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Editorial

Network for the Large-Scale Integration of Renewable
Energies in Electrical Systems (RIBIERSE-CYTED,
723RT0150): Results for 2023

Maria Angeles Medina1®, Federico Martin Serra2®, Carlos Rodrigo Baier3®, Oscar Danilo
Montoyalw*, Joao André Soares5®, Bruno Wanderle Franga6®, Fabio
Andrade—Rengif02®, and Jesus de la Casa Hernandez' @

'Universidad de Jaén, Jaén, SpainR:c*
2Universidad Nacional de San Luis, San Luis, ArgentinaR:(]:?
3Universidad de Talca, Curicé, ChileRﬁ?
4Universidad Distrital Francisco José de Caldas, ColombiaRﬁ?
SGECAD - Research Group on Intelligent Engineering and Computing for Advanced Innovation and

Development, LASI - Intelligent Systems Associate Laboratory, Polytechnic of Porto, Porto, Portugaqu2
SUniversidade Federal Fluminense, Niteréi, R], Brazile2

"University of Puerto Rico, Mayaguez, Mayaguez, USAROR

The RIBIERSE-CYTED network, ie., the network for the large-scale TU
integration of renewable energies in electrical systems (723RT0150) ';':((
(2023-2026) is a hub for researchers and technologists belonging to @)
Ibero-American universities, companies, and local administrations. This -:
network promotes cross- training, mobility between centers, and the "U
dissemination and implementation of technical and training activities =
aimed at analyzing and developing opportunities for the maximal
integration of renewable resources, seeking a more sustainable energy
model while allowing for the increased use of renewable resources and © The authors;
electric mobility (e-mobility). reproduction
right holder
This framework of cooperation and joint scientific research allows Universidad
establishing synergies and exchanging experiences in order to construct a Distrital
shared vision of Ibero-American society, from suppliers to end users, thanks Francisco José de
to the fostering and transfer of knowledge to the business sector and the Caldas.

training of users. To this effect, the proposed lines of action, which are
derived from the specific objectives of this network, are grouped into three
areas. The first line includes the assessment of energy planning models and Open access

tools, as well as the prediction, evaluation, control, and management of @@@@
BY NC ND
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renewable sources currently in use in Ibero-American countries, with the aim of extending, developing,
and systematizing their application. The second line deals with analyzing the effective application of
methodologies in real cases. Finally, the third line is dedicated to the technical training of researchers
and suppliers of sustainable systems, as well as to the electrical eco-literacy of end users.

The kick-off meeting of the RIBIERSE-CYTED network was held in the second half of 2023, and it
was a great challenge to arrange its schedule, as the network is made up of 22 Latin American countries
and 214 researchers. As a consequence, all actions, distributed among 13 specific objectives, have led to
the following achievements:

23 research projects on the development of technical and economic tools for optimal electricity
management, which are aimed at hybridizing different renewable energy, storage, and e-mobility
technologies as well as improving the transfer of results from research groups to the industrial
sector and society in general.

Three infrastructure works, i.e., the construction of a solar thermal collector testing laboratory
(Panama), the expansion of the ETL laboratory at Universidad de Talca (Chile), and the
construction of the Pelton hydraulic microturbine’s remote laboratory (Bolivia).

Four technological contracts: one involving energy efficiency consulting for Isla de la Juventud
(Cuba) and three related to electric vehicle safety (Cuba).

21 final degree projects from network member universities, namely in Spain, Argentina, Cuba,
Ecuador, Colombia, Panama, Portugal, and Venezuela.

Three doctoral theses from partner universities in Spain and Argentina.

Two utility patents (currently in the process of application or undergoing processing): a power
quality analyzer and a system and method for smoothing photovoltaic generation intermittency
(Brazil).

Three internships linked to the selection of electric motors for artisanal fishing boats equipped
with photovoltaic panels (Colombia), the Engineering Coop Program at LUMA (Puerto Rico)
and, finally, the Faculty Mini Sabbatical Program of Summer 2023 hosted by Lawrence Livermore
National Security LLC (LLNS) (Puerto Rico).

Five short mobilities: from Spain to Brazil, from Spain to Argentina, within Colombia, from
Portugal to Spain, and from Portugal to Spain, with funding external to CYTED.

One cycle of postgraduate conferences with speakers from members from Spain and Colombia,
which was published on the CYTED website.

Five technical courses in Cuba, Ecuador, El Salvador, Panama, and Peru.

Two postgraduate courses in Argentina and Colombia, two Diploma courses in Panama and,
finally, two research conferences in Cuba and Ecuador.

Two semiannual/annual meetings of the RIBIERSE-CYTED network: the first one (the kick-off
meeting) was held online at the University of Jaén (Spain) during June 2023, and the second one,
the first annual meeting, was held in the city of Manabi (Ecuador), within in the framework of the
VII Scientific Convention of Universidad Técnica de Manabi (UTM), with broad participation by
the partners and co-financing members of the University of Jaén and UTM, respectively.
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Figure 1. Interrelation between partners in collaborative activities

e Participation in Universidad Nacional de San Luis’s Engineering Week (Argentina), two seminars
in Argentina and Colombia (one was collaborative, with the participation of more than one
member of the network), the II Symposium on Electrical Engineering in Colombia, the Workshop
on the Rural Energization Plan for the Cauca Region (Colombia), the 52°¢ Technical Exhibition
at the Ricaldone Institute: Electric Vehicles (El Salvador), and, finally, the V INERGE Workshop
(Brazil).

e 113 articles published in scientific journals, 31 of which were collaborative works.
o 34 articles related to participation in scientific events (conferences).

e One event memoir.

o 10 deliverables with the participation of all RIBIERSE members.

e 34 news pieces, eight of which are available on the CYTED website and are related to the
achievements made by the network in Spain, Ecuador, El Salvador, Panama, Chile, and Argentina.
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In addition, 28 CYTED pieces have been disseminated through other channels and are related to
congresses, courses, conferences, engineering weeks, workshop seminars, doctoral theses, short
mobilities, and attendance to scientific events.

Figure 1 describes the interrelation between the participants involved in collaborative activities.
This figure faithfully reflects what happened in the first year of the network’s journey, as collaboration
between member partners is still difficult, sometimes due to lack of knowledge regarding the lines of
work of each research group or regarding personal relationships that can benefit professionals in the
medium and long term.

Finally, it is worth noting that all the achievements during the network’s first year of collaborative
work demonstrate the great commitment of its members, who are grateful for the support offered by
the Ibero-American Program of Science and Technology for Development (CYTED) ™. It is also worth
highlighting the funding and patronage provided to the RIBIERSE-CYTED network by the University
of Jaén, UTM, and all the participating universities and companies external to the network for its
activities.
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Dynamic Model of Lower Limb Motion in the Sagittal Plane

during the Gait Cycle

Modelo dindmico del movimiento del miembro inferior en el plano

sagital durante el ciclo de marcha

José Luis Sarmiento—Ramoslw*, Andrés Felipe Meneses-Castro?, and Pedro José

Jaimes-Mantilla?

IRambal S.A.S BIC (Bucaramanga, Colombia). Universidad Santo Tomas

2Universidad Manuela Beltran (Bucaramanga, Colombia)Rq2

Abstract

Context: This work presents the development of a dynamic model for human
lower limb motion in the sagittal plane during the gait cycle. The primary objective
of this model is to serve as a powerful tool for the design of rehabilitation and
assistive devices, such as exoskeletons, prostheses, and orthoses. It achieves this
by facilitating the estimation of joint torques, the detailed analysis of kinematic
variables, optimal actuator selection, and the exploration of advanced control
techniques.

Method: The dynamic model consists of two primary components: (1) the plant
model and (2) a closed-loop controller. The plant model represents the forward
dynamics of human gait and is based on a multi-mass pendulum composed of three
segments of the lower limb (thigh, lower leg, and foot) and three joints (hip, knee,
and ankle). It is analyzed using the Euler-Lagrange formulation and the nonlinear
second-order differential equations are implemented in MATLAB’s Simulink. To
reproduce reference human gait trajectories and simulate the functioning of the
neuromusculoskeletal system and the central nervous system, a closed-loop PID
controller is incorporated into the plant model. It is noteworthy that the scope of
this dynamic model is specifically confined to the sagittal plane.

