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It is a pleasure to present Volume 16, Issue 3 of
Enfoque UTE, which features six original Research
Articles covering several areas of engineering. Each
article included in this issue has undergone a rigorous
peer-review process by at least two national and inter-
national experts, ensuring both scientific relevance and
technical quality.

The issue opens with a contribution by Darfo Calde-
ron et al., who present an experimental study on sedi-
ment transport and flow behavior in a bifurcated open
channel with a mobile sand bed—advancing our un-
derstanding of fluvial dynamics in environmental and
hydraulic engineering.

Continuing with this issue, J. E. Lopez Velastegui
et al. present a study of the development of a biodegra-
dable plate made from sugarcane bagasse, proposing a
sustainable alternative to disposable plastics.

Another important contribution is presented by
Cristian H. Martinez-Reategui et al. This research team
presents the design and evaluation of an aerodynamic
fairing for electric motorcycles using CFD and FEA
simulations. This research contributes to the fields of
mechanical and electrical engineering, with implica-
tions for sustainable mobility and energy efficiency.

Dr. Oscar Martinez Mozos
Universidad Politécnica de Madrid
Editor-in-Chief

ENFOQUE UTE, VOL. 16, NO. 3, JULY 2025, E-ISSN: 1390-6542

Editorial

Dr. Diego Guffanti Martinez
Universidad UTE
Editor-in-Chief

UTEz ™

In the area of environmental engineering, Vianey
A. Burboa Charis et al. present a study on enhancing
methane production from nixtamalization wastewater
using iron-impregnated activated carbon. The results
provide new insights into anaerobic digestion processes
and the use of conductive materials for environmental
biotechnology applications.

In the area of food and agricultural engineering,
Monserrath Vasquez et al. develop and characterize a
yogurt-like product based on Lupinus mutabilis and
arracacha starch. Their study bridges nutrition, micro-
biology, and functional plant-based food development,
addressing the growing demand for sustainable and
health-oriented products.

Finally, Stephanny H. Briones Zambrano et al. eva-
luate the effects of different weed control techniques on
the early growth of Schizolobium parahyba, contributing
to sustainable forestry practices and offering useful in-
sights for agricultural and natural resource management.

Together, these six articles demonstrate the interdis-
ciplinary nature of the journal and its commitment to
supporting research that connects innovation with real-
world applications. We hope this issue will be of great
interest to researchers and practitioners working across
the diverse fields represented in Enfoque UTE.

Dr. Wilson Pavon
Universidad UTE
Managing Editor
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Es un placer presentar el Volumen 16, Niimero 3 de
Enfoque UTE, el cual presenta seis Articulos de Inves-
tigacion originales que abarcan varias areas de la inge-
nierfa. Cada articulo incluido en este nimero ha pasado
por un riguroso proceso de revisién por pares realizado
por al menos dos expertos nacionales e internacionales,
lo que garantiza tanto la relevancia cientifica como la
calidad técnica.

El niimero comienza con una contribucién de Dario
Calderdn et al., quienes presentan un estudio experimen-
tal sobre el transporte de sedimentos y el comportamien-
to del flujo en un canal abierto bifurcado con un lecho
movil de arena, lo que mejora nuestra comprension de la
dinamica fluvial en la ingenierfa ambiental e hidraulica.

Continuando con este nimero, J. E. Lopez Velaste-
gui et al. presentan un estudio sobre el desarrollo de un
plato biodegradable hecho a partir de bagazo de cafa
de azicar, proponiendo una alternativa sostenible a los
plasticos desechables.

Otra contribucién importante es presentada por
Cristian H. Martinez-Reategui et al.. Este equipo de in-
vestigacion presenta el disefio y la evaluacién de un ca-
renado aerodindmico para motocicletas eléctricas uti-
lizando simulaciones CFD y FEA. Esta investigacion
contribuye a los campos de la ingenieria mecanica y
eléctrica, con implicaciones para la movilidad sosteni-
ble y la eficiencia energética.

Dr. Oscar Martinez Mozos
Universidad Politécnica de Madrid
Editor en Jefe
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Editorial

Dr. Diego Guffanti Martinez
Universidad UTE
Editor en Jefe

UTEz ™

En el area de ingenieria ambiental, Vianey A. Bur-
boa Charis et al. presentan un estudio sobre el aumento
de la produccién de metano a partir de aguas residuales
de nixtamalizacién utilizando carbén activado impreg-
nado con hierro. Los resultados proporcionan nuevas
perspectivas sobre los procesos de digestion anaerobia
y el uso de materiales conductores para aplicaciones de
biotecnologia ambiental.

En el area de la ingenieria alimentaria y agricola,
Monserrath Vasquez et al. desarrollan y caracterizan
un producto tipo yogurt a base de Lupinus mutabilis
y almidén de arracacha. Su estudio conecta nutricion,
microbiologia y el desarrollo de alimentos funcionales
de origen vegetal, abordando la creciente demanda de
productos sostenibles y orientados a la salud.

Finalmente, Stephanny H. Briones Zambrano et al.
evaldan los efectos de diferentes técnicas de control
de malezas sobre el crecimiento temprano de Schizo-
lobium parahyba, contribuyendo a practicas forestales
sostenibles y ofreciendo ideas utiles para la gestion
agricola y de recursos naturales.

En conjunto, estos seis articulos demuestran la natu-
raleza interdisciplinaria de la revista y su compromiso
con el apoyo a investigaciones que conectan la innova-
cién con aplicaciones del mundo real. Esperamos que
este nimero sea de gran interés para investigadores y
profesionales que trabajan en los diversos campos re-
presentados en Enfoque UTE.

Dr. Wilson Pavon
Universidad UTE
Editor Ejecutivo
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Experimental Analysis of the Relationship between Flow
Velocities and Sediment Transport in a Laboratory Channel
Featuring a Lateral Bifurcation and Sand Bed

Dario Calderon?, Khaled Hamad-Mohamed?, Jorge Escobar-Ortiz®

Abstract — This experimental study investigates the relations-
hip between flow velocities and sediment transport in a laboratory
flume featuring a 90° lateral bifurcation with a mobile sediment
bed composed of medium sand (D, = 1.06 mm). The experiment
was conducted at the Center for Research and Studies in Water Re-
sources Engineering of the National Polytechnic School (CIERHI-
EPN) using a scaled, fixed-geometry open-channel model under
subcritical flow conditions with a constant discharge of 40 I/s. The
objective is to establish empirical, experimentally validated correla-
tions between flow structures and sediment dynamics in bifurcated
channels. Instantaneous flow velocities were recorded at over 180
points using an Acoustic Doppler Velocimeter (ADV), and topo-
graphic measurements of the sediment bed were used to quantify
scour and deposition. A total of 43.31 of sand was scoured (with
maximum depth of 15.01 cm), 8.0 1 was redeposited (up to 8.49 cm
thick), and 35.31 was transported beyond the mobile bed. Results
indicate that flow is predominantly one-dimensional in the upstream
channel, while the bifurcation induces complex three-dimensional
velocity components (Vx, Vy, Vz) associated with shear layers, vor-
tex formation, and sediment redistribution. Compared to previous
studies that focused on fixed beds or numerical simulations, this re-
search provides high-resolution, experimental evidence of the link
between secondary flow structures and sediment transport patterns
under mobile-bed conditions. The findings contribute to improved
predictive capabilities for morphodynamic behavior in natural bi-
furcations and support the development of more efficient sediment
control and hydraulic design strategies.

Keywords: bifurcation, Acoustic Doppler Velocimeter (ADV),
sediment transport, open-channel flow.
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Resumen — Este estudio experimental investiga la relacion entre
las velocidades del flujo y el transporte de sedimentos en un canal
de laboratorio con una bifurcacion lateral de 90°, equipado con un
lecho mévil compuesto por arena media (D, = 1.06 mm). El experi-
mento se realizo en el Centro de Investigaciones y Estudios en Inge-
nieria de los Recursos Hidricos de la Escuela Politécnica Nacional
(CIERHI-EPN), utilizando un modelo fisico de canal abierto con
geometria fija, operado en condiciones de flujo subcritico y con un
caudal constante de 40 I/s. El objetivo es establecer correlaciones em-
piricas validadas experimentalmente entre las estructuras del flujo
y la dindmica del sedimento en canales bifurcados. Se registraron
velocidades instantaneas del flujo en mas de 180 puntos mediante
un velocimetro acistico Doppler (ADV), y se realizaron mediciones
topograficas del lecho para cuantificar la socavacion y la sedimen-
tacion. En total, se socavaron 43.3 1 de arena (con una profundidad
maxima de 15.01 cm), se redepositaron 8.0 1 (con espesores de hasta
8.49 cm), y se transportaron 35.3 1 mas alla del lecho mévil. Los re-
sultados indican que el flujo es predominantemente unidimensional
en el canal de aproximacién, mientras que la bifurcacion induce
componentes tridimensionales del flujo (Vx, Vy, Vz), asociados a ca-
pas de corte, formacion de vortices y redistribucion de sedimentos.
En comparacién con estudios previos que se enfocan en lechos fijos o
simulaciones numéricas, esta investigacion aporta evidencia experi-
mental de alta resolucion sobre la relacion entre estructuras de flujo
secundario y patrones de transporte de sedimentos en condiciones
de lecho mévil. Los hallazgos contribuyen a mejorar la capacidad
predictiva del comportamiento morfodinamico en bifurcaciones na-
turales y respaldan el desarrollo de estrategias mas eficientes para el
control de sedimentos y el disefio hidraulico.

Palabras Clave: bifurcacion, velocimetro acistico Doppler
(ADV), transporte de sedimentos, flujo en canal abierto.

I. INTRODUCTION

IVER bifurcations, also known as diffluences, are critical

geomorphological features where a single channel divides
into two downstream branches, influencing flow partitioning,
sediment transport, and channel stability. These junctions are
fundamental in river deltas, alluvial fans, braided rivers, avul-
sions, anastomosing rivers, meanders or sinuous curves or bends
in rivers, floodplains and meanders rectification and engineered
waterway networks [1], where their stability dictates the long-

© The authors. Creative Commons Attribution 4.0 International License
https://creativecommons.org/licenses/by/4.0/
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term morphological evolution of riverine environments [2].
Mismanagement of sediment transport at bifurcations can lead
to excessive deposition, erosion, or channel abandonment,
which are crucial factors for hydraulic infrastructure design [3].

Among the key hydrodynamic processes governing bifurca-
ted flows is the Bulle effect —a three-dimensional phenomenon
in which near-bed, low-momentum flow and sediment are pre-
ferentially diverted into one branch of the bifurcation, often the
lateral or secondary channel. This effect, driven by counter-ro-
tating secondary vortices, causes an asymmetrical distribution
of sediment load and contributes to scour in the main branch
and deposition near the secondary channel entrance [4], [5]. As
such, the Bulle effect introduces a nonlinear sediment partitio-
ning mechanism that cannot be captured by depth-averaged mo-
dels, highlighting the need for detailed experimental and three-
dimensional analysis in bifurcation studies.

Despite their significance, bifurcations have historically re-
ceived less attention compared to confluences. However, recent
experimental, numerical, and field-based studies have refined
our understanding of bifurcation dynamics. Laboratory expe-
riments have demonstrated that bifurcation asymmetry —es-
pecially at large divergence angles— tends to promote channel
abandonment through sediment plugging, reinforcing previous
theories on the self-strangulation of secondary branches [6].
These studies, while insightful, have focused primarily on
simplified configurations or idealized bifurcation angles under
controlled conditions. In parallel, high-resolution numerical
models have examined the influence of downstream boundary
conditions and branch lengths on bifurcation stability [7].

However, such simulations are typically conducted under
fixed-bed assumptions and symmetrical layouts, which limits
their ability to replicate morphodynamic processes associated
with mobile-bed conditions and sharp-angle bifurcations. The
present study complements these efforts by experimentally in-
vestigating an asymmetrical bifurcation with a mobile sediment
bed under controlled flow conditions, enabling direct observa-
tion of sediment dynamics and quantification of erosion—depo-
sition patterns in geometries not fully addressed in prior work.

Numerical simulations have significantly contributed to un-
derstanding and predicting sediment partitioning at river bifur-
cations. For instance, [8] developed a one-dimensional mor-
phodynamic model that incorporates erodible banks and local
channel width adjustments. Their findings demonstrated that
gravel-bed bifurcations naturally evolve toward asymmetric sta-
ble configurations, where one branch consistently captures most
of the flow and sediment. Similarly, [9] implemented a field-
validated framework for predicting water and sediment fluxes
across delta bifurcations under varying discharge conditions.
By integrating graph-based models and nodal relations derived
from channel geometry and hydraulics, they achieved accurate
partitioning estimates even in data-sparse environments. These
studies underline the capacity of 1D and 3D models to reveal
how sediment loads and planform variables control morpholo-
gical evolution and long-term avulsion or stabilization patterns.

In contrast, simulations and field studies incorporating tidal
influences highlight different stabilization mechanisms. [10]
investigated two highly asymmetric, tide-affected bifurcations
in the Kapuas River delta. Their findings revealed that neither

transverse bed slopes nor inlet steps were sufficient to stabilize
bifurcations dominated by suspended sediment transport. Ins-
tead, bed material sorting and the geometry of the side bran-
ches —particularly inlet width and depth— played critical roles
in determining sediment division. These observations suggest
that tidal dynamics may reduce branch dominance by dampe-
ning flow gradients, thus promoting morphological resilience
in systems where fluvial and tidal forcings interact.

Field-scale research has reinforced the practical relevance
of computational findings by validating them under real-world
conditions. For example, [11] developed a quasi-two-dimen-
sional model for braided gravel-bed rivers that revealed how
small changes in the upstream Shields parameter can trigger
shifts between symmetric and asymmetric bifurcation equili-
bria. However, their model assumes fixed banks and simplified
loop geometries, limiting its applicability to natural systems
with variable planform and mobile boundaries.

In a complementary approach, [12] implemented a physica-
Ily-based moving boundary model to simulate sediment-laden
inflows into lakes and reservoirs. Their results demonstrated
how delta progradation and bottomset mud deposition are
tightly coupled to turbidity current dynamics, but the scena-
rios assume stratified standing water and do not include flu-
vial bifurcation under open-channel flow. These examples
illustrate how numerical modeling has advanced our unders-
tanding of bifurcation dynamics and deltaic evolution, while
also highlighting the need for controlled experimental data
to validate assumptions and extend their applicability to non-
idealized channel systems.

Advances in bifurcation research have practical implications
for river engineering and sediment management. Hydraulic in-
terventions such as dredging and artificial bifurcation stabiliza-
tion can trigger systemic morphological adjustments, including
the formation of wedge-shaped sand plugs, channel abandon-
ment, and significant redistribution of bed material across dis-
tributaries. [6] demonstrated experimentally that high diversion
angles promote sediment deposition at the bifurcation’s outer
bank, leading to self-reinforcing sand plug growth and eventual
disconnection of the diverted branch. Similarly, [10] showed
that in tidally influenced bifurcations, interventions modifying
the inlet geometry or flow distribution may alter the sediment-
to-water division ratio. Such changes can destabilize the sedi-
ment balance and accelerate or inhibit branch siltation, depen-
ding on the interplay between bed material sorting, secondary
flows, and tidal modulation. These findings underscore the ne-
cessity of adaptive sediment management strategies that inte-
grate hydrodynamic and morphodynamic feedbacks to prevent
unintended channel evolution and maintain long-term stability.

Emerging methodologies, such as high-resolution satellite
imaging and computational fluid dynamics (CFD) simulations,
are transforming bifurcation stability studies. Remote sensing
techniques using Landsat imagery have facilitated long-term
monitoring of bifurcation evolution, while advanced modeling
platforms like Delft3D have provided new insights into the im-
pacts of climate change and human interventions on bifurcation
dynamics [7]. However, such numerical models have typically
been applied under idealized conditions involving symmetrical
geometries and fixed beds. As a result, they do not fully captu-
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re the morphodynamic complexity of acute-angle bifurcations
with mobile sediment beds. The present experimental study
addresses this gap by investigating, under controlled laboratory
conditions, how flow redistribution affects sediment transport
and local bed evolution in an asymmetrical bifurcation with a
mobile granular bed.

However, despite these advances, a detailed understanding of
how three-dimensional flow structures interact with sediment
dynamics in sharp-angle lateral bifurcations under mobile bed
conditions remains limited. Most existing studies either focus
on fixed-bed scenarios, large-scale river systems with complex
boundary conditions, or numerical predictions that require ex-
perimental validation. There is still a need for controlled labo-
ratory experiments that can isolate the effects of velocity gra-
dients, vortex shapes, and flow partitioning on localized scour
and sediment deposition. Addressing this gap is crucial for
improving sediment management strategies and informing the
design of stable bifurcation systems.

This research aims to bridge existing knowledge gaps by
conducting controlled laboratory experiments in a bifurcated
channel with a mobile sediment bed. Using high-precision
Acoustic Doppler Velocimetry (ADV), this study investiga-
tes the correlation between velocity distribution, sediment
transport, and bifurcation stability. The experimental findings
enable the identification of quantifiable relationships between
hydrodynamic patterns and morphodynamic responses, offe-
ring a foundation for improving conceptual understanding and
informing the calibration and validation of future numerical or
field-based predictive models. These insights also support prac-
tical sediment management strategies in hydraulic engineering,
with direct applications to river stabilization, flood mitigation,
and waterway navigation management.

II. MATERIALS AND METHODS

A. Conceptual Framework, Experimental Design,
and Benchmarking with Previous Studies

This study was initiated through a comprehensive review of
the existing literature and the conceptual design of a physical
modeling facility at the Center for Research and Studies in Wa-
ter Resources Engineering (CIERHI) of the National Polytech-
nic School (EPN). The experimental platform was developed
within a laboratory equipped with a closed-loop water recircu-
lation system capable of delivering up to 100 1/s, constrained by
pump power and head losses. The working area, approximately
200 m?, was limited by the presence of adjacent experimental
setups. In addition, a total of 800 kg (480 1) of non-cohesive
sediment was available for experimental use.

These physical and operational constraints defined the con-
figuration of the facility, including the geometry of the flume,
slope selection, sediment retention and collection systems, and
the positioning of the water intake and measurement units. The
system incorporated complementary structures —such as dis-
sipation tanks, sediment traps, scaffolding, and walkways— to
ensure safe operation and facilitate accurate data acquisition.
Preliminary hydraulic calculations were carried out to define the

channel length, width, depth, and slope required to generate the
desired sediment transport regime under subcritical conditions.

The sediment used consisted of uniform quartz sand with
a median diameter D, = 1.06 mm, selected for its well-docu-
mented behavior in experimental studies of sediment mobility
and morphodynamics. This grain size falls within the range
commonly employed in laboratory bifurcation studies [13] and
ensures fully turbulent flow, bedload-dominated transport, and
rapid morphological adjustment, enabling the identification of
scour and deposition processes within practical timeframes.
The uniformity of the material minimizes grain-size sorting
effects and supports the reproducibility of bedforms, while
avoiding cohesion or clustering that might interfere with sedi-
ment transport dynamics.

The geometric configuration of the experimental facility
was established based on hydraulic design criteria and sedi-
ment transport considerations. The height of the mobile bed
was defined through the estimation of local scour using five
different analytical methods commonly applied in bridge foun-
dation design [14]. Among these, the method proposed by [15]
yielded the most critical depth (h = 0.32 m), and a conservative
design thickness of h = 0.30 m was adopted for construction.
The channel width was set to b = 0.60 m to allow high-reso-
lution velocity profiling across five transverse sections spaced
10 cm apart using an Acoustic Doppler Velocimeter (ADV).
The length of the approach channel (L = 4.0 m) was experi-
mentally calibrated to ensure fully developed flow before the
bifurcation, while the downstream main channel (L = 2.0 m)
and the secondary branch (L = 0.94 m) were designed to ac-
commodate the sand bed, flow redistribution, and sediment
transport beyond the bifurcation node.

The selected discharge of Q = 401/s and the normal flow
depth above the bed (dO = 0.24 m) were determined iteratively
to ensure that the dimensionless shear stress remained below
the critical Shields parameter for incipient motion and that
the resulting critical slope was lower than the channel slope
(S = 0.1 %). The sidewall height (H = 0.60 m) was chosen to
safely contain both the mobile bed and the constant water depth,
maintaining a freeboard of 0.06 m. The resulting design velocity
near the bifurcation junction was approximately U = 0.28 m/s.

The experimental sediment consisted of non-cohesive quartz
sand with a median grain size D, = 1.06 mm, selected for its
proven suitability in morphodynamic flume studies. Previous
experiments on mobile-bed bifurcations have employed similar
particle sizes ranging from 0.5 mm to 1.1 mm [13], [16], [17],
which ensure bedload-dominated transport under turbulent
conditions and allow for rapid morphological response without
cohesive interference. Furthermore, the adopted geometric para-
meters—including a 0.30 m sand thickness, 0.60 m flume width,
and 4.0 m approach length—align with established experimental
configurations in the literature and are consistent with validated
setups for bifurcation flow-sediment interaction studies.

Previous research has demonstrated the effectiveness of
physical models in analyzing sediment—flow interactions at bi-
furcations. [18] studied sediment transport in 90° diversions,
confirming the importance of controlled laboratory conditions.
However, this study was based on a fixed-bed experimental setup
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with relatively short test durations (45-75 minutes), which limi-
ted the observation of long-term morphological evolution and
bed feedback processes. [6] showed that bifurcation angles sig-
nificantly influence sediment deposition and channel evolution,
underscoring the need for precise geometric control in physical
experiments. Nevertheless, these experiments were focused on
idealized geometries and did not address configurations with
sharp angles and fully mobile sediment beds, nor did they quan-
tify the uncertainty associated with measured flow velocities.

