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Featured Application: A wearable monitoring system for the assessment of walking physiology.

Abstract: Walking is the most basic form of human activity for achieving mobility. As an essential
function of the human body, the examination of walking is directed towards the assessment of body
mechanics in posture and during movement. This work proposes a wearable smart system for
the monitoring and objective evaluation of foot biomechanics during gait. The proposed solution
assumes the cross-correlation of the plantar pressure with lower-limb muscular activity, throughout
the stance phase of walking. Plantar pressure is acquired with an array of resistive pressure sensors
deployed onto a shoe insole along the center of gravity progression line. Lower-limb muscular
activity is determined from the electromyogram of the tibialis anterior and gastrocnemius lower
limb muscles respectively. Under this scenario, physiological gait assumes the interdependency of
plantar pressure on the heel area with activation of the tibialis anterior, as well as plantar pressure
on the metatarsal arch/toe area with activation of the gastrocnemius. As such, assessment of gait
physiology is performed by comparison of a gait map, formulated based on the footprint–lower-limb
muscle cross-correlation results, to a reference gait template. A laboratory proof of concept validates
the proposed solution in a test scenario which assumes a normal walking and two pathological
walking patterns.

Keywords: EMG; resistive pressure sensor; footprint; center of pressure progression line; microcontroller;
smart-shoe; cross-correlation; gait analysis; gait physiology; gait biomechanics

1. Introduction

Walking is the most basic form of human activity aimed for achieving mobility.
As an essential function of the human body, examination and treatment procedures of
walking are directed towards the preservation and restauration of good body mechanics in
posture and in movement. Indeed, good body mechanics requires adequate joint range of
motion, normal flexibility, a good neuro-muscular control, and even a good proprioception,
all built on a good and healthy posture [1,2].

This paper is an extended version of our paper published in 2020 43rd International
Conference on Telecommunications and Signal Processing (TSP) [1]. In the respective work,
we have proposed a smart-shoe architecture based on an array of resistive pressure sensors
and an electromyogram (EMG) acquisition frontend, aiming for gait monitoring in the
context of activity. The extension of the smart-shoe architecture proposed in this paper
targets the assessment of foot biomechanics during gait by cross-correlation of plantar
pressures with corresponding lower-limb EMG signals.
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The studied literature, presented as follows, reveals that the framework for evaluating
gait biomechanics is based on the plantar pressure distribution and on lower-limb EMG.
Under this scenario, the context of our work targets the development of a wearable system
for the acquisition of the plantar pressures along the center of pressure (COP) progression
line and lower-limb EMG, in order to perform real-time gait monitoring and assessment in
an automatic and autonomous fashion. The outcome of this paper is a laboratory proof of
concept developed using off the shelf modules and validated in laboratory environment.
The novelty of the proposed system consists in the underlying software application which
evaluates the cross-correlation between the recorded plantar pressures and lower-limb
EMG respectively, aiming to generate a gait map of the individual. As such, plantar
pressures recorded with an array of force sensor resistances are cross-correlated to the
lower-limb muscular activity extracted from the EMG signals. The cross-correlation results
enable the formulation of a gait map which is employed for the assessment of physiological
gait. Comparison of the generated gait map to a reference physiological gait map enables
to discriminate physiological and pathological gait respectively.

The solution proposed in this work is envisioned in the shape of a wearable system,
which performs both the monitoring and objective evaluation of foot biomechanics. The
proposed approach for the objective evaluation of gait physiology is a novelty in the field.

The footprint is basically divided into three regions: forefoot (also accounting for the
toes region), midfoot and heel, with the midfoot allowing a further divided into medial and
lateral midfoot respectively [3,4]. The footprint accounts for ten anatomical areas which
contribute to body weight support and body balance adjustment identified as: toe (1),
lesser toes (2), metatarsophalangeal joints (3)–(7), midfoot (8), medial heel (9) and lateral
heel (10), as illustrated in Figure 1 [5]. These anatomical areas are identified to contribute
to body weight support and body balance adjustment. As such, assessment of ground
reaction forces and pressures on these areas account for the derivation of lower-limb and
whole-body physiological, structural and functional information [6,7].
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Figure 1. Representation of the footprint division into three regions: forefoot, midfoot and heel, 

with the illustration of the ten anatomical areas accountant for the derivation of lower-limb and 

whole-body physiological, structural and functional information. 
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sensors in order to record the plantar pressure distribution for static, as well as dynamic 

assessment. Solutions proposed in literature for the static assessment of plantar ground 

forces assume several pressure sensor distributions presented as follows. A basic solution 

for the assessment of the body posture assumes three sensors for the forefoot, midfoot and 

Figure 1. Representation of the footprint division into three regions: forefoot, midfoot and heel,
with the illustration of the ten anatomical areas accountant for the derivation of lower-limb and
whole-body physiological, structural and functional information.

The question which stands at this point targets the deployment of the pressure sensors
in order to record the plantar pressure distribution for static, as well as dynamic assess-
ment. Solutions proposed in literature for the static assessment of plantar ground forces
assume several pressure sensor distributions presented as follows. A basic solution for
the assessment of the body posture assumes three sensors for the forefoot, midfoot and
heel respectively, as illustrated in Figure 2a [8]. A somewhat more complex solution was
proposed by Shu et al., who deployed three sensors onto the midfoot and three sensors



Appl. Sci. 2021, 11, 268 3 of 31

onto the heel area respectively, as illustrated in Figure 2b, [6]. It should be noted that
the solution proposed by Shu et al. was also employed in walking tests. A different ap-
proach for sensor deployment was proposed by Elvitigala et al., as illustrated in Figure 2c,
who envision two sensor clusters in the forefoot and heel area respectively, thus being
able to estimate the center of pressure in each cluster respectively [9]. This solution was
further aimed for plantar pressure assessment during training room exercises, namely
squats and weightlifting.
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with the illustration of left arm (LA) balance and the oscillations of the body center of mass, (b) 

progression of the center of pressure with red circles indicating applied pressure. 

Figure 2. Solutions of pressure sensor deployment on the footprint for static assessment: (a) three
sensors deployed onto the forefoot, midfoot and heel [8], (b) three sensors for the forefoot and heel
respectively—this solution was also employed in walking tests [6], and (c) sensor arrays deployed on
the forefoot and heel to estimate centers of pressure—this solution was also employed in training
room exercise tests [9].

Walking is a cyclic pattern of movements, and as such, human walking analysis can
be simplified by investigating one walking cycle—which is measured from the heel strike
of one foot to the next heel strike of the same foot. One gait cycle consists of a stance and
a swing phase respectively. The breakout of the gait cycle into six sequences is illustrated
in Figure 3 for left leg (LL) stance. The left arm (LA) balance is also illustrated for clarity.
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The sequences of the gait cycle account or heel strike (1), support, i.e., foot flat (2),
midstance (3), heel off (4), toe-off (5) and swing (6). The average duration of one gait cycle
ranges from 0.98 to 1.07 s. The stance phase is the period that the foot is on the ground and
accounts for approximately 60–62%, i.e., 0.59 to 0.67 s of the gait cycle, during which the
foot is weightbearing as the leg takes the bodyweight and provides a single leg support.
The remaining 38–40%, i.e., 0.38 to 0.42 s of one gait cycle is spent in the swing phase,
which is the period of time that the foot is off the ground, moving forward and the limb
advances [10,11].