Results: The dynamic model is evaluated in terms of angular displacement tracking
using the relative maximum error (RME) and the root mean square error (RMSE) for
reference trajectories of healthy adult male human gait as reported in the literature.
The model demonstrates tracking with errors below 2.2 [°] in magnitude and 3,5 %
for all three considered segments (thigh, lower leg, and foot).

Conclusions: The quantitative results show that the dynamic model developed in
this work is reliable and allows for a precise reproduction of human gait trajectories.

Keywords: biomechanics, Euler-Lagrange, human gait, PID control, Simulink
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Resumen

Contexto: Este trabajo presenta el desarrollo de un modelo dindmico del movimiento del miembro
inferior humano en el plano sagital durante el ciclo de marcha. El objetivo principal de este modelo
es servir como una herramienta poderosa para el disefio de dispositivos de rehabilitaciéon y asistencia,
como exoesqueletos, prétesis y Ortesis. Esto lo logra facilitando la estimacién de torques en las
articulaciones, el andlisis detallado de variables cinematicas, la seleccién 6ptima de actuadores y la
exploracion de técnicas avanzadas de control.

Método: El modelo dindmico se consiste en dos componentes principales: (1) el modelo de la planta y
(2) un controlador de lazo cerrado. El modelo de la planta representa la dindmica directa de la marcha
humana y se basa en un péndulo de multiples masas compuesto por tres segmentos del miembro
inferior (muslo, pantorrilla y pie) y tres articulaciones (cadera, rodilla y tobillo). Este es analizado
utilizando la formulacién de Euler-Lagrange y las ecuaciones diferenciales de segundo orden no
lineales se implementan en Simulink de MATLAB. Para reproducir las trayectorias de referencia de la
marcha humana y simular el funcionamiento del sistema musculoesquelético y del sistema nervioso
central, se implementa un controlador PID de lazo cerrado en el modelo de la planta. Es importante
destacar que el alcance de este modelo dindmico se limita especificamente al plano sagital.

Resultados: El modelo dindmico es evaluado en términos del seguimiento del desplazamiento angular
usando el error relativo maximo (RME) y el error medio cuadratico (RMSE) para trayectorias de
referencia de la marcha humana de adultos masculinos sanos reportadas en la literatura. El modelo
demuestra un seguimiento con errores por debajo de 2.2 [°] en magnitud y 3,5 % para los tres segmentos
considerados (muslo, pantorrilla y pie).

Conclusiones: Los resultados cuantitativos muestran que el modelo dinamico desarrollado en este
trabajo es confiable y permite reproducir precisamente las trayectorias de la marcha humana.

Palabras clave: biomecanica, Euler-Lagrange, marcha humana, control PID, Simulink
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3. Simulations and results 12
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1. Introduction

Gait, also referred to as bipedal locomotion, is a cyclic and fundamental movement that involves
a sequence of repetitive events, initiating and concluding with the contact of the initial foot with the
ground. This dynamic process encompasses a steady-state gait cycle, comprising the stance phase
(when the reference foot is on the ground) and the swing phase (when the reference foot is off the
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ground). Gait constitutes a complex functional task that necessitates intricate coordination between

numerous major joints within the human body, with particular emphasis on the lower limb (1).

The modeling of human gait has garnered substantial attention from researchers in recent decades
due to its profound implications in biomedical engineering. This interest arises from its applications
in designing rehabilitation and assistive devices, as well as analyzing abnormal gait patterns and their
consequences. Currently, the design of such devices, including exoskeletons, prostheses, and orthoses,
often relies on empirical and trial-and-error approaches. Many of these devices are constructed and
subsequently tested on individuals before obtaining valuable feedback, resulting in an inefficient and
costly design process. Dynamic models provide a robust tool for designers by enabling the estimation
of crucial kinematic and kinetic variables, such as angular displacements, velocities, accelerations,
joint torques, and muscle forces. This facilitates optimal actuator selection and in-depth investigation
into control techniques in order to achieve satisfactory performance before implementation (2-4). A
rigorous and precise modeling approach enables the extrapolation of simulation results into practical
applications, allowing designers to thoroughly evaluate their devices in a virtual environment before
prototyping and human testing, thus reducing risks and costs (5). Additionally, dynamic modeling
serves as a valuable resource for clinicians, rehabilitation experts, and researchers, enhancing their
comprehension of both normal and pathological gait patterns and assisting in the identification of
causes and effects related to abnormal movement patterns. A comprehensive understanding of the
gait cycle, its parameters, and the principles underlying the musculoskeletal system and the central
nervous system (CNS) provides essential insights for evaluating and treating locomotion dysfunctions
in clinical environments (1).

Research regarding the dynamic modelling of human gait can be categorized into two main fields:
(1) musculoskeletal models and (2) biped robotics models. Musculoskeletal models (6) focus on the
interaction and contributions of individual muscles, tendons, and ligaments during gait, emphasizing in
the physiological aspects of bipedal locomotion. These models are highly intricate and computationally
intensive, given their numerous degrees of freedom (DOF), diverting attention from the fundamental
dynamics of the human gait. In contrast, biped robotics models aim at real-time gait control and the
evaluation of kinematic and kinetic variables of joints and body segments. According to (7), biped
robotics models can be divided into five groups: (1) pendulum models, (2) passive dynamic walkers,
(3) zero-moment-point (ZMP) methods, (4) optimization-based methods, and (5) control-based methods.

Pendulum models are based on the principle of energy conservation, capturing the exchange
between the kinetic and potential energy inherent in walking. Research in this area ranges from simple
planar (8,9) to 3D (10,11) and multi-mass pendulum models (12,13). Pendulum models offer advantages
in terms of simplicity, closed-form analytical solutions, and their ability to represent energy exchange
principles during gait. However, they can oversimplify dynamics when certain joints and segments,
such as the knee, ankle, lower leg, or foot, are not explicitly considered.

Passive dynamic walkers (14-16) are biped models that emulate a compass-like mechanism driven
purely by gravity as they descend gentle slopes. These models do not involve any actuation or control of
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joint angles or torques at any point. During their descent, the leg follows a pendulum-like trajectory, and
the swing foot’s contact with the ground is dictated by the conservation of angular momentum. Passive
dynamic walkers are simple and efficient models suitable for investigating the fundamental principles
of human gait, including the relationship between step length and velocity, energy expenditure, and
the transition from walking to running. However, like pendulum-based models, they may oversimplify
dynamics by neglecting certain joints and segments.

ZMP methods (17-19) focus on achieving bipedal walking by enforcing the body’s balance to follow
predefined locations. Each ZMP represents a point on the ground where the net moment of active forces,
including inertia, gravity, and external forces from actuators, is zero. The dynamic equations in this
approach primarily serve to ensure balance constraints rather than coordinate the entire gait trajectory.
ZMP methods are computationally efficient for the real-time control of biped robots. However, it is
essential to note that preplanned ZMP locations do not precisely mimic human walking principles or
the CNS’s control of gait.

Optimization-based methods (7, 20, 21) are computational approaches that seek to uncover the
criteria governing human gait generation by the CNS. In these methods, the objective function —
intended for optimization — typically represents a gait-related performance measure, such as dynamic
effort, mechanical energy, metabolic energy, jerk, or stability. Constraints encompass the joint range of
motion (ROM) and maximum joint torques. These methods offer insights into the relationship between
gait and performance measures, shedding light on the working principles of human walking. However,
they demand significant computational resources, are not well-suited for real-time applications, and

rely on experimental data.

Control-based methods are deployed in humanoid robots to facilitate bipedal walking, allowing for
interaction with the environment, responses to external disturbances, and real- time task execution. This
approach closely approximates the natural control mechanisms of the human CNS, ensuring accurate
analysis, estimation, and tracking of normal and pathological gait motions. Control-based methods can
be classified into three categories: (1) tracking control, (2) optimal control, and (3) predictive control.
Tracking control (22,23) involves calculating input forces or torques required to achieve desired walking
trajectories for body segments using kinematic feedback. In optimal control approaches (24, 25), input
forces or torques are treated as unknown variables in motion equations and are continuously optimized
for the subsequent time step, also employing kinematic feedback. Predictive control methods (5,22) are
rooted in iterative finite horizon optimization, where online calculations are used to determine input

forces or torques. This process minimizes a cost function incorporating kinematic feedback.