To address these limitations, the present study introduces
a mobile-bed laboratory setup with over 180 high-resolution
velocity measurements, using the SonTek FlowTracker2 ADV.
The instrument provides velocity accuracy within 1 % of the
measured value per second, with uncertainty analysis grounded
in Interpolated Variance Estimator (IVE) and ISO-748 methods
[19]. Moreover, quality control is ensured through parameters
such as Signal-to-Noise Ratio (SNR = 10 dB) and velocity
standard error (< 0.01 m/s), as specified in the manufacturer’s
guidelines [20], [21]. This methodology enhances the reliabili-
ty of the experimental data and addresses gaps in precision and
representativeness noted in earlier studies.

B. Experimental Flume Configuration and Hydraulic Setup

Based on the hydraulic and sediment transport design consi-
derations, the physical modeling facility was constructed at the
Center for Research and Studies in Water Resources Enginee-
ring (CIERHI), located in Quito, Ecuador. The experimental
flume consists of a prismatic, transparent acrylic channel mea-
suring 4.0 m in length, 0.60 m in width and height, with a lon-
gitudinal slope of 0.1 %. Transparent acrylic walls were selec-
ted due to their smoothness and high optical clarity, which are
ideal for flow visualization and accurate ADV measurements
in laboratory conditions. A 90° lateral bifurcation branches
off the main channel into a secondary arm measuring 2.0 m
in length, with identical cross-sectional dimensions and slope.

The bifurcation zone was designed to simulate natural se-
diment—flow interactions and includes a mobile sediment bed
with a uniform thickness of 0.30 m, extending 1.70 m along
the main channel and 0.93 m along the secondary branch.
The bed was filled with well-sorted quartz sand characterized
by a median grain size D, = 1.06 mm, with D,= 0.85 mm,
D,, = 1.40 mm, a specific weight of 1660 kg/m?, a uniformity
coefficient Cu = 1.49, and a curvature coefficient CC =1.03.

To realistically represent fluvial bifurcations under contro-
lled laboratory conditions, the channel geometry was delibe-
rately configured with a sharp divergence angle (~90°) and
uniform rectangular cross-sections in both branches. This plan-
form asymmetry is frequently encountered in natural systems
such as deltas and distributary networks, where it promotes
the development of flow separation zones, secondary vortices,
and sediment plug formation. The flat bed and constant slope
further enable precise control over sediment mobilization and
redistribution. This configuration allows for the reproduction
and monitoring of key morphodynamic processes —such as
branch flow redistribution, vortex-driven transport, and locali-
zed scour— that are essential to the stability and evolution of
natural and engineered bifurcations.

Flow control at the downstream end of the secondary chan-
nel is achieved using a vertically adjustable gate positioned
0.132 m from the channel top (0.468 m from the bottom), regu-
lating flow to maintain a water depth of 0.24 m above the sand
bed. The calculated recirculating flow rate was 40 1/s. Fig. 1A)
shows the perspective view of the setup, while Fig. 1. B) details
the sand bed and its key dimensions.

C. Preliminary Calibration and Bed Adjustment
Jor Equilibrium Conditions

Preliminary testing involved verifying watertightness, expec-
ted flow patterns, and initial sediment behavior. It was found that
the original geometry of the bed did not allow an adequate de-
velopment of sediment transport phenomena, especially in the
secondary channel, whose short length prevented the sedimen-
tation of sand in the area downstream of the main mound that
was being formed. Therefore, the distribution of the sand bed
was adjusted with the purpose of locating it in the areas of grea-
test occurrence of sediment transport phenomena, shortening its
length in the main channel by 0.30 m and extending it in the se-
condary channel by 0.30 m, but maintaining its width and height,
resulting in the final configuration shown in Fig. 1. B).

=y

f\\\
4 \*
Channel and bifurcation /

Gate
\ Inlet tank /
Inlet Pipe

Flow measurement tank

Sand bed

Fig. 1. Experimental facilitie A) Perspective view. B) Sand bed and its
main dimensions.

Boundary conditions were defined to remain constant throug-
hout testing (flow rate Q = 40 /s, water depth d = 0.24 m, chan-
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nel width b = 0.60 m and channel slope S = 0.1 %), the average
velocity calculated for the main approach channel is U, = 0.28
m/s, while flow velocities and sediment transport varied spatia-
lly in the area of the bifurcation, which will be further detailed
below. A flow rate of 40 /s was maintained continuously for 24
hours until a relative equilibrium between scour and deposition
was reached, the criterion used to determine bed equilibrium is
the absence of movement in the sediments while the water is still
flowing [22] It should be emphasized that the subsequent veloci-
ty measurement was performed only after equilibrium had been
reached in the sediment transport, i.e. when no more spatial varia-
tions of the bed were recorded, so that the movement of the sand
particles would not affect the validity of the velocities obtained.

D. Bathymetric Survey of the Mobile Bed
and Resolution Constraints

The topographic survey of the sand bed (bathymetry) was
carried out at the bifurcation of the experimental facility. For
this purpose, mobile limnimeters were used following a ma-
trix or grid drawn every 3 cm in the X and Y directions. For
both channels there are limitations on bed edge measurements,
it was not possible to topographically survey the edges of the
sand bed with a thickness between 1.0 and 4.5 cm due to the
physical impossibility of lowering the limnimeters in these
areas located next to the acrylic pieces that compose the main
and secondary channels. Details of their dimensions and loca-
tion are shown in Fig. 2, where the cross and normal sections at
whose intersections the flow velocities were measured are also
shown, as explained in the following section.
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Fig. 2. Dimensions and location of the surveyed sand bed and remaining edges.

The sediment used in this study —uniform quartz sand with
a median grain size of approximately 1.06 mm— is typically
transported as bedload, primarily through rolling and saltation
under subcritical flow conditions. Due to its relatively high
settling velocity, this particle size exhibits limited suspension
unless subjected to intense turbulence or near-flood conditions.
The dominance of near-bed transport in such granulometric
ranges justifies the use of fine-resolution bathymetric grids
(3 cm x 3 cm), as most morphological changes —such as scour
and deposition— occur close to the sediment—flow interface
and within short spatial scales [23], [24].

Moreover, the well-sorted nature of the sediment (with a uni-
formity coefficient C, = 1.49) facilitates coherent bedform de-
velopment and predictable mobilization once the Shields thres-
hold is exceeded. In contrast to poorly sorted mixtures, uniform
sediments promote synchronized particle entrainment and well-
defined morphological structures such as ripples or dunes, en-
hancing the reproducibility and interpretability of bathymetric
measurements [25], [26]. Thus, both the granulometry and the
high-resolution survey strategy contribute to the robustness of
the morphological data collected in this flume experiment.

E. Three-Dimensional Velocity Measurement
and Experimental Flow Characterization

Flow directions were defined with X as the longitudinal
axis, Y as transverse, and Z as vertical (Fig. 3), allowing syste-
matic assessment of velocity components within both channels.

Fig. 3. Schematic of the spatial directions or components (X, Y, Z) adopted for
the flow in the primary and secondary channels.

Instantaneous flow velocities were taken at more than 180
points, defined by the intersection between cross sections (YZ
planes), normal (XZ planes) and longitudinal (XY planes); dis-
tributed as follows:

* By varying the abscissae X, 7 cross sections were cho-
sen for the main channel (A, B, C, D, E, F and G) and
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5 cross sections for the secondary channel (H, I, J, K and
L); these were defined according to the physical space
available for the location of the ADV and its support on
the channels.

e By varying the Y ordinates, 5 normal sections were cho-
sen for the main channel (1, 2, 3, 4 and 5) and 5 normal
sections for the secondary channel (1°,2’, 3,4’ and 5°);
these were defined according to the lateral distance that
the equipment must have from the solid objects for opti-
mum performance.

e Varying the Z dimensions, 3 longitudinal sections were
chosen for both channels (o,  and y); these were defined
according to the minimum submergence and the vertical
distance that the equipment must have from solid objects
for optimum performance.

The distribution of the velocity measurement points is
shown in the Fig. 4, Fig. 5, Fig. 6 and Fig. 7. These locations
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fields [27] demonstrated the efficacy of ADV technology in L e et
capturing secondary flows relevant to sediment transport. [10] 3{:m;::::::_j_‘
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Fig. 5. Plan view diagram showing the position of the points, sections, and area
where instantaneous flow velocity measurements were taken.
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Fig. 4. Plan view diagram showing the position of the points and sections where

instantaneous flow velocity measurements were taken. Fig. 6. Section view diagram showing the position of the points, sections, and

area where instantaneous flow velocity measurements were taken in the pri-
mary channel.
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Fig. 7. Section view diagram showing the position of the points, sections, and
area where instantaneous flow velocity measurements were taken in the secon-
dary channel.

For measuring instantaneous flow velocities, an Acoustic
Doppler Velocimeter (ADV) was used, specifically the Son-
Tek FlowTracker2, a high-technology instrument designed for
three-dimensional velocity data acquisition in shallow flows
[28]. Measurements were taken at over 180 locations within the
bifurcation zone. At each point, velocity data were recorded for
a total duration of 40 seconds, with a data output interval of 0.5
seconds, yielding 80 instantaneous velocity readings per point.
The sampling rate, data filtering, and averaging were managed
via the manufacturer’s software suite.

The ADV probe includes a central transmitter and three
acoustic receivers. To ensure data quality, care was taken to
position the sampling volume at least 5 cm away from solid
boundaries and above the active layer of the mobile sediment
bed, avoiding signal reflection or acoustic interference. Ac-
cording to the manufacturer, the Signal-to-Noise Ratio (SNR)
must remain between 10 and 50 dB to ensure reliable veloci-
ty measurements, and the standard deviation of the horizontal
components should remain below 0.01 m/s [20] These thres-
holds were verified in real time during acquisition.

Although ADVs provide high-resolution data, they can be
affected by sediment suspension, signal scattering near the
bed, and low flow turbulence near walls. In this study, poten-
tial disturbances were mitigated by positioning the probe well
within the flow core and rejecting outlier values based on velo-
city standard deviation and SNR thresholds. Similar protocols
have been employed in previous laboratory studies of sediment

transport in bifurcations [5], [29], where ADV performance has
proven adequate under controlled conditions with mobile beds.

Studies such as those by [30] have employed similar measu-
rement techniques to analyze velocity distribution and sediment
transport in bifurcated channels, confirming the effectiveness
of these methods in obtaining precise and detailed hydrodyna-
mic data in physical models. Once the optimal conditions for
proper device operation were verified, instantaneous velocities
were recorded at the previously specified points as part of the
experimental trials to quantitatively characterize the main hy-
drodynamic phenomena occurring within the setup.

To ensure that the flow conditions are representative of na-
tural bifurcations, the experimental design was guided by di-
mensionless parameters commonly used in fluvial hydraulics,
including Froude number, aspect ratio, and bifurcation angle.
The selected slope (0.1 %), sediment size (D, = 1.06 mm), and
flow rates were calibrated to promote sediment mobility under
turbulent flow while reproducing features such as vortex for-
mation, flow separation, and localized scour —characteristic
of bifurcating river systems. These emergent phenomena have
been reported in both field and laboratory studies [5], [6], con-
firming the morphological and hydrodynamic similarity bet-
ween the experimental setup and natural conditions.

These methodological choices align with best practices in
sediment transport research and contribute to the broader un-
derstanding of hydrodynamic processes governing bifurcation
stability and sediment partitioning.

[II. RESULTS AND DISCUSSION

The magnitudes of the resultant velocity vectors for the mean
velocities Vx, Vy, and Vz of the circulating flow over the sand
bed in the experimental setup are graphically represented for the
three longitudinal sections a, §, and y. Analysis of the spatial
velocity field in the three longitudinal sections (., , and y) pro-
vides essential data on the changes in hydrodynamic flow condi-
tions leading to scour and sediment deposition in the bifurcation
zone. Studies such as [2] and [30] confirm that the interaction
between velocity fields and sediment motion is crucial in bi-
furcations, influencing both scouring and deposition processes.

Recent numerical studies, such as those by [8], have vali-
dated experimental observations by simulating velocity distri-
butions and sediment behavior in bifurcations. These models
confirm the existence of secondary circulations and velocity
gradients that govern sediment transport, reinforcing the expe-
rimental findings of this study (Table I).

A. Velocity Variability in Longitudinal Sections

The graphical representation of resultant velocity vectors for
mean velocities Vx, Vy, and Vz (calculated from the average
instantaneous velocities) allows for the identification of flow
acceleration, deceleration, and vortex formation in each longi-
tudinal section, which are essential in understanding sediment
transport mechanisms. The spatial distribution of velocity
magnitudes along the longitudinal sections reveals significant
changes in flow characteristics induced by the bifurcation. The
graphical representation of resultant velocity vectors—compu-
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ted from the mean components VX, Vy, and Vz obtained from
time-averaged instantaneous data—facilitates the identification
of flow acceleration, deceleration, and vortex formation. These
phenomena are essential to understanding sediment transport
mechanisms within the bifurcation zone.

Numerical simulations by [8] predicted counter-rotating
vortices forming before the bifurcation apex, a phenomenon
that was also observed experimentally by [27] and [31]. These
vortices influence near-bed sediment transport, leading to une-
ven sediment distribution between the branches.

1. LONGITUDINAL SECTION o

Fig. 8. illustrates the velocity distribution for longitudinal section
o, located at a height of 0.164 m from the original sand bed level.
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Fig. 8. Magnitudes of the resultant velocity vectors V for the mean velocities
VX, Vy, and Vz in longitudinal section a at a height of 0.164 m.

Analysis for the Primary Channel

In the primary channel, a progressive reduction in the Vx
component is observed from Section A to Section F, while the
Vy component increases near the bifurcation zone. This trend
aligns with findings from [27], who observed similar velocity
redistribution patterns in experimental bifurcations, emphasi-
zing their crucial role in sediment transport.

The Vx velocity component exhibits values around 0.28 m/s
at abscissa 0.035 m (Section A), progressively decreasing until
reaching 0.00 m/s or slightly negative values at abscissa 1.655
m (Section G). The lowest Vx values for this channel are obser-
ved near the left boundary.

The Vy velocity component exhibits values around 0.00 m/s
at abscissa 0.035 m (Section A), progressively increasing until
reaching 0.52 m/s at abscissa 1.055 m (Section E) located at
the center of the lateral bifurcation. The lowest Vy values are
observed near the left boundary of the channel.

In the dead volume zone at the end of the primary channel
extension, between abscissas 1.355 m (Section F) and 1.655
m (Section G), counterclockwise vertical-axis vortices form
due to flow division, confirmed by the presence of both po-
sitive and negative velocity values at abscissas 1.355 m and
1.655 m. These vortices contribute to localized energy dis-
sipation on 90° lateral diversions [31], similar to the obser-
vations made by [2] in their studies on bifurcation-induced
transport mechanisms.

TABLE I
SUMMARY OF INSTANTANEOUS VELOCITY EXTREMES AND RESULTANTS

LONGITUDINAL SECTION a

Main Channel

Normal Velocity Vx Transverse Velocity Vy Resultant Velocity V
Maximum Minimum Maximum Minimum Maximum Minimum
Value (m/s) 0.29 0 0.52 0 0.56 0
Cross Section A A G F E G E G
(Abscissa m) (0.035) (0.035) (1.655) (1.355) (1.055) (1.655) (1.055) (1.655)
Normal Section 3 5 1 2 5 1 5 1
(Ordinate m) (0.30) (0.50) (0.05) (0.20) (0.50) (0.15) (0.50) (0.15)
Secondary Channel
Normal Velocity Vx Transverse Velocity Vy Resultant Velocity V
Maximum Minimum Maximum Minimum Maximum Minimum
Value (m/s) 0.39 0.09 -0.44 0 0.52 0.11
Cross Section L I H K H 1
(Abscissa m) (0.930) (0.290) (0.000) (0.740) (0.000) (0.290)
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Normal Section 2’ 5 3 3 3’ 5
(Ordinate m) (0.20) (0.50) (0.30) (0.30) (0.30) (0.50)
LONGITUDINAL SECTION p
Main Channel
Normal Velocity Vx Transverse Velocity Vy Resultant Velocity V
Maximum Minimum Maximum Minimum Maximum Minimum
Value (m/s) 0.29 0 0.49 0.01 0.53 0.03
Cross Section A A F E G E G
(Abscissa m) (0.035) (0.035) (1.355) (1.055) (1.655) (1.055) (1.655)
Normal Section 3 5 4 5 1 5 1
(Ordinate m) (0.30) (0.50) (0.40) (0.50) (0.15) (0.50) (0.15)
Secondary Channel
Normal Velocity Vx Transverse Velocity Vy Resultant Velocity V
Maximum Minimum Maximum Minimum Maximum Minimum
Value (m/s) 0.4 0.18 -0.37 0.01 0.48 0.18
Cross Section L I H J 1 1
(Abscissa m) (0.930) (0.290) (0.000) (0.540) (0.290) (0.290)
Normal Section I 5 1’ 3’ I 3 5
(Ordinate m) (0.15) (0.50) (0.15) (0.30) (0.15) (0.30) (0.50)
LONGITUDINAL SECTION y

Main Channel

Normal Velocity Vx Transverse Velocity Vy

Resultant Velocity V

Maximum Minimum Maximum Minimum Maximum Minimum
Value (m/s) 0.3 0.01 0.48 0 0.53 0.02
Cross Section A G E B E G
(Abscissa m) (0.035) (1.555) (1.055) (0.284) (1.055) (1.655)
LONGITUDINAL SECTION y
Main Channel
Normal Section 5 5 5 12 5 1
(Ordinate m) (0.50) (0.50) (0.50) (0.20) (0.50) (0.15)
Secondary Channel
Normal Velocity Vx Transverse Velocity Vy Resultant Velocity V
Maximum Minimum Maximum Minimum Maximum Minimum
Value (m/s) 0.38 0.2 0.53 -0.01 0.63 0.21
Cross Section J H L J L H
(Abscissa m) (0.540) (0.000) (0.930) (0.540) (0.930) (0.000)
Normal Section 4 1 5 1 5 1’
(Ordinate m) (0.40) (0.15) (0.50) (0.15) (0.50) (0.15)

Analysis for the Secondary Channel

In the secondary channel, a progressive increase in the Vx
component is observed from Section H to Section L, while the
Vy component is higher near the bifurcation zone.

The Vx velocity component exhibits values around
0.21- 0.26 m/s at abscissa 0.000 m (Section H), progressively
increasing until reaching 0.32 — 0.39 m/s at abscissa 0.930 m
(Section L); this trend indicates flow stabilization downstream,
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as the absence of additional geometric disturbances allows the
flow to regain its uniform characteristics; however, variability is
observed near the channel boundaries, particularly at ordinates
0.15 m (Section 1) and 0.50 m (Section 5’), with fluctuations
evident at abscissas 0.29 m (Section I), 0.54 m (Section J), and
0.74 m (Section K). The lowest Vx values for this channel are
observed near the right boundary.

The Vy velocity component exhibits values from 0.44 to
0.09 m/s at abscissa 0.000 m (Section H) and from 0.07 to 0.37
m/s at abscissa 0.930 m (Section L), show no clear trend. [10]
A large vertical axis vortex with clockwise rotation, elonga-
ted and oval section, is identified along the X-axis; this vortex
with low velocities is located on the right side of the secondary
channel, in the area approximately between the intersection
points of sections H and 5°, H and 3°, L and 5°, and L and 3’.
Similar vortex formations have been reported by [10], besides,
studies by [6] demonstrated that vortex-induced flow changes
can enhance sediment accumulation along the inner bank of a
bifurcated branch, just like the results of this study.

In summary, in section «, positioned 0.164 m above the
original sand bed level, Vx velocity components tend to de-
crease at the end of the primary channel and accelerate along
the secondary channel, particularly at its central ordinates.
Meanwhile, Vy velocity components show higher values in the
bifurcation zone of both channels, reinforcing the velocity re-
distribution effect of the bifurcation.

2. Longitudinal Section f

Fig. 9. illustrates the velocity distribution for longitudinal
section B, located at a height of 0.117 m from the original sand
bed level.
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Fig. 9. Magnitudes of the resultant velocity vectors V for the mean velocities
VX, Vy, and Vz in longitudinal section B at a height of 0.117 m.

Analysis for the Primary Channel

In longitudinal section {3, located 4.7 cm below section a,
the resultant velocity vectors V and their Vx and Vy compo-
nents exhibit similar values, flow patterns and trends as those
observed in section a; however, a notable difference is obser-
ved: in section f3, the area occupied by vorticity zones (regions
of low positive and negative velocities) is larger in the plan

10

view, particularly at the downstream end and along the left side
of the primary channel.

The increase in the vorticity region at greater depths suggests
an intensification of turbulence, which aligns with the experimen-
tal observations of [30], where turbulence intensity was found to
increase with depth in bifurcated flow conditions. This behavior
is crucial in sediment transport dynamics, as reported by [27],
who demonstrated that secondary flow patterns at deeper layers
influence the redistribution of sediment within bifurcation zones.

Analysis for the Secondary Channel

As in the primary channel, in longitudinal section f, similar
flow patterns and velocity trends and variations are maintained;
however, a notable difference is observed: the plan-view area
occupied by the low-velocity zone, which is the section of a
vortex on the right side of the secondary channel, is slightly
reduced. Similarly, the low-velocity area on the left side of the
channel is smaller, indicating that flow velocities Vx, Vy and
vectors V are slightly higher at this elevation; it suggests more
active sediment transport.

In summary, in section f3, positioned 0.117 m above the
original sand bed level, the same velocity trends observed in
section a are maintained, but with slightly higher velocities
near the edges of both channels, except in the dead zone of the
primary channel.