During the gait cycle, pronation and supination normally occur in the foot segment.
Pronation and supination are necessary for shock absorption and stability mechanisms for
the healthy functioning of the feet and ankles. During the stance phase, the bodyweight
travels along the foot, as indicated in Figure 3b illustrating the COP progression line.
Physiological walking assumes that the weight moves inside and outside while the foot is
rolling from the heel towards the toe. The pronation corresponds to the moment where
the foot is in contact with the ground and begins to roll inward, everting slightly while
the arch flattens. The purpose of the pronation is for the foot to be able to adapt to the
surface. After the pronation, the foot continues towards supination. This results in the
foot turning slightly outward then changing from a flexible foot to a more rigid foot, so
it can propel the foot and push off from the ground. During this phase, the foot inverts
slightly, and the arches become higher, thus enabling the foot to properly roll over the
hallux [12]. As such, deviation from the physiological COP progression line accounts for
some form of gait pathology. For illustration purpose, a physiological progression of the
COP is presented in qualitative comparison to a pathological progression of the COP in
Figure 4.
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Figure 4. Center of pressure progression line for (a) physiological gait, (b) abnormal gait.

The COP progression line can be assessed very well with the pressure sensor dis-
tributions in Figure 2b,c. Nevertheless, a finer resolution in the acquisition of plantar
pressures, which spans across the whole footprint, is achieved with sensor distributions
presented as follows. Ivanov et al. deploys one sensor onto the toe, five sensors onto
the metatarsal arch, one sensor onto the lateral arch and two sensors onto the heel [13],
as illustrated in Figure 5a. As for another example, Cho et al. deploy only three sensors
onto the metatarsal arch, three sensors onto the heel and an additional sensor onto the
medial arch as an indicator of flat foot [14], as illustrated in Figure 5b. On the other hand,
the solutions proposed by Aqueveque et al. in [15] and illustrated in Figure 5c, as well
as the solution proposed by Kramer et al. in [16] and illustrated in Figure 5d, deploy an
additional sensor onto the lesser toes. Additionally, the solution of Aqueveque et al. keeps
the FSR on the medial arch for flat foot indication.
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Figure 5. Solutions of pressure sensor deployment on the footprint for dynamic assessment: (a) as-
sessment of the footprint medial line with sensors deployed onto the hallux, metatarsal arch, lateral
arch and heel respectively [13], (b) additional sensor deployed on the medial arch for flatfoot
identification [14], (c) additional sensor deployed on the lesser toes and medial arch for flatfoot
identification [15], (d) additional sensor deployed on the lesser toes [16].

During walking, the foot is the first part of the lower extremity to contact the ground
and has to face multiple force loads, ranging from external forces, e.g., gravitational
attraction exerted by the Earth and to ground reaction forces (GRF), to internal forces, e.g.,
the body weight and the oscillations of body center of mass, as illustrated with the red line
in Figure 3a.

The muscles involved in ankle movement are the pretibial muscles for dorsiflexion
and calf muscles. The muscular activity for the lower kinetic chain throughout different
phases of the gait cycle during the stance phase is listed in Table 1, followed by the muscular
activity throughout the swing phase listed in Table 2.

Table 1. Muscular activity throughout the stance phases of the gait cycle [10].

Gait Phase Heel Strike Foot Flat Midstance Heel Off Toe Off

Duration—
% of
Total

0–2% 0–10% 10–30% 30–50% 50–60%

Iliopsoas inactive inactive inactive concentric concentric
Gluteus

Maximus eccentric inactive inactive inactive inactive

Gluteus
Medius eccentric eccentric eccentric eccentric inactive

Hamstrings eccentric eccentric inactive inactive inactive
Quadriceps eccentric eccentric inactive inactive eccentric

Pretibial
muscles eccentric eccentric inactive inactive inactive

Calf muscles inactive inactive eccentric concentric concentric
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Table 2. Muscular activity throughout the swing phases of the gait cycle [10].

Gait Phase Acceleration Midswing Deceleration

Duration—% of Total 0–2% 0–10% 10–30%

Iliopsoas concentric concentric inactive
Gluteus Maximus inactive inactive inactive
Gluteus Medius inactive inactive inactive

Hamstrings eccentric eccentric eccentric
Quadriceps eccentric inactive inactive

Pretibial muscles concentric concentric concentric
Calf muscles inactive inactive inactive

In the present work, we have decided upon the assessment of the tibialis anterior—
from the pretibial muscle group, and the gastrocnemius—from the calf muscle group.
The tibialis anterior activity during the gait cycle is described as follows: eccentric contrac-
tion during heel strike; it continues to contract eccentrically during loading response (initial
double limb support) to control plantar flexion moment; inactive during the remainder of
the stance phase; and concentric contraction during the swing phase. The gastrocnemius
muscle is active in most of the stance phase, initially in eccentric contraction and afterwards
in concentric contraction. It acts mostly towards stabilizing the knee joint and controlling
the fall of the center of mass during the single support phase of the gait [10,17].

The research of Qaqish et al., among others, studied the tibialis anterior during gait,
investigating the muscular activity during the stance phase [18]. Lenhart et al. [19] and
Orendurff et al. [20], among others, have studied the Gastrocnemius during gait.

The movement of one segment implies the balanced action of the agonist–antagonist
muscles, e.g., flexors–extensors, abductor–adductors, internal–external rotators. Due to
faulty posture and movements, as well as diseases, when the function of a muscular
coupled with action on a specific joint is altered or unbalanced, one must take into account
that there will be disfunctions in other joints of the kinetic chain as well. As far as gait
is concerned, this implies all joints of the lower kinetic chain of the body, namely ankle,
knee, hip and spine, and their muscles, namely calf muscles, pretibial muscles for the
ankles, quadriceps, hamstring muscles for the knee, iliopsoas and gluteus maximus for the
hip [10].

Our work is motivated by the fact that a series of body conditions can be inferred from
foot biomechanics. For exemplification, the impact of foot position and foot posture on the
body balance is assessed by Krewer et al. in [21] and Barati et al. in [22], indicating correlations
with defective body posture. When considering normal posture, one looks for the proper
alignment of the head and shoulders, the normal curves of the spine, the neutral posture of
the pelvis, hips and knees and the 90◦ angle of the ankle joints which are the first weight
bearing joints implied in locomotion [2]. Additionally, numerous studies use foot posture as
an indicator of the state of health. For exemplification, AlAbdulwahab et al. correlates foot
posture index and core stability with the body mass index in the adult segment [23]. A similar
study is presented by Aurichio et al. for the elderly segment [24]. Further correlation of foot
posture to age and joint flexibility for children is discussed in [25].

Postural conditions further enable the analysis of locomotor dynamics, in terms of
core stability, balance and sway [22,26,27]. Locomotion is the movement of the body by
a coordinated series of muscle activities, in a particular direction, while the relation of
the body as a whole to the ground is maintained. As such, based on the kinetic link
principle, the human body can be regarded in terms of a series of interrelated links or
segments. Movement of one segment affects both the proximal and the distal segments
respectively [28].

As such, further considerations which motivate our work regard the integration of foot
biomechanics and foot kinematics assessment into the analysis of locomotor patterns [29].
For the assessment of foot kinematics, the scientific literature proposes several models,
the most employed being the three-segments Oxford foot model [30–32], the Rizzoli foot
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model [32,33], and the Heidelberg measurement method [32,34]. A comparison of the
Oxford and the Rizzoli foot models considering normal gait and voluntarily pathological
gait was conducted in [32,35], concluding that the kinematic output (both static and
dynamic) of the Rizzoli foot model exhibits more informational content regarding plantar
and dorsal flexion.