This paper introduces a dynamic model of human lower limb motion in the sagittal plane during
the gait cycle. This model falls under the category of biped robotics and represents a hybrid approach
incorporating elements of both pendulum and control-based methods. The model comprises two
primary components: (1) the plant model, founded on a multi-mass pendulum, and (2) a closed-loop
PID controller. The plant model captures the forward dynamics of human gait, employing the
Euler-Lagrange formulation while considering the lower limb as consisting of three segments (thigh,
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lower leg, and foot) and three joints (hip, knee, and ankle). The PID controller is integrated to estimate
the joint torques necessary for replicating human gait reference trajectories. It constitutes a potent tool
for the design of rehabilitation and assistive devices, facilitating joint torque estimation, kinematic

variable analysis, optimal actuator selection, and the exploration of control techniques.

2. Dynamic model

As mentioned in the introduction, the dynamic model proposed for human lower limb motion
encompasses two essential components: (1) the plant model and (2) a closed-loop PID controller. The
plant model (the core of the dynamic model) represents the forward dynamics of human gait, and the
closed loop controller simulates the working principle of the neuromusculoskeletal system and the CNS.

It is worth noting that the scope of this dynamic model is specifically confined to the sagittal plane.
This deliberate limitation stems from the recognition that the motion and dynamic effects of the lower
limb within the frontal and transverse planes exhibit diminished relevance compared to those within
the sagittal plane (1).

2.1. Plant model

The plant model, responsible for capturing the dynamics of human lower limb motion, is
meticulously formulated using the Euler-Lagrange formulation. This mathematical framework is
applied to the system depicted in Fig. 1, which comprises three lower limb segments (thigh, lower
leg, and foot) interconnected by three joints (hip, knee, and ankle). Each of the lower limb segments
is modeled as a rigid bar by specific attributes. These attributes include length L,,, mass m,,, and the
proximal gravity center /,,. These segments are positioned at angular positions §,, relative to the vertical
axis. To distinguish between the individual segments within the model, subscripts are employed as
follows: ‘1’ for the thigh, 2’ for the lower leg, and ‘3’ for the foot. The foundation of this modeling
framework is established in a fixed coordinate system with its origin situated at the hip joint.

The Lagrangian L is established as the difference between the system’s kinetic energy 7" and its
potential energy V:
L=T-V 1)

The kinetic energy is defined by Eq. (2), which incorporates the kinetic energy of each individual
segment. In this equation, v,, represents the linear velocity, .J,, denotes the moment of inertia, and 6,
represents the angular velocity.

mpv?2  J102  mav? Jo02  mgv?  J362
T— 1V1 + 197 2U5 2U5 3VU3 3Y3 (2)
2 2 2 2 2 2

The linear velocity can be expressed as the magnitude of the first derivate of the position vector 7,

of the gravity center for each segment: v,, = |r,,|. The centers of gravity for the thigh, lower leg, and foot
are situated at positions ri, r and rs, respectively:

_— |: llsin6‘1 :| (3)

—1y cos b
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Figure 1. Representation of human lower limb for dynamic modeling

Lsinf + I3 sin 05
Ty =
? — L1 cosfy — Iy cosby

re =
8 —L1 cosfy — Lo cosfy — I3 cosbs

L1 sin 91 + LQ sin 02 + lg sin 93 :|

Therefore, the linear velocities of the thigh, lower leg, and foot are established as:

U1 = 6"111

Vo = \/G%L% + 9%1% + QélénglQ COS(91 — 92)

)

©)

(6)

)

vz = \/Q%L% + H%L% + 9%1% + 29.10'2[11[42 COS(91 — 92) + 29293[42[3 COS(@Q — 093) + 29193[/113 COS(91 — 63)

)

Substituting Egs. (6), (7), and (8) into (2) results in the following expression for the kinetic energy of

the system:
T = 01051115 cos(6, — 6
2 2 5 2 + mab1621115 cos(6y 2) + 2
1272 1272 0272 o
+m3921L1 ngQLQ msgg 2 + mab 02 Ly Ly cos(6) — 62)

.. . J-62
+msl203L513 COS(02 — 93) + ma36103L115 COS(91 — 93) + %
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The potential energy is defined by Eq. (10), which incorporates the potential energy of each
individual segment. In this equation, g denotes the gravity, and h,, represents the height of the center of
gravity relative to the coordinate system.

V = mighi + maghs + msghs (10)

The height of the center of gravity for the thigh, lower leg, and foot can be expressed in terms of the
angular displacement as:

hi1 = —l7 cos 01 (11)
hy = —Lj cosfy — lg cos Oy (12)
hs = —Lq cosfy — Lo cos s — I3 cos 03 (13)

Substituting Egs. (11), (12), and (13) into (10) results in the following expression for the potential
energy of the system:

V = —magli cos 0y — maglLy cos 01 — magls cos o — mggLy cos 01 — mzgLo cosfy — maglscosfs  (14)
Egs. (9) and (14) are substituted into (1) to obtain the Lagrangian of the system:
2 2 2 2

2 2 2

J262
2

T = + mgélézlllz cos(91 - 92) +

+ mgéléleLQ COS(el — 92)

J303
2
+maygly cos 01 + moglLy cos 1 + magly cos O + msgly cos 6y

+m39293L213 COS(92 - 93) + m39193L1l3 COS(@l - 93) +

+mggLsy cos 0 + magls cos O3 (15)

The Euler-Lagrange formulation is established by Eq. (16), where k represents the DOF, g, the set of
generalized coordinates, and @, the set of external (non-conservative) forces applied to the system. In
the context of the system under consideration, there are three DOF associated with the three joints of the
lower limb. The external forces encompass the torque T;, acting at each joint and the viscous damping,
with b, representing the viscous damping coefficient. The Euler-Lagrange formulation is applied as seen
in Egs. (17), (18), and (19) for the hip, knee, and ankle, respectively.

% (%L) _ %L — T — byby — bo(6y — ) (17)
% <%[;> - g—eLZ =Ty — ba(B — 01) — b3(0s — 63) (18)
a4 <;%) - a%, = T, — by(6s — ) (19)
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The equations above are solved resulting in the nonlinear second-order differential Egs. (20), (21),
and (22), which describe the motion of the thigh, lower leg, and foot, respectively.

01(m112 +moL? + maL? + J1) + Oa[maLila cos(6y — 0) + maLils cos(6y — 65)]

+65[ms Lyl cos(6; — 6s)]

+9§ [maLilysin(6y — 02) + ms Ly Lo sin(6y — 602)]

—H9§ [msLilssin(6y — 03)] + mygly sin 0y + mogLy sin 6y

+magLysinf; = Ty — by — by (61 — ) (20)

by (mal2 +msL2 + J5) + 6, [maLqls cos(6h — 62) + msLila cos(fa — 03)]

+0; [msLals cos(62 — 03)]

+6%[—mgLylysin(6; — 05) — mzLy Lo sin(f; — 65)]

+02[m3 Lol sin(0s — 03)] + magls sin 0 + magLo sin 0

=Ty — ba(Bz — 01) — b3(02 — 63) (1)

93(mgl§ + Jg) + ég [mnglg COS(92 — 93)] + él [m3L1l3 COS(91 — 03)}
+é§[—TTL3L2l3 sin(02 — 93)} + 9%[—m3L113 8111(91 — 03)]
+mggl3 sin 93 = T3 — b3(93 — 92) (22)

To simplify the aforementioned differential equations, certain parameters are combined into the
following constants: ¢; = mllg + mQL% + mdL% + Jl,CQ = m2L112,03 = m3L1L2,04 = m3L1l37C5 =
magly, co = magLi,c; = magLi,cs = mal3 +msL3 + Jo,co = myLals, cio = magla, c11 = m3zgLa, c1a =

msl3 + Js,and c13 = magls. As a result of these simplifications, Egs. (23), (24), and (25) are obtained.