3. Longitudinal Section y

Fig. 10 illustrates the velocity distribution for longitudinal
section y, located at a height of 0.070 m from the original sand
bed level.
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Fig. 10. Magnitudes of the resultant velocity vectors V for the mean velocities
VX, Vy, and Vz in longitudinal section y at a height of 0.070 m.

Analysis for the Primary Channel

In longitudinal section y, located 4.7 cm below section f, the
resultant velocity vectors V and their Vx and Vy components
exhibit similar values, flow patterns and trends as those observed
in section f3; however, a notable difference is observed: in section
vy, the area occupied by vorticity zones (regions of low positive
and negative velocities) is larger in the plan view, particularly
at the vicinity of the intersection between Sections F and 5. In
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addition, the area of high speeds was increased at the vicinity of
the intersection between Sections E and 5, being evidence of in-
creased vorticity and turbulence in the center of the bifurcation.

Analysis for the Secondary Channel

As in the primary channel, in longitudinal section y, similar
flow patterns and velocity trends and variations are maintained;
however, a notable difference is observed: the low velocity zone
corresponding to the lower section of the vertical axis vortex in
the right center of the channel, has an even smaller area than in
section 3, which is indicative of its conical and inclined shape,
i.e., its diameter is smaller as the flow deepens and always re-
mains next to the channel wall. No velocity measurements were
recorded exactly in the center of the vortex in the section y, due
to significant sediment deposition in these areas, which prevents
the ADV from being positioned, given the manufacturer’s mini-
mum distancing recommendations. The values plotted for this
zone in Fig. 10. are interpolations of the data around it, therefore
sedimentation does not affect the validity of the data. In addition,
significant increases in velocities Vx, Vy and V are recorded,
especially in sections L and the right zone of section K.

In summary, in section y, positioned 0.070 m above the ori-
ginal sand bed level, the same velocity trends observed in sec-
tion o and B are maintained, but with higher velocities near the
edges of both channels, except in the dead zone of the primary
channel. There is a vertical axis vortex in the right center of the
secondary channel, it’s conical and has an inclined shape.

B. Analysis of Sediment Transport Phenomena

Fig. 11 and 12 qualitatively illustrate the sand bed forma-
tions after reaching a relative equilibrium in sediment transport
within the experimental setup. These formations result in scour
in some areas and sediment deposition in others, affecting both
channels of the experimental installation.

Fig. 13 provides a quantitative representation of sediment
transport phenomena (scour and sedimentation) through a
three-dimensional depiction and topographic contour lines,
where the 0.00 m level represents the original elevation of the
sand bed before water flow circulation began.
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Fig. 11. Lateral perspective view of the scour and sedimentation zones in the
sand bed of the experimental setup.
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Fig. 12. Frontal perspective view of the scour and sedimentation zones in the
sand bed of the experimental setup.

Main flow direction A

Secondary Channel

Flow direction

Primary Channel

00 02 04 06 08 10 12 14 16 (m)

= - 0.0 l 10
0o

00 - 0.2

5.0
59
T

w

L 0.4
L0.6 | o
L 0.8

- 1.0

Sand bed level (cm)

1.2
1.4 I

(m) & -15
Fig. 13. A) Three-dimensional representation of the sand bed in the bifurcation

zone after reaching a relative equilibrium in sediment transport. B) Topogra-
phic contour lines of the sand bed.

Sediment transport in the experimental setup is predomi-
nantly concentrated in the bifurcation zone, particularly along
the edges connecting the two channels, specifically at the in-
tersection of Sections D and F with Section H. The primary
channel exhibits only scour processes, whereas the secondary
channel experiences both scour and sedimentation phenomena.

In the primary channel, sediment transport is concentrated
in Sections 4 and 5 (right zone) near the bifurcation. Conver-
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sely, in Sections 1 and 2 (left zone) and further downstream of
Section 3 (central zone), the sand bed remains largely undistur-
bed. Unrelated scour phenomena are observed in Sections A and
B, occurring due to the transition from a solid, fixed bed with an
inverted Creager profile to a mobile, erodible sediment bed at the
entrance of the primary channel. These localized scour effects
are unrelated to the bifurcation and are therefore excluded from
further analysis. At abscissa 0.472 m (Section C), the original
bed level is maintained, as the influence of the bifurcation on
flow and sediment dynamics is still minimal in this region.

From abscissa 0.500 m onward, intense scour phenomena
develop in the right and central regions of the primary channel,
progressively increasing toward edge DH at abscissa 0.755 m,
where a maximum scour depth of 8.71 cm is recorded. The
scour extends in both X and Y directions within the secondary
channel, forming an irregular pattern in the plan view.

At abscissa 1200 m, a more intense scour phenomenon oc-
curs, increasing towards edge FH at abscissa 1355 m, where
a maximum scour depth of 14.41 cm is reached. Similar to
the previous case, this scour is concentrated around the edge,
forming a distinct oval shape in the plan view, with its major
axis oriented toward the secondary channel and its minor axis
toward the primary channel. Beyond abscissa 1.700 m, the se-
diment level remains relatively undisturbed.

In the secondary channel, sediment transport affects the enti-
re sand bed surface, with both scour and sedimentation pheno-
mena present. These two processes are separated by the 0.0 m
topographic contour line, as shown in Fig. 13B).

e In Sections 1’ and 2’ (left zone), only scour is observed.

e In Sections 3’, 4’, and 5’ (center and right zone), both

scour and sedimentation occur.

The most intense scour in the experimental setup is recorded
at abscissa 0.000 m in the secondary channel, resulting from a
combined effect of flow redirection at edges FH and DH.

* A maximum scour depth of 9.91 cm is recorded to the

right at abscissa 0.000 m, ordinate 0.57 m.
* A maximum scour depth of 15.01 cm is recorded to the
left at abscissa 0.120 m, ordinate 0.03 m.

These scour zones are the deepest observed within the ex-
perimental setup.

* The scour associated with edge DH extends approxima-

tely to abscissa 0.180 m (between axes H and I).
* The scour associated with edge FH extends approxima-
tely to abscissa 0.740 m (axis K).

At abscissa 0.180 m, at the far-right edge of the channel, the
0.0 m topographic contour line begins, enclosing the sediment
deposition volume on the right side of the secondary channel,
extending downstream to its final section at abscissa 0.930 m.

¢ To the left of the 0.0 m level, the entire scoured zone of

the secondary channel is located, covering most of its
surface in the plan view.

The oval and concentric pattern of the sediment deposi-
tion contours indicates that flow conditions favor sediment
transport from the eroded bifurcation zone and its deposition
downstream to the right. The sedimentation rate increases
toward the centroid of the deposited volume, located at abs-
cissa 0.540 m, ordinate 0.51 m, reaching a maximum height
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of 8.49 cm. Sedimentation extends downstream up to abscissa
0.930 m (Section L).

Downstream of abscissa 0.180 m, sediment transport conti-
nues to display a left-side erosion trend and a right-side sedi-
mentation trend, varying in intensity and shape, as illustrated
in Fig. 13B).

The excess sediment transported from scoured zones, which
was not deposited elsewhere within the sand bed, was expe-
lled beyond the channel limits, primarily outside the secondary
channel. The most representative sediment transport volumes
recorded are:

¢ Total scoured (eroded) sand volume: 43.3 L

e Sedimented sand volume within the bed area: 8.0 L

* Expelled sand volume beyond the bed area: 35.3 L

These findings align with the results of [6], who demons-
trated that flow division and vortex-induced scour can signi-
ficantly affect sediment transport and deposition in bifurcated
channel systems. Furthermore, the correlation between veloci-
ty redistribution, turbulence, and sediment deposition supports
prior observations by [31] regarding the influence of bifurca-
tions on sediment dynamics.

While the experimental results offer valuable insights into se-
diment behavior at bifurcations, certain constraints must be con-
sidered when extrapolating to natural river systems. The use of a
uniform grain size (D, = 1.06 mm) does not account for selec-
tive transport, hiding effects, or differential sorting that typically
occur in polydisperse sediments. Additionally, the fixed geome-
try of the experimental flume, although useful for controlling
variables and ensuring repeatability, limits the representation of
feedback mechanisms like lateral migration, bank erosion, and
channel self-adjustment. These simplifications are necessary in
laboratory-scale studies but should be acknowledged when inter-
preting morphological implications in field scenarios.

C. Correlation for the Primary Channel

The relationship between flow velocity magnitudes and
sediment transport becomes evident beyond abscissa 0.472
m (Section C), where disturbances introduced by the bifur-
cation significantly influence velocity redistribution and se-
diment dynamics.

e Scour in the DH edge zone results primarily from the
90° redirection of the main flow from the primary
channel (X direction) into the secondary channel (X’
direction). Additionally, flow acceleration in this zone,
reaching 0.38 m/s, exceeds the mean velocity of 0.28
m/s recorded upstream (Sections A, B, and C), intensi-
fying erosion.

e Scour at the bifurcation junction (near abscissa 1.050
m, ordinates 0.40 m and 0.50 m, Section E) is linked to
turbulent, non-uniform accelerated flow, where velocity
magnitudes range between 0.41 m/s and 0.56 m/s.

e Scour in the FH edge zone originates from the impact of
flow streamlines against the left wall of the secondary
channel, forcing an abrupt directional shift. This impact
generates turbulent flow with high erosive capacity, lea-
ding to intense sediment removal.
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These observed scour patterns can also be attributed to the
Bulle effect, a three-dimensional flow phenomenon wherein
near-bed, low-momentum fluid and sediment are preferentially
redirected into the lateral branch. This occurs due to the action
of counter-rotating vortices that form around the bifurcation
apex, generating asymmetric velocity distributions and shear
stress gradients. As a result, the diverted branch receives a dis-
proportionate share of the sediment load, promoting deposition
or sediment plugging at its entrance, while the main channel
experiences enhanced scour near the node due to sediment-
deficient, accelerated flow. This mechanism reinforces the ero-
sion observed near DH and E zones, where flow redirection and
secondary circulation converge [4]

Beyond abscissa 0.700 m, in the left section of the primary
channel, the sand bed remains intact at 0.0 m elevation, corres-
ponding to low flow velocities (<0.05 m/s). The simultaneous
presence of low velocities and absence of sediment transport is
illustrated in Fig. 14.
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Fig. 14. Superposition of topographic contour lines on the mean velocity mag-
nitude graph for longitudinal section a.

These findings align with previous research, such as [31],
which reported that scour intensity increases at bifurcation ed-
ges due to abrupt velocity vector changes and flow division.

D. Correlation for the Secondary Channel

At abscissa 0.000 m, along edge DH, scour intensity gradua-
Ily decreases downstream until abscissa 0.200 m on the right
bank of the secondary channel. Simultaneously, flow velocities
reduce from 0.38 m/s to 0.15 m/s, confirming a direct correla-
tion between velocity magnitude and scour potential.

In the central bifurcation zone (abscissa 0.000 m), higher-
than-average flow velocities (0.52 m/s) correspond to scour
depths between 7.6 cm and 7.9 cm.

In contrast, no direct correlation is observed between low
velocities (0.17 m/s to 0.22 m/s) and scour at edge FH or
downstream on the left bank of the secondary channel. Instead,
sediment transport in this region is primarily driven by tur-
bulence generated from abrupt directional changes following
flow impact against the channel wall. The scour pattern extends
downstream to approximately abscissa 0.700 m, mainly due to
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the same turbulent phenomena, as velocities remain moderate
(0.17 m/s to 0.33 m/s).

On the right side of the secondary channel, a strong correla-
tion is observed between flow patterns and sediment transport
phenomena. The vortex flow surrounds the elevations (maxi-
mum height of 8.49 cm) of the deposited sediment mass, who-
se centroid aligns with the vortex core, where low velocities
prevail. Consequently:

* Sedimentation dominates in low-velocity zones.

* Erosion occurs in high-velocity areas.

These observations align with previous studies, such as
[11], who demonstrated that vortex-induced recirculation zo-
nes play a crucial role in sediment transport dynamics. Addi-
tionally, the findings corroborate the computational results of
[8], who successfully simulated secondary circulations and
flow division patterns in bifurcations, validating their impact
on sediment partitioning.

The flow here is dominated by secondary circulation, where
lateral advection transports particles into the vortex core, while
shear stress is insufficient to resuspend them. This pattern con-
firms that vortex-driven advection leads to sediment convergen-
ce, while reduced shear fosters stable deposition at the vortex
centroid. This interpretation is consistent with the conceptual
framework described by [32] and [33], where vortex-induced
sorting shapes bed morphology in lateral branches.

IV. CONCLUSIONS

This experimental study, conducted in a 60 cm-wide channel
featuring a 90° lateral bifurcation and a 30 cm-thick sand bed
with defined granulometry, provided significant insights into
the relationships between flow velocities, flow patterns, and se-
diment transport phenomena. Using an Acoustic Doppler Ve-
locimeter (ADV), instantaneous flow velocities were measured
once a relative sediment transport equilibrium was achieved
(state in which the sediment particles have no motion). Addi-
tionally, detailed bathymetric measurements of the sand bed
allowed for a comprehensive qualitative and quantitative analy-
sis of scour and sedimentation processes.

The design phase determined a mean flow velocity of 0.28
m/s in the primary channel, a value that closely matched the
experimentally measured velocities in Section A, where strea-
mlines corresponded to uniform flow. In this region, the Vx ve-
locity component was dominant, while Vy and Vz components
were negligible. Positive and negative values for the velocity
components VX, Vy, and Vz were assigned according to the
ADV manufacturer’s predefined reference system. The highest
velocities were recorded at the central junction between the
channels, particularly near points ES and H3’, reaching a maxi-
mum of 0.56 m/s, while the lowest velocities were observed
in the left zone at the end of the primary channel, specifically
near G1, where velocities dropped to 0.00 m/s, forming a dead
volume zone.

Scour phenomena were concentrated in the bifurcation zone,
primarily along edges DH (depth up to 9.91 cm) and FH (depth
up to 15.01 cm). These scour processes resulted from turbu-
lence induced by the redirection of flow from the primary to
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the secondary channel, as well as impact forces against the left
wall of the secondary channel. In zone DH, a direct correlation
was observed between high velocities (0.38 m/s to 0.52 m/s)
and scour depth, whereas in zone FH, moderate velocities (0.22
m/s to 0.41 m/s) were recorded; however, scour was primarily
attributed to turbulent flow effects, rather than velocity magni-
tude alone.

On the right side of the secondary channel, a strong correla-
tion was found between flow patterns and sediment transport.
The vortex flow surrounded the elevations of the deposited se-
diment mass (maximum height of 8.49 cm), whose centroid
coincided with the vertical axis vortex core, where low veloci-
ties (0.11 m/s to 0.24 m/s) prevailed. Consequently, sedimen-
tation was dominant in low-velocity zones, while erosion was
prevalent in high-velocity areas. In the central junction, an evi-
dent correlation was found between higher-than-average flow
velocities (0.52 m/s) and scour depths of 7.6 cm to 7.9 cm. In
the primary channel, up to abscissa 0.472 m, the Vx veloci-
ty component remained predominant and relatively constant.
However, downstream, the bifurcation altered velocity magni-
tudes and directions, increasing the significance of the Vy com-
ponent, while the Vz component remained less pronounced.
Vx velocities decreased toward the end of the primary channel,
whereas acceleration was observed in the secondary channel,
especially at central ordinates. Meanwhile, Vy components
peaked near the bifurcation in both channels.

Scour in the primary channel occurred only near the bifur-
cation, whereas in the secondary channel, both scour and sedi-
mentation were observed throughout the entire sand bed surface.
Beyond abscissa 0.700 m, in the left zone of the primary chan-
nel, low velocities (< 0.05 m/s) were recorded, correlating with
the absence of sediment transport phenomena. The total eroded
sand volume was 43.3 L, of which 8.0 L was redeposited within
the sand bed, and 35.3 L was transported beyond the sand bed
limits, primarily downstream in the secondary channel.

The quality of instantaneous velocity measurements ob-
tained with the ADV was verified using the SNR controller.
Across all measured points, SNR values remained within the
recommended range of 10 dB to 50 dB. Velocity measurement
points were carefully selected following ADV manufacturer
guidelines, ensuring proper submergence, clearance from solid
objects, and data integrity. Among the longitudinal sections a,
B, and y, flow patterns and velocity vector distributions remai-
ned consistent, with only minor variations in the plan-view size
of dominant structures. Vz velocity components were detected
only in regions with sediment transport, showing an upward
direction in sedimentation zones and downward direction in
scour zones.

Counterclockwise-rotating vertical-axis vortices developed
in the dead volume of the primary channel extension (between
Sections F and G). These vortices formed due to the physical
constraint that prevented water from continuing downstream,
forcing the flow to recirculate within the dead volume. A con-
tinuous exchange of low-discharge flow was observed between
the bifurcation zone and the dead volume, with water entering
near F5 and exiting near F1.

The findings of this study contribute to the understan-
ding of sediment transport dynamics in bifurcated channels,
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highlighting the influence of velocity redistribution, turbu-
lence, vortex formation, and bifurcation-induced scour. These
results provide insights applicable to the design of hydraulic
structures, particularly in sediment control, flood management,
and channel stability.

Among the limitations of this experimental study, the most
important are related to the inputs and space available in the
experimental area of CIERHI; the amount of sand with speci-
fic granulometry for this study was limited (800 kg or 480 L),
which made it necessary to limit the area of the sediment bed
and locate it specifically in the areas where sediment transport
phenomena were more intense; If there had been more space
and a larger amount of sand with specific granulometry, the
dimensions of the channels and the sediment bed would have
been larger, which would surely have allowed us to gather more
information and experimental data.

Another limitation of the experimental study was derived
from the restrictions of the ADV manufacturer, related to the
submergence and minimum distances that must be respected
for the measurements of instantaneous velocities to be correct;
this resulted in the area where experimental data were recorded
being limited and having a distance of 7 cm with respect to the
bed and 10 to 15 cm with respect to the channel walls, leaving
areas whose velocities could not be recorded. A final limitation
is related to obtaining bathymetry using limnimeters, whose
supports prevented the reading of the edges of the sediment
bed, between 1.0 and 4.5 cm.

It is recommended that future research should attempt to
overcome the limitations of the present experimental study, so
that the sediment bed is wide enough to cover the entire bottom
of both channels; in addition, the use of state-of-the-art labora-
tory equipment is recommended to allow the measurement of
velocity profiles in areas even closer to the bed and walls of the
channels. It is also recommended that similar studies be con-
ducted, varying design and operational parameters such as flow
rate, water depth on the bed, angle of the bifurcation, sediment
size and distribution (grain size), and sediment type, in order
to broaden the results and determine the sensitivity of changes
in each of the variables considered.
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Prototype of a Biodegradable Plate Made from Sugarcane
Bagasse: Evaluation of Formation and Mechanical Properties

J. E. Lopez Velastegui®, W. H. Vaca Ortega?, C. H. Arroba Arroba?®, B. M. Guaméan Cando*

Abstract — This article presents the development and evalua-
tion of a biodegradable plate prototype made from sugarcane ba-
gasse. The research proposes sugarcane bagasse as a sustainable
alternative for the manufacturing of biodegradable products and
analyzes the environmental issues associated with the use of dis-
posable plastics. Experiments were conducted to determine [the
ideal proportions of potato starch, water, and sugarcane bagasse,
as well as the temperature and pressure conditions required to

create a plate with favorable mechanical properties.

When pressed at a temperature of 110 °C and a pressure of
8 bars, a mixture of 20 grams of sugarcane bagasse, 35 grams of
potato starch, and 33 milliliters of water produced plates with the
best structural integrity and without significant defects. Regar-
ding failure energy, displacement, and maximum bending stress,
the mechanical tests carried out based on ASTM D5628 and
ASTM D7264 standards demonstrated that the specimens manu-
factured under these conditions had adequate strength.

The use of sugarcane bagasse as a raw material for manufac-
turing biodegradable products is feasible, offering a practical so-
lution to reduce the environmental impact of disposable plastics.
The results provide a solid foundation for research and improve-
ments in the manufacturing process of biodegradable products
from agricultural waste.

Keywords: biodegradable materials; plastic pollution; thermo-
forming process; agricultural waste; sugarcane bagasse.

Resumen — Un prototipo de plato biodegradable creado a par-
tir de bagazo de caiia de azicar ha sido desarrollado y evaluado
en este articulo. La investigacion propone el bagazo de caifia de
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azicar como una alternativa sostenible para la fabricacion de
productos biodegradables y analiza los problemas ambientales
asociados con el uso de plasticos desechables. Se llevaron a cabo
experimentos para determinar las proporciones ideales de almi-
don de papa, agua y bagazo de caia de azicar, asi como las con-
diciones de temperatura y presion necesarias para crear un plato
con propiedades mecanicas favorables.

Cuando se prens6 a una temperatura de 110 °C y una presion de
8 bares, una mezcla de 20 gramos de bagazo de caiia de azicar, 35
gramos de almidén de papa y 33 mililitros de agua produjo platos
con la mejor integridad estructural y sin defectos significativos. En
cuanto a la energia de falla, el desplazamiento y la tensién maxima
de flexion, las pruebas mecanicas realizadas segiin los estandares
ASTM D5628 y ASTM D7264 demostraron que las muestras fa-
bricadas bajo estas condiciones tenian una resistencia adecuada.

El uso del bagazo de cafia de aziicar como materia prima para
la fabricacion de productos biodegradables es factible, ofreciendo
una solucion practica para reducir el impacto ambiental de los
plasticos desechables. Los resultados proporcionan una base soli-
da para la investigacion y mejoras en el proceso de fabricacion de
productos biodegradables a partir de residuos agricolas.

