International Journal of
Environmental Research

and Public Health

Article

Inertial Sensor Location for Ground Reaction Force and Gait
Event Detection Using Reservoir Computing in Gait

Sara Havashinezhadian "*, Laurent Chiasson-Poirier 2, Julien Sylvestre 2

check for
updates

Citation: Havashinezhadian, S.;
Chiasson-Poirier, L.; Sylvestre, J.;
Turcot, K. Inertial Sensor Location for
Ground Reaction Force and Gait
Event Detection Using Reservoir
Computing in Gait. Int. J. Environ.
Res. Public Health 2023, 20, 3120.
https://doi.org/10.3390/
ijerph20043120

Academic Editor: Giuseppe Messina

Received: 30 December 2022
Revised: 1 February 2023
Accepted: 2 February 2023
Published: 10 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Katia Turcot !

Interdisciplinary Center for Research in Rehabilitation and Social Integration (CIRRIS), Department of
Kinesiology, Faculty of Medicine, Université Laval, Quebec, QC G1V 0A6, Canada

Department of Mechanical Engineering, Interdisciplinary Institute for Technological Innovation, Université
de Sherbrooke, Sherbrooke, QC J1K 2R1, Canada

*  Correspondence: sahav2@ulaval.ca; Tel.: +15-(81)-9803894

Abstract: Inertial measurement units (IMUs) have shown promising outcomes for estimating gait
event detection (GED) and ground reaction force (GRF). This study aims to determine the best sensor
location for GED and GRF prediction in gait using data from IMUs for healthy and medial knee
osteoarthritis (MKOA) individuals. In this study, 27 healthy and 18 MKOA individuals participated.
Participants walked at different speeds on an instrumented treadmill. Five synchronized IMUs
(Physilog®, 200 Hz) were placed on the lower limb (top of the shoe, heel, above medial malleolus,
middle and front of tibia, and on medial of shank close to knee joint). To predict GRF and GED,
an artificial neural network known as reservoir computing was trained using combinations of
acceleration signals retrieved from each IMU. For GRF prediction, the best sensor location was top
of the shoe for 72.2% and 41.7% of individuals in the healthy and MKOA populations, respectively,
based on the minimum value of the mean absolute error (MAE). For GED, the minimum MAE value
for both groups was for middle and front of tibia, then top of the shoe. This study demonstrates that
top of the shoe is the best sensor location for GED and GRF prediction.

Keywords: ground reaction force; gait event detection; inertial measurement unit; reservoir comput-
ing; sensor location

1. Introduction

Gait event detection (GED) and ground reaction force (GRF) predictions are essential
for accurately monitoring gait patterns in individuals with and without musculoskeletal
diseases (e.g.,, MKOA) [1,2]. These biomechanical metrics not only allow for the com-
paring the body’s mechanical deviations in MKOA with healthy gait [3,4], but may also
identify the disease severity [5-7]. Traditional methods for GED and GRF measurements
use bulky and expensive in-laboratory settings, including force plates embedded in the
ground or in instrumented treadmills [8]. However, these methods are not only cum-
bersome and costly, but they also require dedicated space and a controlled environment
(e.g., a motion analysis laboratory). Such a controlled environment may lead individuals
to modify the walking strategies they would use in an ecological setting (e.g., gait speed
variation [9]) [10,11].

To address this problem, several wearable sensors have been developed as an attractive
alternative that could be used for direct/indirect measurement of these biomechanical
metrics or even in the field for providing remote intervention (e.g., gait retraining) [1,2].
However, wearable sensors providing direct GRF measurements (e.g., load cells [12,13],
pressure sensor arrays [14], and pressure insoles [15,16]) proved limited. Load cells are
highly expensive and not practical. Pressure insoles and sensor arrays need calibration
before each test and are unreliable. These wearable sensors are worn under the foot and
thus modify the foot-ground interaction. They may even change the shoes rigidity that will
modify the walking condition. Thus, inertial measurement unit sensors (IMUs), enabling
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the indirect measurement of these biomechanical metrics is a practical and cost-effective
solution that is studied more and more [17,18].

For estimating GRF and GED using IMU data only, previous studies used methods
based on biomechanical modelling (statistical or inverse dynamic approaches) or machine
learning. Recently, Karatsidis et al. [19] used a set of 17 IMUs to estimate three-dimensional
GRF and moments in gait using an inverse dynamic approach for eleven healthy individuals.
Based on IMUs-obtained 3D acceleration signals (Acc), they established the kinematics of
23 segments; then, using Newton’s equation, the kinematics and the inertial properties of
each segment, they determined the multidimensional GRFs. This approach was successful
(the maximum root means square error [RMSE] for the frontal plane was 29.6%), but
still required complicated musculoskeletal modelling and too many sensors (and their
calibration) before use. Neugebauer et al. [20] suggested a different method based on a
statistical modelling approach. They placed a biaxial accelerometer on the right hip to
estimate GRF vertical component peak (pVGRF) in walking and running for thirty-five
healthy teenagers. This study resulted in two statistical models: mixed and generalized
regression, based on the significant relationship between the log-transformed pVGRF and
features such as monitored acceleration, centre of mass, sex, type of locomotion (run),
etc. The average absolute difference between the actual (measured with force plate) and
predicted pVGREF for mixed and generalized models was 5.2% (£1.6%) and 9% (£4.2%),
respectively. However, this study was limited because it could not predict GED and the
temporal profiles of GRF due to the sensor type and its location. In addition, this approach
was complicated further because it required the manual extraction of the input signal for
statistical modelling.

The machine learning algorithms overcame the complexity of biomechanical modelling
and data acquisition processes. For predicting GRF and GED in gait analysis with IMUs,
artificial neural networks (ANNSs) have already proved their usefulness because of their
non-linear modelling and the input signal automatic extraction feature [21,22]. This method
stemmed from the hypothesis that a relationship exists between the acceleration and the
GRF/GED. Hence, Leporace et al. [23] were among the first to use an ANN with an
IMU on the shank. The seventeen healthy individuals that took part in this study were
instructed to walk on an instrumented treadmill at a self-selected walking speed. IMU 3D
acceleration was used to estimate the multidimensional GRF. The error analysis comparing
the estimated with the measured GRF showed an adequate prediction. However, the model
did not investigate GED.

Ngoh et al. [24] suggested another ANN-based approach for GRF vertical component
(VGRF) estimation via IMU anterior-posterior Acc on top of the shoe for seven healthy
males running on a treadmill. This study also determined the stance phase via a previously
established method [25]. The acceleration was then segmented into 100% data points of the
stance phase. The ANN used the segmented Acc to estimate the VGRF; the results were
then compared to the VGRF measured by force plates embedded into the treadmill. The
average root mean square error was less than 0.017 of the participant’s body weight (BW).
However, these results were limited to a small training sample that did not provide enough
information to handle the input data variability. Moreover, this method first required
the identification of the stance phase of each gait cycle before making a VGRF prediction.
Resampling the data implied having at least one step delay before making a prediction.
Therefore, the suggested sensor location and the network used in the Ngoh et al. study [24],
did not necessarily yield good predictions that would work with a higher validation sample
size and allow model fitting when variability arose.

Through an ANN approach, Gue et al. [26] investigated the best sensor location in
walking in order to predict the GRF. The nine healthy young individuals that participated
in this study were asked to wear instrumented shoes with 3D pressure insoles. The 3D Acc
of the IMUs placed on C7, L5 and on the forehead helped to find the best sensor location.
The authors found a relatively large difference in performance depending on the sensor
location when in an uncontrolled outdoor environment. The results showed that L5 was the
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best location predicting VGRF with an average prediction error of less than 5.0%. The result
could be attributed to the L5 location that is more stable and closer to the body’s centre of
mass (COM). Indeed, a relationship exists between the translational acceleration and the
GREF following Newton’s Second Law [27,28]. However, in case of aging and pathologies
such knee osteoarthritis (OA), the upper body stability changes, and thus the results of
sensor location in this study cannot necessarily be applied to other populations [29,30].
Furthermore, this study was limited to only VGRF sensor locations in healthy young
individuals. For GED sensor location, a systematic review by Pacini Panebianco et al.,
2018 [31], showed that sensors placed on the shank and the foot performed better regarding
accuracy and reliability compared to lower trunk-based ones. However, no study yet exists
for determining the best sensor location in an integrated task of GED and GRF prediction
in healthy and MKOA individuals, which is required before an ecological intervention such
as gait-retraining. Beside the gap in research for sensor location in the integrated task of
GED and GRE, previous studies used different combinations of Acc for predicting these
biomechanical metrics (uniaxial, biaxial, triaxial) [20,32,33], while the best Acc combination
signal input is yet to be investigated.

To fill these gaps, an efficient and promising ANN must be used that can be quickly
retrained for different locations and for a new type of temporal data input. Hence,
Jaeger [34], suggested the reservoir computing (RC) recurrent neural network (NN)
method. RC, as a recurrent NN paradigm, proved to be computationally low-cost and
easy to be implemented in an IMU for further field out-lab interventions [35]. RC is
specialized in processing temporal signals including accelerations, and is adaptable
due to its fast and systematic training methodology that adjusts coefficients using a
linear regression. The hardware implementation of RC can significantly reduce the scale
factor and the energy needed to run such algorithms. In particular, a smart reservoir
computing implemented in Micro Electro-Mechanical Systems (RC-MEMS) enables
non-linear detection with an acceleration input [36].