Clél =+ (CQ + Cg)ég COS(91 — 92) —+ 0493 COS(91 — 93) —+ (02 —+ 03)93 sin(91 — 92)
+C49§ sin(f; — 03) + c5sin by + cgsin by + ¢ sin b,

=Ty — b16; — by(6y — 65) (23)

Cgéz + (CQ —+ 63)91 COS(91 — 92) —+ Cgé3 COS(92 — 93) — (02 —+ 03)0% sin(01 — 92)
+Cgé§ sin(92 — 93) + c10 sin 92 + c11 sin 92

=Ty —by(0z — 01) — bz (0 — 05) (24)

612é3 + Cgég 005(02 - 93) + 849'1 COS(@l - ‘93) - Cgé% sin(92 — 93) - 649% sin(91 — 93)
+c13 sin 93 =13 — bg(ég — 91) (25)
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Egs. (23), (24), and (25) are solved for the highest order derivatives 6y, 0,, and 05 respectively, in
order to obtain the following set of motion equations:

6, =—[— ((02 + ¢3)02 cos(6y — 03) — c483 cos(61 — 95)) — (e + 03)93 sin(6, — 05)

c1
*(249.% sin(91 — 93) — (C5 + Cg -+ C7) sin 91 —+ T1 — blél — bg(él — 92)} (26)
92 = _;[_(CQ =+ 03)91 COS(Ql — 92) — 6993 COS(92 — 95) —+ (CQ —+ 63)0% sin(91 — 92)
8

*Cgég sin(@z — 93) — (010 =+ 011) sin 92 + Ty — bg(ég — 91) — bg (92 — 93)] (27)

ég = i[—Cgég COS(@Q — 93) — 649-1 COS(91 — 93) + Cgé% sin(92 — 93)

C12
+C4é% SiIl(91 — 93) —c138inf3 + T3 — 63(93 — 61)] (28)

This plant model of human lower limb motion in the sagittal plane was implemented in MATLAB's
Simulink, and it utilizes the non-linear second-order differential Egs. (26), (27), and (28), as illustrated
in the block diagram presented in Fig. 2. The inputs to this model consist of the joint torques (1%, 75 and
T3) measured in units of [V - m], while the outputs are the angular displacements of the thigh, lower
leg, and foot (6, 82 and 63), reported in units of [rad].

The parameters that make up the plant model are detailed in Table I. These parameters are derived
trough an anthropometric analysis that relies on two primary factors: the body mass M and the
height H of the individual. The mass of each segment and its corresponding length are linked to the
individual’s body mass and height, and the gravity center and radius of gyration are associated with
the segment length (26,27).

2.2. Closed-loop controller

The neuromusculoskeletal system was conceptualized within a closed-loop feedback control
scheme. In this structured framework, the body’s segments and joints comprise the plant, muscles serve
as the actuators, and an array of sensors, including proprioceptive and tactile sensors alongside visual
and vestibular systems, act as sensory inputs. Overseeing this complex system is the CNS, functioning
as the controller (28). The CNS receives input signals representing desired positions or reference
trajectories, generated by the brain. These inputs are compared against real-time segment locations to
compute tracking errors, which, in turn, guide the CNS in sending neural signals to muscles. These
signals prompt the exertion of forces on the skeletal system, thereby producing joint torques to achieve
the desired motion.

To simulate the neuromusculoskeletal system and the CNS, the model employs three angular

displacement feedback PID controllers for the hip, knee, and ankle. Fig. 3 illustrates these controllers.
Their inputs are tracking errors, computed as the difference between reference trajectories and actual
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Figure 2. Plant model of human lower limb motion in Simulink

segment angular displacements. The controllers’ outputs represent the joint torques required for

carrying out the intended motion. These PID controller outputs feed directly into the plant model,

depicted in Fig. 2. For the sake of clarity and comprehensibility, this plant model is encapsulated within

a Simulink subsystem block, as illustrated in Fig. 3.
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Table I. Parameters of the plant model for human lower limb motion

Segment Parameter Symbol Value Unit
Mass my 0,1-M [kgl
Length Ly 0,284 - H [m]
Proximal center of gravity I 0,433 - Ly [m]
Thigh Radius of gyration k1 0,540 - Ly [m]
Moment of inertia Ji my - k? [kg - m?]
Viscous damping coefficient by 0.1 [N -m-s]
Mass meo 0,0465 - M [kgl
Length Lo 0,246 - H [m]
Lowerleg  Proximal center of gravity ly 0,433 - Ly [m]
Radius of gyration ko 0,528 - Lo [m]
Moment of inertia Jo ma - k3 [kg - m?]
Viscous damping coefficient b2 0.1 [N-m-s]
Mass ms 0,0145 - M [kgl
Length L3 0,152- H [m]
Foot Proximal center of gravity I3 0,5-Lg [m]
Radius of gyration ks 0,690 - L3 [m]
Moment of inertia A ms - k32 [kg - m?]
Viscous damping coefficient b3 0.1 [N-m-s]
To Workspace
To Workspace1
To Woerkspace?2
[Cycle, HipAngle] PID(s) T_1 theta_1
Hip angular Deg to rad Hip PID Controller Radtodeg 0 Workspace3

displacement

PID(s) | P T_2 theta_2 P{180/pi theta_knee

[Cycle, KneeAngle]

Knee angular Deg to rad1 Knee PID Controller, Radto deg1 10 Workspaced

displacement

ycle, AnkleAngle s . theta_ pi eta_ankle
Cycle, AnkleAngl i PID T3 heta_3 180/pi thet kl

Ankle angular Deg to rad2 Ankle PID Controllef Radtodegz 10 Werkspaced

displacement Plant Model

Figure 3. Closed-loop PID controllers implemented in the plant model in Simulink
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A notable aspect of this modeling process pertains to unit conversions. While the plant model
operates with angular displacements measured in radians, reference trajectories are presented in
degrees. To ensure consistency, unit conversion is performed using specialized gain blocks designated
as Deg to rad and Rad to deg. These blocks facilitate the transformation of reference trajectories from
degrees to radians before tracking error computation. Furthermore, the angular displacements of the
dynamic model are converted from radians to degrees for visualization purposes.

PID control is a classical closed-loop control technique defined by the Laplace domain transfer
function shown in Eq. (29). It comprises three essential constants: proportional K, integral K;, and
derivative K. These constants play distinct roles in shaping system behavior: the proportional constant
enhances the system’s responsiveness; the integral constant reduces steady-state error; improving
precise tracking of reference trajectories; and the derivative constant manages the tracking error’s

evolution over time (2).

PID(s) = K, + 2 Ko (29)
S

To optimize controller performance, an experimental tuning process was conducted on the plant
model. The objective was to achieve optimal tracking performance while ensuring that joint torques
remained within the reported maximum values for normal gait (29). The tuning process resulted in PD
controllers for the three joints, configured as follows: the hip controller was configured with K, = 10,000
and Ky = 1, the knee controller with K, = 1,000 and K4 = 10, and the ankle controller with K, = 1,000
and K, = 10.

3. Simulations and results

Simulations of the dynamic model were conducted using human gait reference trajectories obtained
from (29), with due consideration to the anthropometric data (body mass and height) reported in their
research. These reference trajectories comprise the angular displacement of the hip, knee, and ankle
joints during the gait cycle of healthy male adults.

Graphical simulation results are presented in Figs. 4, 5, and 6, each consisting of three plots
corresponding to the three lower limb joints: (a) hip, (b) knee, and (c) ankle. Fig. 4 shows the tracking
of angular displacement, with the reference trajectory represented as the dotted line and the angular
displacement of the segment in the dynamic model shown as the solid line. Fig. 5 illustrates the tracking
error regarding angular displacement, calculated as the difference between the reference trajectory
and the angular displacement of the segment. Fig. 6 presents the normalized joint torque during the
execution of the desired gait reference trajectory. This normalization is established relative to the
individual’s body mass.

The assessment of angular displacement tracking in the dynamic model involved the application
of two key metrics: the relative maximum error (RME) and the root mean square error (RMSE), both
in magnitude and as a percentage. These metrics were calculated using Eqs. (30) to (33), where 64
represents the reference trajectory, 6,, signifies the angular displacement of the segment in the dynamic
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model, and N denotes the signal length (2). Quantitative results from this evaluation are presented in

Table II, encompassing data for the three segments under consideration.