Palabras Clave: materiales biodegradables; contaminacién por
plasticos; proceso de termoformado; residuos agricolas: bagazo
de cafia de azicar.

[. INTRODUCTION

HE global search for sustainable solutions to reduce relian-

ce on conventional plastics has intensified due to growing
concerns about the environmental impact of disposable plastic
products. In this context, biodegradable materials have emer-
ged as a promising alternative to mitigate plastic pollution.
Among these materials, sugarcane bagasse stands out for its
abundance, low cost, and biodegradability, making it an attrac-
tive raw material for manufacturing disposable products such
as plates, cutlery, and packaging [1], [2].

The urgency to find sustainable substitutes has spurred in-
dustries and researchers to explore renewable resources capa-
ble of replacing traditional plastics, especially in regions with
limited waste management infrastructure. Recent studies in-
dicate that agricultural byproducts like sugarcane bagasse can
significantly contribute to the production of eco-friendly items
[1], [2]. This approach harnesses residual biomass —preven-

© The authors. Creative Commons Attribution 4.0 International License
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ting it from becoming landfill waste— and fosters a circular
economy by converting it into valuable commodities.

Several investigations have demonstrated that incorporating
natural fibers into biodegradable polymer matrices not only en-
hances mechanical performance but also improves thermal sta-
bility [3], [4]. These findings suggest that a hybrid composite
system comprising sugarcane bagasse and starch-based binders
can outperform conventional biodegradable materials, even in
demanding applications. Furthermore, recent advances in ther-
moforming and simulation tools, such as Ansys, enable more
precise control of process parameters, ensuring that final pro-
ducts meet both mechanical and environmental requirements
[5]. Consequently, this study aligns with the expanding body
of literature aimed at reconciling sustainability with material
performance in the development of biodegradable products.

Sugarcane bagasse, a byproduct of the sugar industry, is pri-
marily composed of cellulose, hemicellulose, and lignin, which
impart a fibrous structure and mechanical strength [3], [4]. To
make it suitable for biodegradable product manufacturing, this
byproduct must be combined with other materials (e.g., potato
starch), which acts as a binder [4], [5]. By blending sugarcane
bagasse, starch, and water, followed by a thermoforming pro-
cess, it is possible to develop biodegradable products that can
replace conventional plastics [5], [8].

The production of biodegradable plates from sugarcane ba-
gasse involves critical steps such as mixing components, mol-
ding under controlled heat and pressure, and evaluating mecha-
nical properties [8], [10], [11]. These steps require thorough
optimization to ensure that the final product is both practical
and eco-friendly. Proper mold formation is essential to obtain a
defect-free plate structure [10], and careful control of manufac-
turing parameters is key to minimizing issues like cracks and
incomplete formation [11].

This work focuses on evaluating the formation process and
mechanical performance of a biodegradable plate prototype made
from sugarcane bagasse. A series of experiments were carried out
to determine the ideal ratios of potato starch, water, and sugarcane
bagasse, along with the optimal temperature, pressure, and pres-
sing time conditions [7], [12]. Mechanical bending and impact
tests were performed to assess the durability and strength of the
plates produced [ 12], providing insights into the feasibility of using
sugarcane bagasse in biodegradable product manufacturing [11].

Preliminary trials indicated that a pressure of 8 bar and a
temperature of 110 °C were suitable for achieving defect-free
plate formation [10]. However, these early tests also showed
that pressing time and the amount of water significantly affec-
ted plate integrity and mechanical properties [10]. After ad-
justing component ratios and process parameters, plates with
adequate structural integrity —free of fiber detachment—were
obtained by combining 20 g of sugarcane bagasse, 35 g of
potato starch, and 33 mL of water, then pressing in 10-, 20-,
and 30-second cycles [11]. Subsequent impact tests followed
ASTM D5628 and ASTM D7264 standards, measuring maxi-
mum stress, displacement, and failure energy [12]. The results
confirmed that the specimens produced under these optimized
conditions exhibited mechanical strength comparable to that of
other biodegradable materials reported in the literature [11].
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In conclusion, this study demonstrates that functional bio-
degradable plates can be fabricated from sugarcane bagasse
by optimizing formation conditions and material composition.
These findings offer a solid basis for continued research and
technological progress in utilizing agricultural waste to manu-
facture biodegradable products, thereby reducing the environ-
mental impact associated with disposable plastics [5].

II. MATERIALS AND METHODS

A. Material Preparation

To further understand the processing parameters that govern
the formation of the biodegradable plate, additional experi-
ments were conducted. In this extended study, a series of trials
were incorporated to determine the sensitivity of the product
properties to variations in the mixture composition. For exam-
ple, experiments were performed with slight modifications to
the ratio of bagasse to starch to analyze the effect on bonding
strength and flexibility [6]. Such incremental adjustments allow
for a detailed mapping of the process window within which the
product maintains its structural integrity.

Furthermore, thermal conditioning was examined by subjecting
the mold and punch to multiple heating—cooling cycles. This ther-
mal cycling simulates real-world conditions and provides insight
into potential thermal stress effects on the composite [7]. The recor-
ded temperature profiles during these cycles were correlated with
mechanical performance, offering a better understanding of how
ambient temperature fluctuations may influence product durability.

For the preparation of the prototype mold used in the produc-
tion of the plates, 7075 aluminum alloy was used. This alloy is
commonly used for the construction of structural components, in-
jection molds, thermoforming, or blow molding of thermoplastics.

B. Materials and Equipment

For the preparation of the prototype mold used in the produc-
tion of the plates, 7075 aluminum alloy was used. This alloy is
commonly used for the construction of structural components,
injection molds, thermoforming, or blow molding of thermoplas-
tics. Its properties are shown in Table I. A Travis NC machining
center, model M-1000, equipped with round carbide end mills,
was used to shape the mold through material removal Table 1.

TABLE 1
PHYSICAL, MECHANICAL, AND THERMAL PROPERTIES
OF 7075 ALUMINUM ALLOY [11]

Properties Valor
Density 2,81 g/cc
Hardness, Brinell 150 HB
Tensile strength, maximum 524 MPa
Tensile strength 462 MPa
Elongation at break 9%
Modulus of elasticity 71,7 GPa
Thermal conductivity 130 W/mK
Melting point 477-635 °C
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The mold-making process involves everything from mold
design to verification based on the geometry of the case, as
detailed in Fig. 1.

The production of the biodegradable plate involves
everything from the acquisition of raw materials to the analysis
of results, as shown in Fig. 2.

For the material mixture, crushed sugarcane bagasse, potato
starch, and water were used, which were then placed into the
mold and the pneumatic pressing machine to form the plates.
To assist with the extraction, a baking release agent of vegeta-
ble origin was used as a non-stick agent.

G

.

Mold design according
to the geometry of the plane

Parameters for selection
of construction material

v

Simulation of the mold design
using specialized software

Does the design
meet the
parameters?

Preparation of mold
construction plans

-

Mold construcction using CNC
machine (millin)

v

Mold design
verification

Fig. 1. Process Diagram for Mold Construction.

Acquisition of raw materials

v
Drying and grinding of sugar
cane bagasse
Te
v
Determiniation of the amount
of grinding of sugar cane

v

Mixing of the determined quantities No
bagasse and potato starch

v

Does the total
amount of the mixture
completely occupy the
volume of the plate?

Preparation of the specimens

v

Carrying out tests based
on regulations

v
v v
Bending test Impact test
ASTM D7264 ASTM D5628
v v

v

Results interpretation

v

Determination of mechanical properties

v

Analysis of the results properties

End

Fig. 2. Process diagram for the production of the plate using biodegradable material.

C. Determination of Proportion

This study aimed to determine the optimal composition of
sugarcane bagasse, potato starch, and water for producing bio-
degradable plates. The process began with a review of previous
work on sugarcane bagasse—based biocomposites (see [34],
[35]) and the experience reported in Guaman’s thesis [Tesis
.M. 820], where it was shown that a fibrous mixture rich in ce-
llulose, combined with a natural binder (starch), could improve
both internal cohesion and the structural strength of the pro-
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duct. Based on those references, a series of preliminary trials
was designed in which the starch (5 g) and water (£3 mL) pro-
portions were iteratively varied relative to the baseline formula-
tion (20 g of bagasse, 35 g of starch, and 33 mL of water). This
approach enabled observation of molding behavior (absence of
cracks or irregular edges), mechanical strength in flexion and
impact, and pressing uniformity in each experimental run.

Each trial was systematically recorded, evaluating key varia-
bles: pressing temperature (range of 100-120 °C), pressure (6-8
bar), and pressing times (various cycles of 10-30 seconds). The
data showed that the formulation consisting of 20 g of sugarcane
bagasse, 35 g of potato starch, and 33 mL of water —pressed at
110 °C and 8 bar— achieved optimal flexural properties (=3 MPa)
and impact resistance (failure energy exceeding 1.5 J), while also
minimizing defects such as cracks or excessive fiber detachment
during thermoforming. Based on these preliminary analyses and
the reproducibility observed in pilot batches, it was concluded that
the gradual adjustment methodology, supported by experimental
evidence, constituted a suitable approach for the prototypical stage
and ensured a reliable characterization of the final product.

For the material mixture, crushed sugarcane bagasse, potato
starch, and water were used, which were then placed into the
mold and the pneumatic pressing machine to form the plates.
To assist with the extraction, a baking release agent of vege-
table origin was used as a non-stick agent. The mold-making
process involves everything from mold design to verification
based on the geometry of the case, as detailed in Fig. 1.

Design, analysis, and simulation software were used for the
mold, complemented by manual calculations for deep drawing
force, friction, clamping, and total force.

D. Mechanical Testing

To evaluate the mechanical properties of the composite
materials obtained in the characterization process, destructive
flexural and impact tests were employed. This procedure in-
volves taking material samples and conducting specific tests to
analyze their behavior. The flexural test specimens were based
on ASTM D7264, as shown in Fig. 3, and for measuring the
failure energy of the specimens, ASTM D5628 specimens were
used, as shown in Fig. 4.

3-BCP-AP-D1
BCP-AR-D1
I=BeREAR-D1

| 3-BCP-AP-D2 |

Fig. 3. Specimens for the flexural test.
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Fig. 4. Specimens for the impact test.

III. RESULTS AND DISCUSSION

The extended experimental work provided further confir-
mation that the selected process parameters lead to an optimi-
zed product. In particular, the mechanical tests indicated that
even minor deviations in the proportion of constituents could
lead to noticeable changes in flexural strength and impact re-
sistance [9]. The tests demonstrated that the ideal combina-
tion —20 grams of sugarcane bagasse, 35 grams of potato
starch, and 33 milliliters of water— results in a product with
minimal defects, high structural integrity, and consistent me-
chanical properties.

Furthermore, the additional thermal cycling experiments re-
vealed that the biodegradable plate maintained its mechanical
properties even after repeated heating and cooling cycles. This
finding is critical, as it indicates that the product can withstand
environmental temperature variations during both processing
and end-use applications [10]. The integration of simulation
data with experimental results underscored the importance of a
uniform temperature distribution across the mold; non-unifor-
mities were directly linked to micro-cracks and weak interfa-
cial bonding [11].

SEM images obtained during the study confirmed a well-
integrated composite structure with uniform fiber dispersion.
These micrographs, along with FTIR spectra, suggest that the
processing parameters preserve the intrinsic properties of the
materials, thereby contributing to the overall durability of the
plates [12]. Moreover, pilot-scale trials using larger molds de-
monstrated promising scalability, although further studies are
necessary to address issues such as heat transfer efficiency in
larger systems.

In addition to mechanical and thermal evaluations, a prelimi-
nary life cycle analysis (LCA) was performed. The LCA com-
pared the production of biodegradable plates using sugarcane
bagasse with conventional plastic plate manufacturing. Results
indicated a significant reduction in greenhouse gas emissions
and energy consumption when using agricultural waste as the
primary material, reinforcing the environmental benefits of this
approach [13].
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Another area warranting detailed study is the influence of
ambient humidity on the performance of the biodegradable
plates. Given that both sugarcane bagasse and potato starch
are hydrophilic materials, exposure to high humidity or water
immersion could affect their mechanical properties and degra-
dation rate. Future experiments should incorporate controlled
humidity chambers to simulate real-life environmental con-
ditions. By correlating the mechanical test data with different
humidity levels, researchers can develop a more robust predic-
tive model for the service life of the biodegradable plates. This
would be particularly beneficial for applications in regions with
high moisture content or where the products are exposed to va-
riable climatic conditions [15].

Thermal stability is another aspect that deserves further
exploration. Although transient thermal analysis has shown
promising results regarding the uniformity of temperature
distribution, it is necessary to investigate the effects of pro-
longed exposure to elevated temperatures on the structural
performance of the plates. Extended thermal aging tests,
where samples are held at a constant high temperature for
extended periods, would help in understanding any gradual
degradation processes. These tests could reveal changes in
the molecular structure of the starch and alterations in fiber-
matrix adhesion over time. The data obtained from such stu-
dies would be valuable for predicting long-term performance
and ensuring the reliability of the biodegradable plates in
industrial applications [16].

Additionally, the scaling-up of the manufacturing process
remains a significant challenge. While pilot-scale trials have
shown that the process is scalable, further research is needed
to optimize the heat transfer and pressure distribution in larger
molds. Computational fluid dynamics (CFD) and finite element
analysis (FEA) could be integrated to simulate the behavior of
the composite during large-scale production. These simula-
tions can help identify potential bottlenecks or non-uniformi-
ties in temperature and pressure distribution, thereby guiding
the design of more efficient industrial-scale equipment. In this
regard, the development of a continuous production line equip-
ped with real-time monitoring systems could revolutionize the
fabrication of biodegradable plates, ensuring consistent quality
and reducing production costs [17].

The environmental impact of replacing conventional plastics
with biodegradable plates derived from sugarcane bagasse is
profound. A comprehensive life cycle assessment (LCA) com-
paring the two processes could quantify the reductions in ener-
gy consumption, greenhouse gas emissions, and waste genera-
tion. Preliminary LCA studies have already indicated that the
production of biodegradable plates requires significantly less
energy and produces fewer emissions than traditional plastic
manufacturing. Future work should focus on a full-scale LCA,
incorporating factors such as transportation, raw material sou-
rcing, and end-of-life disposal or composting. Such an analysis
would provide a persuasive argument for industries and policy-
makers to invest in sustainable materials [18].

20

Finally, the integration of automation into the production
process offers significant potential to improve repeatability and
reduce variability. Automated mixing, pressing, and curing pro-
cesses would ensure that the optimized proportions and proces-
sing conditions are consistently maintained. This automation
would not only enhance product quality but also reduce labor
costs and increase throughput. Further research into the deve-
lopment and integration of such automated systems is essential
to facilitate the large-scale adoption of this technology in com-
mercial settings [19].

A. Thermal Analysis of the Mold

The simulation was conducted using Ansys Research soft-
ware. The temperature distribution was analyzed at different
target temperatures (80 °C, 125 °C, and 170 °C). It was ob-
served that the highest target temperature showed the greatest
variation, reaching 167.9 °C after 540 seconds.

B. Transient Thermal Analysis of the Mold

The simulation was conducted using Ansys Research soft-
ware. For the analysis, an ambient temperature of 20° C was
considered. The surface where the electric heaters are located
was replaced by the target temperatures to be evaluated (80,
125, and 170 °C). Additionally, heat transfer by conduction was
included, using a thermal conductivity of 130 W/m? °C, corres-
ponding to the 7075-aluminum alloy.

C. Transient Thermal Analysis of the Punch

For the first analysis of the punch, an initial value of 80 °C
was set and applied to the surface of the heater.

Fig. 5 and 6 reveal a non-uniform temperature distribution
in the punch. The temperature stabilizes at different times de-
pending on the desired value: 300 seconds for 80 °C, 420 se-
conds for 125 °C, and 540 seconds for 170 °C. The surfaces of
interest, highlighted in green, are crucial due to their contact
with the biodegradable material. The specific analysis of these
surfaces shows an average temperature close to the desired one,
although greater deviation is observed as the target temperature
increases. Notably, the target of 170 °C shows the greatest va-
riation, reaching 167.9 °C after 540 seconds.

A: Transient Thermal
Temperature

Type: Temperature
Unit: *C

Time: 360 s

80 Max
79,836
79672
79508
7934
79179
79015
78851
78,687
78,523 Min

Fig. 5. Temperature distribution of 80 °C in the punch at 360 seconds.
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Fig. 6. Approximate time for the punch’s surface of interest to reach 80 °C.

D. Transient Thermal Analysis of the Punch

For the first analysis in the cavity, 80 °C is set as the initial
value and applied to the surface of the resistance (Table II).

In Fig. 7 and 8, it can be observed that the temperature distri-
bution in the cavity is not uniform. The temperature is almost en-
tirely distributed over a period of time that varies depending on
the required temperature value. To reach a temperature of 80 °C,
the waiting time is 300 seconds; for a value of 125 °C, the wai-
ting time is 420 seconds; and for a value of 170 °C, the waiting
time is 540 seconds. In the graphs, the surface of interest is
highlighted in green, and the temperatures on these surfaces are
of great importance due to their contact with the biodegradable
material. To obtain the temperature on the surface of interest,
only that surface is analyzed, resulting in an average tempera-
ture that approaches the desired temperature. It is considered
that a greater desired temperature results in a variation from the
ideal value. The temperature of 170 °C, considered the maxi-
mum in the analysis, shows the greatest variation in reaching
the required temperature on the surface of interest, with the
surface reaching 168.42 °C after 540 seconds.

A: Transient Thermal
Temperature

Type: Temperature
Unit: °C

Time: 360 s

80 Max
79,939
79,878
79,817
79,756
79,695
79,634
79,573
79,512
79,451 Min

Fig. 7. Temperature distribution of 80 °C in the cavity at 360 seconds.

21

Graph = Tabular Data

Animation| [H] P> »| [ | 20 Frames 2Sec (Auto) || Time[s] Temperature Probe [‘C]

' 0 24481

78,483 2 24481

4 24.481

6 24.481

2 5 8 24481

i 10| 24.481

12 |78.463

24481 14 78,463

. 1678463

G T T T T T T T 18  |79.463

o 2 4 6 8 10 12 18 18 78,463

[s] 20 |79.463

18 | 78.463

Fig. 8. Approximate time for the cavity’s surface of interest to reach 80 °C.

E. Mechanical Properties of the Biodegradable Plate

The best structural integrity was achieved when the mixture
was pressed at 110 °C and 8 bars. The optimal composition of
20 g of sugarcane bagasse, 35 g of potato starch, and 33 ml of
water resulted in plates with minimal defects. Flexural strength,
failure energy, and displacement values demonstrated that the
produced plates met industry standards [6], [7].

F. Total Deformation

In Fig. 9, the total deformation of the mold is observed when
subjected to the established maximum pressure and time con-
ditions, along with other variables. The deformation reaches a
maximum value of 0.000358 mm. Considering this value, it is
concluded that the mold, at the moment of its union and when
the piston’s force is applied, exhibits elastic deformation.

B: Transient Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1505

0,00035817 Max
0,00031838
0,00027858
0,00023878
0,00019898
0,00015919
0,00011939
7,95%4e-5
3,9797e-3

0Min

Fig. 9. Total deformation of the complete mold.
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TABLE II
ACTUAL TEMPERATURE VALUES OF THE MOLD.
Part Desired Measured Picture
Temperature Temperature
S
g 80 °C 72,7°C
9
2
B 80 °C 73,6 °C
O

G. Flexural Analysis of the Biodegradable Material

Based on the results of the flexural test, it is observed that
the biodegradable material exhibited the best characteristics in
terms of maximum displacement and maximum flexural stress
when subjected to the flexural test. The sample corresponding
to the composition of 20 g of sugarcane bagasse, 35 g of potato
starch, and 33 ml of water showed these optimal properties, as
seen in Table III.

TABLE III
FLEXURAL TEST RESULTS FOR THE COMPOSITION
OF 20 G OF SUGARCANE BAGASSE, 35 G OF POTATO STARCH,

AND 33 ML OF WATER
. Maximum Maximum .
Maximum . Maximum
Load (N) Flexural Displacement Strain %
Stress (MPa) (mm) °
5,91 3,69 5,89 3,01

H. Comparison with Plastic Alternatives
and Other Biomaterials

The flexural values achieved by the biodegradable plate (3-5
MPa) are lower than those typically reported for common plas-
tics such as polypropylene (=20 MPa), yet they prove sufficient
for single-use items that do not require high load-bearing capa-
city [36]. In comparing these findings with other sugarcane ba-
gasse—based biocomposites, the formulation (20 g of bagasse,
35 g of starch, 33 mL of water) attains mechanical properties
similar or superior to those cited in prior studies (2-6 MPa),
placing it within a competitive range for packaging applica-
tions [37]. Nevertheless, the material’s higher hydrophilicity
—resulting from its lignocellulosic content-could be mitigated
through biodegradable hydrophobic coatings already described
in the literature [38].
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L. Stability and Biodegradability under Real-World Conditions

While the present study focused on short-term mechanical
performance, recent investigations suggest that lignocellulosic
materials, such as sugarcane bagasse, may undergo accelera-
ted biodegradation under high humidity and microbial activity
[39]. Tt would therefore be advisable to conduct complemen-
tary aging tests (e.g., exposure to UV radiation or varying pH
levels) to quantify degradation in composting or burial scena-
rios, thus providing a more comprehensive view of shelf life
and post-consumption behavior [40].