Regarding the employment of the plantar pressure distribution in the analysis the gait
kinematics, Stebbins et al. studies the correlation between the plantar pressures and the
Oxford foot model in [36]. On the other hand, Giacomozzi et al. studies and validates the
anatomical masking of footprint pressures based on the Oxford foot model [37].

Regarding the employment of EMG assessment in conjunction with foot kinematics
was reported by Wank et al. for treadmill running in [38] or by Prasad et al. for professional
football players in [39].

To make our literature review more comprehensive, we present the studied literature
in a comparative fashion in Table 3, listing a brief overview of the study, the number of
participants involved in the study, the hardware used for data acquisition, the number of
sensors for plantar pressure assessment, the availability of muscular activity assessment
and a brief review of the results.

Table 3. Comparative presentation of the studied literature in a tabular form.

Results and Accuracy

As the speed increases (1.5 m/s ≥ 2.5 m/s)
The peak pressure of heel region increases about 33%, in the
medial arch about 16%, in the lateral arch lift about 25%, in the
central forefoot about 19% and in the lateral forefoot about 18%.
The maximum force of the heel increases about 46%, in the
medial arch about 67%, in lateral arch lift about 48%, in the
central forefoot about 23%, in the lateral forefoot about 27%, and
in the medial forefoot lift about 17%
As jogging slope increases (0% ≥ 15%)
The peak pressure of heel decreases about 27%, of the medial
forefoot about 15%, of the hallux about 26%, and in the toes
about 19%

The intraclass correlation
coefficient ICC > 0.86 for
within-session walking trials,
with all regions
ICC > 0.8 between-session, with
all regions, apart from the lesser
toes (0.79–left, 0.78–right) and
midfoot (0.75–left, 0.76–right)
The symmetry index (SI) showed
a median range between ~10–18%
for the control group, while for
the pathological group SI was
between ~14–22%
The symmetry angle (SA) showed
a median range of ~3–6% for the
control group, while for the
pathological group SA was
between ~4–7%

Muscles n.a. n.a.

No of Plantar Sensors 85–99 960

Plantar Data Regions
8: (1) heel, (2) medial arch, (3) lateral arch, (4) medial metatarsal,
(5) central metatarsals, (6) lateral metatarsals, (7) great toe, and
(8) little toes

10: (1) interphalangeal joint (IPJ),
(2) lesser toes, (3)
metatarsophalangeal joint 1
(MPJ1), (4) MPJ2, (5) MPJ3; (6)
MPJ4, (7) MPJ5, (8) midfoot, (9)
medial heel, and (10) lateral heel

Hardware Used for Data
Collection Pedar-X system pressure insoles placed inside shoes

F-scan in-shoe pressure
measurement system (Tekscan,
MA, USA)

No. of Participants 20 females 51 (31 healthy and 20 with foot
pathology)

Reference
Ref. [4] compares the plantar pressure distribution of the foot
between different incline and speed during treadmill jogging by
using plantar insole measurement system

Ref. [5] identifies foot pathologies
based on plantar pressure
asymmetry
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Table 3. Cont.

Results and Accuracy

Visualizing CoP users were
able to improve their body
posture during squats and
dead-lift exercises
Squats for beginners
F3,168 = 13.36, p < 0.0001
Squats for advanced users
F3,168 = 1.152, p > 0.05
Dead-lifts 10 kg for beginners
F3,180 = 10.66, p < 0.0001
Dead-lifts 10 kg for advanced
users F3,157 = 4.101, p < 0.01
Dead-lifts 20 kg for beginners
F3,127 = 12.47, p < 0.0001
Dead-lifts 20 kg for advanced
users F3,144 = 1.44, p > 0.05

Features extracted: maximum,
minimum, mean, range,
zero-crossing rate,
root-mean-square values,
variance, standard variance,
skewness, and kurtosis
Classifier: Random forest
Classification accuracy:
98.75% (80% data training,
20% data testing, 5-fold cross
validation)

Higher pressure values under the
forefoot were determined for
black participants when
compared with white (t = 0.000,
p < 0.05, d = 0.78) and coloured
(t = 0.026, p < 0.05, d = 0.35)
participants
Lower pressure values under the
midfoot region were obtained for
white participants compared with
black (t = 0.003, p < 0.05, d = 0.94)
and coloured (t = 0.02, p < 0.05,
d = 0.58) participants

Muscles

Trapezius, spinal erectors,
gluteus maximus, adductor
magnus, hamstrings,
quadriceps femoris

n.a. n.a.

No of Plantar Sensors

16 force-sensitive pressure
points, based on resistive
technology + 15 markers (leg,
waist, shoulder)

9 force sensors + gyroscope +
accelerometer 10

Plantar Data Regions
Plantar surface: anterior (12),
posterior(4) (sensors for
detecting CoP)

9: (1) the big toe (T1), (2–6) the
five metatarsal heads
(M1–M5), (7) the midfoot
(MF1), and (8–9)the heel (LH1,
MH1)

10: (1) the hallux (great toe), (2)
lateral toes, (3–7) metatarsal 1–5,
(8) midfoot, (9) medial heel, and
(10) lateral heel

Hardware Used for Data
Collection

GymSoles prototype, placed
on both feet + an OptiTrack
motion tracking system

n.a.
RS Footscan (RSscan, Belgium)
system was used to measure the
plantar pressure values of the foot

No. of Participants 13 (9 males and 4 females) 20
180 (gender: 90 male, and 90
female; race: 60 black, 60 white,
and 60 coloured)

Reference

Ref. [9] describes a way to
improve the body posture by
visualizing the center of
pressure (CoP)

Ref. [13] presents a
multimodal sensor insole that
allows capturing kinetic and
kinematic information
reflecting the foot dynamic
characteristics, for person
recognition

Ref. [16] presents generation of
normative tables from plantar
pressure data

Results and accuracy

The instants of foot off (FO) and foot contact (FC) with respect to
the onset of the movement (t0) did not change with added load
The onset of SOL activity with respect to FO was significantly
anticipated in the loaded trials (F(1,9) = 5.183, p < 0.05); velocity
per se had no significant effect (F(1,9) = 0.01, p = 0.92)
No significant difference in the time of onset across the three
muscle bursts (SOL, GM and GL) (F(2,6) = 0.96, p = 0.40)
The propulsive force increased on average by about 36% for the
spontaneous velocity (F(1,9) = 101.1, p < 0.001), and by about 29%
for the fast velocity (F(1,9) = 8.1, p < 0.05)
The grand mean value of the gap measured at FC was the same
between no-load and load conditions, at both spontaneous
(F(1,9) = 0.0002, p = 0.98) and fast velocity (F(1,9) = 1.74, p = 0.22)
The grand mean value of the torque was significantly larger under
the loaded condition, both for the spontaneous (F(1,9) = 9.92,
p < 0.05) and for the fast velocity (F(1,9) = 163.98, p < 0.001)

There was no correlation between
the total muscle activity during
stance phase and navicular drop
(r = 00.046, p = 0.816), age
(r = 0.024, p = 0.902) and weight
(r = 0.163, p = 0.408)
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Table 3. Cont.

Muscles triceps surae muscle, gastrocnemius medialis, gastrocnemius
lateralis tibialis anterior

No of Plantar Sensors 5 2

Plantar Data Regions
5: (1–2) right and left tibialis anterior (TA), (3) soleus (SOL), (4)
gastrocnemius medialis (GM), and (5) gastrocnemius lateralis
(GL) muscles

n.a.