The numerical implementation of RC called the echo states network (ESN), is one
of the most important and used RC methods [34,37,38]. ESN [37], and has proved to be
promising in biomechanics applications including gesture recognition [39], muscle drive-in
actuation [40], exoskeleton control [41] and GED [42]. ESN previously demonstrated that
sensors on the lower limb are excellent for GED prediction (MAE not more than 10 ms) [42].
However, the best sensor location for the prediction of integrated GED and GREF tasks using
the same light reservoir computing algorithm as presented in [42], remains unaddressed.
The novelty of this study is that it demonstrates the best sensor location for an integrated
task of GED and multi-dimensional GRF prediction in able-bodied and MKOA individuals
for the first time and via an ESN approach. For this aim, multiple training and testing
datasets from different sensor locations on foot and shank were used to determine the best
sensor location and nature of input signal associated with it.

2. Material and Methods
2.1. Participants

Twenty-seven able-bodied adults and eighteen MKOA individuals volunteered to
participate in this study at the Center for Interdisciplinary Research in Rehabilitation and
Social Integration (Cirris, Québec, QC, Canada). The participants’ demographic information
appears in Table 1.
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Table 1. Participants’ demographic information.

Characteristics Healthy (n = 27) MKOA (n =18)
Age (y) 36.66 + 4.24 65.63 +7.32
Gait velocity (m/s) 128 £0.13 0.75£0.23
Height (m) 1.72 £0.08 1.65 £0.12
Mass (kg) 73.11 £ 16.45 80.51 + 15.27

2.2. Inclusion—Exclusion Criteria

The healthy individuals were eligible if they were over 30 years old, had no knee pain
or injury, no history of orthopedic surgery or diabetes, and no additional neurological disor-
ders that impaired function. The patients were included if they presented medial knee OA
confirmed with both clinical [43] and radiographic evidence on the Kellgren & Lawrence
(KL) scale [44]. The MKOA individuals were excluded if they used a walking aid for
short distances (cane, walker), had a recent history of lower limb surgery affecting their
walking, a ligament rupture or cardiovascular and musculoskeletal disorders that limited
their walking (e.g., back pain).

The ethical committee approved the study (#2021-2269) and all participants signed
the informed consent form before participating.

2.3. Tasks and Procedures

To assess lower limb dominance, the healthy participants kicked a ball [45]. For the
unilateral MKOA individuals, the targeted limb was the one with the affected knee and
for bilateral MKOA individuals, it was the most painful side. Five IMUs (Physilog®4 and
5, Lausanne, Switzerland, 200 Hz) were placed on: (1) the top of the shoe (TS); (2) the
heel (H); (3) above the medial malleolus (MM); (4) the middle and front of the tibia (MFT);
and (5) the medial of the shank close to the knee joint (MK) (Figure 1). Participants self-
selected their walking speed (SS) during a five-minute trial on the instrumented treadmill
(Bertec, Columbus, OH, USA, 1000 Hz). Based on a previously established cross-correlation
approach, the measured signals (IMUs and GRF) were synchronized in pre-processing [46].
The walking at three speeds was recorded: SS, 20% faster and slower than SS.

Figure 1. IMUs location and orientation.
2.4. Echo State Network (ESN) Formulation
2.4.1. Experimental Data Used in the Network

The inputs were considered as IMU Acc in AP, ML and V directions, and aimed at
predicting the GRF and GED. The GRF and IMU signals were recorded independently. As
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for the predicted signal, the GRF signal used was in a vertical direction on the ground (V),
tangential to the ground and perpendicular to the speed of the movement of the walker
(ML), then tangential to the ground and parallel to the direction of the walker’s speed (AP),
as shown in Figure 2. Figure 3 shows the GRF curves for healthy and MKOA individuals.
The zones divided further to calculate the prediction error were the loading response phase,
crucial for clinical analysis [47], between 0 and 18% of the gait cycle, and the pre-swing
phase, between about 50 and 60% of the walk cycle.

Figure 2. Ground reaction force orientation (Bertec, 1000 Hz).

0.1 A

0.0

—— Mean
—— Median

5—95e Percentile
Bl 25—75e Percentile

0 20 40 60 80 100
Gait cycle proportion 0—100 %

—— Mean
—— Median

5—95e Percentile
B 25—75e Percentile

0 20 40 60 80 100
Gait cycle proportion 0—100 %

ML Ground Forces (N/N)

ML Ground Forces (N/N)

1.4
0.15 -
124
0.10 4 _ 1.0 4
3
=
n 0.8 1
o
=
0.05 &
T 0.6 A
5
<
[C]
> 0.4
0.00 -
0.2 q
-0.05 0.04 L—J
0 20 40 60 80 100 20 40 60 80 100
Gait cycle proportion 0—100 % Gait cycle proportion 0—100 %
(a)
124
0.15 4
1.04
0.10 - z
Z o8
m
o
2
o
% 0.6
0.05 - °
]
2
[}
> 0.4
0.00
0.2
0.0 1
—0.05 1

20 40 60 80 100
Gait cycle proportion 0—100 %

(b)

oA

20 40 60 80 100
Gait cycle proportion 0—100 %

Figure 3. Ground reaction force of (a) healthy and (b) MKOA individuals.
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The RC was trained individually on each of the five locations with one of the five
combinations of acceleration axes. Table 2 presents the definition of the input vector u(t)
for each combination (the first element of each vector, 1, is the bias value). With these five
locations (Figure 1) and seven axes (Table 2), the task in predicting GRF is to evaluate the
35 different vector configurations of the input data.

Table 2. Defining u(t) axes of the input vector.

Axes AP ML A% AP-ML ML-V AP-V AP-ML-V
1
u(t;) 1 1 1 1 1 1 o
S N o e N o B e i
ay (t;

2.4.2. The Goal Data

The goal data introduced as y;(ti) was a column vector of three GRF elements (R(t;)).
The signal was then normalized by the participant’s weight W, (N) (Equation (1)).

Rap(t;)
for LE, y; () = Wo Ii{hf,]iit3)

)

For the GED, the y; (t;) was a column vector of five binary elements.

Hsevent (ti )
HPevent ( )
for GED, y; (ti) = Fevent (tl) (2)
TPevent (t1 )
TOevent ( )

where each element represents a binary indicator for the presence or absence of the fol-
lowing gait events: the heel strike (HS), the heel push (HP), the foot flat (FF), the toe push,
(TP) and the toe off (TO) on the foot. For example, the index of HS_event was one for
the time step representing the heel strike. Only one non-zero element was defined for
each dimension of y; (t;) per gait cycle. The gait events were defined using the measured
experimentally and post-processed VGRF to identify the five gait events (Figure 4) in the
stance phase as follows:

HS: the rising edge of the VGRE.

HP: the first maximal peak obtained after the HS.

FF: the minimal peak obtained after the HP. For some walking patterns, especially for
slow, as well as for MKOA participants, no minimal peaks in the middle of the stance
phase were found. The FF was then defined by the middle point between HP and TP.
TP: the last maximal peaks of the VGRF.

TO: the falling edge of the VGRE.

The GED was performed using the peaks detected in the reservoir prediction output
by a peak finder algorithm. The algorithm threshold of 1.06 s for healthy and 1.09 s for
MKOA individuals was based on 0.7 times the patients’ mean gait cycle duration in the
training sets. Each non-zero target index was compared to the closest peaks identified
in the ESN prediction. The mean absolute error (MAE) for all events was independently
computed by event and record.
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Figure 4. Gait events investigated in the stance phase.

2.4.3. ESN Formulation for Finding the Goal Data

The ESN is a numerical implementation of the RC concept formalized by Jaeger [34].
Similar to other ANNSs, ESN allows for the performing of a non-linear transformation

between time-series Acc inputs u(t) to the goal prediction signal y(t) with an architecture
schematized in Figure 5.

Figure 5. Architecture of the ESN (the cross symbol represents matrix multiplication).

The input weight matrix Wi, (N x Nj,) connects the input signal u(t) (Nj, x 1) to the
N neurons of a reservoir (which allows the linear combination of states to form a prediction
signal y(t) (Nout X 1) (where Nout is the number of prediction signals). The function f;
represents the activation function (tanh) of the reservoir ind node. In the case of a recursive
tank, a feedback weight matrix W (N x N) connects the reservoir nodes with its past output
states. The parameter is a weighting factor between the present state and the past state,
which allows for the controlling of the forgetting rate of the past states u(t) to adjust the
reservoir response dynamics. The iterative calculation of the ESN is:

X(t) = tanh(Wipu(t) + Wx(t — 1)) ©)]
x(t) = ax(t) + (x — 1)x(t — 7) 4)
y(t) = Wourx(t) ®)

where y(t) represents a delay of 1 index in the past x states.