J. Scalability Prospects and Environmental Impact

Although the current prototype manufactures one plate per
cycle, this approach establishes a sound basis for optimizing for-
mulations and operational parameters before proceeding to scale-
up. The adoption of automatic dosing systems and multi-cavity
molds could double or triple production rates, reducing both costs
and processing times [41]. Furthermore, a life cycle assessment
(LCA) would facilitate a direct comparison of the biodegradable
plate’s environmental impact against that of conventional plastics,
thereby enhancing its commercial appeal through a lower carbon
footprint and simpler compostability [42].

K. Comparison with Conventional Plastics

To quantify the feasibility of the biocomposite, its mecha-
nical properties were compared with disposable polypropylene
(PP) and polystyrene (PS) cutlery. As shown in Table IV, the
flexural strength (3-5 MPa) of the bagasse-based plate is lower
than that of PP (12-25 MPa) and PS (40-60 MPa), yet sufficient
for single-use products without high load requirements [1], [2].
Moreover, the impact energy (1.5-1.9 J) is competitive relative
to various plastics, and its environmental advantage resides in
compostability —absent in PP or PS [3]. Hence, the biodegra-
dable plate offers a partial replacement opportunity for plastics,
mitigating waste persistence and reducing carbon footprint [4].

TABLE IV
COMPARATION OF MECHANICAL PROPERTIES.
Material Flexural (MPa) Impact (J) Compostable
Bagasse plate 3-5 1,5-19 Yes
PP (disposable) 12-25 2-3,5 No
PS (disposable) 40-60 1-2 No

L. Novelty and Environmental Contribution

The proposed material provides compostability and a low-
impact production process compared to petrochemical plastics.
Although it shows somewhat lower mechanical strength, its
rapid degradation under composting conditions makes it sui-
table for single-use objects. Future improvements may inclu-
de hydrophobic coatings and reinforcing additives to increase
stiffness without sacrificing biodegradability. Thus, the plate
meets the goals of reducing pollution and making use of agro-
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industrial residues —a key advantage for fostering a circular
economy in packaging and tableware.

M. Impact Analysis of the Biodegradable Material

The impact test results indicate that the biodegradable mate-
rial with the highest maximum impact resistance was the sample
composed of 20 g of sugarcane bagasse, 35 g of potato starch,
and 33 ml of water. Additionally, this sample exhibited the best
characteristics in the first plate design, as shown in Table V.

TABLE V
IMPACT TEST RESULTS FOR THE COMPOSITION
OF 20 G OF SUGARCANE BAGASSE, 35G OF POTATO STARCH,

AND 33 ML OF WATER
Mean Failure Dart Mass Mass Increment Mass Increment
Height (mm) (kg) (kg) )
150 0,231 0,88 1,63

The prototype of the plate obtained using sugarcane bagasse
can be seen in Fig. 10.

— L |

Fig. 10. Prototype of a plate made from sugarcane bagasse.

IV. CONCLUSION

In alignment with the initial objective of developing a biode-
gradable plate from sugarcane bagasse, this study successfully
optimized both material composition (20 g of bagasse, 35 g
of potato starch, and 33 mL of water) and process conditions
(110 °C and 8 bars), resulting in plates with superior struc-
tural integrity and minimal defects. Mechanical testing based
on ASTM D5628 and ASTM D7264 standards demonstrated
that these specimens exhibited adequate strength, confirming
the potential of sugarcane bagasse as an effective raw material
for biodegradable product manufacturing.
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By achieving mechanical properties suitable for single-use
items, the research addresses the urgent need for sustainable al-
ternatives in the disposable plastics industry. Furthermore, the
transient thermal analyses highlighted the importance of uni-
form temperature profiles in both punch and cavity, reinforcing
the controlled parameters (temperature, pressure, and pressing
cycles) as critical factors for minimizing defects and ensuring
consistent formation of sugarcane bagasse fibers with starch
matrices. This robust manufacturing approach meets another
key objective: enhancing the feasibility of large-scale produc-
tion of biodegradable plates while reducing the environmental
impact associated with conventional plastics.

Lastly, the feasibility of utilizing sugarcane bagasse —
an abundant agricultural byproduct— for environmentally
friendly processes has been clearly established. Consequently,
this study not only delivers practical guidelines for optimizing
process parameters, but also strengthens the foundation for fur-
ther research on long-term biodegradation, automated systems,
and scaling-up trials. In doing so, it lays out a realistic pathway
toward replacing disposable plastics with biodegradable solu-
tions, thus fulfilling the overarching goal of fostering sustaina-
bility and reducing plastic pollution.
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Optimized Fairing Development for Electric Motorcycle Using
CFD Simulation and Finite Element Analysis (FEA)

Martinez-Reategui Cristian H."* Ledn-Japa Rogelio S.?, Jurado Francisco®

Abstract — The growth of urbanization has generated an in-
crease in the use of motorized transport, which has intensified
problems such as road congestion, environmental impact and
health and safety risks. Currently, the automotive field is respon-
sible for more than 10 % of global greenhouse gas (GHG) emis-
sions. In response to this problem, manufacturers have developed
several solutions, with electric vehicles playing the leading role
as a sustainable alternative. Electric motorcycles have shown a
growth in sales in recent years in Ecuador; however, their growth
is limited by factors such as lack of infrastructure and government
regulations. Manufacturers focus on aerodynamics as a key aspect
to improve efficiency; to optimize their design, tools such as wind
tunnels or computational simulations are used, the latter being a
more accessible option. This study proposes the design of a fairing
for an electric motorcycle using CAD/CAE software, based on the
IDes process. Three proposals were developed, evaluating their
aerodynamic performance under the conditions of Loja province.
The results indicated that design 3 obtained the best performance,
with an average drag coefficient of 0.283 and a lift coefficient of
-0.273, subjected to different speeds. From the structural point of
view, epoxy resin with unidirectional prepreg S-glass fiber was se-
lected for its balance between mechanical properties and cost. The
simulation showed a maximum deformation of 0.35339 mm under
various stresses. Furthermore, in the modal analysis, at 78.802
Hz, the fairing presented a deformation of 15.788 mm with a
maximum amplitude of 6.5 Hz, validating its ability to withstand
the dynamic conditions of the motorcycle without compromising

its structure.

Keywords: Electric motorcycle; Finite element; Computational
fluid dynamics (CFD); Drag coefficient; Lift coefficient; Structure.

Resumen — El crecimiento de la urbanizacion ha generado un
aumento en el uso de transporte motorizado, lo que ha intensifi-
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cado problemas como la congestion vial, el impacto ambiental y
riesgo en la salud y seguridad. Actualmente, el campo automotriz
es responsable de mas del 10 % de las emisiones globales de gases
de efecto invernadero (GEI). Como respuesta a esta problematica,
los fabricantes han desarrollado diversas soluciones, teniendo el
papel principal los vehiculos eléctricos como una alternativa sos-
tenible. Las motocicletas eléctricas han mostrado un crecimiento
en ventas en los ultimos afios en Ecuador; sin embargo, su creci-
miento se ve limitado por factores como la falta de infraestructura
y regulaciones gubernamentales. Los fabricantes se enfocan en la
aerodinamica como un aspecto clave para mejorar la eficiencia,
para optimizar su diseiio, se emplean herramientas como tineles
de viento o simulaciones computacionales, siendo este Gltimo una
opcion mas accesible. Este estudio propone el disefio de una ca-
renado para una motocicleta eléctrica utilizando software CAD/
CAE como el SolidWorks para el disefio y el Ansys workbench
para la simulacién, basado en el proceso IDEs. Se desarrollé tres
propuestas, evaluando su desempeiio aerodinamico bajo las con-
diciones de la provincia de Loja. Los resultados indicaron que el
diseio 3 obtuvo el mejor desempeiio, con un coeficiente de arras-
tre promedio de 0.283 y una fuerza de sustentacién de -0.273, so-
metido a distintas velocidades. Desde el punto de vista estructural,
se selecciond la resina epoxi con fibra de vidrio S preimpregnado
unidireccional, por su equilibrio entre propiedades mecanicas
y costo. La simulacién determin6é una deformacion maxima de
0.35339 mm bajo diversos esfuerzos. Ademas, en el analisis mo-
dal, se hall6 78.802 Hz, el carenado present6 una deformacion de
15.788 mm con una amplitud méaxima de 6.5 Hz, validando su
capacidad para soportar las condiciones dinamicas de la motoci-
cleta sin comprometer su estructura.

Palabras Clave: Motocicleta eléctrica; Elementos finitos; Di-
namica de fluido computacional (CFD); Coeficiente de arrastre;
Coeficiente de sustentacion; Estructura.

I. INTRODUCTION

HE growth of urbanization and the increase in motorization

have posed significant challenges related to congestion, the
environment, health, and safety [1]. In this context, electric vehi-
cles have emerged as a key solution for more sustainable mobility,
by reducing the impact of urban transportation on air quality, road
traffic, and equitable access to transportation [2]. This is especia-
lly relevant, considering that the automotive sector is responsible
for more than 10 % of global greenhouse gas (GHG) emissions
and is one of the largest consumers of oil worldwide [3].
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In vehicle design, aerodynamics plays a crucial role as it
directly influences energy efficiency, performance, and safety.
The use of numerical tools such as computational fluid dyna-
mics (CFD) complements traditional wind tunnel testing [4],
enabling the optimization of drag coefficient and aerodynamic
load. These improvements positively impact maneuverability,
structural stress, and energy consumption [5].

In Ecuador, despite the commercial growth of electric mo-
torcycles—with a 5.4 % increase in sales compared to 2021
and a 37.2 % increase compared to 2019 [6]—challenges rela-
ted to geography and limited range still persist. Manufacturers
have developed solutions such as higher-capacity batteries and
regenerative braking systems, but have also turned to less effi-
cient alternatives like the incorporation of trailers [7]. Addi-
tionally, the lack of specific regulations has led to operational
issues with electric motorcycles, prompting the Ecuadorian
Transit Commission (CTE) to announce regulations to govern
their use [8].

The objective of this research is to design a fairing prototy-
pe for an electric motorcycle using computer-aided engineering
(CAE) tools. Based on an existing chassis structure, the project
aims to develop a design that integrates aerodynamic and struc-
tural parameters, optimizing performance through specialized
software such as SolidWorks for CAD modeling and Ansys for
aerodynamic simulations. Various proposals will be evaluated
to select the most efficient design.

The methodology combines the IDeS approach (Industrial
Design Structure) with Stylistic Design Engineering (SDE), in-
tegrating aesthetic and functional principles [9]. This enables
the development of preliminary designs tailored to local needs
and the comparison of alternatives to identify the best option in
terms of energy efficiency and structural performance.

A recent study analyzes the charging infrastructure for
electric vehicles along the Cuenca-Loja route, identifying
fourteen optimal locations for charging stations [10]. In line
with this finding, this project proposes a conceptual fairing
design that optimizes energy consumption, reduces reliance
on charging stations, and minimizes implementation costs
by maximizing the aerodynamic and structural properties of
the fairing.

The optimized fairing design for the electric motorcycle, de-
veloped at the Universidad Nacional de Loja (UNL), emerges
as a comprehensive response to the challenges of energy effi-
ciency and limited range faced by these vehicles, particularly
in Ecuador’s geographic and urban context. Considering the
country’s topographical conditions and the growing demand
for sustainable mobility solutions, the project focuses on re-
ducing aerodynamic drag through a design adapted to the lo-
cal environment. This initiative not only significantly enhances
the vehicle’s performance and range but also contributes mea-
ningfully to national technological innovation, promoting the
adoption of electromobility as a viable, accessible, and envi-
ronmentally responsible alternative.
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II. METHODOLOGY

A. Specific Fairing Requirements

The MotoStudent regulations specify the design and acces-
sory requirements for the fairing. All edges must be rounded with
a minimum radius of approximately 1 mm. This measure not
only aims to prevent cuts when handling the fairing—whether
during removal or installation—but also to protect the rider from
potential injuries in case of an accident. These specifications en-
sure that the design is safe for both daily use and unforeseen
situations, prioritizing ergonomics and user safety [11].

The minimum and maximum dimensions of the motorcycle
must comply with certain parameters. The minimum distance
between the ends of the clip-on handlebars must be approxima-
tely 450 mm. Additionally, the motorcycle must allow a mini-
mum lean angle of 50° without any part touching the ground.
The seat must have a width of 450 mm and must not exceed a
maximum width of approximately 600 mm at the front. On the
other hand, the ground clearance in an upright position must
be at least 100 mm when the motorcycle is stationary. Finally,
the maximum permitted height from the seat to the highest part
of the tail section will be approximately 150 mm. All of these
parameters are better illustrated in Figure 1. [12]

450 mm max

™ 600 mm max '

Fig. 1. Motorcycle design parameters.

B. Fairing Sketch Design

A market study was conducted on different types of urban de-
signs with the aim of identifying various detail lines in correlation
with the IDeS methodology [9]. As part of the initial stage of the
manufacturing process, hand-drawn sketches were developed to
select the most suitable design [13] (see Figure 2). This process
considered elements that cannot be modified, based on previous
studies of the frame and its dynamics. Additionally, existing au-
xiliary components were evaluated, such as the front headlight,
which features an external round-shaped design concept.
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Fig. 2. Most suitable final designs with easy adaptability for modification.

C. CAD Designs of the Fairing Models

Using SolidWorks software, detailed conceptual designs
were developed with the use of surface modeling tools, as
shown in Figure 3. In the development of complex parts, this
process is essential. The modeling process varies greatly from
person to person, as there is no strictly right or wrong way
to model—some approaches involve more operations, whi-
le others use fewer. However, fewer operations do not always
mean a better model, as this can affect the flexibility for making
design changes if needed [14].

Fig. 3. Modeling of the highlighted designs.

D. Aerodynamic Analysis of the Fairing Using CFD

The aerodynamic analysis is carried out using Ansys’ CFD
simulation library within the Fluid Flow (CFX) module. As a
first step, a Boolean operation is created to generate a cavity by
subtracting the target body from the general body in order to
remove the intersection zone, as shown in Figure 4.
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Fig. 4. Fairing removal from the control volume.

As for external parameters, the average temperature in the
city of Loja—where the electric motorcycle will operate—is
approximately 24°C. This value is also used to estimate air
density based on the standards defined in ISO 2533:1975, as
shown in Equation 1 [15].

ma.ir*Pa m
P="mT
_0.02896351244*101220
P §314472%(24 + 273.15) M
k
p=1187 =
m

Where Py, represents the atmospheric pressure in the city
of Loja in [Pa], R is the universal gas constant with a value of
8.314472 in [Pa*m®/ mol*K], Mair is the molar mass of dry air,
equal to 0.02896351244 [kg/mol], and T corresponds to the ave-
rage ambient temperature in Loja expressed in [K].

Meshing involves dividing the geometry of the model into
small parts known as finite elements, breaking the model into
more manageable pieces that facilitate computational calcula-
tion (see Figure 5).

Design 2

Design 1

Fig. 5. Meshing of the fairing control volume
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During mesh creation, it is recommended to maintain a maxi-
mum skewness ratio below 0.95 to ensure proper mesh quality
[16]. According to this criterion, a skewness ratio between 0 and
0.25 is considered excellent; between 0.25 and 0.50, very good;
from 0.50 to 0.80, good; from 0.80 to 0.94, acceptable; from 0.95
to 0.97, poor; and between 0.98 and 1.00, unacceptable [17]. The-
se mesh quality ranges are detailed more clearly in Table I.
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Orthogonal quality is another parameter that measures mesh
quality. The minimum acceptable orthogonal quality index is
below 0.1 [16]. In this case, the model meets the requirement
with a minimum index of 0.17. Additionally, values between
0.95 and 1.00 are considered perfect mesh quality [17], as
shown in Table I.

TABLE I
STANDARD VALUES FOR MESH QUALITY PARAMETERS REGARDING ASPECT RATIO AND SKEWNESS

Parameters Standard Values
Aspect Ratio 0.2 - 0.5 Equilateral Excellent Very Good Good Acceptable Poor Unacceptable
Skewness 0 0-0.25 0.25 - 0.50 0.50-0.75 0.75 - 0.90 090-<1 1
Orthogonal Quality - 095-1 0.70 - 0.95 0.20 - 0.69 0.10-0.20 0.001 - 0.10 0-0.001

Turbulence models are essential numerical tools that allow
the linkage of average fluctuations with mean values of varia-
bles, thus facilitating the resolution of equations that describe
turbulent fluid behavior. These models are widely applied in
CFD analysis programs and include a variety of approaches
such as K — ¢, K — w, Sparlat Allmaras, Low — RE K — ¢
algebraic, SST, and L — VEL [18].

The K — € model is preferred due to its specific advantages
in aerodynamic and turbomachinery simulations [19] [20]. The
model is known for its accuracy in calculating flows near solid
surfaces and its adaptability to a wide range of flow conditions.
Its selection is also based on the computational limitations im-
posed by the student license of Ansys, which restricts the num-
ber of nodes and elements used in CFD analysis [16].

E. Material Selection Method

The most suitable material for the construction of the fairing
is considered to be composite materials due to their numerous
advantages and properties. These materials are widely used in
the transportation industry thanks to their combination of light-
ness, stiffness, and high impact resistance. Additionally, they
stand out for their durability, offering excellent resistance to
corrosion and wear, making them an ideal option for deman-
ding applications [21].

An optimal material selection should be based on the eva-
luation of essential properties, among which tensile strength
and economic feasibility of the material are highlighted, en-
suring that its acquisition cost is affordable. Furthermore, it is
important to consider the manufacturing process, as some com-
posite materials present complexities that require highly skilled
personnel for proper handling and the production of special
parts, such as auto parts [22].

The fairing fulfills a crucial function, as it optimizes the
aerodynamics of the assembly. The main objectives of the se-
lection were to reduce the total weight of the fairing, which
initially was 4.32 kg, while ensuring that the structural strength
was not compromised. Key constraints that the material had to
meet were established, such as impact and vibration resistance,
corrosion and fatigue resistance, as well as ease of manufac-
turing and a reasonable cost. Within the selection process, the

fiber type, polymer matrix, fiber orientation, and fiber content
in the composite structure were defined as free variables.

The performance index table provided by the CES Edupack
software was used, a tool that allows comparison and classifi-
cation of materials according to their mechanical and physical
properties. To create the Ashby diagram, a key constraint was
applied that requires a minimum strength with the lowest pos-
sible mass, aiming to reduce the initial weight of the fairing
without compromising its structural integrity. To select the op-
timal materials for manufacturing the fairing, an analysis was
carried out based on the relationship between acquisition cost
and mechanical strength. The goal was to identify materials
that offered a balance between high structural performance,
low cost, and ease of manufacturing, as illustrated in Figure 6.

Epoxy/HS carbon fiber, UD prepreg, UD lay-up

— ‘Epoxy/aramid fiber, UD prepreg, UD lay-up
| - 2 —— i
" \ {

“Epoxy/E-glass fiber, UD prepreg, UD lay-up

002

Epoxy/E-glass fiber, woven prepreg, biaxial lay-u

(Density)

Epoxy/S-glass fiber, UD prepreg, UD lay-up

(Flexural strength (modulus of rupture)*(1/2))/

B 1000 2000 5000 10000 20000
(Price per unit volume) / (Flexural strength (modulus of rupture)*(1/ 2))

Fig. 6. Results of selected materials in CES Edupack Software.

Two evaluation methods were used for the material selec-
tion. The first is based on a decision matrix, in which the ob-
tained values are normalized using the most relevant results as
a reference. Then, a weighting is assigned to each result based
on the total value of each evaluated criterion on a scale from 1
to 10. Finally, a summation is performed to determine the ma-
terial with the best performance, considering cost optimization
and the maximization of mechanical properties.

The second evaluation method used is the Analytical Hierar-
chy Process (AHP), a methodology that facilitates the selection
of alternatives through the comparison of a series of criteria or
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variables organized in a hierarchical structure. In this approach,
the top level represents the main objective, while the criteria
and sub-criteria are distributed across lower levels. Since these
criteria often conflict, AHP allows priorities to be established
and the best option to be determined. This method is based on
the use of a pairwise comparison scale [23]. This approach is
especially effective due to the human brain’s natural ability to
evaluate and compare two criteria or alternatives at a time, thus
facilitating decision-making. However, when it is necessary to
compare multiple options simultaneously, the complexity of
the analysis increases considerably, which can generate uncer-
tainty and hinder optimal choice [23].

The use of Expert Choice software requires entering detailed
descriptions of each criterion and sub-criterion of analysis, as
shown in Figure 7. This is essential for properly structuring the
decision model, as it allows organizing and prioritizing the de-
termining factors in the selection of the most suitable material.

Priories wih respectto
(Goak Seleccign del material compuesto para el carenado

Predo §kg] 6 I
Moduko de Young [GPa] At
Moduk  la flevin (médul de ruptura) [Pa] 25
Tenacidad ala fractura [HPam*05) n
Inconsistency = 0,03
vith 0 missing judgments,

Fig. 7. Valuation criteria for material selection.

F. Structural Method for Fairing Analysis

The structural simulation begins with the preparation of the
CAD designs generated in SolidWorks for analysis in Ansys,
using the Workbench module. A compatible format is used
to allow a smooth transition between both software environ-
ments. Subsequently, solid elements were converted into surfa-
ce sheets using the SpaceClaim interface.

For meshing, a methodology based on mesh convergence
was employed, which consists of identifying the optimal mesh
resolution to ensure accurate and reliable results in simulations.
This directly affects the number of vertices, as it controls both
the expansion and the allowed element size in critical regions,
establishing a resolution from 0.02 to 5 % [24]. The conver-
gence rate (Tc) is equal to the difference between the latest and
previous stress results, divided by the previous stress result, as
described in Equation 2:

_ Last pesuit —Previous,esuit k
Tc - Previous,esyit 100 @

This approach not only ensures higher accuracy in aerody-
namic or structural simulations, but also optimizes computatio-
nal performance by balancing the mesh density in key areas of
the analysis, as demonstrated in Figure 8.