Hardware Used for Data
Collection

A large force platform (0.90 m 61.80 m, AMTI, USA) was used to
record ground reaction force and moments. Surface EMG
activity was recorded using bipolar Ag-AgCl electrodes (8 mm
diameter, 20 mm inter-electrode distance)

n.a.

No. of Participants 10 (1 female, and 9 males)
28 (9 females, and 8 males; foot
type: 10 normal, 10 pronated, and
8 supinated)

Reference Ref. [17] presents the effect of load on muscle activity for a same
walking velocity as opposed to the effect of velocity itself

Ref. [18] presents tibialis anterior
muscle electromyography (EMG)
activity during stance phase of
gait

Results and accuracy
The induced gastrocnemius activity was >6 times larger than
any other muscle when it was stimulated, and the induced
soleus activity was >3 times larger

There was a significant difference
in toe-out position between the
different conditions
(F(4, 92) = 12.833, p = 0.000,
η2 = 0.358).
Individual distances of
self-selected foot position
positively correlated with
participants’ body height
(r = 0.631, p = 0.001)
Significant effect of different foot
positions between several
conditions for the static and
dynamic trials were observed
For the medio-lateral sway: static
(F(2.805, 64.511) = 24.820,
p = 0.000, η2 = 0.519), dynamic
(F(2.998, 65.037) = 32.349,
p = 0.000, η2 = 0.595)
For the antero-posterior sway:
static (F(5, 115) = 3.150, p = 0.011,
η2 = 0.120), dynamic (F(2.713,
59.697) = 14.421, p = 0.003,
η2 = 0.396)

Muscles gastrocnemius or soleus n.a.

No of Plantar Sensors

44 reflective surface markers were used to track and record 3D
whole-body kinematics:
25 on anatomical landmarks
14 on rigid plates strapped to the shanks and thighs
Pre-amplified, single differential EMG electrodes (DE-2.1,
DelSys Inc., Boston, MA, USA) were placed over the medial and
lateral gastrocnemius, soleus, tibialis anterior, vastus medialis,
and medial hamstrings

n.a.

Plantar Data Regions n.a. n.a.
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Table 3. Cont.

Hardware Used for Data
Collection n.a.

Posturographic measurements
were recorded by a piezoelectric
force plate

No. of Participants 20 24 (14 females, and 10 males)

Reference Ref. [19] illustrates the effect of electrically stimulating the
gastrocnemius or soleus at different stages of the gait cycle

Ref. [21] describes the effects of
different foot positions on static
and dynamic standing balance to
develop recommendations for
posturographic protocol

Results and Accuracy

Footprint indices: anterior
area (F = 6.29, p = 0.21), mid
area (F = 4.17, p = 0.055),
posterior area (F = 16.5,
p = 0.01), total area (F = 9.97,
p = 0.005), arch index
(F = 0.015, p = 0.903)
Balance indices:
posterior-lateral (F = 3.97,
p = 0.61), posterior-medial
(F = 0.55, p = 0.467), anterior
(F = 8.74, p = 0.008), total
(F = 4.32, p = 0.051)

The intertester reliability of
the FPI ranges from an ICC of
0.62 to 0.91, whereas the
intratester reliability ranges
from 0.81 to 0.91
Spearman Correlation
coefficient (r) BMI and FPI is
0.504 with p = 0.01
r = −0.337 between BMI and
CS, with p = 0.036

Higher FPI was associated
moderately with higher Beighton
score (r = 0.44, p = 0.01)
Greater lunge angle was
associated moderately with
higher Beighton score (r = 0.40,
p = 0.02) and Lower Limb
Assessment Scale score (LLAS)
(r = 0.42, p = 0.02)
Higher Beighton score was
associated strongly with higher
LLAS (r = 0.85, p < 0.01)
ICC > 0.85 (mean 95 % CI
0.86–0.97)

Muscles n.a. n.a. n.a.

No of Plantar Sensors n.a. n.a. n.a.

Plantar Data Regions Anterior, mid, and posterior
areas of footprint n.a. n.a.

Hardware Used for Data
Collection static footprint, without toes

Foot biomechanics were
analyzed using the FPI. CS
was assessed using a plank
test with a time-to-failure trial

n.a.

No. of Participants 22 (11 normal, and 11
overweight) 39 30 (20 girls, and 10 boys)

Reference

Ref. [22] compares balance
and footprint parameters for
normal and overweight
children

Ref. [23] investigates the effect
of the body mass index (BMI)
on the foot posture index (FPI)
and core stability (CS) in a
healthy adult population.

Ref. [25] explores the
relationships between foot
posture, flexibility, body mass and
age in children

Results and Accuracy

coefficient of multiple
correlation (CMC) is 0.614 for
tibia with respect to the floor
inter-segment angle
CMC = 0.974: hallux with
respect to the forefoot
plantar/dorsiflexion
overall between-trial
variability < ±1.0◦ (for 10 foot
parameters), and < ±0.7◦ (for
hindfoot with respect to the
tibia and forefoot with respect
to the hindfoot)
tibia with respect to the floor
inter-segment angle
between-trial variability was
between ±1◦ and ±2◦

Intraclass correlation
coefficients (ICC) ranged from
0.020 to 0.964 for between-day
reliability
ICC ranged from 0.268 to
0.985 for within-session
The standard error
measurement (SEM) range
was between 0.04 to 3.5 and
the root mean squared error
(deviation) ranged from 0.73
to 16.2 degrees

12 foot parameters are evaluated
- stride-to-stride coefficient of
multiple correlation (CMC) > 0.8
(for all 12);
- day-to-day CMC > 0.8 (for 6 foot
parameters: Tibio-talar-flexion,
Medial arch inclination,
Forefoot/ankle supination,
Forefoot/ankle abduction, MT
I–V angle, Hallux flexion) and
<0.7 (for the other 6: Medial arch,
Lateral arch, Subtalar inversion,
Fore-/midfoot supination,
Fore-/hindfoot abduction, Hallux
abduction)
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Table 3. Cont.

Muscles n.a. n.a. n.a.

No of Plantar Sensors 19
29 passive reflective markers
14 mm in diameter, attached
directly on the skin

Seventeen 14 mm diameter
retro-reflective markers were
attached to the skin on each leg

Plantar Data Regions
3 segment foot model
(hindfoot, forefoot and hallux)
+ tibial segment

4: shank, hindfoot, forefoot
and hallux segments n.a.

Hardware Used for Data
Collection n.a.

New Balance neutral
cushioning shoe (model 840)
with circular holes cut out
with a diameter of 2.5–2.7 cm

n.a.

No. of Participants 2 12 10 (4 males, and 6 females)

Reference

Ref. [30] presents the
evaluation of foot kinematics
during barefoot walking
based on a multi-segment foot
model (12 foot parameters are
evaluated)

Ref. [31] investigates the
between-day reliability and
within-session variability of
the Oxford Foot Model (OFM)
while walking in a neutral
cushioning shoe

Ref. [34] a protocol for measuring
the kinematics of the foot and
ankle (12 foot parameters are
evaluated)

Results and Accuracy No numerical values available, only graphs

Muscles n.a.

No of Plantar Sensors 21 six mm retroreflective markers

Plantar Data Regions
number of foot segments that comprise the foot for each model
varies (all 5 models, however, contain equivalent hindfoot,
forefoot, and hallux segments)

Hardware Used for Data
Collection n.a.