Table II. Angular displacement tracking errors of the dynamic model

Segment RME[°] %RME RMSE[°] % RMSE

Thigh 0,649 1,924 0,240 1,100
Lower leg 2,161 3,410 0,795 2,567
Foot 0,310 0,322 0,125 0,139
RME = max|0; — 6,] (30)

max|0; — 0y,

%RME = -100 (1)

max |6d|

RMSE = /% S (60— 0,2 (32)

§ (0 — 0n)?

%RMSE =+~ — — .100 (33)
1 2
~ 2_(0a)
(a) hip angular displacement
40 T T T T T T T T T
— Model
— 201 - = Ref. |7
C‘:‘_ oF —
20 | | | 1 | | | | 1
0 10 20 30 40 50 60 70 80 90 100
% gait cycle
(b) knee angular displacement
100 T T T T T T T T T
— Model
— = = Ref.
T 850
=
M
0 | | | T | | | | 1
0 10 20 30 40 50 60 70 80 90 100
% gait cycle
(c) ankle angular displacement
100 T T T T T T T T T

80

0 10 20 30 40 50 60 70 80 90 100
% gait cycle

Figure 4. Angular displacement tracking: (a) hip, (b) knee, and (c) ankle
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(a) hip tracking error
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Figure 5. Angular displacement tracking error: (a) hip, (b) knee, and (c) ankle

The analysis of the graphical results, as depicted in Figs. 4 and 5, reveals that the most significant
tracking errors tend to appear during the peaks of the reference trajectories. While PID controllers can
be finetuned to minimize tracking errors, it is essential to recognize that pushing these controllers to
achieve such minimal errors could result in joint torques surpassing the reported values for normal
human gait (29).

Angular displacement tracking was effectively accomplished with errors remaining under 2.2 [°]
in magnitude and within a margin of 3,5% for all three segments considered. Notably, the lower
leg segment exhibited the most substantial tracking errors. This can be attributed to the dynamic
interactions between the thigh and foot segments, which, in turn, impact the lower leg’s overall
performance. Despite these challenges, the tracking errors for the thigh and foot segments were
effectively constrained below 0,65 [°] and 2 %.

4. Conclusions

This paper presented the development of a dynamic model for human lower limb motion in the
sagittal plane during the gait cycle. The dynamic model was composed of two primary components:
(1) the plant model and (2) a closed-loop PID controller. The plant model served as the foundation
for understanding the forward dynamics of human gait. It was constructed based on a multi-mass
pendulum, encompassing three lower limb segments (thigh, lower leg, and foot) and three joints (hip,
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(a) hip torque
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Figure 6. Joint torque: (a) hip, (b) knee, and (c) ankle

knee, and ankle). The governing nonlinear second-order differential equations of the plant model were
derived trough Euler-Lagrange formulation and subsequently implemented in MATLAB’s Simulink.
To replicate human gait reference trajectories and simulate the functioning of the neuromusculoskeletal
system and the CNS, a closed-loop PID controller was integrated to the plant model for tracking

angular displacement.

Simulations were conducted using human gait reference trajectories sourced from healthy adult
males. The accuracy of angular displacement tracking was rigorously assessed, quantified by two key
metrics: the relative maximum error (RME) and the root mean square error (RMSE). The simulation
results affirm the reliability of the dynamic model, demonstrating its ability to faithfully reproduce
human gait trajectories with a high degree of precision. The errors observed were consistently below
2,2 [°] in magnitude and 3,5 % for all three considered segments (thigh, lower leg, and foot).

Within the domain of dynamic human gait modeling, this model resides within the realm of
biped robotics, offering a unique hybrid approach that amalgamates pendulum and control- based
methodologies. This model stands as a potent tool, empowering the design of rehabilitation and assistive
devices, such as exoskeletons, prostheses, and orthoses. It enables crucial functionalities, including
joint torque estimation, analysis of kinematic variables, optimal actuator selection, and exploration of

advanced control techniques.
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Abstract

Context: In Mexico’s rural towns, it is essential to generate a culture of studying
the prevalence of flat feet in children aged 3 to 5, whose arch is still in development
and can be corrected. By means of a computer application, statistical bar graph
and correlation studies via linear regression can validate the results obtained
regarding the categorization of infants’ footprint type, which are acquired through
the Herndndez Corvo index (HCI), Clarke’s angle protocol (CA), the Staheli index
(SI), the Chippaux index (CI), and the body mass index (BMI).

Methods: A statistical analysis of the plantar footprint of 95 infants in a rural region
of Mexico was carried out, employing a computational technique together with
a photo-podoscope. Footprint images were acquired, processed, and classified.
The footprint type was categorized with respect to the HCI, CA, and the
Staheli-Chippaux index (SCI). The footprint distribution was validated via the
linear regression method.

Results: We evidenced a prevalence of flat foot of 54,7 % in relation to HCI, 58,9 %
in relation to CA, and 61,05 % in relation to SCI, where the male gender was shown
to be more susceptible (up to 28, 32, and 33 cases, respectively). The best prediction
was obtained using the SI and the CI: 90,7 and 87,0 % for the right and left feet, with
a positive increase. No dependence on body composition was observed.
Conclusions: The diagnosis of the type of footstep, in its normal, cavus, and flat
categories, shows the prevalence of flat feet among infants aged 3 to 5, with at
least 28 cases, mostly male and without dependence on weight. Although it is
difficult to perform plantar footprint diagnoses in the rural communities of Mexico,
this statistical study highlights the importance of monitoring foot development in
preschool infants with the advantages and practicality of computational techniques.
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Resumen

Contexto: En las comunidades de México, es fundamental generar una cultura de estudiar la prevalencia
del pie plano en nifios de 3 a 5 afios, cuyo arco atin estd en desarrollo y se puede corregir. Mediante el
uso de una aplicacion computacional, los estudios estadisticos de gréaficos de barras y correlacién por
medio de regresion lineal validan los resultados sobre la categorizacion del tipo de pisada del infante,
los cuales se adquieren mediante el indice Herndndez Corvo (HCI), el protocolo del angulo de Clarke
(CA), el indice Staheli (SI), el indice Chippaux (CI) y el indice de masa corporal (BMI).

Método: Se realiz6 un andlisis estadistico de la huella plantar de 95 infantes de una comunidad de
México, empleando una técnica computacional junto con un fotopodoscopio. Se adquirié, procesé y
clasific6 la imagen de la pisada. Se categorizo el tipo de pisada con respecto al HCI, el CA y el indice
Staheli-Chippaux (SCI). La distribucién de las huellas se validé mediante el método de regresién lineal.
Resultados: Se evidenci6 una prevalencia de pie plano de 54,7 % respecto al HCI, 58,9 % respecto al CA
y 61,05 % respecto al SCI, donde el sexo masculino fue el més susceptible (hasta 28, 32 y 33 casos). La
mejor prediccién se obtuvo mediante el SI'y el CI: 90,7 y 87,0 % para los pies derecho e izquierdo, con
incremento positivo. No se observé dependencia con la composicién corporal.

Conclusiones: El diagnéstico del tipo de pisada, en sus categorias normal, cavo y plano, evidencia
la prevalencia del pie plano entre los infantes de 3 a 5 afios, con al menos 28 casos, en su mayoria
masculinos y sin dependencia del peso. Si bien es dificil realizar diagnoésticos de huella plantar en
las comunidades rurales de México, este estudio estadistico muestra la importancia de monitorear
el desarrollo del pie en infantes de preescolar, con las ventajas y la practicidad de las técnicas
computacionales.

Palabras clave: pie plano, método estadistico, regresién lineal
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1. Introduction

In Mexico, it has become necessary to know the anthropometric characteristics of infants in
preschool, especially in regions where it would be difficult to use computational techniques aimed at
identifying footprint types. Determining the prevalence of flatfoot and its arch type is an intriguing
issue, as this condition can affect children’s posture and walking over the years. To identify the
percentage of infants with flatfoot in a Mexican community and to study their statistics, it is necessary
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to identify the different anthropometric aspects and nutritional information of said community’s infant
population. Flat feet are considered to be normal during the first months of life. Starting at two years
old, the structure of the foot is adjusted, causing the longitudinal arch to become more pronounced (1).
However, most Mexicans do not know that, between four and six years old, it is important to diagnose
the child’s footprint type, as any anomaly left untreated will persist, making it difficult to correct the
morphology of the foot (1,2).