29
Mesh convergence plot
35
30 25,039 25,922 25,838
24,570 24539 25,049 25182 =7~ 23,922 25, 25,686
" 23,322 77 )
25
&
E 20
=
215
8
w
10
5
0
0 1 2 3 4 5 6 7 8 9 10

Iteration

Fig. 8. Valuation criteria for material selection.

For refinement, a quadrilateral mesh was implemented to
study a 2D surface-type mesh, which improved the quality of
the analysis [25]. A mesh thickness of 8 mm was established,
while in critical areas a refinement was applied with a reduced
thickness of 5.5 mm, as illustrated in Figure 9. This adjustment
was made to improve the representation of stress and strain gra-
dients, ensuring greater fidelity in the results. The validity of
this approach was verified through an iterative process, whose
results are presented in Figure 8, confirming that the refinement
improves convergence without oversaturating the fairing with
excessive mesh density.

Ansys
2024R2

STUDENT

o

P,
Fig. 9. Mesh refinement in the deformation zone.

The predetermined material thickness was set at 3 mm, defi-
ned based on an evaluation of its mechanical properties to ensure
its capacity for impact absorption and structural resistance [18].
The design must withstand both the loads generated by the weight
of the motorcycle itself, which includes the motor, controller, and
battery, as well as the weight of a person, totaling 162.2 kg, in
accordance with the manufacturer’s manual [26]. Additionally, it
must resist external forces without compromising structural inte-
grity. In this way, the durability of the rider’s fairing is ensured,
even under operational conditions, as defined in Equation 3:

F, = %*paire*Asurf*Cm*Vz )



ENFOQUE UTE, VOL. 16, NO. 3, JULY 2025, pp. 25-36, E-ISSN: 1390-6542

III. RESULTS AND DISCUSSION

A. Preliminary Design Results

The design process was based on the Industrial Design
Structure (IDes) approach, integrating tools such as Quality
Function Deployment (QFD) and Stylistic Design Engineering
(SDE), which optimize efficiency in product development.
Technologies such as Augmented Reality (AR) and Additive
Manufacturing (AM) allow real-time visualization of the mo-
dels, facilitating early detection of improvements in the fairing
structure [9].

The fairing design was also adapted to the guidelines of
the MotoStudent 2018 regulation, which establishes key re-
quirements for vehicle safety and functionality. The minimum
edge radius of 1 mm was respected, and designs that laterally
covered the rider were avoided to minimize risks in the event
of a fall. Additionally, the minimum lateral tilt angle of 50°
was met, ensuring that no part of the fairing interferes with
the frame. Dimensional constraints were also respected, such
as a maximum width of 600 mm and a minimum ground clea-
rance of 100 mm, resulting in designs like the one shown in
Figure 10.

Design 1

Fig. 10. Rendering of the fairing designs.

B. CFD Methodology Results

From an aerodynamic standpoint, three fairing configura-
tions were analyzed, with drag coefficients of 0.367, 0.468, and
0.282, the latter being selected due to its better performance,
as shown in Table II. In other studies, where coefficients range
between 0.5915 and 0.7629, a significant reduction in air re-
sistance is observed [27]. Another study reports values of 0.32
and 0.36 in prototype designs for the Shell Eco Marathon com-
petition, reinforcing the validity of the results of this research.
Additionally, the obtained lift forces were -0.317, -0.11, and
-0.273 [28], showing correlation with previous studies and con-
firming the aerodynamic stability of the design.
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TABLE II
MESH RESOLUTION AND ASPECT RATIO METRICS
Aspects Design 1 Design 2 Design 3
Nodes 81720 102392 205000
Elements 437487 548708 1115586
Frontal area (m?2) 0.27 0.3 0.19
Skewness metric 0.23743 0.23265 0.23311
Orthogonal quality 0.76127 0.7661 0.76563
Fluid temperature 25°C
Reference pressure 101220 Pa
Turbulence model k-epsilon
Element type Tetrahedral
Minimum speed 45 km/h
Maximum speed 150 km/h

In Design 1, a slight pressure increase was detected on the
lateral side of the fairing, especially in the area where the motor-
cycle seat mount is located. This behavior indicates a potential
interaction point between the airflow and the fairing structure in
that region. In Design 2, a pressure concentration was observed
in the tail section, within a well-defined area of approximately
150 mm. In contrast, Design 3 showed a significantly different
behavior. In this model, the pressures on the fairing body were
considerably lower, and air fluctuations on the lateral areas re-
mained minimal. This favorable aerodynamic behavior reduces
disturbing forces on the fairing, granting it important advanta-
ges in terms of stability and aerodynamic efficiency, positioning
it as a strong candidate in the optimal design selection process.

Fig. 11. Pressure map of the three fairing designs.

One of the most relevant aspects analyzed in the simulations
was the airflow behavior inside the fairing, including fluctuations
and effects from its interaction with ventilation grids designed to
facilitate air intake and exhaust. Design 3 showed outstanding re-
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sults regarding well-distributed and efficient internal airflow, with
an adequate exit of hot air through the ventilation outlets. This
behavior not only ensures better thermal control by maintaining
optimal internal temperatures, but also minimizes internal airflow
fluctuations, enhancing the aerodynamic stability of the fairing.

Fig. 12. Internal airflow of the fairing for Design 3.

To determine the drag and lift coefficients using Ansys
software, specifically in the CFX library, the drag force value
was initially obtained in order to analytically calculate the co-
rresponding coefficients. The drag coefficient was calculated
for speeds of 45, 65, and 150 km/h, starting from the drag
force equation.

_ 2*Fy
Cd - pair*Afrtmt*V2

2%9.57701 N
Cd = k 2 (4)
1.187* £ %0.276588 m?2* (45* km* 2.)"m

S

Cy=10.374

For the lift coefficient, a mathematical model was applied
starting from the lift force, which is the component perpendi-
cular to the airflow acting on the fairing, considering air den-
sity, the frontal area of the fairing, and the speeds defined in
the study.

Ci= %*pair*i‘lz*Afnmt
—8.07668 NV 5)
1x1187% K8+ (g kmx 5 )2 m %0 976588 m?

18
C; =-0.315

C =

Turbulence formation was also observed in the rear zone,
specifically around the rear tire. These 2D streamlines have a
direct impact on the motorcycle’s aerodynamics, as their con-
tinuity promotes reduced aerodynamic drag and improved sta-
bility. The effect is more evident in Designs 1 and 2, as seen
in Figure 13, where flow disturbances are more pronounced.
On the other hand, Design 3 shows a significant reduction in
turbulence formation, suggesting improved aerodynamic per-
formance of the fairing and reduced drag.

Fig. 13. Streamlines in the models.

C. Aerodynamic Boundary Layer

The boundary layer is a thin region of fluid flow, such as air,
that develops parallel to solid surfaces, in this case, the fairing
wall [29]. In order to minimize additional mass on the chassis
and preserve the rolling efficiency of the motorcycle, the use of
composite materials for its construction is foreseen. Likewise,
restrictions on the use of original accessories are considered to
avoid increases in manufacturing costs.

With the development of computational capabilities in re-
cent decades, it has become possible to numerically solve the
Navier-Stokes equation in flows with complex geometries. This
has revolutionized fluid analysis, eliminating the need to sepa-
rate the flow into outer zones and boundary layer regions, since
the use of CFD now allows solving all the equations of motion
throughout the entire flow field [29], as shown in Figure 14.

Ansys
2024 R2
STUDENT

Fig. 14. Effect of the boundary layer on the fairing.

To begin the analysis, it is essential to understand the beha-
vior of the air over the fairing. This is achieved by calculating
the Reynolds number (Re), using equation 6. This value allows
determining whether the flow is laminar or turbulent, which is
key to properly approximating the boundary layer. According to
established criteria, the flow is considered laminar if the Rey-
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nolds number is less than 5 * 10° and turbulent if it is greater
[29]. This calculation uses the different velocities at which the
motorcycle will travel (V) in meters per second [m/s], the length
of the fairing from the leading edge to its rear end (L) in meters
[m], and the kinematic viscosity of air (v), whose average value
is approximately 1.5 + 107 [m%5s].

Reaz =Ll — % (6)

v

The boundary layer thickness (0) is defined as the distance
from the wall to the point where the parallel velocity reaches
99 % of the fluid velocity outside the layer. For its calculation,
the formulation for turbulent flow was used, since the Reynolds
number exceeded the limit for laminar flow. These values allow
the use of three significant figures due to their higher precision;
in turbulent regime, two significant figures were chosen due to
the high characteristic uncertainty. To describe the flow proper-
ties, two approaches were considered: the one-seventh power
law and a variant that incorporates empirical data for smooth
surfaces [29], as described in Table III, with the latter being the
option selected for the calculations.

TABLE III
COMPARISON OF LAMINAR AND TURBULENT
BOUNDARY LAYER PROPERTIES

Property Laminar Turbulent® Turbulent®
Boundary Layer d _ 491 S~ Lﬁl S~ le
Thickness z Re, ® (Rex)T ® (Rez)
Displacement 6_* _ 1.72 ‘5_* ~ 0-0201 i ~ _0~0481
Thickness z R, z (Re) T z (Rea)®
Momentum 6 _ 0.664 b ~ Llﬁl b ~ L?ﬁl
Thickness z Rey ® (Rez) T ® (Rea)®
Local Friction ¢y, . 0.664  (Cp . ~ 0027 ~ _0.059
Coefficient fz = VR, ’ (Rea)™ ’ (Rez)

For better understanding, the graph 15 has been created to
demonstrate the theory mentioned by [29], which states that at a
given position x, the higher the Reynolds number, the thinner the
boundary layer will be, with everything else remaining constant,
and the boundary layer approximation becomes more reliable.

Aerodynamic boundary layer [mm]

0 2:10° 4-10° 6-10° 810° 1-107 1.2:107 1.4:107 1.6:107 1.8:107 2.107

Reynolds Number

Fig. 15. Reynolds number Vs Boundary layer.
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The analysis of turbulent flow around the fairing was carried
out using Ansys software, selecting design 3 to evaluate the en-
tire surface exposed to the wind tunnel. The solution converges
by applying the continuity equation. The residuals of kinetic
energy and turbulent dissipation, shown in figure 16, stabilize
around 1.0, an acceptable value that does not compromi-
se aerodynamic drag, showing behavior similar to studies on
laboratory turbomachinery [30]. This interaction helps reduce
resistance on objects and reveals vortex formation [31]. Aero-
dynamic simulations show that controlling the flow improves
vehicle efficiency [32] [33]. In motorcycles, this control also
promotes more stable riding and lower energy consumption.

Fig. 16. Turbulent kinetic energy and dissipation.

D. Material Selection Result

The best alternative was unidirectionally pre-impregnated
S-glass fiber with epoxy resin, obtaining a score of 8.22 in the
weighting analysis, following a methodology similar to the one
used by [34]. In addition, the selection was validated using the
Expert Choice software, where this material achieved the best
result with 38.7 % and an inconsistency ratio of 0.03 (see Fi-
gure 17), which correlates with the study conducted by [34].

33,5% Precio [$/a] (L: .335) 10,3% Epcxiftibra de aramida

14,4% Modulo de Young [GPa] iL: .144) 15,2% Epoxiflibra de vicrio E UD

20,4% Modulo ale flexién (médulo de ruptura) [MPa] (L:,204) 8,4% Epoxifiora de vidrio E tejido

31,7% Tenacidad ala fractura[MPa'm “0.5] (L:.317) 27,4% Epexiflibra de carbono HS

38,7% Epoxifibrade vidrio S

Fig. 17. Result of the most optimal material in Expert Choice.

The results obtained with the Expert Choice software con-
firm that epoxy/S-glass fiber is the best option due to its high
selection percentage and lower cost compared to other alter-
natives. While carbon fiber presents better properties in terms
of Young’s modulus and flexural modulus, epoxy/S-glass fiber
stands out for its higher fracture toughness, making it a more
balanced alternative when considering both mechanical pro-
perties and economic feasibility, as shown in Figure 18. This
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type of methodology was used by replicating the use of similar
studies such as that of [35], for the design and construction
of uprights and wheel hubs of an electric Formula SAE com-
petition vehicle, using the decision matrix methodology and
implementing a validation with the AHP hierarchical method
used in the study of [34] for the selection of a type of composite
material according to the intended use.

Obj% Alt

Epoxifiibra de vid]

Epoxifibra de vicr]

Tenacidad a OVERALL

Modulo de Yo

0
Precio [$ka Modulo ala

Fig. 18. Result by each criterion in Expert Choice.

E. Structural Simulation Results

The fairing was designed with a thickness of 3 mm, achieving
a maximum deformation of 0.35339 mm under a load of 2100
N, which is higher than the combined weight of the motorcycle
accessories. Another study reported a deformation of 8.43 mm
under different loading scenarios, highlighting the greater stiff-
ness of the fairing developed in the present work [18]. To ensure
result accuracy, the mesh was adjusted within a resolution range
between 0.02 and 5 % [24]. A total of 9 iterations were perfor-
med. In this process, 16,153 nodes and 16,071 elements were
generated, achieving a Quality ratio of 0.98512, indicating high
mesh quality, as shown in Figure 19, which ensured convergen-
ce without compromising computational efficiency.
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Fig. 19. Iteration diagram vs. convergence rate analysis.

Both aerodynamic forces and the total weight of the mounted
accessories were considered in the event of a crash. Additiona-
Ily, high forces were simulated to replicate impact conditions
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and analyze the material’s response under extreme scenarios.
Significant deformation was observed in the area where the
rider’s legs are positioned, along with minor deformations in
other regions. However, the latter can be considered negligible,
as no excessive stresses are generated in these regions under
normal operating conditions.
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Fig. 20. Deformation zones of the fairing.

Multiple simulations were conducted to evaluate the mate-
rial behavior under various loading conditions. As shown in
Figure 21, the first two stress cases analyzed correspond to ae-
rodynamic forces generated at speeds of 45 km/h and 65 km/h.
Subsequently, at a speed of 150 km/h, the applied force reached
297.8620 N. From this point, predefined loads were applied to
assess material deformation. The results indicate that, under a
load of approximately 2100 N, the deformation factor obtained
was 0.35339 mm, showing an exponential increase in defor-
mation. This analysis helps determine the material’s reliability
and its ability to withstand high structural demands.

Structural Analysis
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Fig. 21. Force vs. Deformation diagram.

The Von Mises criterion was used to evaluate load distri-
bution in the fairing. As observed in Figure 22, a higher stress
concentration was identified at support point B, located at the
bottom of the fairing, specifically in the area where the rider
places their feet. This result is consistent with the observations
in Figure 22, suggesting that this area is particularly susceptible
to mechanical stress due to the load it bears and the vibrations
generated during motorcycle operation.

The onset of stress occurs with a force of 58.8430 N, co-
rresponding to a speed of 65 km/h, with an equivalent stress of
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1.5207 MPa. At this stage, stress distribution remains low and
does not significantly impact the structure. However, as the
applied load increases, stress progressively grows, showing
an upward trend in the material’s response to the imposed
loading conditions.

Ti
2210272025 1656

71,897 Max

000 25000 500,00 mm)
1

12500 37500

Fig. 22. Deformation stress, Von Mises criterion.

By analyzing the reaction forces at different fairing ancho-
rage points, it was found that one of these points exhibited a
significantly higher reaction compared to the others. This beha-
vior is explained by its proximity to an area of the fairing where
lateral deformation occurs. The presence of this deformation
indicates a stress concentration in that specific area, allowing
for an evaluation of the effectiveness of the supports used, as
illustrated in Figure 23. These supports play a crucial role in
distributing the loads, demonstrating their capability to prevent
failures at the most critical anchorage points. Thanks to this
proper load distribution, potential breakage or crack formation
in the fairing is prevented, thus ensuring its structural integrity
and extending its service life.
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Fig. 23. Fairing reaction force distribution diagram.

F. Modal Simulation Results

The results obtained in Ansys Modal allow for the analysis
of the natural frequencies and the maximum deformation of
the motorcycle fairing. The simulation reveals a total of 6 vi-
bration modes, showing displacements in the three Cartesian
axes, as described in Table I'V. Additionally, in the final vibra-
tion mode, a dual action is observed on the X-axis, indicating
a greater influence of this axis on the dynamic behavior of
the fairing.
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TABLE IV
NATURAL FREQUENCY, MAXIMUM DEFORMATION
AND NATURE OF FAIRING DISPLACEMENT

Mode Natural Maximum. Nature of
Frequency [Hz] Deformation [mm] displacement
1 42.194 31.371 Bending along Y-axis
2 54.703 25.653 Curving along Z-axis
3 60.425 28.566 Curving along Z-axis
4 61.924 44.787 Curving along X-axis
5 69.393 30.851 Twisting along X-axis
6 78.022 15788 Twisting and bending

along X-axis

Complementing the data in Table IV, Figure 24 visually
illustrates the different ways the structure deforms when sub-
jected to various natural frequencies. Through this schematic
representation, it is possible to analyze the behavior of the fai-
ring under different vibration conditions, allowing for the iden-
tification of deformation patterns.

Ansys
A R2
STUDENT
(a) First mode at 42,194 Hz (b) second mode at 54,703 Hz

Ansys Ansys
__maRz _amarz
STUDENT STUDENT

s

i o BS

(c) Third mode at 60,425 Hz (d)  Fourth mode at 61,924 Hz

: 22
(e) Fifth mode at 69,393 Hz ) il macl T B

Fig. 24. Modal displacement shapes of the fairing.

In the modal analysis, the highest recorded deformation re-
aches a value of 44.787 mm, corresponding to mode 4, which
has a frequency of approximately 61.924 Hz. On the other
hand, the minimum deformation observed is 15.78 mm, asso-
ciated with the last mode, with a frequency of 78.022 Hz—va-
lues within the range of 65 Hz to 135 Hz established for in-
ternal combustion motorcycles [36], adapted here for electric
motorcycle conditions.
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Fig. 25. Comparison of natural frequency and maximum deformation.

In the harmonic analysis, shown in Figure 26, the defor-
mation of the fairing along the X, Y, and Z axes is presented,
each with distinct behavior. The maximum amplitude recor-
ded is 4.0105 mm at a frequency of 6.5 Hz in the Y and Z
axes, while for the X-axis, the maximum amplitude reaches
2.3558 mm at the same frequency. As the frequency increa-
ses, a progressive decrease in deformation amplitude is obser-
ved. In the X-axis, deformation decreases to 0.14686 mm at a
frequency of 13 Hz. Meanwhile, the Y and Z axes also show
a downward trend, reaching an equal value of 0.26355 mm at
a frequency of 26 Hz.
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Fig. 26. Graphical comparison of frequency and amplitude.

IV. CONCLUSIONS

First, for the development of the designs, the Industrial De-
sign Structure (IDes) methodology was key to analyzing current
trends in motorcycle design to have an initiative with the initial
sketches and CAD models. This allowed defining the fairing’s
aesthetics with its own identity. Considering the guidelines of
the MotoStudents Regulations, which helped delimit key as-
pects such as external dimensions and edge thickness, enabling
the creation of a functional and aerodynamic fairing criterion.

In the selection of the most efficient design, priority was gi-
ven to reducing drag resistance and lift. Design 3 obtained the
best results, with a drag coefficient of 0.282 and a lift coeffi-
cient of -0.273. These values were validated through a meshing
analysis that yielded a skewness of 0.23 (rated as excellent) and
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an orthogonal aspect ratio of 0.76 (very good). Additionally,
the airflow around the fairing prevents vortex formation at the
outlet, which could affect the motorcycle’s stability, and inside,
a balanced flow is achieved, promoting better heat exchange.
The best material option is epoxy resin with S-type pre-im-
pregnated unidirectional fiberglass, with a thickness of 3 mm.
In the structural simulation, this material showed a deformation
of 0.35339 under a force of 2100 N, confirming its resistivity.
The validation demonstrates that a balanced mesh was achieved
by the ninth iteration, remaining within the range of 0.02 to 5%,
allowing to avoid unnecessary computational resource expenses.
The modal analysis allowed studying the fairing’s behavior
under vibrations. It was identified that the most impactful fre-
quency is 78.022 Hz, with a total deformation of 15.788 mm. A
maximum amplitude of 6.5 Hz was also observed in the X and Y
axes, indicating that the fairing can withstand the motorcycle’s
dynamic conditions without compromising its structure.
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Use of carbon activated impregnated with
Fe to enhance methane production of wastewater

from nixtamalization process

Vianey A. Burboa Charis?, Margarita S. Escalante Torres?, Miguel A. Armenta Gutiérrez?®,
Lourdes M. Tenorio Diaz*, Luis A. Leyva Soto®, Angel R. Meza¢, Luis H. Alvarez Valencia”

Abstract — Wastewater from the nixtamalization process re-
presents a challenge due to its complex and highly alkaline compo-
sition. The present work aims to enhance methane production by
anaerobic digestion of nejayote with conductive materials based
on carbon modified with iron. Through two experimental phases,
the most significant results show that the metal load in granular
activated carbon (GAC) does not stimulate electron transfer in a
medium such as nejayote. On the other hand, when the pH is kept
at neutral values, an 88 % reduction in COD and high values of
accumulated methane are obtained. The study describes the rela-
tionship between using GAC and nejayote as a methane promoter

in anaerobic digestion, which can be a sustainable alternative.

Keywords: Anaerobic digestion, wastewater, nejayote, metha-
ne production, conductive materials, direct interspecies electron
transfer (DIET).