No. of Participants 10 (6 males, and 4 females)

Reference Ref. [35] compares the repeatability and kinematics of five
different three-dimensional multi-segmented foot models

2. Materials and Methods

This work proposes a wearable monitoring system for the assessment of gait biome-
chanics. Objective evaluation if performed in terms of correlation of the plantar pressure
distribution along the footprint, recorded along the COP progression line, and lower-limb
EMG. The block diagram of the proposed solution is illustrated in Figure 6 and is explained
as follows.
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An ATmega328P microcontroller (µC), deployed on an Arduino Nano board, is em-
ployed to read six Aidong IMS C20B thin-film resistive sensors deployed onto a shoe
insole. Next, the µC performs the acquisition of two EMG channels via off the shelf
Mikroelektronika EMG Click analog front ends (AFE). Signal acquisition is performed
with a fs_FSR = 100 Hz sampling frequency for the plantar pressures and a fs_EMG = 1 kHz
sampling frequency for the EMG channels respectively. A synchronized sampling method
was adopted, having one analog input channel for each targeted signal. Resolution of the
acquired signals is given by the 10-bit analog to digital converter (ADC).

The wearable foot biomechanics monitoring system laboratory proof of concept is
illustrated in Figure 7. The electronics, i.e., Arduino Nano board with ATmega328P µC,
pressure sensor circuit breadboard and two EMG acquisition AFEs, were attached onto a
Velcro strip, as illustrated in Figure 7a, to enable wearing on the lower limb, as illustrated
in Figure 7b.
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Figure 7. The wearable foot biomechanics monitoring system laboratory proof of concept: (a) circuit
setup, (b) system wearing on the lower limb.

The pressure sensor and EMG signal acquisition and processing follows the logical
diagram illustrated in Figure 8, aiming for the identification of physiological gait. As illus-
trated, the first stage is the acquisition of plantar pressures and lower-limb EMG signals.
At this stage, it is possible to visualize the recorded signals in time-domain using the
Arduino Studio Plotter or Monitor. From this point on, processing is twofold. On one
hand, EMG signal processing accounts for feature extraction, activity discrimination and
extraction of muscular activity. On the other hand, processing of the pressure signals
account for the identification of sensor activation—which enables the visualization of the
COP progression line in Processing. Finally, cross-correlation of the muscular activity with
the plantar pressures is aimed to testing and validating the physiology of gait.
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Figure 8. Logical diagram of the wearable foot biomechanics monitoring system software.

2.1. Plantar Pressures Ssessment

In this work, we have performed plantar pressure assessment with six Aidong IMS
C20B thin-film resistive sensors operating as force sensor resistors (FSR), deployed as
illustrated in Figure 9a: one sensor on the hallux (FSR0), two sensors on the metatarsal arch
(FSR1 and FSR2), two sensors on the lateral arch (FSR3 and FSR4), and one sensor on the
heel area (FSR6). Our aim for this sensor deployment was to follow the COP progression
line of normal gait. The practical realization of the resistive pressure sensor array is then
depicted in Figure 9b.
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An FSR is deployed in a resistive divider connection with a grounded 1 MΩ resistance
R. The FSR resistance is then derived from the voltage divider law as

FSR =

(
VCC
VR
− 1
)
·R, (1)

where VCC is the supply voltage and VR is the 1 MΩ resistance voltage drop.
The resistance voltage drops were read with the ATmega328P µC with a fs_FSR = 100 Hz

sampling frequency and, after filtering with a second-order fc_FSR = 35 Hz cutoff frequency
Butterworth lowpass filter for noise removal [1,26], the FSR resistance values were deter-
mined according to (1).

2.2. Lower-Limb EMG Assessment

Electrode placement for the left-leg lower-limb EMG monitoring is depicted in Figure 10a
for the Tibialis anterior with the reference electrode placed above the lateral malleolus, and
in Figure 10b for the gastrocnemius with the reference electrode placed above the medial
malleolus.
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Acquisition of an EMG channel was performed with a fs_EMG = 1 kHz sampling
frequency using Ag/AgCl wet electrodes and the Mikroelektronika EMG Click board.
As specified in the AFE datasheet, signal acquisition follows two on-board gain stages,
i.e., instrumentation amplifier and variable gain amplifier, implemented with a MPC609
operational amplifier and MAX6106 micropower voltage reference, and three analog filter
stages, i.e., high-pass filter with 1.6 Hz, and 0.16 Hz cutoff frequencies respectively and
lowpass filter with 60 Hz cutoff frequency [40].

The EMG signal is nominally in the 1 µV–10 mV amplitude range [41,42], with signal
amplitudes accounting as follows. The motor unit action potential (MUAP) of a healthy
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muscle ranges around 2 mV in amplitude, primary muscular disease accounts for MUAPs
around 0.5 mV, whereas re-innervation and intramuscular sprouting of chronic partial
denervation results in MUAPs larger than 10 mV [43]. As such, the AFE gain of the
EMG acquisition board was set to 10x such as to have the EMG signal in the +/− 50 mV
amplitude range prior to ADC.

After acquisition, EMG feature extraction was aimed towards the determination of
muscular activity and muscle activation patterns. Information regarding muscular activity
is retained in the lower frequency range below 50 Hz. Time-domain features regarding
the muscle activation pattern on the other hand are available in the 500 Hz frequency
band [44–46]. For this purpose, the EMG signal is applied to a bank of two parallel filter as
illustrated in Figure 11. However, it should be noticed that 150 Hz lowpass filtering was
considered for the muscle activation pattern as we were interested in the identification
of the muscle activation pattern rather than its assessment. After filtering, segmentation
of the ECG signal is performed with 128-sample non-overlapping adjacent rectangular
windows [47].
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Further on, the features of interest in this work are presented. Features of muscular
activation are extracted from the ECG signal limited to the 50 Hz bandwidth in terms of
the zero crossing (ZC) and slope sign changes (SSC) count defined as:

ZC =
N

∑
i=2

(sgn(xi−1·xi) = −1), (2)

and

SSC =
N

∑
i=3

(sgn((xi−1 − xi−2)·(xi − xi−1)) = −1), (3)

where N is the segment length. The ZC expressed by (2) is a measure of the signal sign
changes, namely the number of times the signal crosses the zero axis. As such, a large ZC
count accounts for small signal swing, i.e., low muscular activity, whereas a small ZC count
accounts for large signal swing, i.e., high muscular activity. Similarly, the SSC expressed by
(3) is a measure of the local extrema, namely the number of changes from a positive slope to
a negative slope (local maxima), or from a negative slope to a positive slope (local minima).
As such, a large SSC count accounts for small signal swing, i.e., low muscular activity,
whereas a small SSC count accounts for large signal swing, i.e., high muscular activity.
Both ZC and SSC can be accounted for as an indicator for the onset of movement [48,49].

Features of the muscle activation pattern are extracted from the ECG signal limited to
the 150 Hz bandwidth in terms of the mean absolute value (MAV) and root mean square
(RMS) defined as:
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MAV =
1
N

N

∑
i=1
|xi|, (4)

and

RMS =

√√√√ 1
N

N

∑
i=1

x2
i . (5)

The MAV expressed by (4) estimates the baseline during muscular activity [49], which
in the present work accounts for lower-limb motion. The RMS expressed by (5) on the other
hand is regarded as an estimator of the signal energy content and, as such, is employed
as a measure of muscular activity [44]. Both MAV and RMS can be accounted for as an
indicator for intensity.

It should be noticed that we restrict the feature extraction procedure in this work to
time-domain features, as we are interested in the identification of muscular activity rather
than its classification and evaluation. From this perspective, the employment of further
EMG features expressed in the frequency domain, e.g., mean frequency, median frequency
or power spectral density [50], or mixed time-frequency domain, e.g., spectrogram or signal
phase [51], assume a rather computationally complex extraction which is unjustified for
our work.