The relationship between nutritional status, age, sex, and other aspects and the type of foot in infants
has been studied over the years (3-5), obtaining different results depending on the conditions of the
selected population, the method used for evaluating the plantar footprint, and the variables considered.
It is therefore complicated to determine the conditions that favor the prevalence of flatfoot in a group of
people. For example, (5) related the body mass index (BMI) to alterations in the plantar vault associated
with flat and cavus feet in children aged 6 to 13. Cavus feet (11 %) were more frequent than flat ones
(8 %), and statistical studies did not report a relationship between the nutritional status and the foot type.

There are a variety of anthropometric protocols for foot classification. Some of them are the
Herndndez Corvo Index (HCI), Clarke’s angle (CA), the Chippaux index (CI), and the Staheli Index
(SI) (6-11). The Latin American HCI is regarded as the most widely used for the general study of
the plantar footprint since it allows for a better observation of the variability in the longitudinal arch
according to each zone of the foot, in addition to being precise. Moreover, CA is widely used to
complete the classification of the foot with the assessment of the angle of the plantar arch (3,6, 16).

Statistical methods involving bar graphs or linear regression are frequently employed to compare
the prevalence of foot types against variables such as age, BMI, gender, posture, and load distribution,
among others (11, 14), although scatter plots, multiple linear regression (15), maximum and minimum
diagrams (16), and other methods have also been considered. Linear regression predicts the behavior of
the variables by means of the coefficient of determination (R?). The confidence interval (CI) provides a
range of probable values with respect to the mean, while the prediction interval (PI) provides a range
of values for an individual response, with which, depending on the percentage, one can be certain that
the trend described by the mean will be followed within a specific range (17).

(12) studied the footprints of 300 20-year-olds with the CA, SI, and Chippaux-Smirak index
(CSI). They established a correlation between BMI and the indices via linear regression, in addition
to evaluating the frequency of flat, normal, and cavus feet with bar graphs and according to each
protocol (12). On the other hand, (13) studied the longitudinal arch, establishing a correlation between
overpronation, the arch angle, the SI, and the CSI by means of linear regression. The studied group
included 71 people around 25 years of age. Using footprints, (14) studied the SI and CSI of 37 people
aged 18 to 35, correlating the analysis of the calcaneal resting position, the navicular drop test, the arch
angle, and the arch index through linear regression.

This work presents a plantar statistical study in a group of 95 infants from the community of
Valtierrilla in Salamanca, Guanajuato, Mexico. Computational studies validate the baropodometric and
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statistical protocols for classifying the prevalence of flatfoot in infants (6). The baropodometric protocols
used by the computational system are CA and the Staheli-Chippaux index (SCI), common methods that
can be found in similar works (6,12, 18). Similarly, the Herndndez Corvo protocol was used, which is
one of the most complete methods to examine the plantar arch and foot type with good accuracy (18,20).
Finally, via linear regression, the indices were related to the body composition of each infant.

2. Methodology

A total of 95 infants (46 males and 49 females) aged 3-5 from the Jaime Torres Bodet preschool in
the community of Valtierilla, Salamanca, Guanajuato, Mexico, were evaluated between September 2021
and May 2022. For this study, authorization was requested from the parents and the teaching staff of the
institution, clearly explaining the objective and methodology of our work and according to the Helsinki
declaration and the Internal Ethics Committee (CIEPCI) of TecNM/ITS Irapuato.

The study required a database of the infant’s body composition, including aspects such as sex, age,
height, weight, BMI, Helbing line, in addition to the morphological parameters of their footprint, which
were acquired using a photo-podoscope. The processing of the images of the plantar footprint was
based on the protocols of Herndndez Corvo, CA, and the SCI (Fig. 1) (18-20).

Once the data of each infant had been registered, the image of their footprints was captured with
the help of a photo-podoscope and white LED strips on the sides. The infant was barefoot, adopting a
correct posture without moving their body. The acquired image had a greenish color due to the presence
of iron impurities in the glass. In the computing system, the pseudo-color technique was applied, noise
was eliminated, and the contour of the plantar prints was acquired on a grayscale. Finally, the values
for each footprint (left and right) were recorded according to the aforementioned protocols for later
classification (18-20). In addition, a photograph of the back of the legs was taken in order to study the
Helbing line and determine the infant’s type of footprint. Once the relevant information and diagnostics
were available, they were stored in a database. A categorical distribution was considered in order to
determine the volume of cases of infants with flat, normal, and cavus feet, as well as the number of
underweight, regular-weight, overweight, and obese children with regard to their BMI weight category.
All this, while aiming to have a complete perspective of the infants in this community (Fig. 1). Linear
regression was employed to find a relationship between the parameters, with the purpose of explaining
why the correction of the plantar arch can be affected or not by gender and nutritional habits.

2.1. Statistical analysis

The bar graph statistical method considers the absolute frequency by weight category and the
application of the protocols in each foot (r for right, [ for left), followed by the percentage of presence.
The distribution by weight category according to the BMI (Fig. 2a) shows the highest number of infants
with normal weight (62), followed by those at risk of malnutrition (21), with overweight and obese
children being a minority. Fig. 2b shows the distribution according to the HCI protocol. The classification
is broadened to r: 54,74 % and I: 44,21 % for flat and flat-normal and r: 26,32 % and [: 30,52 % for normal
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Figure 1. Computational and statistical study on the prevalence of flatfoot in children

feet, with a prevalence of flatfoot. According to the distribution by CA (Fig. 2¢), flatfoot prevails with 7
58,95 % and I: 56,84 %. CA contributes with particularities in the shape of the arch. Assessing the arch
angle of the plantar vault is important among for aged 3-5, as they are in the early stages of development,
so the incidence of this pathology is higher (1). As for the SCI (Fig. 2d), there is a predominance of
normal flatfoot, with 7: 61,05 % and [: 63,16 %, broadening the classification to flat-flat, flat-normal, and

flat-cavus.

2.1.1. Flat, normal, and cavus foot

Linear regression analysis allows comparing HCI and CA values against BMI and sex data. Fig. 3
shows the distribution of cases and line plots fitted according to their respective characteristic equation,
R? values, and standard deviation (S). The green dotted lines represent 95 % confidence intervals, and
the purple dotted lines denote 95 % prediction intervals. Red triangles represent male cases, and blue
circles represent female cases. Figs. 3a, 3¢, 3e, and 3g show the bar distribution, representing possible
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Figure 2. a) Distribution of weight categories according to the BMI and foot types according to b) HCI,
¢) CA, and d) SCI

malnutrition, normal weight, overweight, and child obesity (right to left). A moderate and statistically
significant correlation is observed for flat and normal foot types with a prevalence in normal weight.
Figs. 3b, 3d, 3f, and 3h show the tendency of each fit equation of the type y = ma + b, representing the
point cloud analysis of the male and female cases, which was done via a residual analysis, generating
linear prediction regression. The efficacy of the predictions generates the linearity, and the point
cloud of cases is parallel to the linearity axis, which maintains a homogeneous axis throughout the
distribution. The residuals are normally distributed above and below the line, with the presence of
some scattered values. The tendency towards flatfoot in its flat and normal-flat variants is predicted
with respect to the HCI and the BMI. These correlations are statistically significant, with a prevalence
in males. Based on the R? ratio and (17), it can be stated that there is a certain relationship between the
BMI and the type of footprint; the higher the BMI value, the greater the tendency towards flatfoot in
these children.