Matrix Wj,, W and the parameter o, were selected according to the ESN hyperpa-
rameters (HP) model according to the first optimization study published in [42]. HP were
selected to optimize computing capability according to the CHARC metrics. The regular-
ization parameter has been chosen similar to the one presented in [42] to minimize giving
the best NRMSE in a validation dataset. The hyperparameters for reservoir computing
are presented in Table 3, and they were established via the approach represented in [37],
explaining how to build matrices Wi, and W based on these hyperparameters.
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Table 3. Echo State Network Hyperparameters.

Hyperparameters Symbol Value
Number of nodes N 100
Leaking rate o 0.1053
W spectral radius o 0.7471
W sparsity p 0.21
Regularization parameter Y 1x107°

2.5. Different Training Methods

This section presents the different training methods used in ESN: the standard and
kernel methods.

2.5.1. Standard Training Method

A unique Wout output weight matrix was established correlating with the exit value
from the tank to the GRF and GED for all patients. We uniformly applied the RR method to
all data (healthy and MKOA individuals). The database contained 135 series of continuous
data (N_{TS} = 135) as the walking data collection of all participants. The training used
the first 70% of each record trial duration. Therefore, the input data was defined based on
Equation (6).

u: {Up = [up(tl),up(tz),...,up(ti),...,up (tTp)} ’Vl <p< NTS} (6)

The number of training time steps in a data series p was established as Tp,, where p
represents the recording index. The ESN calculation was based on the data series in U,
yielding output states of set X of data series X;,, where each matrix X, cumulated the RC
output state vectors from all the training data series time step indices t;:

X { X = [t xp(t2), o xp(8), - xp (b1, )] [¥1 < p < Nus | @)
Next, a set Y of Ng was calculated for the goal data time series of both GED and GRF

as follows:
Y Y = [y (6, yp () v t), oy (b, )] ]w < p < Nrs} ®)

where Y;, is the matrix cumulating the goal data vectors on all the signal indices time step.
The RR method was used to establish the error minimum between states X and goal values
Y!, as Equation (9):

tyet T 1
Wout = YX (xx + yI) )
where 7y is the regularization parameter to avoid overfitting, and I is an identity matrix of

size N x N. The XX! in Equation (10) was determined based on the sum of the matrices of
the pre-multiplied output states. For each goal data, XX! individually was introduced.

Nrts
XX =Y XpX (10)
p=1

Next, the Y'XT matrix was defined based on the sum of the pre-multiplied matrices of
Xp and Yp on the data series of goal data as shown in Equation (11).

ty T s t T
Yixt = Z1Yp Xp (11)
p:
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Hence, an output matrix, Weyut, was formed and applied in consistent operation mode
on all training data. Subsequently, in operation mode, the predictions were made by
uniformly applying the ESN function to the new data (Equation (12)).

y(t) = WouwtESN(u(t)) = Wourx(t) (12)

Figure 6 illustrates this method in training and operation modes.

—
ESN X ﬁ Wout LE
Acc
Training = — E
mode < ™ '
— |
GRF | T
_
Operation -
mode ESN X LE pred
cc

Figure 6. ESN method.

2.5.2. Kernel Training

With the kernel method, the GED task allowed for the evaluation of the temporal
parameters. Next, the several Wy,; matrices were limited to a single range of values for
these temporal parameters. Reducing the range allowed an RC training to be more specific
for GRF prediction, which reduced generalizations. Hence, the RC was focused on each
individual’s condition according to the metrics established as weighting parameters.

1.  Weighting variables

The temporal parameters were used as weighting variables. W; matrices were specif-
ically trained with a greater weighting on a reduced range of these temporal parameters.
The obtained parameters were integrated into an RC parallel task. This weighting method
used the RC temporal parameters obtained from the GED task. Three temporal parameters
were tested using this method, based on the HS and the TO gait events prediction: (1) the
stance duration (duration between consecutive events of the HS and the FF), (2) the gait
cycle duration (duration between two HS), and (3) the ratio between the stance phase and
the gait cycle.

2. Ridge regression training with weighting

The outputs weight matrices (Wout,, Wout,, - - - » Wout, ) were created using the principle
of weighting the output weights [37]. Each matrix was “specialized” to predict a single
portion of the data among the whole. This principle is an extension of the RR method
allowing for the assigning of a greater importance to a time step portion in a sequence [37].
In practice, this weighting was applied by adding a weighting matrix Ppy in the calculation
of RR on the X and Y training data sets, as follows:

o T
2 XpPpiXp

Wout, = RR (x, Y, Ppk) -
p=1

N
Y YRPoXp + yI) (13)
p=1
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where the index k represents the parameters index to use for a given Wy, matrix. The
strictly diagonal matrix Py, of size T, x Tp, corresponds to a matrix of weights as shown

in Equation (14).
Ppi(ti) 0 0 0 0 ]
0 pult) 0 0 0
O 0 0 0 (14)
0 0 0 py (tTp_l) 0
0 0 0 0 Por(tr, )

Ppk assigns an importance value to each data sample in the matrix Wy, estimation,
with a higher significance for a higher value. For each index k, the temporal parameter
value (the centre) was selected within the range of the experimental temporal parameter
previously observed in the GED training. The mean value of each three temporal param-
eters was computed for each record of the testing set. One kernel training process was
performed on each temporal parameter. The choice of the Py, value varies for each record
and for each temporal parameter.

The records having temporal parameter close to the temporal parameter centre are
of high value (and become more important in the training). Records having temporal
parameters that are distant from the temporal parameter centre have a low value. The
distribution of the value Ppy importance followed a Gaussian function.

2.6. Statistical Analysis
The mean absolute error (MAE) was defined as follows:

1 Nis 1 Tp

MAE = - X G izzl\ypai) —y4 () (15)

where y, (t;) is the prediction and y; (t;), the target value for GED and one of the GRF axes.
With the kernel method, the MAE was obtained for the three zones of the full gait cycle and
for the GRF active and passive peaks. One zone was determined as the total gait cycle. Two
other zones counted for (0-18%) and (44-52%) of the gait cycle due to the importance of
having, a maximum weight acceptance and a push off for GRF estimation, respectively [48].
For all individuals (patients and able-bodied), the active and passive peaks were happening
in these two zones.

3. Results
3.1. Gait Event Detection Prediction

A box plot illustrates the results of the MAE (Figure 7) of all records for each event
for the twenty-seven healthy adults (age = 36.66 + 4.24 years old, height = 1.72 £ 0.08
m, weight = 73.11 4 16.45 kg, SS = 1.28 £ 0.13 m/s) and for the 18 MKOA individuals
(age = 65.63 £ 7.32 years old, height = 1.65 £ 0.12 m, weight = 80.51 &= 15.27 kg, SS = 0.75
£ 0.23 m/s). In able-bodied individuals, the minimum MAE of all events was found by
MFT. (ML.V) in both able-bodied (mean = 27.19, SD = 5.65 ms) and MKOA (mean = 39.58,
SD = 6.33 ms) individuals. For identifying only HS and TO events, the IMU on the TS
yielded the best MAE for able-bodied (mean = 15.88, SD = 1.50) and MKOA individuals
(mean = 33.96, SD = 5.78) (Tables 4 and 5, respectively). In able-bodied individuals, for
TS, H, MM, and MK, the best axis combinations were AP-V, ML-V, AP-V and AP-ML-V,
respectively (Figure 7). For MKOA individuals, the best axis combinations were AP-ML-V,
ML-V, AP-ML-V and AP-ML-V, respectively (Figure 7).
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Table 4. GED estimation for able-bodied individuals.

MAE (ms) by Location

Axis Event
MFT TS H MM MK
HS 19.49 14.84 18.92 12.18 30.80
HP 28.10 28.68 37.38 35.13 37.43
AP FF 42.24 34.63 44.61 54.03 47.24
P 55.71 36.72 37.81 34.68 48.29
TO 27.06 16.92 23.51 22.05 36.94
HS 31.92 31.88 41.08 33.06 48.97
HP 34.77 36.82 48.63 35.42 45.68
ML FF 63.75 45.14 52.76 54.17 66.13
P 42.92 40.81 45.37 54.69 51.53
TO 25.63 42.57 60.14 40.78 35.89
HS 21.43 9.58 23.92 24.79 30.26
HP 40.81 34.86 42.03 43.65 43.06
AV FF 51.13 39.72 41.67 43.39 57.50
TP 37.92 33.50 38.82 31.06 40.14
TO 21.56 15.78 19.05 15.92 27.56
HS 27.42 34.59 18.33 14.38 39.00
HP 34.50 34.67 46.52 36.28 46.52
AP-ML FF 38.17 46.39 51.79 58.42 55.15
P 37.66 42.37 39.19 32.26 40.79
TO 23.75 22.68 27.06 27.34 28.64
HS 20.63 10.22 34.26 33.00 34.32
HP 30.78 32.70 44.70 36.39 35.81
ML-V FF 32.36 49.31 46.91 4298 43.68
P 30.71 40.97 39.86 41.39 42.63
TO 21.49 19.74 17.57 21.70 29.73
HS 22.30 9.53 21.31 13.78 29.32
HP 36.89 24.87 40.00 3743 38.38
AP-V FF 36.58 33.97 47.36 47.88 42.97
TP 44.31 33.03 38.82 30.34 42.50
TO 21.03 13.75 18.30 21.46 31.29
HS 17.74 9.66 23.24 12.66 31.00
HP 27.76 36.96 4294 37.64 36.08
AP-ML-V FF 40.34 48.24 53.75 56.56 35.00
TP 33.71 45.56 39.75 42.70 28.82
TO 24.27 21.91 16.90 18.33 28.89

Table 5. GED estimation for MKOA individuals.