The EMG feature values to discriminate walking from rest, as identified in our pre-
vious work reported in [44], are listed in Table 4. The EMG features for running and
jumping are also listed for illustration. As indicated, there is some overlapping between
the feature ranges. For example, a RMS value of 0.15 accounts for both walking and rest.
This overlapping can be handled, provided all four features are assessed simultaneously.
Indeed, the same RMS value of 0.15 in context with a MAV value of 0.15 and a ZC value
of 7 accounts for walking. For exemplification, the EMG features extracted for a walking
segment are plotted in Figure 12.

Table 4. EMG feature range for the discrimination of walking from rest [44].

Title 1 MAV ZC SSC RMS

Walking 0.1–0.2 5–10 10–20 0.1–0.3
Running 0.2–0.4 10–30 10–20 0.2–0.5
Jumping 0.5–1 10–20 15–25 0.3–0.6

Rest <0.1 >15 >25 <0.2

2.3. Correlation of the Plantar Pressure with Muscular Activity

In this work, gait assessment is twofold. On one hand we performed the assessment
of the plantar pressure along the COP progression line. On the other hand, we performed
EMG assessment of the tibialis anterior and the gastrocnemius via the extracted features.

The target of this paper is to correlate the FSR readings with the lower-limb EMG
in order to perform gait assessment. Indeed, physiological gait assumes a very clear
correlation of the plantar pressures with the lower-limb muscles. As such, we are able to
assess physiological gait based on FSR and EMG correlation for the heel strike and toe-off
phases. The time-domain plots in Figure 13 illustrates the clear interdependency of the
FSR5 and tibialis anterior EMG signals for heel strike, as well as the interdependency of the
FSR0 and gastrocnemius EMG signals respectively for toe-off.
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As illustrated in Figure 13a for heel strike, a direct dependency can be formulated
between the plantar pressure executed on FSR5 and muscular activity of the tibialis anterior.
Similarly, as illustrated in Figure 13b for toe-off, a direct dependency can be formulated
between the plantar pressure executed on FSR0 and muscular activity of the gastrocnemius.
However, it should be noticed that gastrocnemius activation and FSR0 activation exhibit
a certain delay for toe-off, rather than simultaneity which is the case for FSR5 and tibialis
anterior at heel strike. As such, this delay must be accounted for when correlating FSR0
with the EMG of the gastrocnemius.

The procedure followed to correlate FSR activation with muscular activity is per-
formed as follows. Both FSR readings and the muscular activity have been binarized.
The FSR signal was binarized by comparison to a threshold level, determined empiri-
cally in laboratory environment during extensive testing of the pressure sensors deployed
onto the shoe insole. Muscular activity on the other hand was determined from the SSC–
indicating the onset of movement, and the MAV–indicating muscular intensity. The EMG
features were binarized by comparison to a threshold level, determined for the MAV and
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SSC as follows. The MAV threshold value was considered 0.05, that is half of the lower
limit of the feature variation range in Table 4. The SSC threshold was considered 25,
that is half of the lower limit of the feature variation range in Table 4 added to the upper
limit. Additionally, considering that muscular activity is accounted for by low SSC values,
SSC binarization is complementary, i.e., binarized SSC is logical 1 provided the SSC is
lower than the threshold. Then, muscular activity was determined as the logical AND
functional between the binarized EMG features. Finally, correlation of the FSR reading with
the EMG is evaluated as the cross-correlation of the binarized FSR signal and muscular
activity respectively, expressed as

RFSR,EMG(m) =


n−m+1

∑
n=0

FSR(n + m)·EMG(n), m ≥ 0

REMG,FSR(−m), m < 0
, (6)

where m is the cross-correlation function index [52].
Cross-correlation of the FSR to the lower-limb muscular activity accounts for a local

maximum in the origin provided that the FSR and muscular activation are interdependent.
For exemplification, cross-correlation of the binarized FSR readings with the EMG activa-
tion from Figure 13 is illustrated in Figure 14. Indeed, since the FSR readings and EMG
activations exhibit simultaneity—with the physiological delay in-between FSR0 and the
gastrocnemius, their cross-correlation exhibits a maximum in the origin.
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Figure 14. Illustration of the FSR and EMG interdependency via the cross-correlation of the binarized FSR reading and 

EMG activation which exhibits a maximum in the origin: (a) FSR5 and tibialis anterior at heel strike, and (b) FSR0 and 

gastrocnemius at toe-off. 

If on the other hand the FSR and the EMG activation are not interdependent, as 

illustrated in Figure 15a for FSR1 and tibialis anterior and in Figure 15b for FSR5 and 

gastrocnemius, their cross-correlation maxima will not be found in the origin, as 

illustrated in Figure 16. 

Figure 14. Illustration of the FSR and EMG interdependency via the cross-correlation of the binarized FSR reading and
EMG activation which exhibits a maximum in the origin: (a) FSR5 and tibialis anterior at heel strike, and (b) FSR0 and
gastrocnemius at toe-off.

If on the other hand the FSR and the EMG activation are not interdependent, as
illustrated in Figure 15a for FSR1 and tibialis anterior and in Figure 15b for FSR5 and
gastrocnemius, their cross-correlation maxima will not be found in the origin, as illustrated
in Figure 16.
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Another aspect which must pe pointed out at this stage is that, provided the cross-
correlation maxima of physiologically unrelated plantar pressures and muscular activities
are still found in the origin, this is a clear indicator of non-physiological gait.

To be able to discriminate physiological from non-physiological gait respectively, we
have further defined a gait map as the binary matrix representation of the interdependency
between the FSRs and muscle activity. The matrix columns correspond to the gait phases
as prescribed in Table 1. The matrix rows correspond to the cross-correlation of each FSR
deployed onto the shoe insole with the tibialis anterior and the gastrocnemius respectively.
Then, using Table 1, we were able to formulate the gait map template of the physiological
gait cycle, namely which FSR is correlated to which muscle during the gait cycle. Accord-
ingly, a logical ‘1′ element in the gait map–stemming from the FSR-EMG cross-correlation
maximum in the origin for the corresponding gait phase, accounts for the interdependency
of the FSR with the muscular activity. A logical ‘0′ on the other hand–stemming from the
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absence of a cross-correlation local maximum in the origin, states that the respective FSR
and EMG are not interdependent.

The gait map template of physiological walking, according to the proposed definition,
is illustrated in Table 5. Physiological gait is then decided based on the bi-dimensional
cross-correlation of the gait map G [12 × 5] to the physiological gait map template Gtemplate
[1.2 × 5], defined by:

Rgaitmap(k, l) =
11

∑
m=0

4

∑
n=0

G(m, n)G∗template(m− k, n− l), (7)

where
k = [−11, 11]

l = [−4, 4]
, (8)

and (.)* denotes complex conjugation [52]. As such, it can be decided upon physiological
gait provided the bi-dimensional cross-correlation function exhibits a maximum in the
origin.

Table 5. Template for the gait map of physiological walking.

Stance Phase

0–2% 0–10% 10–30% 30–50% 50–60%

RFSR5,TA 1 1 0 0 0
RFSR4,TA 0 1 0 0 0
RFSR3,TA 0 1 0 0 0
RFSR2,TA 0 0 0 0 0
RFSR1,TA 0 0 0 0 0
RFSR0,TA 0 0 0 0 0
RFSR5,GC 0 0 0 0 0
RFSR4,GC 0 0 1 0 0
RFSR3,GC 0 0 1 0 0
RFSR2,GC 0 0 1 1 0
RFSR1,GC 0 0 1 1 1
RFSR0,GC 0 0 0 1 1

3. Results

The laboratory proof of concept of the proposed wearable gait monitoring system
was tested and validated indoors in laboratory environment. One healthy male volunteer,
with no history of walking disorders, has tested the system under three walking scenarios:
normal walking—accounting for physiological gait, and heel walking and toe walking—
accounting for pathological gait.