Table I shows the relationship between nutritional status and AC and HCI for children in early
childhood. The prevalence of flatfoot in the four weight categories is higher than that of normal and
cavus foot. The assessments of (5) in children from 6 to 13 years of age in a Mexican community found
a prevalence of cavus foot in the four weight categories. Similarly, the overweight and child obesity
categories did not influence the results.
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Table I. Relationship of nutritional status and type of footprint

Footprint type Weight category by BMI
[right foot-left foot] malnutrition normal weight overweight with obesity total
Flat 13 35 5 3 56
Clarke’s angle Normal 6 22 2 1 31
Cavus 2 5 1 0 8
Footprint type Weight category by BMI
[right foot-left foot] malnutrition normal weight overweight with obesity total
Flat 12 33 5 2 52
Hernandez Corvo index = Normal-flat 1 4 0 0 5
Normal 4 17 2 2 25
Normal-cavus 4 1 0
Cavus 0 0 0

BMI: body mass index

3. Results

3.1. Correlation between the protocols and foot type classification

Figs. 4a and 4b show positive correlation lines derived from the equations that relate the values of
the CA and HCI protocols for both feet, i.e., r and [ : CA(r) = 9,763 + 0,5785HCI(r) and CA(l) =
8,303+ 0, 5565 HCI(I). For the right foot, an R? 0f 70,1 % is reported, which indicates that the model can
provide predictions with a low error rate and a better distribution. In addition, the R? of the left foot
is 72,8 %. Figs. 4c and 4d compare the SI and CI values to determine the accuracy of the classification
when evaluating both r and ! : SI(r) = 0,02306 + 0,5559 CI(r) and SI(l) = 0,01066 + 0,5933 CI(l).
This is done while using the specific flat-flat, flat-normal, flat-cavus, normal-normal, normal-cavus,
and cavus-cavus foot categories. There is a prevalence of the flat-normal category, and the relationship
between the indices reports an R? of 90,7 % for the right foot and 87,0 % for the left one. The prediction
of the model maintains the tendency towards a linear relation with positive incremental dispersion and
few atypical values.

For the general group, there is a major tendency towards having a flat right foot (above 54,74 %)
and having a flat left foot (above 44,21 %). Statistical analysis via linear regression constitutes a
complementary approach to support the values acquired through computational techniques. The
prediction of the relationship between the values of the CA and HCI protocols indicates a high R?
(70,1 %). Moreover, as for the ratio between the SI and CI protocols, the R%is higher than 87,0 %. This, in
turn, with a positive upward trend and a few atypical values. Finally, the expected results highlight the
need to continue studying infant footprint types in the communities of Mexico. It is necessary to raise
awareness in order for families to conduct clinical diagnosis of the footprint at an early age and seek
corrections of the longitudinal arc and flat feet with the elaboration of custom insoles. In this way, the
footstep is corrected, and the posture is improved. It is alarming to consider that, due to the economy of
the families in Mexico, very few will continue with a specialist diagnosis.
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Figure 4. Correlation between values of HCI and CA for a) the right foot and b) the left foot; and between
the SI and CI values for c) the right foot and d) the left foot

4. Discussion

This research studied the prevalence of flatfoot in children in a rural region of Mexico, finding some
conditions that likely interfere with plantar arch correction. Several research works have attempted
the same, but there are no standards to evaluate the characteristics that hinder plantar arch correction,
although, in many cases, a correlation between morphological, nutritional, and footprint parameters is
reported, albeit without conclusive results. Via a linear analysis of the distribution and the correlation
between the BMI and the foot type, it was found that the weight of children does not necessarily have
a direct influence on the prevalence of flatfoot. However, regarding sex, flatfoot is apparently more

common in males.

As for the protocols for evaluating footprints, there are works that employ comparisons to find the
most comprehensive and easy method to make a correct diagnosis of the foot. There are works that
use the SI and the CI with different complementary protocols. CA has been widely used to calculate
the plantar arch because it is faster and provides a good degree of confidence. The HCI is one of the

most complete and assertive procedures to diagnose footprints, but it can be slow and complicated.
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Combining these techniques with computational systems allows for complete evaluations and finding
faster correlations that can be used by specialists in medical consultations.

In recent years, computational systems and dynamic studies have become more common and
complete, as they allow quickly determining aspects such as foot type, posture, and footprint pressure,
as well as diagnosing special conditions like diabetic foot, among others. Because of this, many people
can get a better and cheaper medical evaluation of their feet, but there are locations where this kind of
technology is not available or where information on the issue is limited.

5. Conclusion

Statistical analysis via linear regression does not show the prevalence of flatfoot to be clearly
supported by the nutritional habits of the infant or by sex. As for the higher number of cases of
flatfoot, the age of the infants must be considered. It may be that 3- to 5-year-olds have not completely
developed their plantar arch, but they should exhibit a tendency towards normal foot in individual
evaluations. To know if children with flatfoot have a real chance at correcting their longitudinal arch, it
is necessary to perform a thorough evaluation of the tendency of the arch, which must be performed
by a specialist. Unfortunately, the infants of Mexican communities have limited access to appropriate
treatment or comfort shoe insoles.

Consequently, with complete information about plantar issues in infants, the rural regions of Mexico
could treat discomforts just in time and prevent posture issues, as well as feet, back, or knee pain or
the impossibility to exercise. Moreover, habits could be imparted to ensure the correct development of
the longitudinal arch, which could be supported by computational studies aimed at eradicating these
problems at every socioeconomic level. This implies a wide field of study focusing on the development
of new and more efficient computational systems at low costs, with which the evolution of the plantar
arch could be predicted.
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Abstract

Context: The design and operation of two-lane rural roads in mountainous terrain
pose unique challenges, potentially leading to specific geometric configurations
with an increased risk of road accidents. While predictive models like the Highway
Safety Manual (HSM) and Safety Performance Functions (SPF) are widely used
around the world, their application in Ecuador’s mountainous regions remains
unexplored.

Method: This study collected design and operational variables from 25 roads in the
Ecuadorian Andes to propose SPFs specific to two-lane rural roads in mountainous
environments. Crash data from 2017-2019 were utilized to develop 12 SPFs, which
were further validated with information from 2020-2021. The SPFs were categorized
based on three types of crashes (total, fatal + injury, property damage only) and
various ranges of annual average daily traffic (AADT).

Results: The outcomes of this study include the development of 12 SPFs tailored
to Ecuador’s mountainous regions. These SPFs estimate the average expected
frequency of accidents for existing conditions, alternative scenarios, or proposed
new road projects.

Conclusions: The proposed SPFs fill a significant gap in road safety research in
Ecuador, offering a valuable tool for assessing accident probabilities in two-lane
rural roads in mountainous terrain. This research contributes to enhancing road
safety for both existing roads and future projects, providing valuable insights for
transportation planning and design. Further research opportunities lie in applying
these SPFs to additional regions and refining the models based on evolving traffic
and road conditions.
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Resumen

Contexto: El disefo y la operacién de carreteras rurales de dos carriles en terrenos montafiosos plantean
desafios tinicos, que podrian conducir a configuraciones geométricas especificas con un mayor riesgo
de accidentes de transito. Si bien los modelos predictivos como el Manual de Seguridad Vial (HSM)
y las Funciones de Rendimiento de Seguridad (SPF) se utilizan ampliamente a nivel mundial, su
aplicacién en las regiones montafiosas de Ecuador atin no ha sido explorada.

Método: Este estudio recopil6é variables de disefio y operativas de 25 carreteras en los Andes
ecuatorianos para proponer SPFs especificas para carreteras rurales de dos carriles en entornos
montafiosos. Se utilizaron datos de accidentes de 2017 a 2019 para desarrollar 12 SPFs, que fueron
validadas con informacién de 2020 a 2021. Las SPFs se clasificaron segtin tres tipos de accidentes (total,
fatal + lesién, solo danos materiales) y varios rangos de tréfico diario promedio anual (TPDA).
Resultados: El resultado de este estudio incluye el desarrollo de 12 SPFs adaptadas a las regiones
montafiosas de Ecuador. Estas SPFs estiman la frecuencia esperada promedio de accidentes para
condiciones existentes, escenarios alternativos o nuevos proyectos de carreteras propuestos.
Conclusiones: Las SPFs propuestas llenan una brecha significativa en la investigacion de seguridad
vial en Ecuador, ofreciendo una herramienta valiosa para evaluar las probabilidades de accidentes en
carreteras rurales de dos carriles en terrenos montafiosos. Esta investigacién contribuye a mejorar la
seguridad vial tanto para las carreteras existentes como para los proyectos futuros, proporcionando
informacién valiosa para la planificacién y el disefio del transporte. Oportunidades adicionales de
investigacion radican en aplicar estas SPFs a regiones adicionales y perfeccionar los modelos segtin la
evolucién del transito y las condiciones de las carreteras.

