depicting the zero cross-force
sensitiveness. Similarly, it can be seen from Fig. 5 where the
load applied though the mechanical jack of Y axis, the FBG
and Load cell along the Y axis have reacted not allowing the
other sensors (X and Z axis) to absorb the load. This will also
quantify the zero cross-force sensitivity along Y axis. From
Fig. 5, it is evident that the load sensor of the Y axis follows
the shape of a staircase response of the FBG sensor positioned
in Y axis with each step corresponding to the number of turns
given by the mechanical jack in the Y axis.

During the calibration and testing of the sensors along Z
direction as expected, a dead weight of 800 N was piled
momentarily at the center of the plate. The response of a
typical FBG sensor positioned along the loading axis (Z axis)
is plotted in real time with comparison to the sensors of other
directions which can be seen from Fig. 6. It can be seen from
the Fig. 6, that the sensor along Z direction reacts to this
loading where responses of the sensors along the other
directions are negligible proving the zero cross-force
sensitivity along the Z direction.
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Fig. 4 Calibration results with X axis loading

VII. CONCLUSION

This study details the design, development and calibration
results of an Optical Sensor Ground Reaction Force
Measurement Platform (OSGRFP) based on FBG sensors
which has implications in the area of gait and geriatrics. The
mandatory design goal of realizing zero cross-force
sensitiveness in all the three loading axes was achieved
through unique design of the OSGRFP and a simple custom
made calibration setup. Further in this work, necessary
mathematical formulations are presented for extracting
respective  ground reaction forces from wavelength
shifts/strain recorded from FBG sensors on the OSGRFP. The
result of this study has implications in various field of
biomechanical engineering for understanding critical behavior
of human body under various loading conditions.

62



Y Axis

LOAD SENSOR (kg)
X Axis

X, Axis X, Axis Z Axis
o w 4 &5 o o & b o
o © w o wm @ ©v o

T

&
™

B
5}

F’FBG SENSOR (ue) "7¢
Y Axis

Y, Axis
(&) 2
B o2y
n &

o
=)

o
=}

FBG SENSORS (p£)
X, Axis Y, Axis

n
N}
@

International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:10, No:1, 2016

T T T
= I —— Load cell in Y axis

1 L 1 " 1 L 1 L

) I N |

—— Load cell in X axis

PR I i Y

—— FBG Sensor in Z axis |

|

1 n 1 n | L 1 L

\ ——FBG Sensor 1 in X axis |

L B e

1 n 1 " 1 i 1 n

PO I R

—— FBG Sensor 2 in X axis_|

LI B e

1 L 1 L | L 1 n

P IR R Y

—— FBG Sensor_in Y axis

[ | 1 l I | L 1 I | -
0 100 200 300 400
Time (Seconds)
Fig. 5 Calibration results with Y axis loading
C T T T T T 7
I FBG Sensor Z axis ‘ 1
[ I . 1 . 1 j
- FBG Sensor 2 in Y axis R
- I ) 1 i ] p
R FBG Sensor 1in Y axis ]
,_ B PR ST S S S G j
d I ) 1 L 1 p
B FBG Sensor 2 in X axis _-
- | ' | " 1 4
B FBG Sensor 1 in X axis i
by I \ 1 \ 1 s L L
0 88 176 264

Time (Seconds)

Fig. 6 Calibration results with Z axis loading

(1

[2]

B3]
[4]

[3]

(el

(7]

(8]

[9]
[10]

(1]

[12]

[13]

[14]

[15]

[1e]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

REFERENCES

M. Saito, K. Nakajima, C. Takano, Y. Ohta, , C. Sugimoto, R. Ezoe, K.
Sasaki et al., "An in-shoe device to measure plantar pressure during
daily human activity", Med. Eng. Phys., Vol.33, Issue.5, pp. 638-645,
2011.

H. L. P. Hurkmans, J. B. J. Bussmann, Eric Benda, J. A. N. Verhaar, and
H. J. Stam, "Techniques for measuring weight bearing during standing
and walking", Clin. Biomech., vol.18, no.7, pp. 576-589, 2003.

S. Urry, "Plantar pressure-measurement sensors", Meas. Sci. Technol.,
vol. 10, no.1, pp. R16, 1999.

M. Lord, D. P. Reynolds, and J. R. Hughes, "Foot pressure
measurement: a review of clinical findings", J. Biomed. Engg., vol.8,
no.4, pp. 283-294, 1986.

K. Nishiwaki, Y. Murakami, S. Kagami, Y. Kuniyoshi, M. Inaba, and H.
Inoue, "A six-axis force sensor with parallel support mechanism to
measure the ground reaction force of humanoid robot", In Robotics and
Automation, Proceedings. ICRA'02. IEEE International Conference on,
vol.3, pp. 2277-2282, 2002.

R. Kram, T. M. Griffin, J. M. Donelan, and Y. H. Chang, "Force
treadmill for measuring vertical and horizontal ground reaction forces",
J. Appl. Physiol., vol. 85, no.2, pp. 764-769, 1998.