MAE by Location
Axis Event

MFT TS H MM MK

HS 33.10 29.88 42.39 31.79 47.30

HP 93.97 59.85 62.73 69.03 85.73

AP FF 95.80 123.33 116.21 70.15 96.25
TP 70.00 65.40 100.54 58.44 62.68

TO 41.03 38.05 32.36 35.32 55.5

HS 44.19 28.39 52.02 24.46 54.29

HP 138.68 85.12 84.52 57.68 96.96
ML FF 94.63 78.18 79.83 60.43 110.18
TP 75.00 76.53 68.79 68.39 116.00

TO 115.65 42.39 71.70 57.96 95.65
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Table 5. Cont.

MAE by Location
Axis Event
MFT TS H MM MK
HS 38.07 40.86 47.83 35.81 46.73
HP 84.52 75.31 84.11 71.43 79.00
\Y% FF 89.50 92.17 75.85 70.19 84.55
TP 59.86 90.45 54.71 54.13 60.98
TO 68.91 64.07 26.62 35.89 52.59
HS 30.97 31.76 51.22 24.58 41.14
HP 68.57 66.79 84.71 91.55 71.55
AP-ML FF 81.38 60.00 83.10 68.00 72.08
TP 55.65 57.50 96.28 54.00 43.72
TO 43.50 32.58 34.35 4391 42.93
HS 32.29 36.63 35.88 28.87 43.14
HP 38.31 69.60 47.58 59.13 59.50
ML-V FF 44.40 68.33 49.24 58.70 59.52
TP 47.59 50.42 44.88 55.33 55.45
TO 35.34 46.33 30.48 29.15 45.64
HS 30.33 46.07 39.41 31.29 42.29
HP 77.50 57.60 91.25 65.00 54.60
AP-V FF 75.69 52.50 76.90 62.94 61.88
TP 53.39 48.37 80.41 48.38 46.13
TO 38.83 27.80 33.71 22.20 44.00
HS 33.43 38.39 34.17 25.57 30.83
HP 42.79 53.28 95.88 54.05 44.04
AP-ML-V FF 4413 46.67 73.41 62.73 44.05
TP 48.63 52.13 62.18 53.81 41.12
TO 34.80 30.15 32.29 32.50 31.90

3.2. Ground Reaction Force Prediction

Figures 8-10 show the MAE for the prediction of AP, ML and V GRF components,
respectively. For each method and interval, the location/axis combination having the
lowest MAE was found. The best predictor signal combinations appear in Tables 6-8 for
the AP, ML and V directions, respectively. These tables show the value of the MAE for
these combinations, and the distance of this minimum value of the MAE compared to
the other possible location/axis combinations. This distance is represented as standard
deviations between the minimal MAE found and the average of the MAE:s of all the possible
location/axis combinations.

When comparing the results of the standard and the kernel methods, the standard
method for GRF prediction (AP, ML, V) for all locations on the leg always yielded a greater
minimum MAE than the kernel training method (Figures 8-10). Moreover, the errors
obtained with the kernel training method are very similar for each weight variable. Hence,
the segmentation data for these three parameters is alike, while combining some locations
and axes of acceleration yielded slightly better than average errors (e.g., TS. (AP.V) in the
stance-proportion approach compared to TS.V in cycle duration for (10, 18) zones).
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Figure 8. MAE results for the AP forces estimation for different sensor location and axis combinations
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in (a) able-bodied and (b) MKOA individuals. For each acceleration axis, four MAE points were
identified: the first three were obtained with the kernel training method. The coloured dots represent
the error after the kernel training with different weighting variables. Blue dots represent the cycle
duration, red dots represent the duration proportion of the stance phase, and green dots represent
the stance phase duration. Black dots represent the MAE for a standard training method. The dotted
lines represent the minimum values found for each weighting variable and the standard method.
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Figure 9. MAE results for the ML forces estimation for sensor locations and axis combinations in (a)
able-bodied and (b) MKOA individuals. For each acceleration axis, four MAE points were identified:
the first three were obtained with the kernel training method. The coloured dots represent the error

after the kernel training with different weighting variables. Blue dots represent the cycle duration,

red dots represent the duration proportion of the stance phase, and green dots represent the stance

phase duration. Black dots represent the MAE for a standard training method. The dotted lines

represent the minimum values found for each weighting variable and the standard method.
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Figure 10. MAE results for the V forces estimation for different sensor locations and axis combinations
in (a) able-bodied and (b) MKOA individuals. For each acceleration axis, four MAE points were
identified: the first three were obtained with the kernel training method. The coloured dots represent
the error after the kernel training with different weighting variables. Blue dots represent the cycle
duration, red dots represent the duration proportion of the stance phase, and green dots represent
the stance phase duration. Black dots represent the MAE for a standard training method. The dotted
lines represent the minimum values found for each weighting variable and the standard method.
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Table 6. Summary of the best location and all axis combinations associated with GRF estimation in
AP direction.

Method Interval Mean Absolute Error Ave p/r Dist (1/0) Best Location Best Axis
%) Healthy =~ MKOA  Healthy = MKOA  Healthy = MKOA  Healthy  MKOA
Cul (0, 100) 0.032 0.025 ~1.679 -2.347 TS MM AP AP
q yee (10, 18) 0.037 0.029 —1.742 2271 TS TS \Y \Y
uration 4y 57) 0.043 0.035 —1.400 -1.776 MM MM \Y% AP
Stance (0, 100) 0.032 0.028 —-2.077 —2.037 TS TS AP AP
propor- (10, 18) 0.037 0.031 —1.934 —2.804 TS TS AP \%
tion (44, 52) 0.044 0.036 —1.549 —1.750 MM H \% AP
s (0, 100) 0.031 0.026 —1.829 —2.429 TS MM AP AP
4 tance (10, 18) 0.037 0.029 ~1.731 ~2.498 TS TS AP \%
uration 4y 59y 0.043 0.034 ~1.338 ~1.898 MM MM \% APML
Standard (@100 0.035 0.031 —1.829 —1.860 TS MM AP AP
i (10, 18) 0.041 0.039 —1.851 2483 TS TS AP \%
& (44,52 0.048 0.041 ~1.675 —1.648 MM MM \% \%
Table 7. Summary of the best location and all axis combinations associated with GRF estimation in
ML directions.
Method Interval Mean Absolute Error Ave p/r Dist (1/0) Best Location Best Axes
%) Healthy =~ MKOA  Healthy = MKOA  Healthy = MKOA  Healthy  MKOA
Cvl (0, 100) 0.016 0.014 —1.490 ~1577 TS H APV AP
4 yee (10, 18) 0.025 0.023 —1.942 ~1.753 TS TS \Y \Y
uration 44 57) 0.018 0.014 ~1.680 ~1.618 TS TS APML APML
Stance (0, 100) 0.016 0.014 ~1.813 ~1.750 TS TS AP AP
propor- (10, 18) 0.026 0.020 ~1.582 2214 TS MFT \% AP
tion (44, 52) 0.019 0.015 —1.510 —1.568 MM TS APML APML
5 (0, 100) 0.016 0.014 —1.580 —1.604 TS H APV AP
4 tance (10, 18) 0.025 0.022 —1.742 —1.839 TS H \Y% AP
uration 44 5p) 0.017 0.014 —2.037 -1.618 MM TS APML APV
Standard (100 0.016 0.016 ~1.707 ~1.572 TS TS AP AP
trainin (10, 18) 0.027 0.025 —1.800 —2.021 TS MFT \% AP
& (44,52 0.019 0.016 —1.608 —1.524 TS TS APML  APML.V

For multidimensional GRF prediction, sensor location on the TS showed the lowest
MAE for both healthy (72.2%) and MKOA (41.7%) individuals (Figure 11). The combina-
tions of location or axes that yielded the best results for healthy and MKOA individuals
were (TS/AP, TS/V and MM/V) and (H_AP, TS_V and MM_AP), respectively (Figure 11).
However, for both groups, the TS/AP and TS/V often appeared as the best combinations,
with lower MAE values (Tables 6-8). Even without the best combination, its MAE always
remained low and thus very close to the best combination (Figures 8-10).