Palabras clave: funciones de desempefio de seguridad, carreteras rurales de dos carriles, Ecuador
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1. Introduction

The Highway Safety Manual (HSM) provides a predictive method and analytical procedures
to support road projects in various phases, including planning, preliminary design, final design,
and construction (1). The HSM procedure aids in identifying locations with a potential for reducing
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crashes or their severity, diagnosing issues, selecting countermeasures, conducting economic appraisals,
prioritizing projects, and evaluating safety effectiveness (2). The HSM primarily describes the predictive
method and crash modification factors (CMF). The predictive model includes the safety performance
functions (SPFs) used to forecast crash counts at different roadway elements (3). These SPFs should be
adjusted to local conditions for optimal results (4). Calibration is essential because the overall crash
frequencies can vary significantly from one location to another due to various factors, such as crash
reporting thresholds and crash reporting system procedures (1). To adapt the predictive model or SPF
to local conditions, there are two options: calibrating the SPF or developing a new one.

The choice between calibration and development depends on the resources available to
the institution and its objectives. The FHWA (Federal Highway Administration) issued report
FHWA-5A-14-004, which evaluates these two options (5). Calibration maintains the structure of the
original equations, allowing to compare the results across different areas. On the other hand, during
development, the equations are more likely to change, leading to differences in the comparisons. SPF
calibration can be achieved by either calculating the calibration factor or estimating the calibration
function.

The calibration factor procedure involves adjusting the original model proposed by the HSM to fit
the local conditions. The calibration factor is calculated as the ratio of the total number of observed
crashes to the total number of predicted crashes. At times, the model may either overpredict or
underpredict the number of accidents. For instance, in Ecuador, the calibration factor for two-lane
rural roads was reported to range between 0,12 and 0,25 (6). In this case, the model overpredicted the
crash frequency. Here, it is important to note that rural roads are typically susceptible to more severe
accidents due to topographical limitations. Similar studies have been conducted in numerous countries
and for various types of roads.

Other works have concentrated on the calibration of SPFs, which are models used to predict
the number of crashes. In the HSM, SPFs are negative binomial regression models that establish a
log-linear relationship between crash frequency and various site characteristics (7). These models
invariably include traffic volume (AADT) and can also incorporate site-specific factors such as
section length and lane width, among others. It is important to note that the calibration of SPFs
should be conducted separately for different crash types (8) rather than combining all crash types
into one model. Models specific to crash types tend to provide a better fit in comparison with using
a single model that estimates the total crashes together with the overall proportion of each crash type (9).

There is a substantial amount of research worldwide that involves calibrating SPFs for two- lane
rural roads. For instance, the original HSM model consistently underpredicts crashes on two-lane
rural roads in Utah (10) and Illinois (4). In Pennsylvania, the findings suggest significant variations
in safety performance across engineering districts, a factor that should be considered by other state
transportation agencies (11). Similar results have been identified in research conducted in Virginia (12),
Oregon, and Georgia (13). The performance of SPFs may also differ depending on the type of pavement,
as indicated by results obtained in Michigan (14). Additionally, in flat terrain in Spain, the HSM model
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exhibits both underprediction and overprediction tendencies in response to variations in AADT (15).
Note that it is necessary to adjust SPF models to local conditions in order to achieve more accurate
results. These equations are widely used worldwide because they are fundamental for road safety
analysis. However, in Ecuador, there has been limited progress on this issue. Hence, the primary
objective of this study is to calibrate SPFs for two-lane rural highways in the mountainous regions of
Ecuador, considering various types of accidents and different traffic volume ranges. 25 roads in the
Andes mountains were selected for evaluation, totaling approximately 630 km in length. Geometric
and operational data were collected for each of these roads and compared to recorded road crashes.

To present this calibration, this document is structured as follows. Firstly, it describes the predictive
model of the HSM. Secondly, it provides detailed information on the materials and methods employed,
including an analysis of the data collection process, calibration procedure, and validation phase.
Subsequently, it presents the results obtained from the models and an analysis of prediction errors.
Finally, the document highlights the main findings and conclusions.

2. Safety performance functions

El HSM (1) states that, for rural two-lane and two-way roadway segments, the predictive model
takes the form of Eq. (1).

Npredicted = Nspfrs X Cr' X CMFl’!' X C]\/[F27 XX CMF127‘ (1)

Where:

Npredicted: predicted average crash frequency for an individual roadway segment and a specific year
(crashes/year)

Npers: predicted average crash frequency under base conditions for an individual roadway segment
(crashes/year)

C.: calibration factor for roadway segments of a specific type developed for a particular jurisdiction
or geographical area (dimensionless)

CMF, ...CM Fs,: crash modification factors for rural two-lane, two-way roadway segments

Eq. (1) in the model predicts either the total average crash frequency or that of specific crash
severity or collision types. This model addresses the regression-to-the-mean bias by focusing on the
long-term expected average crash frequency, rather than relying solely on the short-term observed crash
frequency (1). To account for variations in segment characteristics when compared to base conditions,
Crash Modification Factors (CMFs) are employed with the aim of adjusting the number of crashes.
While the HSM provides these CMFs, there is also a website known as the Crash Modification Factors
Clearinghouse (16), which compiles CMFs from various studies, categorized by country or region. In Eq.
(1), the model incorporates the safety performance function, the expression of which can be found in Eq.
2).

Niptrs = AADT x L x 365 x 1076 x (70312 )
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Where:

Nspirs: predicted average crash frequency for base conditions using a statistical regression model
(crashes/year)

AADT: average annual daily traffic (vehicles per day)

L: length of the road segment (miles)

Eq. (2) is based on a negative binomial distribution, which is better suited for modeling the
high natural variability of crash data compared to traditional modeling techniques (1). Moreover, this
equation involves only two variables, i.e., the average annual daily traffic and the segment length,
making it easier to calibrate the model in comparison to other SPFs with more variables. The SPF results
can be calculated with a high level of accuracy even when there are only 1-3 years of recorded crashes
for the studied site (17). SPFs are developed using statistical multiple regression techniques, employing
historical crash data collected over several years at sites with similar characteristics and encompassing a
wide range of AADT values (1). These SPFs provide estimates for the average number of crashes when
the segments meet the base conditions outlined in Table I. When a segment does not meet the base
conditions, it should be adjusted using the CMFs proposed by the HSM model.

Table I. Base conditions for roadway segments on rural two-lane, two-way roads

N° Road feature Base condition
1 Lane width (LW) 12 ft
2 Shoulder width (SW) 6 ft
3 Shoulder type Paved
4  Roadside hazard rating (RHR) 3
5 Driveway density (DD) 5 driveways per mile
6 Horizontal curvature None
7 Vertical curvature None
8 Centerline rumble strips None
9 Passing lanes None
10 Two-way left-turn lanes None
11 Lighting None
12 Automated speed enforcement None
13 Grade level 0%

Source: Highway Safety Manual (1).

The base conditions shown in Table I may not necessarily be directly applicable or valid in the
context of Ecuador. The suitability of these factors for calibration in the country would depend on several
factors, namely.

a) Local conditions: Ecuador has different road infrastructures, traffic patterns, and environmental
factors in comparison with the United States. Therefore, the relevance and impact of these factors
on road safety could vary.
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b) Regulatory and design standards: Ecuador has its own set of design standards, regulations, and
guidelines for road construction and safety. However, its standards are similar to those of the
United States.

¢) Data availability: The availability and quality of data related to these factors may vary between
countries. Ecuador lacks some comprehensive data on certain factors, which affects the calibration

process.

d) Geographical and environmental differences: Ecuador’s diverse geography, including mountainous
regions, coastal areas, and urban centers, may pose unique challenges and considerations not
found in the United States. In this context, it is essential to conduct a thorough assessment and
potentially adapt the factors used for SPF calibration to align with the specific conditions and

requirements of Ecuador.

3. Materials and methods

To calibrate SPFs, it is essential to gather data on the AADT, the length of the segment, and the
number of crashes recorded in it. This section provides an overview of the materials and methods
employed for data collection and processing. Additionally, it outlines the procedures for calibrating
and validating the models.

3.1. Segment selection

Initially, 25 two-lane roads were selected, with lengths ranging from 7,4 to 40 miles, as indicated
in Table II. The AADT values, calculated or measured in 2017, have been included in this table. It is
worth noting that the AADT estimation process was primarily carried out by students participating in
the Road Projects course at Universidad Técnica Particular de Loja, along with the OSEVI-UTPL traffic

counter (18).

The features of every road listed in Table II were analyzed. These roads have a widt