Blake. (1996). Evaluation of the Musgrave Footprint. January Foot
Pressure Interest Group Newsletter.

B. Quaney, K. Meyer, M. W. Cornwall, and T. G. McPoil, "A
comparison of the dynamic pedobarograph and EMED systems for
measuring dynamic foot pressures", Foot and Ankle Int, vol. 16, no.9,
pp. 562-566, 1995.

T. G. McPoil, M. W. Cornwall, and W. Yamada, "A comparison of two
in-shoe plantar pressure measurement systems", pp. 95-103, 1995.

P. R. Cavanagh, F. G. Hewitt, and J. E. Perry, "In-shoe plantar pressure
measurement: a review", The foot, vol.2, no.4, pp. 185-194, 1992.

J. Hughes, L. Pratt, K. Linge, P. Clark, and L. Klenerman, "Reliability of
pressure measurements: the EM ED F system", Clin. Biomech., vol.6,
no.1, pp. 14-18, 1991.

M. Lord, D. P. Reynolds, and J. R. Hughes, "Foot pressure
measurement: a review of clinical findings", J. Biomed. Engg., vol.8, no.
4, pp. 283-294, 1986.

K. Deschamps, I. Birch, J. Mc Innes, K. Desloovere, and K. A.
Matricali, "Inter- and intra-observer reliability of masking in plantar
pressure measurement analysis", Gait & Posture , Vol. 30, Issue 3, pp.
379-382, 2009.

D. Rosenbaum, and H-P. Becker, "Plantar pressure distribution
measurements. Technical background and clinical applications", Foot
and Ankle Surgery, vol.3, no.1, pp. 1-14, 1997.

P. Cavanagh, J. Ulbrecht, and G. Caputo, "New developments in the
biomechanics of the diabetic foot", DiabMetab Res Rev , vol.16, pp. S6—
S10, 2000.

A. Veves, H. J. Murray, M. J. Young, and A. J. M. Boulton, "The risk of
foot ulceration in diabetic patients with high foot pressure: a prospective
study", Diabetologia, vol. 35, no.7, pp. 660-663, 1992.

J. Apelqvist, and J. Larsson, "What is the most effective way to reduce
incidence of amputation in the diabetic foot?", Diabetes/metabolism
research and reviews, vol. 16, no.1, pp. S75-S83, 2000.

P. R. Cavanagh, J. S. Ulbrecht, and G. M. Caputo, "Biomechanical
aspects of diabetic foot disease: aetiology, treatment, and prevention",
DiabetMed , vol. 13, pp. 17-22, 1996.

G. E. Reiber, "Who is at risk for limb loss and what to do about it?",
Journal of rehabilitation research and development, vol. 31, pp. 357-362,
1994.

M. E. Levin, L. M. O’Neil, and J. H. Bowker, (1993). The diabetic foot,
Sth ed. St Louis, Mosby Year Book 31.

M. J. Mueller, J. E. Diamond, A. Delitto, and D. R. Sinacore,
"Insensitivity, limited joint mobility, and plantar ulcers in patients with
diabetes mellitus", Physical Therapy, vol. 69, no.6, pp. 453-459, 1989.
A. J. Boulton, C. A. Hardisty, R. P. Betts, C. I. Franks, R. C. Worth, J.
D. Ward, and T. Duckworth, "Dynamic foot pressure and other studies
as diagnostic and management aids in diabetic neuropathy", Diabetes
care, vol. 6, no.1, pp. 26-33, 1983.

J. G. Llewelyn, "The diabetic neuropathies: types, diagnosis and
management." J. Neurol. Neurosurgery & Psychiatry, vol. 74, no. suppl
2, pp. iil5-ii19, 2003.

J. K. Richardson, and J. A. Ashton-Miller, "Peripheral neuropathy: an
often-overlooked cause of falls in the elderly", Postgraduate medicine,
vol. 99, no. 6, pp. 161-172, 1996.

63



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:10, No:1, 2016

[25] G. G. Simoneau, J. A. Derr, J. S. Ulbrecht, M. B. Becker, and P. R.
Cavanagh, "Diabetic sensory neuropathy effect on ankle joint movement
perception", Arch. Phys. Med. Rehabil. , vol.77, pp. 453-460, 1996.

[26] E. C. Katoulis, M. Ebdon-Parry, S. Hollis, A. J. Harrison, L. Vileikyte, J.
Kulkarni, and A. J. m. Boulton, "Postural instability in diabetic
neuropathic patients at risk of foot ulceration", Diabet Med. , vol. 14,pp.
296-300, 1997.

[27] Y. Liang, A. P. Mazzolini, and P. R. Stoddart, "Fibre Bragg grating
sensor for respiratory monitoring", ACOFT/AOS, Melbourne, Australia,
pp. 75-77, 2006.

[28] G. Deniz, D. Starodubov, and X. Yuan, "Monitoring of the heartbeat
sounds using an optical fiber Bragg grating sensor", In Sensors, pp. 4,
2005.