The walking activity assumed 20 steps of walking around the laboratory (as allowed
by a 5 m long USB cable which connects the proposed wearable gait monitoring system to
a laptop computer) with a pace of 13 min/km (the pace was monitored with a personal
Garmin Fenix 5 smartwatch). The left leg was considered to be the leading limb. The
subject performed 5 trials of steady-state walking exercises to understand the required
activity and one trial steady-state walking for subsequent analysis with the proposed gait
monitoring system.

We have considered the onset of gait as the first strike of the left leg after a minimum
10 s standstill. The first four steps, i.e., first two walking cycles, are accounted for gait
initiation as prescribed by Park et al. in [53]. As such, gait analysis is performed subsequent
to the first four steps.

The matter of the exact gait initiation moment must be clarified at this stage. According
to Park et al., the onset of gait is defined as having less than 0.5% of half of the body weight
on the leading limb in upright standstill posture [53]. With the proposed wearable gait
monitoring system, we only monitor plantar pressures–without conversion to ground
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reaction forces or body weight, and also, we do not acquire any information regarding joint
motion and posture. As such, we are unable to assess gait initiation as prescribed by Park
et al. Nevertheless, the accent in this work is on analyzing steady state walking, and as
such, gait onset and gait initiation do not render useful information. Moreover, the exact
moment of gait onset will not alter whatsoever on the assessment of steady state walking.
A set of conclusive test results is presented as follows.

The FSR recordings during a stance phase are plotted in Figure 17. The corresponding
COP progression line, rendered with Processing, is illustrated in Figure 18. As shown both
in Figures 17 and 18, normal gait follows the evolution of the plantar pressures starting
with pressure recorded on FSR5 at heel strike, followed by pressure along the footprint
medial line FSR4 towards FSR1, and finally pressure on FSR0 at toe-off. Deviations from
the COP progression line are an indicator of some form of gait pathology.
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anterior and gastrocnemius respectively. As illustrated, plantar pressures and muscular
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activity are indeed interdependent during the physiological gait cycle as prescribed in
Table 1.
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Assessment of the interdependency between plantar pressure and muscular activity
requires a more thorough analysis performed via cross-correlation, as described in
mboxsectsect:sec2dot3-applsci-1038217. The actual muscular activation pattern, deter-
mined for both tibialis anterior and gastrocnemius on the basis of the EMG features, is
illustrated in Figure 20.
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The values of the EMG feature magnitudes, as read from Figure 20, discriminate
walking form resting as prescribed by Table 4 (a 100×multiplier was considered for MAV
and RMS). This enables the evaluation of the FSR and EMG cross-correlation in the context
of walking, aiming towards the decision upon physiological gait.
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The FSR was correlated with the EMG muscular activity as prescribed by Equation (6).
The cross-correlation results of the FSR and EMG signals are plotted in Figure 21 for the
tibialis anterior and the gastrocnemius respectively. As illustrated, the tibialis anterior
cross-correlation maximum is in the origin with FSR5, indicating that the tibialis anterior
is activated for heel strike during physiological gait. Similarly, the gastrocnemius cross-
correlation maximum is in the origin with FSR0, indicating that gastrocnemius is activated
for toe-off during physiological gait. On the other hand, cross-correlation maxima outside
the origin indicates that muscular activity occurred before/after FSR activation., e.g.,
pressure is read on FSR0 only after activity on the tibialis anterior–motivating the shift of
the RFSR0,TA maximum from the origin, whereas FSR5 reads pressure before gastrocnemius
activity—motivating the shift of the RFSR5,GC from the origin.
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The cross-correlation results plotted in Figure 21 enable the formulation of the gait
map listed in Table 6. Indeed, the cross-correlations plotted in Figure 21 illustrate the
interdependency of the investigated plantar pressure point with muscular activity during
gait. On the cross-correlation plots, we have identified the lags corresponding to the middle
of each gait cycle. Then, we have compared the cross-correlation function magnitude to
a threshold level equal to 0.75 of the cross-correlation maxima, having the 0.75 fraction
determined empirically. Cross-correlation magnitudes larger than the threshold account
correlation of the plantar pressure with the muscle in the respective gait cycle, i.e., logical
‘1′ in the gait map, whereas cross-correlation magnitudes below the threshold level account
for lack o correlation, i.e., logical ‘0′ in the gait map. The gait map formulation process,
according to the explanation beforehand, is depicted in Figure 22.

Table 6. The gait map for the stance phase plotted in Figure 19, generated from the cross-correlation
functions from Figure 21.

Stance Phase

0–2% 0–10% 10–30% 30–50% 50–60%

RFSR5,TA 1 1 0 0 0
RFSR4,TA 1 1 0 0 0
RFSR3,TA 0 1 1 0 0
RFSR2,TA 0 1 1 0 0
RFSR1,TA 0 1 1 1 0
RFSR0,TA 0 0 1 1 0
RFSR5,GC 0 0 1 0 0
RFSR4,GC 0 0 1 0 0
RFSR3,GC 0 0 1 0 0
RFSR2,GC 0 1 1 1 1
RFSR1,GC 0 0 0 1 1
RFSR0,GC 0 0 0 1 1
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The results of its bi-dimensional cross-correlation to the physiological gait map tem-
plate from Table 5 results in the surface plot from Figure 23. The maximum in the cross-
correlation origin accounts for the identification of physiological gait.
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Figure 23. Surface plot of the bi-dimensional cross-correlation of the gait map from Table 5 to the
physiological gait map template from Table 4.

Regarding the discrimination of pathological gait, Table 7a illustrates the gait map
of heel-walking, whereas Table 7b illustrates the gait map of a toe-walking. The cross-
correlation results of each gait map to the reference gait map from Table 4 are plotted in
Figure 24. It should be noticed both defective walking patterns were reproduced by the
healthy volunteer for illustration purpose. Both are described as follows.

Table 7. The gait map for the stance phase for (a) heel walking, and (b) toe walking.

(a)

Stance Phase

0–2% 0–10% 10–30% 30–50% 50–60%

RFSR5,TA 1 1 1 1 1
RFSR4,TA 0 0 1 1 0
RFSR3,TA 0 0 0 0 0
RFSR2,TA 0 0 0 0 0
RFSR1,TA 0 0 0 0 0
RFSR0,TA 0 0 0 0 0
RFSR5,GC 0 0 1 1 1
RFSR4,GC 0 0 1 1 0
RFSR3,GC 0 0 0 0 0
RFSR2,GC 0 0 0 0 0
RFSR1,GC 0 0 0 0 0
RFSR0,GC 0 0 0 0 0
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Table 7. Cont.