Accordingly, as Tables 6 and 7 illustrates, the best prediction for healthy individuals for
the 44-52% interval was obtained with the MM /AP.ML location/axes. However, Figure 8
shows that the TS/ AP prediction was nearly the second best for this interval, with an
almost identical error to that of the MM /AP.ML. As for the first interval prediction (10-18%,
2nd column) in vertical direction, the best prediction was for the TS/V (Table 8), with a
close accuracy prediction compared to TS/AP.V and TS/AP, respectively. For GRF.AP
predictions for healthy individuals, the best combination was TS/AP, whereas for the
GREV and ML prediction, it was TS/V. Also, when comparing the results in Figures 7
and 8, the TS/ AP results were always close to the best. Indeed, the TS/AP combination
location generally yielded the lowest MAE for predicting multidimensional GRF for healthy
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individuals. The same analysis for the MKOA individuals (Figures 8-10) showed that the
combination TS/ AP and TS/V always yielded the lowest or almost lowest MAE.

Table 8. Summary of the best location and all axis combinations associated with GRF estimation in V

direction.
hod Interval Mean Absolute Error Ave p/r Dist (1/0) Best Location Best Axes
Metho o
(%) Healthy = MKOA  Healthy = MKOA  Healthy = MKOA  Healthy = MKOA

Cvel (0, 100) 0.123 0.107 —1.555 —1.559 TS H APV AP

q ycle (10, 18) 0.157 0.166 —1.996 —1.530 TS TS \Y% \Y%

uration (44, 52) 0.150 0.099 —1.586 —1418 MM H \% AP

Stance (0, 100) 0.126 0.112 —1.744 —1.456 TS H APV AP
propor- (10, 18) 0.166 0.149 —~1.931 —~1.830 TS TS \% APV

tion (44, 52) 0.158 0.105 —1.558 —1.294 MFT H APV AP

s (0, 100) 0.125 0.105 —1.649 —1.539 TS H AP AP

4 tance (10, 18) 0.153 0.158 ~1.992 ~1.590 TS H \% AP
uration (44 5p) 0.154 0.101 ~1513 ~1.304 MM H \% APV

Standard (0, 100) 0.134 0.132 —1.660 —1.346 TS H APV AP

trainin (10, 18) 0.176 0.189 —2.089 —1.714 TS TS \% \%
& (44, 52) 0.176 0.122 —1.372 —~1.151 MFT MFT APV APV

AP Vv
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Figure 11. The locations and axes having the minimum prediction error for three GRF orientations in
(a) able-bodied and (b) MKOA individuals, and according to the three intervals of the cycle of steps.

4. Discussion

This paper presents sensor locations for GED and multidimensional GRF predictions
using ESN for able-bodied and MKOA individuals. Thus, three aspects were investigated:
(1) determining the best location for predicting GED and GRF between the top of the shoe,
the heel, above the medial malleolus, the middle and the front of the tibia and the medial of
shank close to the knee joint; (2) comparing the ESN system with previous algorithms; and
(3) comparing the ESN (standard vs. kernel training approach) performance for predicting
these biomechanical metrics.
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4.1. Determining the Best Location

For sensor location, the TS-located IMU performed best at predicting multidimen-
sional GRF and GED using ESN for both able-bodied and MKOA individuals. For
GREFE.AP prediction using the kernel method (stance proportion approach in an interval
of [0, 100]), the TS.AP presented the lowest MAE for able-bodied (3.2% of BW) and
MKOA (2.8% of BW) individuals. The same GREML prediction analysis showed that
the TS.AP yields the lowest MAE for able-bodied (1.6% of BW) and MKOA (1.4% of BW)
individuals. As for GRE.V prediction, TS. (AP. V) and H.V yielded the lowest MAE for
able-bodied (12.6% of BW) and MKOA (11.2% of BW) individuals, respectively. The
same approach showed that TS had the lowest MAE for multidimensional GRF curve
prediction for able-bodied (72.2%) and MKOA (41.7%) populations (Figure 11), or in the
case of not having the minimum, with only a negligible difference with it (Figures 8-10).
In addition, the multidimensional GRF prediction results (interval of [0, 100]) were good
compared to the results of Karatsidis et al. [19] and Ohtaki et al. [32]. Karatsidis et al. [19]
used a set of 17 IMUs (3D Acc, 3D Gyro and 3D Mag) to estimate multidimensional GRF
in gait for 11 healthy individuals. This method, even successful (lateral component RMSE
=13.1%, frontal component RMSE = 29.6% and transverse component RMSE = 18.2%),
still required full-body kinematics derived from motion equations that need information
obtained from inertial motion capture (IMC) system for estimating multidimensional
GRE. Ohtaki et al. [32] proposed a simpler model that used three one-dimensional IMUs
placed on the distal position of the shank, the thigh and the lumbar with hook and loop
fastener straps for six healthy individuals. An inverse dynamic approach allowed for
the obtaining of the vertical and horizontal GRF components. The maximum RMSE of
31% of the BW for vertical and 7.6% of the BW for the horizontal GRF components was
achieved. Differences in GRF prediction accuracy (0, 100) could be due to the different
sensor locations and methodologies.

Besides the GRF curve, the GRF peaks prediction, including the passive (weight
acceptance) and active (push off), are both critical for clinical applications. The passive
peak results from the impact of the foot with the ground, while the active is caused when
the foot pushes off the ground. The magnitude and timing of these peaks represent the
loads experienced by muscles and joints and may result in OA incidence and progres-
sion [6,48]. Thus, the sensor location for GRF prediction in the (10, 18) and (44, 52)%
intervals of the gait cycle were the passive and active GRF peaks that happened for all
able-bodied and MKOA individuals is crucial. The results of this study suggest that
TS.AP is the best location based on the lowest MAE in these two intervals (Tables 6-8).
Indeed, the lowest MAE was lower than 4.3% and 15.3% for horizontal and vertical
GRF components for both able-bodied and MKOA individuals. These results were good
compared to Neugebauer et al. [6] and Thiel et al. [33]. Neugebauer et al. [6] estimated
the peak GREV in walking and running using 3D Acc of an IMU placed on the right hip
iliac crest. They recruited thirty-nine healthy adults and used statistical modelling for
predicting the biomechanical metric. The results yielded an average absolute percentage
difference of 8.3% between actual and predicted GRE.V peak. They also concluded that
the acceleration of the hip does not correctly represent the GRF. Thiel et al. [33] used
IMUs (3D Acc, 3D Gyro and 3D Mag) on each shank for estimating the GRF peak in
sprint running. The average percentage error between the GRF peak estimated via linear
modelling and its true value varied between 3.29% and 33.32% in the three elite sprinters
recruited. However, these studies neither investigated GRF prediction regarding the best
sensor location nor considered GED.

For GED based on one sensor, the ESN developed in this study appeared as a reliable
tool to successfully predict up to five gait events (HS, HP, FF, TP and TO) in able-bodied
and MKOA individuals. For these events’ prediction, MFT. (ML.V) appeared as the
most accurate location for GED in able-bodied and MKOA individuals (MAE lower than
50 ms for all events). However, for identifying HS and TO events only, TS.AP yielded
the best results in this study. For able-bodied individuals, TS.AP for HS and TO event
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detection had an MAE of 15 and 17 ms, respectively. However, for MKOA, these values
were 30 and 38 ms, respectively. TS. AP also predicted all gait events (HS, HP, FF, TP, TO)
successfully for both populations. The MAE found via TS.AP for all these events, except
for FF, were lower than 56 and 66 in able-bodied and MKOA individuals, respectively.
The prediction performance varied depending on the event classes. Identifying FF
was a harder task when using the Acc. Acc characteristics can explain the prediction
performance variability. HS and HP events occur during the impact when the foot meets
the ground. It causes the largest acceleration peak in the walking cycle. Even manually,
precisely estimating these two events by finding the highest peak is easy because it is
obvious in the gait cycle. FF and HO events occur when the foot rests on the ground
without movement. Therefore, acceleration has no peak in this part of the walking cycle.
Identifying these events was harder. Events prediction in the loading response phase can
therefore be considered a more complex challenge for an ESN. The TO event happens
at the end of the gait cycle where this event creates an acceleration peak, similar to HS.
Therefore, these events also vary depending on the shape and the amplitude of the signal
caused by the walking condition or in case of MKOA. Nevertheless, the findings of this
study for GED prediction were improved compared to those in the studies of Ohtaki
et al. [32] and Romijnders et al. [49].

Ohtaki et al. [32] detected gait event based on the frequency analysis of the radial
acceleration of the IMU placed on the middle of the tibia. The average difference of
the detected events for H.S, T.P and T.O in a cadence of 60 steps/min was 0.12, 0.04
and —0.19 (s). The study conducted by Romijnders et al. [49] used the angular velocity
of the two IMUs installed on both shanks to determine HS and TO events in healthy
older adults and pathological individuals. In healthy older adults, they found the MAE
of HS and TO to be 32 and 31 ms in straight-line walking. In pathological individuals
(Parkinson’s disease), they found 33 and 40 ms for HS and TO, respectively. However,
using the angular velocity of IMU for GED prediction is not recommended since there is
a risk of field magnetic disturbances. The difference in their findings [32,50] compared
to this study could be explained by both the sensor location and the methods used.

Nevertheless, a current study showed that the signal input retrieved from the sensor
placed on TS with the uniaxial AP allows the RC to predict GED and GRF as accurately as
possible.