[29] J. Z. Hao, K. M. Tan, S. C. Tjin, C. Y. Liaw, P. Roy Chaudhuri, X. Guo,
and Cu Lu, "Design of a foot-pressure monitoring transducer for diabetic
patients based on FBG sensors", In Conference Proceedings-Lasers and
Electro-Optics Society Annual Meeting-LEOS, no.1, pp. 23-24. 2003.

[30] A.D. Kersey, M. A. Davis, H. J. Patrick, M. LeBlanc, K. P. Koo, C. G.
Askins, M. A. Putnam, and E. J. Friebele, "Fiber grating sensors", J.
lightwave technol., vol.15, no.8, pp. 1442-1463, 1997.

[31] Y.J. Rao,. "In-fibre Bragg grating sensors", Meas. Sci. Technol., vol. 8,
no 4, pp. 355, 1997.

[32] Y. J. Rao, "Recent progress in applications of in-fibre Bragg grating
sensors”, Opt. Laser. Eng., vol.31, no.4, pp. 297-324, 1999.

[33] M. Vandana, N. Singh, U. Tiwari, and P. Kapur, "Fiber grating sensors
in medicine: Current and emerging applications", Sens. and Actuat. A:
Phys., vol.167, no.2, pp. 279-290, 2011.

[34] K. O. Hill, Y. Fujii, D. C. Johnson, and B. S. Kawasaki,
"Photosensitivity in optical fiber waveguides: Application to reflection
filter fabrication", Appl. Phys. Lett., vol.32, no.10, pp. 647-649, 1978.

Chethana K was born in 1984 in Chikballapur District, Karnataka, India. She
received Bachelor of Engineering (BE) degree in Electronics and
Communication Engineering in the year 2005 and Master of Technology
(M.Tech) in the field of Digital Communication and Networking in 2007 from
Visvesvaraya Technological University. Presently she is perusing Doctoral
degree in the Department of Instrumentation and Applied physics, Indian
Institute of Science, Bangalore, India. Her research interest lies in exploring
Fiber Bragg Grating Sensors for measurement of various critical parameters in
the field of biomechanical to aid in clinical diagnostics.

Guru Prasad A.S was born in 1980 and completed his schooling in
Doddaballapur, Bangalore rural District, Karnataka, India. He received
Bachelor of Engineering (BE) degree in Electronics and Communication
Engineering in the year 2002, Master of Technology (M.Tech) in the field of
Digital Communication and Networking in 2007 from Visvesvaraya
Technological University and Doctor of Philosophy (PhD) in optical Sensing
from prestigious Indian Institute of Science, Bangalore, India in the year 2012.
His research interests lies in research of Optical Fiber probe based Speckle
Imaging for parametric extraction and exploration of Fiber Bragg Grating
sensors in various applications such as structural health monitoring,
underwater sensing, seismology, aerospace engineering, gas sensing,
biomechanics, bore hole monitoring, wind tunnel, etc.

Presently Dr Guru Prasad is working as an Advanced Technologist on a
research project in the area of optical metrology for Rolls-Royce Pvt Ltd,
Singapore at Nanyang Technological University, Singapore.

S. N. Omkar received the BE degree in mechanical engineering from
University Viswesvaeayya College of Engineering in 1985, the Msc (Engg)
degree in aerospace engineering from Indian Institute of Science in 1992. He
joined the Department of Aerospace Engineering at Indian institute of
Science, Bangalore in 1999. Dr. Omkar is a visionary personality having more
than three decades of experience in yoga and aerospace engineering. He is the
direct disciple of PadmavibhushanYogacharya Dr. B K S Iyengar and an
ardent follower of the principles and philosophy of Sage Patanjali. His
research interest includes helicopter dynamics, biologically inspired
computational techniques, fuzzy logic, parallel computing and biomechanical
engineering.

Vadiraj Breceived his B.E. degree in mechanical engineering from
Vijayanagar Engineering College, Bellary, Karnataka in 2006. M.Tech degree
in Machine design from B.M.S college of Engineering, Bangalore, Karnataka

in 2008. Currently he is working as a Research Scholar at the Department of
Acrospace Engineering at the Indian Institute of Science, Bangalore. His
research interests are Biomechanics, Structural mechanics, Vibration control,
Aerospace structures.

S. Asokan received the M.Sc. degree in Materials Science from the College of
Engineering, Anna University, Madras, India, and the Ph.D. degree in Physics
from the Indian Institute of Science, Bangalore, India. In 1987, he joined the
Department of Instrumentation, Indian Institute of Science, where he is
currently a Professor. He was a JSPS Visiting Scientist at the Department of
Electronics and Computer Engineering, Gifu University, Gifu, Japan, during
1991, INSA-Royal Society Visiting Scientist at the Imperial College of
Science, Technology and Medicine, London, U.K., in 1998, and a Visiting
Scholar at Lyman Laboratory, Harvard University, Cambridge, MA, in 1999.
Dr. Asokan is the Chief Editor of the Journal of Instrument Society of India
and Member, Editorial Board of J. Indian Institute of Science. He was elected
Fellow of the National Academy of Sciences, India in the year 2008.

64