(b)

Stance Phase

0–2% 0–10% 10–30% 30–50% 50–60%

RFSR5,TA 0 0 0 0 0
RFSR4,TA 0 0 0 0 0
RFSR3,TA 0 0 0 0 0
RFSR2,TA 0 0 0 1 0
RFSR1,TA 0 0 0 1 1
RFSR0,TA 0 0 0 1 1
RFSR5,GC 0 0 0 0 0
RFSR4,GC 0 0 0 0 0
RFSR3,GC 0 0 0 0 0
RFSR2,GC 0 1 1 0 0
RFSR1,GC 1 1 1 1 1
RFSR0,GC 1 1 1 1 1
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Table 7a reads that heel-walking accounts for plantar pressure on the heel area, i.e., FSR5,
along the complete stance phase, and on the lateral heel/heel section of the metatarsal arch,
i.e., FSR4, during midstance. The tibialis anterior activity is recorded along the complete
stance phase, according for foot dorsiflexion during heel walking. The gastrocnemius on the
other hand is activated only during lifting of the foot. The fact that this walking pattern does
not account for physiological gait is visible in the surface plot from Figure 24a—illustrating
the cross-correlation result of the heel-walking gait map to the reference gait map from Table 4,
which exhibits the maximum outside the origin.

Table 7b reads that toe-walking accounts for pressure readings on the toe and metatarsal
arches respectively, i.e., FSR0, FSR1 and FSR2 respectively, during strike, with the corre-
sponding activation of the gastrocnemius, followed by the activation of the tibialis anterior
at toe off. Gastrocnemius activity along the whole stance phase accounts for plantar flec-
tion along toe-walking. The corresponding surface plot from Figure 24b, illustrating the
cross-correlation results of the toe-walking gait map to the reference gait map from Table 4,
exhibits its maximum outside the origin, highlighting the fact that toe-walking does not
account for physiological walking.



Appl. Sci. 2021, 11, 268 27 of 31

4. Discussion

Standing of humans is performed using sensory information from the ankle muscles,
provided mainly by the gastrocnemius, soleus and tibialis anterior. While standing, muscle
activation depends on the position of the COP. For balance, when the body sways forward
and the COP moves forward, the gastrocnemius and the soleus are activated. When the
body sways backwards and the COP moves backwards, the tibialis anterior is activated.
In muscle activation, autogenic reflexes for postural control are particularly important [54].

Gait is an even more complicated process in comparison to standing. It needs the
neuromuscular systems to control the body along with a healthy and functional skeletal
system. A good muscle ankle control is essential both for maintaining stance and for gait.

In this context, the proposed foot biomechanics wearable monitoring system provides
a viable solution for the assessment of both plantar pressure distribution along the COP
progression line and lower-limb muscular activity via two EMG channels.

Through EMG recordings, our study sustains that ankle movement in the sagittal plane
during the stance phase is controlled by the interaction between agonist and antagonist
muscles of the leading limb. Both relaxation of the gastrocnemius and contraction of the
tibialis anterior, which dorsiflexes the ankle, make the heel strike possible by the fact that
the COP is brought posterior to the ankle. For the remainder of the stance phases, the
two muscles work in opposite phases, enabling the advancement of the COP through the
forward rolling of the foot. Visualization of this phenomenon is enabled by the proposed
distribution of the pressure sensors on the shoe insole.

During the forward rolling of the foot, which implies ankle plantar flexion, the COP
progresses anteriorly from the heel, yet not in a straight line due to the frontal plane
movements of the foot, i.e., supination and pronation. During the stance phase, the
last point of pressure is the toe, when the swing phase follows toe-off. Tibialis anterior
contributes to the dorsiflexion of the foot in the pronation of the foot.

A novelty of the work proposed in this paper is the underlaying software application
which performs the cross-correlation of the plantar pressures, specifically the progression
of the COP, with the lower-limb muscular activity. The cross-correlation results in a matrix
representation of the gait pattern, i.e., the proposed gait map. Objective gait evaluation is
then performed by comparing the gait map to a reference map of the physiological gait.
As such, our study reveals a healthy muscle activity pattern for the investigated ankle
and ‘foot.

Our tests were carried out under the assumption of healthy lower-limb muscles.
As such, the AFE gain was set to amplify the nominal 1 µV–10 mV EMG amplitude range
into the +/−mV amplitude rage prior to ADC. At this stage, a discussion worth having
regards the variation of the EMG amplitude as a result of muscular disease and its effects
on gait assessment using the proposed system. Under this gain configuration however,
small EMG amplitudes will not be sensed by the AFEs employed in the proposed system,
whereas large EMG signals will determine features outside the ranges listed in Table 4,
leading to erroneous identification of walking. To counter such effects, gain adaptation
techniques, e.g., [55], can be envisioned for the proposed system.

Another discussion regards the effects of noise and EMG artifacts on the operation
of the proposed system. A noise-free EMG signal, containing only information regarding
muscular activity, accounts for the ideal operating conditions for system operation. The
presence of artifacts however may determine features outside the ranges listed in Table 4,
thus leading to erroneous identification of walking. Considering the targeted bandwidth,
i.e., 150 Hz which accounts for both muscular activity and the activation pattern of the
investigated muscles, high-frequency motion artifacts and stray interference are attenuated
inherent to system operation. Low-frequency long-term baseline artifacts will be sup-
pressed by DC and low-frequency rejection. Low-frequency short-term baseline artifacts
on the other hand, as well as contact noise, will determine instantaneous alterations of the
extracted feature amplitudes. Nevertheless, considering their relatively short duration,
they can be identified and ignored for one gait cycle.
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The proposed solution for the gait monitoring system is also envisioned for employ-
ment in the identification of some pathologies. This aspect was illustrated and validated
with tests reproducing pathological walking and is discussed further on.

When the ankles are disabled because diseases or weak extrinsic foot muscles, the move-
ments of the foot are larger and the foot overpronates. The COP travels inwards and the
ankle movers, mainly the tibialis anterior, will be overactive to compensate the deficiencies
mentioned above. Muscle fatigue sets in early and can be identified through EMG.

If in standing posture the ankle has a 90◦ position, the foot is in a neutral position–
neither pronated nor supinated, and the foot muscles work coordinated, we expect that
the proposed monitoring system will record a normal COP progression line. If however
the standing posture faces pronated or supinated foot, imbalances in extrinsic foot mus-
cles, or even unhealthy shoes, one will visualize deviations or even absence of pressures
throughout the footprint areas that are monitored.

Alterations in the frontal plane mechanics of the foot can as well be assessed with the
proposed monitoring system. Findings may indicate either towards faulty foot posture–
assessed with the pressure sensors deployed onto the shoe insole, or to shank muscle
imbalances–highlighted by EMG.

As mentioned earlier, based on kinetic link principle, the human body must be consid-
ered in terms of a series of interrelated links or segments [28]. Alterations in the frontal
plane mechanics of the foot have been linked to foot and ankle injuries, knee pathology, al-
terations in the hip muscle recruitment strategies, and may be associated with lumbosacral
dysfunction [56]. Spine faulty posture and lumbosacral dysfunction may be associated
with foot faulty posture as well as ankle and foot dysfunction. Considering that the ankle
and foot musculoskeletal complex is implied in the ankle joint strategy—a strategic element
of balance control with implications in stance and gait, the functional evaluation of the foot
is essential. Our system contributes to functional evaluation of the lower limb, ankle and
foot, during a functional movement, the gait. Along with disease prevention, limitations
is important for rehabilitation purposes as well. Further on, it might be useful for body
functional movements training and to control the correction of the foot by orthotic insoles.

This paper presented a laboratory proof of concept for a wearable gait monitoring
system, with the novelty consisting in the underlying software application which correlates
plantar pressures with lower-limb EMG and performs gait analysis based on a gait map.
Tests performed in the laboratory environment validate the proposed solution for the
discrimination of physiological from pathological walking. As such, the next steps aim
toward miniaturization and the integration of the proposed system concept into a wearable
and portable device, and to undergo cohort studies in clinical environment.
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