Resumen — Las aguas residuales provenientes del proceso de
nixtamalizacion representan un reto por su composicién compleja
y altamente alcalina. El presente trabajo tiene como objetivo poten-
ciar la produccion de metano mediante la digestion anaerébica de
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nejayote con materiales conductores a base de carbon modificado
con hierro. A través de dos fases experimentales, los resultados mas
significativos muestran que la carga metalica en el carbén activa-
do granular (CAG) no estimula la transferencia de electrones en un
medio como el nejayote. Por otro lado, cuando el pH se mantiene
en valores neutros, se obtiene una reduccién del 88 % en la DQO y
altos valores de metano acumulado. El estudio describe la relacién
entre el uso del CAG Yy el nejayote como promotor de metano en la
digestion anaerobica, lo que puede ser una alternativa sustentable.

Palabras Clave: Digestion anaerobia, agua residual, nejayote,
produccion de metano, materiales conductores, transferencia di-
recta de electrones entre especies (DIET).

I. INTRODUCTION

CORN is the crop that generates the most significant eco-
nomic value in Mexico (seven largest producer world-
wide) [1]. The tortilla is the main way of consuming corn in
Mexico and is a fundamental part of its diet [2], the annual per
capita tortilla consumption in urban areas is 56.7 kg, and in ru-
ral areas is 79.5 kg [3]. Most corn-based products are subjected
to an alkaline treatment called nixtamalization, which allows
them to increase their nutritional value [4]. Nixtamalization is
a thermo-alkaline treatment that consists of cooking corn by
adding calcium hydroxide, this preparation is cooked for 50
to 90 minutes and left to soak in the cooking water for 14 to
18 hours [5], [6]. This treatment helps to remove the pericarp
from the grain, making amino acids (niacin and tryptophan)
and minerals such as calcium more available; it also facilita-
tes milling and improves the adhesiveness and extensibility
of the dough produced [7]. After soaking, the cooking water
known as “nejayote” is removed. Nejayote has an approximate
composition of 92 - 94% water with a large amount of organic
matter, and 6-8% solid corn residues, which include the peri-
carp, endosperm, germ, calcium and carotenoids, which give
it its characteristic yellow pigmentation [6], [8]. It is estimated
that a tortilla factory with a capacity of 600 tons of corn/day
generates between 1500 and 2000 m? of nejayote [9]. Nejayote
is one of the most challenging effluents to treat because it is

© The authors. Creative Commons Attribution 4.0 International License
https://creativecommons.org/licenses/by/4.0/
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highly alkaline (pH>10) and has high concentrations of dis-
solved and suspended organic matter, with values of biologi-
cal oxygen demand (BOD) between 7000 to 14 000 mg/L and
Chemical oxygen demand (COD) in a range from 10 000 to
20 000 mg/L [10], [11]. Nejayote is rarely treated and is dis-
charged directly into surface waters or public sewers [12]. This
effluent generates turbidity and causes a reduction in dissol-
ved oxygen, compromising the survival of various aquatic or-
ganisms. It also increases the content of nutrients (N and P),
which contribute to the eutrophication process, leading to a
significant environmental impact [11], [13].

Aerobic water treatment systems are not considered an
option due to the characteristics of nejayote; however, anae-
robic digestion (AD) is a viable option for eliminating the
organic load and producing biogas. AD is a four-stage bio-
logical process (hydrolysis, acidogenesis, acetogenesis, and
methanogenesis); in the absence of oxygen, a mixed consor-
tium of microorganisms transforms complex organic matter
into its most oxidized (CO,) and most reduced (CH,) states
[14]. The strategy through AD of generating clean energy
from methane and biohydrogen has been explored [12], [15].
Currently, strategies have been established to improve the
stages of AD, especially for complex compounds, and ade-
quate electron transfer is required to increase the methane
content in biogas. Direct electron transfer between species
(DIET) is a syntrophic process that effectively promotes elec-
tron transfer in the anaerobic microbial consortium, being
able to give up and accept electrons directly between species,
promoting methane production during anaerobic digestion,
in which they can involve electroactive bacteria, methano-
gens, anaerobic methane-oxidizing consortia, Geobacter
species and co-cultures [10], [17]. Several studies have re-
ported using electron-conducting materials, which improve
the syntrophic relationships between fermentative bacte-
ria and methanogenic archaea during methane production.
Some processes in which conductive materials participate
and promote during anaerobic digestion are shown in Fig. 1.
In the last decade, carbon-based materials have been widely
studied; in 2012, the use of iron oxide minerals was repor-
ted, obtaining favorable results, such as an increase in the
maximum methane production rate and a significant reduc-
tion in the lag phase [18]. Adding carbon-based materials
and metals is an option to improve methanogenesis during
AD processes.

The main objective of this work is to treat wastewater from
the nixtamalization process (nejayote) using carbon-based con-
ductive materials, with and without iron, to enhance methane
production. The objective was achieved through two experi-
mental phases: 1) To evaluate the impact of different percen-
tages of Fe in activated carbon to increase methane production
during anaerobic digestion of nejayote; 2) To evaluate the pro-
duction and composition of biogas by anaerobic digestion of
nejayote, in a reactor with continuous stirring (CSTR) added
with conductive material.
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Fig. 1. Processes in which conductive materials participate and promote during
anaerobic digestion and their impact on the productivity of methane and other
products. Adapted from [19].

II. MATERITALS AND METHODS

A. Wastewater and inoculum

The nejayote wastewater was collected from a small corn
tortilla factory that uses the nixtamalization process, located in
Cd. Obregon, Mexico. The wastewater was sedimented for 24
hours, and pH and soluble chemical oxygen demand (CODs)
were subsequently determined. The anaerobic granular slud-
ge used for both experimental phases contained 16 % volatile
suspended solids (VSS) in wet weight, collected from a large-
scale UASB reactor of a local brewery, and dispersed to obtain
a particle size of 425 um. It was used as inoculum without prior
acclimation to nejayote.

B. Conductive materials

Granular activated carbon (GAC) was used during the AD
kinetics for methane production, which was produced from bi-
tuminous coal (Carbotecnia), was crushed and sieved to obtain
particles between 150 and 250 pm; it was subsequently washed
with distilled water to remove fine particles and dried at 55 °C
for 24 h. The modification of the GAC was carried out by an
impregnation method [20], with Fe doses of 0.25, 0.5, and 1 %,
in a solution of iron nitrate (Fe (NO,), 9H,0) (Sigma-Aldrich)
by weight according to Equation 1:

AL /MW 4 x MW 5 x C )

A is the metal used, MWA is the molecular weight of the me-
tal, MWB is the molecular weight of the precursor metal, and C
is the mass of the supporting material. The impregnation was
carried out with 10 g of GAC with the iron nitrate solutions at
80 °C for 8 h at neutral pH, then the water present in each solu-
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tion was evaporated at 110 °C for 12 h and finally thermally ac-
tivated at 350 °C for 4 h with a temperature ramp of 10 °C/min.

C. Methane production kinetics with nejayote

The first experimental phase was carried out in 120 mL sero-
logical bottles, with 60 mL of nejayote operating volume. The
initial CODs concentration was 15,688+ 90 mg/L, inoculated
with 1 g of SSV/L of anaerobic sludge. The bottles were sea-
led with rubber stoppers and aluminum caps, and then N2 was
bubbled into the liquid to establish an anaerobic atmosphere.
The incubations in triplicate were placed in an orbital shaker
at 37 °C and 130 rpm for 15 days. The liquid displacement
method used a 2 % NaOH solution to determine the volume
of methane produced. At the end of the kinetics, pH, and COD
were determined; likewise, the results of methane production
were analyzed to determine the kinetic parameters using the
modified Gompertz model (Eq. 2) [21].

P = Pk €xp {— exp {% . ()\—t) + 1]} (2

Where P is the cumulative methane production (mL), Pmax
is the maximum methane production (mL), Rmax is the maxi-
mum methane production rate (mL/day), ¢ is the time (days),
and /4 is the lag phase (days). Parameters were estimated using
Statistic Six Sigma 13 with minimal sum-of-squares residual
errors between the experimental data and the model curves.
Additionally, analysis of variance and Tukey test were perfor-
med with statistical software (InfoStat) to determine differen-
ces between means (p < 0.05).

To carry out the second phase, based on the results obtai-
ned in the first experimental phase, the iron-free GAC was se-
lected to be added into a tank reactor with continuous stirring
(150 rpm) at 37 °C for 20 days, with an operating volume of
2 L, initial pH of 12.54 that was adjusted to 7.05, during the
operation it was regulated to pH 7.1, using a NaOH solution
(5M), this pH was selected because it favors the metabolism
of methanogenic bacteria, the reactor was inoculated with 1 g
SSV/L of granular anaerobic sludge and 10 g/L of the selected
conductive material was added. The initial CODs was 12392 +
153 mg/L. 2 mL were taken each day to evaluate CODs, which
was previously centrifuged at 5000 rpm for 5 minutes. The
methane produced was quantified by an automatic methane
meter (AMPTS II equipment from BPC Instruments, Sweden);
the composition of the gas produced was a gas chromatograph
(Shimadzu Nexis GC-2030), equipped with a polar capillary
column (ZB-624PLUS, 30 m length, 0.32 mm diameter, 1.0 um
film thickness), in the same equipment ethanol, acetic, pro-
pionic and butyric acids were determined from liquid samples
taken periodically, previously centrifuged at 5000 rpm for 5
minutes and filtered through a 0.22 pym membrane.

ITII. RESULTS AND DISCUSSION

Nejayote wastewater is a complex effluent with a high varia-
tion in COD; this may be due to the tortilla production method,
type of corn, quality of water used, amount of lime, and coo-
king time [22]. Nejayote water cannot be treated by a biological
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system without prior conditioning, specifically pH adjustment,
due to its high alkalinity, inhibiting microorganism’s metabo-
lism. To achieve DA, it is necessary to consider that if the ob-
jective is to produce methane, the pH must range between 6.8
and 7.2 [23].

A. First experimental phase: impact of different percentages
of Fe in activated carbon to increase methane production dur-
ing anaerobic digestion of nejayote

The results of accumulated methane volume are shown in
Fig. 2, in order from highest to lowest production for each con-
dition evaluated: Control>GAC>GAC + Fe 0.25 % > GAC +
Fe 0.5 % > GAC + Fe 1 %. The accumulated volume does
not show a significant difference between the control and GAG
with the lowest Fe loads (0.25 and 0.5 %). On the other hand,
the CAG with the highest load obtained the lowest methane
production (56.5 mL), being 14 % lower than the control. Use
trace metals like Fe, Co and Ni has been proved to stimulate
the growth of anerobic microorganisms and improve bacteria
activity and increase the yield of gas [24], [25]. Nonetheless,
research reported in 2024, where they evaluated GAC impreg-
nated with 1.5 and 3 % of Fe, values higher than those ca-
rried out in this work, suggests that the increase in the metal
load blocks the pores of the GAC, which limits the interaction
between the effluent and the microbial consortium [26]. The
increase in the metal load in the GAG does not favor methane
production with treat nejayote.

The final COD are shown in Table 1, the highest GAC + Fe
0.5 % had the highest COD consumption, followed by GAC
+ Fe 0.25 %. GAC reduced COD by 23 % more compared to
the control. GAC + Fe 1% only reduced COD by 7.3 % less
than the final control value. The results with a lower metal load
(Fe 0.25 %) favor a reduction in organic load, however, the
DIET mechanism is not promoted because it does not increase
methane production.
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Fig. 2. Production of accumulated methane from nejayote DA with Fe-impreg-
nated conductive materials.

Carbon-based conductive materials have been widely used
to stimulate the DIET by enhancing electron transfer for metha-
ne production [27], especially the use of GAC, due to their
electrical conductivity, surface area, biofilm formation capaci-
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ty, corrosion resistance, and potentially toxic substance adsorp-
tion capacity [28], [29]. Depending on the type of GAC, the
adsorption mechanism can occur through physical interactions
(microporosity and particle size) and chemical interactions
(elemental composition, functional groups, and point of zero
charge) [30]. In order to select the material that can achieve
the best performance for producing methane, not only its pro-
perties and characteristics must be considered, but it will also
depend on the interaction between the microbial consortium
and the working medium, which is the case in nejayote. Accor-
ding to the results, the CAG does manage to reduce the organic
load present in the nejayote, compared to the GAC impregnated
with Fe and the control. For this reason, the Gompertz kine-
tic parameters will be crucial to determine the selection of the
conductive material.

TABLE 1
FINAL PH, REMOVAL COD AND ACCUMULATED METHANE
OF ANAEROBIC DIGESTION OF NEJAYOTE WITH GAC
AND GAC WITH DIFFERENT PERCENTAGES OF FE

Condition Final COD Removal Accumulated  Final
(mg/L) COD (%) methane (mL) pH
Control 8,596.6 45.2 64.4 4.78
GAC 6602.5 57.9 63.3 4.72
GAC + Fe
0.25% 5875.0 62.5 61.8 4.76
GAC + Fe
0.5% 5300.8 66.2 60.5 4.72
GAC + Fe 1% 7965.0 49.2 56.5 4.71

The kinetic parameters obtained from the accumulated
methane production, according to the maximum methane pro-
duction, GAG obtained the highest value (66.11 mL), followed
by the control (62.81 mL), while the GAC impregnated with Fe
obtained similar values, with an average of 58.09 mL + 1.13
mL, all conditions do not show statistically significant diffe-
rence between them (Tukey test p < 0.005), this reiterate that
adding iron salts does not stimulate methane production when
the medium is nejayote. The use of GAG + magnetite was re-
ported, in concentrations of 20 to 40 g/L with dairy industry
wastewater, which also has a highly alkaline pH, has been re-
ported, achieving an 80% increase in the methane production
rate and a 90% increase in methane conversion [31]. The di-
fference in the results suggests that the interactions between
the conductive material, medium, and consortium change ac-
cording to the origin and composition of the wastewater, even
when they share physicochemical characteristics, such as alka-
linity and organic matter content.

The Rmax results (Fig. 3) show the impact of the conductive
material on the DA process, where the production rate is sti-
mulated by the effect of the DIET, being 2.3 times faster GAC
and GAG + Fe 0.25 % with respect to the control, while GAG
with 0.5 and 1.0 % of Fe, were 2 times faster compared to the
control. Therefore, GAC without metal loading can produce
faster and higher volumes of methane since there is a statisti-
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cally significant difference with respect to the control and GAC
with iron (Tukey test p < 0.005). Iron can be easily dissolved,
allowing it to be used as a micronutrient in methanogenesis
in different ways, both positive and negative, all depending on
its physicochemical properties and its syntrophic partners [32],
which directly influences methane production.

The efficiency of methane production is one of the most im-
portant criteria during anaerobic digestion [33], there are seve-
ral factors that influence it, such as pH, temperature, inoculum,
among others; however, the pH value is the fundamental factor.
The final average pH of the conditions tested was 4.73 (Table 1),
this can cause inhibition for the methanogenic consortium,
which is why methane production can be stopped; The optimal
pH range to obtain the maximum methane yield in anaerobic
digestion is 6.5 to 7.5, the range is relatively wide on the plant
scale and the optimal pH value varies with the type of effluent
and mode of operation [34]. It is highly recommended to keep
this physical parameter at neutral values to promote COD con-
sumption, which can allow high methane production.
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Fig. 3. Maximum methane production rate (Rmax) determined from Gom-
pertz model.

B. Second experimental phase: production and composition
of biogas in CSTR added with conductive material.

The use of a CSTR reactor allows the control of the pH in
an optimal range for methane production. The results showed
that the COD was reduced by 88 %, considering the initial
and final values. At the end of the kinetics, the accumulated
methane volume was 6312 mL. Fig. 4 shows the COD con-
sumption over time, in contrast to the generation of produ-
ced methane. GAC has been used before in real and synthetic
effluents, reporting values ranging from 60 to 70 % in metha-
ne production with residual water from the brewing industry
with 5 g GAC/L [35]; with residual activated sludge with 27 g
GAC/L, an increase of 37 % in methane production [36]. GAC
is a material that stimulates the DIET process by promoting
electron transfer. Fig. 4 shows a null lag phase and a direct
relationship between the consumption of organic matter and
methane production obtained from the DA of nejayote, which
has not been previously reported.
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Fig. 4. Methane production and COD consumption of nejayote DA with GAC.

In several studies, the increase of methane content in the
biogas produced has been reported when GAC is added to AD
systems [37], [38]. Fig. 5 shows the biogas composition pro-
duced during days 2, 6, 10, and 12; the percentage of methane
during the first days confirms methanogenic activity, with va-
lues close to 90%, positively impacting the methane production
rate. However, the percentage of methane in the biogas is redu-
ced on day 6; this may be due to a change in the composition of
the medium or a change in the metabolic route by the consor-
tium since there is a considerable increase in the CO, content,
however, from day 10, the methane content remained between
85-90% approximately, suggesting that GAC promotes DIET
by significantly increasing the methane content in the biogas
produced during the AD of nejayote. The typical composition
of CH, is reported to be between 50 to 75 % and CO, to be
between 25 and 50 % [39]. GAC could allow biomethane gene-
ration from the anaerobic digestion of nejayote, representing an
alternative energy source.
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Fig. 5. Composition of biogas produced during AD of nejayote with GAC.
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The final pH was 7.31, which favors the methanogenic con-
sortium due to the high consumption of organic matter. The
acidification obtained in the first experimental phase could oc-
cur due to the accumulation of organic acids, such as volatile
fatty acids (propionic, butyric, valeric, among others). Fig. 6
shows the production of ethanol (ET), acetic acid (AA), pro-
pionic acid (PA) and butyric acid (BA). Raw nejayote contains
26.5 % ET, 42.9 % AP, and 30.5 % BA. During the first days,
the concentration of these intermediate products increases.
From the fifth day on, the ET is reduced to 12 %, decreasing as
the days go by until reaching values of 1 %, causing an accu-
mulation of PA and BA.

GAC stimulates DIET through the consumption of VFA
[40]; however, the accumulation of PA and BA, which are
compounds not directly consumed by methanogenic bacteria,
favors the stabilization of methanogenic microorganisms [41].
Therefore, it is necessary to continue evaluating the different
conductive materials to understand better and describe the in-
teractions between the medium, microorganisms, and the tes-
ted material. It is advisable to work with a controlled medium,
where the optimal pH range of the metabolism of the microor-
ganisms of the producer of interest is maintained, methane
being the objective of this work, to interpret a response and be-
havior mechanism. This allows to continue developing research
and to be able to generate a universally accessible database to
consider proposals to treat a complex effluent such as that of
the nixtamalization process.
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Fig. 6. VFA production during AD of nejayote with GAC.

IV. CONCLUSIONS

Nejayote is a complex effluent, which represents a challen-
ge for its treatment, where DA is a viable option, which pro-
motes an energetic valorization of said effluent, methane is an
alternative source of energy with a calorific value higher than
that of hydrocarbons. The GAC modified with iron does not
stimulate the direct transfer of electrons when the aqueous me-
dium is nejayote. The GAC promotes the DIET mechanism,
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increasing the consumption of organic matter and AGV, increa-
sing the methane production rate and significantly reducing the
lag phase. This study represents a precedent for understanding
the syntrophic interactions between the species of anaerobic
microorganisms, type of residual water, and conductive mate-
rial. Future research is proposed to promote the generation of
alternative energy sources and establish sustainable treatment
strategies, even in complex waters, such as nejayote.
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Development and physical-chemical and microbiological
characterization of a yogurt-like product, lupine

(Lupinus mutabilis Sweet) -based
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Abstract —In view of the growing demand for alternatives to
animal products, this study presents the development and phy-
sicochemical, microbiological and sensory characterization of a
yogurt-type product based on lupine milk (Lupinus mutabilis) and
starch from arracacha (Arracacia xanthorrhiza). Three versions
of the product were formulated with different concentrations of
starch, evaluating its proximal composition, polyphenol content,
rheological behavior, microbiological profile and sensory accep-
tance. The results showed that the incorporation of starch did not
significantly affect the basic nutritional composition, maintaining
an adequate protein and fiber profile. The formulation with 3 %
starch (T3) presented higher viscosity, rheological stability and
sensory acceptability analysis, standing out in attributes such as
flavor, texture and appearance. In addition, the pseudoplastic be-
havior observed suggests a favorable texture for the consumer. At
the microbiological level, all formulations met safety standards,
showing an adequate presence of lactic acid bacteria with pro-
biotic potential. Therefore, this work not only highlights the po-
tential of lupin as a base for functional fermented products but
also highlights the importance of arracacha starch as a natural
stabilizer. The findings open new perspectives for the development
of innovative, sustainable and nutritionally balanced plant-based
foods, with projection towards the food industry and the growing

market of vegan and food intolerant consumers.

Keywords: milk-like; yogurt-like; Arracacia xanthorrhiza; Lu-
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Resumen — Ante la creciente demanda de alternativas a pro-
ductos de origen animal, este estudio presenta el desarrollo y ca-
racterizacion fisicoquimica, microbioldgica y sensorial de un pro-
ducto tipo yogurt a base de leche de lupino (Lupinus mutabilis)
y almidén de arracacha (Arracacia xanthorrhiza). Se formularon
tres versiones del producto con diferentes concentraciones de al-
midoén, evaluando su composicién proximal, contenido de polife-
noles, comportamiento reolégico, perfil microbiologico y analisis
de aceptabilidad sensorial. Donde los resultados evidenciaron
que la incorporacion de almidon no afect6 significativamente la
composicion nutricional basica, manteniendo un perfil proteico
y de fibra adecuado. La formulaciéon con 3 % de almidén (T3)
presenté mayor viscosidad, estabilidad reologica y aceptabilidad
sensorial, destacandose en atributos como sabor, textura y apa-
riencia. Ademas, el comportamiento pseudoplastico observado
sugiere una textura favorable para el consumidor. A nivel micro-
bioldgico, todas las formulaciones cumplieron con los estandares
de inocuidad, mostrando una adecuada presencia de bacterias
acido-lacticas con potencial probiético. Teniendo que este trabajo
no solo destaca el potencial del lupino como base para productos
fermentados funcionales, sino que también resalta la importancia
del almidén de arracacha como estabilizante natural. Los hallaz-
gos abren nuevas perspectivas para el desarrollo de alimentos ve-
getales innovadores, sostenibles y nutricionalmente balanceados,
con proyeccion hacia la industria alimentaria y el mercado cre-
ciente de consumidores veganos y con intolerancias alimentarias.