4.2. Echo State Network Compared to Previous Algorithms

The ESN presented here was an efficient and robust algorithm for predicting GRF and
GED using only the uniaxial Acc in the AP of the IMU placed on the TS. The real-time
attribute and low-computational cost aspects of the algorithm developed in this study are
highly valuable when implementing compact IMUs that generally have low computational
power. This study also considered different gait velocities to expand ESN applications
by preserving the ecological environment characteristics. Indeed, expended applications
allow for the maintaining of the ESN accuracy for GED and GRF prediction for both able-
bodied and MKOA individuals in future applications outside the lab. With the training
data variability (e.g., different gait velocities), the MAE increased slightly compared to
the previous test on a smaller population, showing that the ESN generalization capacity
requires a small precision trade-off [42].

For training, different ESN approaches (kernel and standard methods) could be
valuable depending on the application and the training data available. With specific
training data using the kernel method, the ESN precision was maximized for similar
testing data compared to the standard training approach. Using kernel training with
temporal parameters mainly improved the prediction for cases where walking cadence
was variable. The rate varied significantly with the amplitude of the GRF signals. The
standard training approach prevented the anticipating or monitoring of such variations.
However, the kernel method allowed a better force prediction precision when values
were outside the normal range, either for very slow or very fast walks. This method
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may be close to some models in the literature [50], and may also make the calibration
of the GRF prediction easier according to the speed used. Therefore, the kernel method
would be a fine-tuning of the ESN to increase the precision for a specific application.
This training method can use information related to gait, such as temporal parameters,
to improve prediction results. Other gait parameters could be used in the kernel training
method to improve the prediction performance. Regardless, even if the training method
slightly improves the prediction, the accuracy is almost dependent on the nature of the
Acc input signal.

The accelerations obtained from different sensor locations showed differences in
amplitude and signal shapes, which can explain the different biomechanical metric
prediction performances. However, the RC method with TS.AP allows a good prediction
of multidimensional GRF and GED. The accuracy with TS.AP of GRF prediction is of
the order of 12.6% of the BW for vertical forces, 3.2% of the BW for AP forces, and
1.6% of the BW for ML forces in the (0, 100) interval of the gait cycle. RC also showed
robustness in GRF prediction with a minimum error distance varying between 1.8 and
2.6 standard deviations from the mean. For (10, 18) and (44, 52) % of the gait cycle,
when passive and active peaks happen, the MAE was lower than 4.3% and 15.3% for
horizontal and vertical GRF components. Compared to Ngoh et al. [24], this prediction
is an intermediate method to estimate the GRE.V using TS.AP. Indeed, they suggested a
two-layer feed-forward NN (FNN) to estimate the GRF vertical component (GRE.V) with
AP IMU Acc on the TS for running in seven healthy young males. The average resulting
RMSE is less than 1.7% of the BW for GRF prediction. The average error obtained for
impact and the GRF active force ranged between 10% and 18% of the BW. However, it
is easier to predict the GRF for running compared to walking. The double support in
walking restricts the GRF prediction, hence, studies like Karatsidis et al.’s [19] even used
an extra function (smooth transition function) in the double support phase of the walk
to improve the prediction accuracy. However, they still achieved poor accuracy (the
lateral component RMSE = 13.1%, frontal component RMSE = 29.6%, and transverse
component RMSE = 18.2%). In addition, the database for FNN used in the study of
Ngoh et al. [24] was limited to seven individuals, while the ESN database of this study
was larger with more participants (27 able-bodied and 18 MKOA individuals) and more
gait cycles (about 350 gait cycles), and thus such variability in the training data was not
considered over previous literature [23,24].

4.3. Limitations and Future Work

The current work remains limited. The findings are meant for an integrated GED
and GREF task and sensor location and are thus limited to the shank and the foot segments
only. While some locations such as L5 appeared as very promising for GRF prediction only,
this option could be tested in future works. In addition, the results are only based on the
data collected in a lab setting condition and it is not always enough to only consider the
characteristics of the ecological environment (e.g., variability in gait speed [9]). Furthermore,
the GRF prediction performance with the RC method is still insufficient for clinical analysis
applications. Indeed, the force variations are generally of the order of 100-150 N between
able-bodied and MKOA individuals [50] in the stance phase of the gait cycle. This sums
up to about 15 to 20% of the BW of the total amplitude of the vertical ground forces in the
cycle steps. The RC can yield an error of up to 25% in high amplitude zones of vertical
forces on the ground. The error of the model is therefore too important to show the subtle
variations that a correction might bring.

Improvements in the RC algorithm can still reduce this error. The FNN entries in the
Leporace et al. [23] study could be implemented in the RC to improve its performance.
The Leporace et al. [23] FNN included acceleration values of derivatives and integrals
from the beginning of the gait cycle. In their method, the integral value is reset at each
cycle based on the detection of an HS event. For RC, it will then be possible to improve
the prediction performance by adding a counter of an integrated value of the input



Int. |. Environ. Res. Public Health 2023, 20, 3120 22 of 25

acceleration as another input. However, since the goal of this study is to eventually
migrate to the hardware reservoir computing Micro Electronic Mechanical Systems
(MEMS) technology, this modification is hard to make in the RC- MEMS version of
tank computing. A second modification would be to define a matrix of output weights
multiplied at the RC output states for several time steps for a single prediction y(t) of
the RC. This improvement of the RC, unlike the first, is compatible with the MEMS-RC,
since the digital modifications would be applied only to the output states of the RC.
Numerically, this compares to applying a filter to the output data adjusted from the
RR regression. Finally, having data acquired over multiple walking patterns including
the different gait retraining patterns (e.g., foot progression angle, the trunk lean or the
knee medialization), that are typically retrieved from a larger population sample of
MKOA individuals would be highly useful to train the ESN model used in this study
and to validate its precision to detect GRF even with possible variations induced by the
correction of the gait pattern for a future clinical application.

5. Conclusions

This paper investigates the best sensor location for GED and GRF prediction scenarios
in able-bodied and MKOA individuals using Al in gait. An ESN approach (with kernel
and standard training methods) used combinations of 3D Acc input in both scenarios to
find the best location or input Acc in both populations. The results showed an IMU located
on the TS via AP Acc input best estimates these biomechanical metrics accurately. The
results showed that the RC using only one sensor could produce an acceptable prediction
for both tasks, unlike other methods developed in the literature that are effective for one
prediction task only [19,26]. The findings of this study open the way for gait retraining
applications in the ecological environment using only one IMU for providing feedback
based on estimated biomechanical metrics (e.g., GRF prediction, stride time estimation,
stance and swing phase duration without relying on a gait laboratory). Also, the ESN used
in this study aims to lower the sensor computational cost and energy consumption to help
its implementation in wearables. An on-board wearable algorithm will decrease the device
consumption by reducing the data communications that the system must perform [51].
ESN can lower the energy consumption of the sensor by reducing the memory and the
processing time needed to run, which is another indirect indicator of the algorithm’s needs
with regard to energy [52,53]. However, previous research overlooked this matter [54-56]
despite its importance.

Nevertheless, wearables to monitor and guide treatment must be autonomous, and
this is a promising approach for later out-lab applications. The ESN used in this study is
inexpensive in calculation and in memory. Also, the best sensor location/predictor Acc
signal will increase the accuracy and reliability of the prediction and reduce the system
computational cost. Hence, Al-based wearable sensors will be more easily used to deliver
treatments and monitor in ecological environments. This also opens the door to new Al-
MEMS [36] architecture technologies for non-linear GED and GRF prediction related to
biomechanical purposes that require an even lower scale factor and energy, and that can
improve device use and longevity.

Author Contributions: Formal analysis, L.C.-P.; Writing—original draft, S.H.; Supervision, J.S. and
K.T.; Project administration, J.S. and K.T. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Fonds de recherche du Québec, programme bilatéral de
coopération de recherche Québec-Flandre #GOE4521N.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Ethics Committee of “services du CIUSSS de la Capitale-
Nationale” (#2021-2269).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Int. |. Environ. Res. Public Health 2023, 20, 3120 23 of 25

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Razak, A.; Zayegh, A.; Begg, R.; Wahab, Y. Foot plantar pressure measurement system: A review. Sensors 2012, 12, 9884-9912.
[CrossRef] [PubMed]

2. Ancillao, A.; Tedesco, S.; Barton, J.; O’Flynn, B. Indirect Measurement of Ground Reaction Forces and Moments by Means of
Wearable Inertial Sensors: A Systematic Review. Sensors 2018, 18, 2564. [CrossRef]

3.  Mills, K,; Hunt, M.; Ferber, R. Biomechanical Deviations During Level Walking Associated with Knee Osteoarthritis: A Systematic
Review and Meta-Analysis. Arthritis Care Res. 2013, 65, 1643-1665. [CrossRef] [PubMed]

4. Childs, ].; Sparto, P,; Fitzgerald, G.; Bizzini, M.; Irrgang, J. Alterations in lower extremity movement and muscle activation
patterns in individuals with knee osteoarthritis. Clin. Biomech. 2004, 19, 44-49. [CrossRef] [PubMed]

5. Elbaz, A.; Mor, A.; Segal, G.; Debi, R.; Shazar, N.; Herman, A. Novel classification of knee osteoarthritis severity based on
spatiotemporal gait analysis. Osteoarthr. Cartil. 2014, 22, 457-463. [CrossRef] [PubMed]

6. Shafizadegan, Z.; Karimi, M.; Shafizadegan, F.; Rezaeian, Z. Evaluation of Ground Reaction Forces in Patients with Various
Severities of Knee Osteoarthritis. J. Mech. Med. Biol. 2015, 16, 1650003. [CrossRef]

7. Mindermann, A.; Dyrby, C.; Andriacchi, T. Secondary gait changes in patients with medial compartment knee osteoarthritis:
Increased load at the ankle, knee, and hip during walking. Arthritis Rheum. 2005, 52, 2835-2844. [CrossRef]

8.  Ancillao, A. Stereophotogrammetry in Functional Evaluation: History and Modern Protocols. In Modern Functional Evaluation
Methods for Muscle Strength and Gait Analysis; Springer: Berlin/Heidelberg, Germany, 2018; pp. 1-29.

9.  Franék, M. Environmental Factors Influencing Pedestrian Walking Speed. Percept. Mot. Ski. 2013, 116, 992-1019. [CrossRef]

10. Najafi, B.; Khan, T.; Wrobel, J. Laboratory in a box: Wearable sensors and its advantages for gait analysis. Annu. Int. Conf. IEEE
Eng. Med. Biol. Soc. IEEE Eng. Med. Biol. Soc. Annu. Int. Conf. 2011, 2011, 6507-6510. [CrossRef]

11.  van der Krogt, M.; Sloot, L.; Harlaar, J. Overground versus self-paced treadmill walking in a virtual environment in children with
cerebral palsy. Gait Posture 2014, 40, 587-593. [CrossRef]

12.  Frost, R.; Cass, C. A Load Cell and Sole Assembly for Dynamic Pointwise Vertical Force Measurement in Walking. Eng. Med.
1981, 10, 45-50. [CrossRef]

13. Liu, T; Inoue, Y.; Shibata, K. Wearable force sensor with parallel structure for measurement of ground-reaction force. Measurement
2007, 40, 644—653. [CrossRef]

14. Chuah, M.,; Kim, S. Enabling Force Sensing During Ground Locomotion: A Bio-Inspired, Multi-Axis, Composite Force Sensor
Using Discrete Pressure Mapping. IEEE Sens. J. 2014, 14, 1693-1703. [CrossRef]

15. Cordero, A.F,; Koopman, H.; van der Helm, F. Use of pressure insoles to calculate the complete ground reaction forces. J. Biomech.
2004, 37, 1427-1432. [CrossRef] [PubMed]

16. Fong, D.-P,; Chan, Y.-Y;; Hong, Y,; Yung, P-H.; Fung, K.-Y; Chan, K.-M. Estimating the complete ground reaction forces with
pressure insoles in walking. |. Biomech. 2008, 41, 2597-2601. [CrossRef] [PubMed]

17.  Sharma, D.; Davidson, P; Miiller, P,; Piché, R. Indirect Estimation of Vertical Ground Reaction Force from a Body-Mounted
INS/GPS Using Machine Learning. Sensors 2021, 21, 1553. [CrossRef]

18. Horsley, B.; Tofari, P.; Halson, S.; Kemp, ].; Dickson, J.; Maniar, N.; Cormack, S. Does Site Matter? Impact of Inertial Measurement
Unit Placement on the Validity and Reliability of Stride Variables During Running: A Systematic Review and Meta-analysis.
Sport. Med. 2021, 51, 1449-1489. [CrossRef]

19. Karatsidis, A.; Bellusci, G.; Schepers, H.; de Zee, M.; Andersen, M.; Veltink, P. Estimation of Ground Reaction Forces and Moments
during Gait Using Only Inertial Motion Capture. Sensors 2016, 47, 75. [CrossRef]

20. Neugebauer, J.; Hawkins, D.; Beckett, L. Estimating youth locomotion ground reaction forces using an accelerometer-based
activity monitor. PLoS ONE 2012, 7, e48182. [CrossRef]

21. Lafuente, R.; Belda, J.; Sanchez-Lacuesta, J.; Soler, C.; Prat, J. Design and test of neural networks and statistical classifiers in
computer-aided movement analysis: A case study on gait analysis. Clin. Biomech. 1998, 13, 216-229. [CrossRef]

22. Holzreiter, S.; Kohle, M. Assessment of gait patterns using neural networks. J. Biomech. 1993, 26, 645-651. [CrossRef] [PubMed]

23. Leporace, G.; Batista, L.; Metsavaht, L.; Nadal, ]. Residual analysis of ground reaction forces simulation during gait using neural
networks with different configurations. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. IEEE Eng. Med. Biol. Soc. Annu. Int. Conf. 2015,
2015, 2812-2815. [CrossRef]

24. Ngoh, K.-H.; Gouwanda, D.; Gopalai, A.; Chong, Y. Estimation of vertical ground reaction force during running using neural
network model and uniaxial accelerometer. J. Biomech. 2018, 76, 269-273. [CrossRef] [PubMed]

25. Chew, D.-K,; Ngoh, K.-H.; Gouwanda, D.; Gopalai, A. Estimating running spatial and temporal parameters using an inertial
sensor. Sport. Eng. 2018, 21, 115-122. [CrossRef]

26. Guo, Y; Storm, E; Zhao, Y,; Billings, S.; Pavic, A.; Mazza, C.; Guo, L.-Z. A New Proxy Measurement Algorithm with Application

to the Estimation of Vertical Ground Reaction Forces Using Wearable Sensors. Sensors 2017, 17, 2181. [CrossRef]


http://doi.org/10.3390/s120709884
http://www.ncbi.nlm.nih.gov/pubmed/23012576
http://doi.org/10.3390/s18082564
http://doi.org/10.1002/acr.22015
http://www.ncbi.nlm.nih.gov/pubmed/23554153
http://doi.org/10.1016/j.clinbiomech.2003.08.007
http://www.ncbi.nlm.nih.gov/pubmed/14659929
http://doi.org/10.1016/j.joca.2013.12.015
http://www.ncbi.nlm.nih.gov/pubmed/24418677
http://doi.org/10.1142/S0219519416500032
http://doi.org/10.1002/art.21262
http://doi.org/10.2466/06.50.PMS.116.3.992-1019
http://doi.org/10.1109/IEMBS.2011.6091605
http://doi.org/10.1016/j.gaitpost.2014.07.003
http://doi.org/10.1243/EMED_JOUR_1981_010_012_02
http://doi.org/10.1016/j.measurement.2006.08.008
http://doi.org/10.1109/JSEN.2014.2299805
http://doi.org/10.1016/j.jbiomech.2003.12.016
http://www.ncbi.nlm.nih.gov/pubmed/15275851
http://doi.org/10.1016/j.jbiomech.2008.05.007
http://www.ncbi.nlm.nih.gov/pubmed/18571656
http://doi.org/10.3390/s21041553
http://doi.org/10.1007/s40279-021-01443-8
http://doi.org/10.3390/s17010075
http://doi.org/10.1371/journal.pone.0048182
http://doi.org/10.1016/S0268-0033(97)00082-X
http://doi.org/10.1016/0021-9290(93)90028-D
http://www.ncbi.nlm.nih.gov/pubmed/8514810
http://doi.org/10.1109/EMBC.2015.7318976
http://doi.org/10.1016/j.jbiomech.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/29945786
http://doi.org/10.1007/s12283-017-0255-9
http://doi.org/10.3390/s17102181

Int. |. Environ. Res. Public Health 2023, 20, 3120 24 of 25

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

Cerrito, A.; Bichsel, L.; Radlinger, L.; Schmid, S. Reliability and validity of a smartphone-based application for the quantification
of the sit-to-stand movement in healthy seniors. Gait Posture 2015, 41, 409-413. [CrossRef]

Wundersitz, D.; Netto, K.; Aisbett, B.; Gastin, P. Validity of an upper-body-mounted accelerometer to measure peak vertical and
resultant force during running and change-of-direction tasks. Sport. Biomech. 2013, 12, 403—412. [CrossRef]

Mazza, C.; losa, M.; Pecoraro, F.; Cappozzo, A. Control of the upper body accelerations in young and elderly women during level
walking. |. Neuroeng. Rehabil. 2008, 5, 30. [CrossRef]

lijima, H.; Eguchi, R.; Aoyama, T.; Takahashi, M. Trunk movement asymmetry associated with pain, disability, and quadriceps
strength asymmetry in individuals with knee osteoarthritis: A cross-sectional study. Osteoarthr. Cartil. 2019, 27, 248-256.
[CrossRef]

Panebianco, G.P,; Bisi, M.; Stagni, R.; Fantozzi, S. Analysis of the performance of 17 algorithms from a systematic review: Influence
of sensor position, analysed variable and computational approach in gait timing estimation from IMU measurements. Gait Posture
2018, 66, 76-82. [CrossRef]

Ohtaki, Y.; Sagawa, K.; Inooka, H. A Method for Gait Analysis in a Daily Living Environment by Body-Mounted Instruments.
JSME Int. . Ser. C Mech. Syst. Mach. Elem. Manuf. 2001, 44, 1125-1132. [CrossRef]

Thiel, D.; Shepherd, ].; Espinosa, H.; Kenny, M.; Fischer, K.; Worsey, M.; Matsuo, A.; Wada, T. Predicting Ground Reaction Forces
in Sprint Running Using a Shank Mounted Inertial Measurement Unit. Proceedings 2018, 2, 199. [CrossRef]

Jaeger, H. The" echo state" approach to analysing and training recurrent neural networks-with an erratum note’. Bonn. Ger. Ger.
Natl. Res. Cent. Inf. Technol. GMD Tech. Rep. 2001, 148, 13.

Yang, S.; Li, Q. Inertial sensor-based methods in walking speed estimation: A systematic review. Sensors 2012, 12, 6102-6116.
[CrossRef] [PubMed]

Barazani, B.; Dion, G.; Morissette, J.-F.; Beaudoin, L.; Sylvestre, . Microfabricated Neuroaccelerometer: Integrating Sensing and
Reservoir Computing in MEMS. J. Microelectromechanical Syst. 2020, 29, 338-347. [CrossRef]

Lukosevicius, M. A Practical Guide to Applying Echo State Networks. In Neural Networks: Tricks of the Trade; Springer:
Berlin/Heidelberg, Germany, 2012; pp. 659-686.

Lukosevicius, M.; Jaeger, H. Reservoir computing approaches to recurrent neural network training. Comput. Sci. Rev. 2009, 3,
127-149. [CrossRef]

Wang, W.; Liang, X.; Assaad, M.; Heidari, H. Wearable wristworn gesture recognition using echo state network. In Proceedings of
the 2019 26th IEEE International Conference on Electronics, Circuits and Systems (ICECS), Genoa, Italy, 27-29 November 2019;
pp- 875-878.

Cao, Y,; Huang, J.; Xiong, C. Single-layer learning-based predictive control with echo state network for pneumatic-muscle-
actuators-driven exoskeleton. IEEE Trans. Cogn. Dev. Syst. 2020, 13, 80-90. [CrossRef]

Choi, B.; Seo, C.; Lee, S.; Kim, B.; Kim, D. Swing Control of a Lower Extremity Exoskeleton Using Echo State Networks. IFAC-Pap.
2017, 50, 1328-1333. [CrossRef]

Chiasson-Poirier, L.; Younesian, H.; Turcot, K.; Sylvestre, J. Detecting Gait Events from Accelerations Using Reservoir Computing.
Sensors 2022, 22, 7180. [CrossRef]

Altman, R.D. Classification of disease: Osteoarthritis. Semin. Arthritis Rheum. 1991, 20, 40-47. [CrossRef]

Kellgren, J.; Lawrence, J. Radiological Assessment of Osteo-Arthrosis. Ann. Rheum. Dis. 1957, 16, 494-502. [CrossRef] [PubMed]
Van Melick, N.; Meddeler, B.; Hoogeboom, T.; der Sanden, M.N.-V,; van Cingel, R. How to determine leg dominance: The
agreement between self-reported and observed performance in healthy adults. PLoS ONE 2017, 12, e0189876. [CrossRef]
[PubMed]

Morales-Artacho, A.; Garcia-Ramos, A.; Pérez-Castilla, A.; Padial, P.; Gomez, A.; Peinado, A.; Pérez-Cérdoba, J.; Feriche, B.
Muscle activation during power-oriented resistance training: Continuous vs. cluster set configurations. J. Strength Cond. Res.
2019, 33, S95-5102. [CrossRef] [PubMed]

Astephen, J.; Deluzio, K. The Loading Response Phase of the Gait Cycle Is Important to Knee Osteoarthritis. Orthop. Proc. 2008,
90, 43. [CrossRef]

Wiik, A.; Aqil, A.; Brevadt, M.; Jones, G.; Cobb, J. Abnormal ground reaction forces lead to a general decline in gait speed in knee
osteoarthritis patients. World ]. Orthop. 2017, 8, 322-328. [CrossRef]

Neugebauer, J.; Collins, K.; Hawkins, D. Ground reaction force estimates from ActiGraph GT3X+ hip accelerations. PLoS ONE
2014, 9, €99023. [CrossRef]

Romijnders, R.; Warmerdam, E.; Hansen, C.; Welzel, J.; Schmidt, G.; Maetzler, W. Validation of IMU-based gait event detection
during curved walking and turning in older adults and Parkinson’s Disease patients. J. Neuroeng. Rehabil. 2021, 18, 28.
[CrossRef]

Costello, K.; Felson, D.; Neogi, T.; Segal, N.; Lewis, C.; Gross, K.; Nevitt, M.; Lewis, C.; Kumar, D. Ground reaction force
patterns in knees with and without radiographic osteoarthritis and pain: Descriptive analyses of a large cohort (the Multicenter
Osteoarthritis Study). Osteoarthr. Cartil. 2021, 29, 1138-1146. [CrossRef]

Lara, O.D.; Labrador, M.A. A Survey on Human Activity Recognition using Wearable Sensors. IEEE Commun. Surv. Tutor. 2013,
15, 1192-1209. [CrossRef]


http://doi.org/10.1016/j.gaitpost.2014.11.001
http://doi.org/10.1080/14763141.2013.811284
http://doi.org/10.1186/1743-0003-5-30
http://doi.org/10.1016/j.joca.2018.10.012
http://doi.org/10.1016/j.gaitpost.2018.08.025
http://doi.org/10.1299/jsmec.44.1125
http://doi.org/10.3390/proceedings2060199
http://doi.org/10.3390/s120506102
http://www.ncbi.nlm.nih.gov/pubmed/22778632
http://doi.org/10.1109/JMEMS.2020.2978467
http://doi.org/10.1016/j.cosrev.2009.03.005
http://doi.org/10.1109/TCDS.2020.2968733
http://doi.org/10.1016/j.ifacol.2017.08.220
http://doi.org/10.3390/s22197180
http://doi.org/10.1016/0049-0172(91)90026-V
http://doi.org/10.1136/ard.16.4.494
http://www.ncbi.nlm.nih.gov/pubmed/13498604
http://doi.org/10.1371/journal.pone.0189876
http://www.ncbi.nlm.nih.gov/pubmed/29287067
http://doi.org/10.1519/JSC.0000000000002811
http://www.ncbi.nlm.nih.gov/pubmed/30234695
http://doi.org/10.1302/0301-620X.90BSUPP_I.0880043b
http://doi.org/10.5312/wjo.v8.i4.322
http://doi.org/10.1371/journal.pone.0099023
http://doi.org/10.1186/s12984-021-00828-0
http://doi.org/10.1016/j.joca.2021.03.009
http://doi.org/10.1109/SURV.2012.110112.00192

Int. |. Environ. Res. Public Health 2023, 20, 3120 25 of 25

53.

54.

55.

56.

Wang, C.; Chan, P,; Lam, B.; Wang, S.; Zhang, J.; Chan, Z.; Chan, R.; Ho, K.; Cheung, R. Real-Time Estimation of Knee Adduction
Moment for Gait Retraining in Patients with Knee Osteoarthritis. IEEE Trans. Neural Syst. Rehabil. Eng. 2020, 28, 888-894.
[CrossRef]

Jacobs, D.A.; Ferris, D.P. Estimation of ground reaction forces and ankle moment with multiple, low-cost sensors. J. Neuroeng.
Rehabil. 2015, 12, 90. [CrossRef] [PubMed]

Chereshnev, R.; Kertész-Farkas, A. RapidHARe: A computationally inexpensive method for real-time human activity recognition
from wearable sensors. |. Ambient. Intell. Smart Environ. 2018, 10, 377-391. [CrossRef]

Alomar, M.L.; Skibinsky-Gitlin, E.S.; Frasser, C.EF,; Canals, V.; Isern, E.; Roca, M.; Rossell6, J.L. Efficient parallel implementation of
reservoir computing systems. Neural Comput. Appl. 2020, 32, 2299-2313. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1109/TNSRE.2020.2978537
http://doi.org/10.1186/s12984-015-0081-x
http://www.ncbi.nlm.nih.gov/pubmed/26467753
http://doi.org/10.3233/AIS-180497
http://doi.org/10.1007/s00521-018-3912-4

	Introduction 
	Material and Methods 
	Participants 
	Inclusion–Exclusion Criteria 
	Tasks and Procedures 
	Echo State Network (ESN) Formulation 
	Experimental Data Used in the Network 
	The Goal Data 
	ESN Formulation for Finding the Goal Data 

	Different Training Methods 
	Standard Training Method 
	Kernel Training 

	Statistical Analysis 

	Results 
	Gait Event Detection Prediction 
	Ground Reaction Force Prediction 

	Discussion 
	Determining the Best Location 
	Echo State Network Compared to Previous Algorithms 
	Limitations and Future Work 

	Conclusions 
	References