Palabras Clave: parecido a la leche, parecido al yogur, Arracacia
xanthorrhiza; Lupinus mutabilis Sweet; bacterias acido — lacticas.

I. INTRODUCTION

HE rejection of animal-derived products has increased no-

tably in recent years, a trend closely associated with vega-
nism—a dietary practice that excludes all animal-origin foods,
including dairy, honey, and eggs [1]. The number of individuals
identifying as vegans continues to grow, driven by motivations
such as improving health and avoiding animal cruelty. Within
this context, plant-based dairy alternatives have gained sig-
nificant attention due to their suitability for individuals with
allergies, lactose intolerance, or those transitioning to a vegan
lifestyle [2].

© The authors. Creative Commons Attribution 4.0 International License
https://creativecommons.org/licenses/by/4.0/
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A parallel rise in the adoption of healthier lifestyles has led
consumers to seek out plant-based and functional food options
[3]. Among these, plant-based yogurts stand out due to their
low cholesterol content and their suitability for individuals
with protein allergies or lactose intolerance [4]. Moreover, the-
se yogurts retain high levels of probiotics and bioactive pepti-
des, which enhance their nutritional value [2]. The texture and
nutritional profile of such products depend significantly on the
type of plant-based milk used (e.g., legumes or cereals) and on
complementary ingredients such as starch and fiber [1]. As a
result, the food industry has increasingly focused on developing
plant-based functional foods that promote consumer health [5].

However, studies on plant-based yogurt alternatives have fa-
ced several limitations. Some formulations derived from legu-
mes such as soy, pea, or oat often struggle to achieve desirable
sensory attributes, particularly in terms of flavor, texture, and
aroma, most notably the presence of off-flavors and insuffi-
cient creaminess [6]. Furthermore, the low gelling capacity of
plant proteins compared to dairy proteins has led to the addi-
tion of stabilizers or texture enhancers, which can sometimes
compromise the natural or clean-label appeal of the products
[7]. Another common limitation has been the variability in the
growth of probiotic cultures in non-dairy matrices, which can
affect the viability and stability of probiotics over the shelf-
life of the products [8], [9]. Also considering that few studies
have explored the use of alternative starches such as arracacha
(Arracacia xanthorrhiza) to improve texture, focusing predo-
minantly on more commonly available sources such as corn or
potato starch [10], [11]. These limitations highlight the need
for further research into novel plant-derived matrices and sta-
bilizers that can improve the physicochemical, microbiological
and sensory qualities of yogurt-like products without compro-
mising their nutritional profile or clean-label appeal [7], [12].

For this reason, the formulation of plant-based yogurts re-
quires the selection of legumes with high protein content.
Among these, lupine (Lupinus spp.) stands out for its excep-
tional protein concentration, ranging between 40 and 50 g/100
g dry weight [13]. Although the genus Lupinus includes nearly
300 species, only four are of major agricultural significance: L.
albus, L. angustifolius, L. luteus, and L. mutabilis. The latter is
particularly noteworthy for its high protein content, adaptabi-
lity to agricultural systems, and potential health benefits [14].
According to the [15], lupine contains approximately 51 % pro-
tein, 21.9 % fat, 13 % fiber, 3.23 % alkaloids, 0.37 % calcium,
0.6 % iron, and 0.3 % zinc. However, due to its elevated alka-
loid content, it must be subjected to heat treatment to reduce
these compounds and minimize the risk of toxicity [1].

Lupine proteins include heat-stable globulins such as
a-conglutin (11S legumin-type) and B-conglutin (7S vicilin-
type). The denaturation of B-conglutin begins at 85-89 °C,
while a-conglutin remains stable up to 102-105 °C. Under
high temperatures and isoelectric pH, these globular proteins
unfold due to the disruption of hydrogen bonds and hydropho-
bic interactions, leading to the formation of protein aggregates.
These can bind to albumins, which possess excellent interfacial
properties, contributing to foam formation and reduced inter-
facial tension [4], [16]. Heat and bacterial proteolysis further
induce structural changes such as denaturation, dissociation,
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and aggregation, enhancing the yogurt’s structural, functional,
and nutritional characteristics [17]. Nevertheless, lupine has
inherently weak gelling properties, which is why starch is of-
ten added to improve mouthfeel, viscosity, creaminess, reduce
syneresis, and enhance gel firmness [18].

Therefore, the objective of this study was to develop a yo-
gurt-like product based on lupine milk and Arracacia starch as
an alternative to traditional dairy products, and to evaluate its
physicochemical, microbiological, and sensory characteristics.

II. MATERIALS AND METHODS

A. Materials

Commercial lupine grain of the INIAP-450 variety was pur-
chased from the Gralyn farm in Latacunga, Ecuador. Arracacia
xanthorrhiza starch was provided by the Plant Genetic Resou-
rces Department of INIAP-Ecuador. Danisco (Streptococcus
thermophilus and Lactobacillus delbrueckii subsp. bulgaricus)
and sucrose were purchased from the chemist’s house in Lata-
cunga, Ecuador.

B. Lupine debittering

The lupine grains were debittered using aqueous heat pro-
cessing as previously reported [19]. Briefly, grains were im-
mersed in hot water (80 °C) at a 1:3 ratio (grain:water) for 10
h, then cooked at 91 »C for 1 h and thoroughly washed at 35 °C
for 28 h with continuous changing of distilled water.

C. Milk-like product processing

In the preparation of the lupine-based milk product, the gra-
in previously free of bitterness was used, which was ground in
a colloid mill (Wenzhou Maolong Machinery Co., Ltd, China)
applying a water:grain ratio of 1:4 w/v [20].

D. Yogurt-like product, lupin-based processing

For yogurt-like processing, a milk-like lupin base (1.84 %
fat w/w) was used. Preliminary trials were conducted to defi-
ne the inclusion levels of A. xanthorrhiza starch in yogurt-like
product and the following test formulations were established:
T1= (90.7 % milk-like, 1 % A. xanthorrhiza starch, 8 % su-
crose, 0.3 % Danisco strain), T2= (89.7 % milk-like, 2 % A.
xanthorrhiza starch, 8 % sucrose, 0.3 % Danisco strain) and
T3= (88.7 % milk-like, 3 % A. xanthorrhiza starch, 8 % sucro-
se, 0.3 % Danisco strain).

All three formulations were pasteurized at 70 °C for 30 mi-
nutes and then cooled to 40 °C. They were then incubated at
40 °C £ 2 °C for 10 to 12 hours in an incubator (Memmert,
Germany) until the pH was adjusted to a range of 4.4 to 4.6. To
stop the fermentation process, the yogurts were removed from
the incubator and stored under refrigeration at 4 °C.

E. Proximal analysis

Methodologies of the AOAC were used to assess moistu-
re (930.15), crude protein (total N x 6.25) (955.39), crude fat
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(920,39), crude fiber (978.10), and ash (942.05). The total
carbohydrate content of the samples was calculated by the di-
fference method (subtracting the percent crude protein, crude
fiber, crude fat, and ash from 100 %), [21]. The energy content
was determined by applying the method described by [22].

F. Polyphenols

The total phenolic content was determined using the Folin
Ciocalteu 2N reagent. The absorbance was measured at 754 nm
using an Evolution 201 spectrophotometer (Cachay-Morante
et al., 2022) (Thermo Fisher Scientific, Massachusetts, USA),
and the results are expressed in mg of gallic acid/100 g of dry
sample [23].

G. pH and titratable acidity

During fermentation, standard methodologies of the As-
sociation of Official Analytical Chemical International were
used to assess pH (943.02) and total titratable acidity (947.05)
[24]. The pH value and total titratable acidity were determi-
ned using 10 mL of samples which were suspended in 90 mL
distilled water and stirred for 10 min. The pH was measured
using a pH electrode, and total titratable acidity was expres-
sed as the amount (mL) of 0.01 mol.L' NaOH required to
obtain a pH value of 8.2, and the result is reported as lactic
acid percentage.

H. Viscosity

Measurements of viscosity were done with Brookfield (mo-
del DV II; Brookfield Engineering Laboratories, Stoughton,
MA 02072, USA) with Helipath stand, a type D T-bar spindle
and a speed of 5 rpm. The Brookfield measurements were per-
formed in triplicate and the mean values used for further analy-
sis were reported. All rheological measurements were made at
5 °C Spindle No 2 from 0 to 200 rpm was used for all samples,
as described by [25].

L. Rheological

From the viscosity values obtained using the Brookfield vis-
cometer (model DV 1II; Brookfield Engineering Laboratories,
Stoughton, MA, USA), mathematical modeling was performed
using the power law equation [19].

The data obtained were adjusted to the following equation:

n= Ky" (1)

Where:

7. shear stress (Pa).

Y: shear rate (1/s).

K fluid consistency index (Pa.sn).
n: flow behavior index.

This model allowed us to characterize the relationship
between shear stress and shear rate, determining whether
the yogurt exhibited pseudoplastic, dilatant, or Newtonian
behavior.
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J. Microbiological Analysis

Microorganism enumeration was performed using the rapid
Petrifilm methods (3M). A dilution of each sample was made
by adding 10 g of yogurt to 90 ml of distilled water. In all cases,
1 ml of the dilution was inoculated in duplicate and incubated
at 25 °C for 48 h for molds and yeasts (AOAC Method 997.02)
and 35 °C for 24 h for E. coli/total coliforms (AOAC Method
991.14). At the end of the incubation, plates with between 15
and 150 colonies were selected, and the result was reported
as colony-forming units per gram (CFU/g). Microbiological
quality was assessed by comparing the results with the require-
ments established in the Ecuadorian Technical Standard INEN
2395 for Fermented Milks [27].

K. Sensory acceptability analysis

Sixty consumers between 18 and 60 years of age [28], all
habitual yogurt consumers, were randomly recruited through
advertisements at various locations on the campus of Cotopaxi
University, La Man4, Ecuador. They were invited to participate
in an acceptance test for four yogurt-like products with diffe-
rent concentrations of Arracacia starch. Each sample contained
20 mL and was presented monadically in coded plastic cups
in a randomized order. First-order and carryover effects were
balanced using a Randomized Complete Block Design, where
each consumer evaluated all yogurt-like samples. The test was
conducted under controlled conditions, with water and crackers
available to consumers. 9-point hedonic scale (1 — extremely
disliked, 2 — very disliked, 3 — moderately disliked, 4 — slightly
disliked, 5 — neither liked nor disliked, 6 — slightly liked, 7 —
moderately liked, 8 — very liked, and 9 — extremely liked) [29].
Results were subjected to one-way analysis of variance (ANO-
VA) to identify contrasts between yogurt samples, followed by
Tukey’s test with a significance level of 5.00 %.

L. Statistical analysis

All analyses were performed in triplicate; results are expres-
sed as mean * standard deviation. Data were analyzed using a
multivariate ANOVA using the INFOSTAT statistical packa-
ge (University of Cérdoba, Argentina) to compare means with
respect to the level of Arracacia starch incorporation. Tukey’s
multiple-range test was applied to determine significant diffe-
rences at the 5 % level. For the rheological component, Python
was used, using the numpy and matplotlib libraries.

III. RESULTS AND DISCUSSION

A. Proximal Analysis

A significant difference in moisture content was observed
between the milk-like product made from Lupinus mutabilis
and the three formulations containing Arracacia xanthorrhiza
starch (p < 0.05). The milk-like product showed the highest
moisture percentage (92.20 %), which can be attributed to the
natural moisture of lupin and the addition of water during
processing. In contrast, moisture content decreased progres-
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sively with increasing starch concentration, with formulation
T3 exhibiting the lowest value (85.59 %). Regarding protein,
fat, and energy content, no significant differences were found
(p 2 0.05) between the starch-containing formulations and the
milk-like product, suggesting that the inclusion of Arracacia
starch did not substantially alter these parameters. Ash con-
tent was higher in treatment T1 (90.7 % compared to the mi-
Ik-like product, with 1 % Arracacia xanthorrhiza starch, 8 %
sucrose, and 0.3 % Danisco culture), although the difference
was not statistically significant (p = 0.05) when compared to
formulations T2 and T3. This trend may be related to the mi-
neral contribution of Arracacia starch. Similarly, crude fiber
content did not show significant differences (p = 0.05) among
the three treatments. These results are consistent with those
reported by [30], in studies of plant-based yogurts enriched
with starch.

TABLE I
PROXIMAL COMPOSITION AND POLYPHENOL CONTENT OF A
MILK-LIKE PRODUCT, AND THREE FORMULATIONS OF YOGURT-
LIKE PRODUCTS, LUPINE-BASED

Milk-like T1 T2 T3

Moisture (%) 92.20 £ 0.066* 86.58 £0.037* 86.77 £0.143> 85.59 + 0.042°

Protein (%) 2.40+£0.061*  2.39+£0.225* 2.65+0.130°  2.71 £ 0.060*
Fat (%) 1.84 £0.050* 1.76 £0.027* 1.83+£0.009* 1.88+0.001*
Crude fiber (%)  2.66 £0.050" 2.12+0.012* 2.15+0.015> 2.25+0.023"
Ash (%) 0.03 £0.005>  0.05+0.001*  0.04 +0.005® 0.04 + 0.004

Carbohydrates (%) 7.09 £0.227® 7.08 £0.227®  6.51 £0.022°  7.54 +0.100*

Energy (kcal) 59.83 £ 1.694* 58.04 £0.257* 57.75+0.601* 62.19 £ 0.367*

Polyphenols
(mg gallic acid
/100 mL)

3.17+£0.386" 3.09 £0.468"  3.67 £0.328" 3.46 + 0.36%b

Different letters in the same row indicate significant diffe-
rences (p < 0.05). Mean value = SD (n-3) T1= (90.7 % milk-
like, 1% Arracacia xanthorrhiza starch, 8 % saccharose, 0.3 %
Danisco starter), T2= (89.7 % milk-like, 2% Arracacia xantho-
rrhiza starch, 8 % saccharose, 0.3 % Danisco strain) and T3 =
(88.7 % milk-like, 3 % Arracacia xanthorrhiza starch, 8 % sa-
ccharose, 0.3 % Danisco strain).

B. Polyphenols

The concentration of total phenolic compounds (Table I)
in the yogurt-like samples ranged from 3.09 to 3.67 mg gallic
acid/100 mL, starting from 3.17 mg/100 mL of milk-type, lupi-
ne-based. These results are in agreement with those mentioned
by [31] for legume-based fermented products and plant-based
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fermented beverages, in which they reported 2.8- 4.2 mg gallic
acid/100 mL. They indicate that in legumes, many polyphenols
are bound to fiber or other macromolecules.

The enzymatic action of microorganisms during fermenta-
tion can break these bonds and release polyphenols, increasing
their concentration in the final product, [31].

Formulation T2 showed the highest concentration of po-
lyphenols (3.67 mg gallic acid/100 mL), which could be as-
sociated with the action of lactic acid bacteria (LAB) used
in fermentation, these metabolize certain compounds present
in lupine and produce new polyphenols or modify existing
ones, improving their bioavailability and antioxidant activi-
ty, as reported by [32] in yogurts with functional ingredients.
Meanwhile, the T3 formulation (3.46 mg of gallic acid/100
mL) presented a value lower than T2, this difference can be
attributed to the higher starch content in its composition. The
elevated presence of starch promotes the formation of strong
starch—polyphenol interactions, which affect the bioaccessibi-
lity of these compounds. As a result, there is a slight decrea-
se in the number of free polyphenols available for detection
in the analysis [33]. However, no significant differences (p =
0.05) were found between T2 and T3, suggesting that although
the numerical values vary, the changes in polyphenol concen-
tration between these treatments are not statistically relevant.
On the other hand, the lowest concentration (3.09 mg gallic
acid/100 mL) showed by T1 formulation, may be due to the
lower starch content in the formulation. According [26] the
contribution of polyphenols to the formulation is 5.51 mg
Trolox Eq./g. These results highlight the importance of op-
timizing the formulation to increase the content of bioactive
compounds in yogurts.

C. pH and titratable acidity variation

The pH decreased progressively with the fermentation time
of milk-like product, while the acidity presented an increase,
as evidenced in Figures | and 2. This behavior was determi-
ned from the first time of fermentation, which was attributed
to a greater contact area for the growth of microorganisms and
their metabolic activity [34]. A decrease in pH is a desirable
result for fermentation, because the opposite effect results in
the overproduction of ammonia resulting from the decompo-
sition of nitrogen-containing organic compounds [35]. The re-
sults are consistent with that reported by [36], who note that
pH reduction is associated with the production of lactic acid
and other secondary compounds. These secondary products
include acetic, butyric and propionic acids, which contribute
to pH decrease and acidification of the medium. The variation
recorded was significantly (p < 0.05) dependent on the formu-
lation composition. The greatest difference was observed in the
fermentation of T2, with respect to T1 and T3, that showed
lower pH between 4-6 h of fermentation.
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Fig. 1. pH variation with fermentation time of three formulations of yogurt-like
products, lupine-based.

T1= (90.7 % milk-like, 1 % Arracacia xanthorrhiza starch,
8 % saccharose, 0.3 % Danisco starter), T2= (89.7 % milk-like,
2 % Arracacia xanthorrhiza starch, 8 % saccharose, 0.3 % Da-
nisco starter) and T3 = (88.7 % milk-like Arracacia xanthorr-
hiza starch, 8 % saccharose, 0.3 % Danisco starter).
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Fig. 2. Titratable acidity variation with fermentation time of three formulations
of yogurt-like products, lupine-based.
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T1= (90.7 % milk-like, 1 % Arracacia xanthorrhiza starch,
8 % saccharose, 0.3 % Danisco starter), T2=(89.7 % milk-like,
2 % Arracacia xanthorrhiza starch, 8% saccharose, 0.3 % Da-
nisco starter) and T3 = (88.7 % milk-like, 3 Arracacia xantho-
rrhiza starch, 8 % saccharose, 0.3 % Danisco starter).

D. Rheological Analysis

The results showed that the flow behavior index was less
than 1.00, corresponding to non-Newtonian fluid with pseudo-
plastic behavior, characterized by variations in its viscosity as
a function of the shear rate [37] (Table II).

The consistency coefficient (K) in fluid rheology is a para-
meter of the power law model (Ostwald-de Waele model) that
describes the behavior of non-Newtonian fluids [35]. The (k)
value experienced an increased as the content of Arracacia
starch in the formulation increased, which suggests that (K)
depends on the chemical composition and molecular structure
of the yogurt-like product. These results agree with those re-
ported by [37], when observed that the consistency coefficient
(k) increased with the banana powder content in soy yogurt,
attributing this trend to the effect of total soluble solids. [38],
after analyzing 270 yogurt samples, concluded that the addition
of starch increased the consistency coefficient and the character
pseudoplastic behavior of these products.

TABLE II
FLOW BEHAVIOR INDEX AND CONSISTENCY COEFFICIENT*
OF THREE FORMULATIONS OF YOGURT-LIKE PRODUCTS,
LUPINE-BASED

Formulation Consistency Flow behavior  Correlation
coefficient (k) (Pa.sn) index (n) coefficient
T1 1059.97 -2.11 1
T2 1414.82 0.68 0.999
T3 199.05 0.56 0.998

*According to Waele’s Ostwald power law model. T1= (90.7 % milk-like,
1 % Arracacia xanthorrhiza starch, 8 % saccharose, 0.3 % Danisco strain),
T2= (89.7 % milk-like, 2 % Arracacia xanthorrhiza starch, 8% saccharose,
0.3 % Danisco strain) and T3 = (88.7 % milk-like, 3 Arracacia xanthorrhiza
starch, 8 % saccharose, 0.3 % Danisco strain).

As observed in Figure 3, the apparent viscosity was signi-
ficantly higher (p < 0.05) in the yogurt-like product with 3 %
starch and lower in the formulation with 1 % Arracacia starch.
This behavior is due to the increase in solids, which could have
generated more interactions between particles and molecules,
increasing resistance to flow and viscosity. Additionally, as the
proportion of starch increases, its capacity for hydration too
increases. In this manner, the gelatinized starch contributes to
the formation of a denser and more stable matrix, enhancing
consistency, reducing phase separation, and increasing the vis-
cosity of the product [39]. It was also observed that increasing
shear stress (1), the viscosity of yogurt-like products decreased,
which is characteristic of systems with pseudoplastic behavior.
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In this regard, [40] demonstrated that carrot and Jerusalem ar-
tichoke flour, despite its low protein content and high fructose
oligosaccharide content, generated a gel with high viscosity.
However, it was lower than that obtained with the addition of
buckwheat powder, which had a higher protein content.
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Fig. 3. Viscosity variation with shear rate of three formulations of yogurt-like
products, lupin-based.

T1= (90.7 % milk-like, 1% Arracacia xanthorrhiza starch,
8 % saccharose, 0.3 % Danisco starter), T2= (89.7 % milk-
like, 2% Arracacia xanthorrhiza starch, 8% saccharose,
0.3 % Danisco starter) and T3 = (88.7 % milk-like, 3 % Arraca-
cia xanthorrhiza starch, 8 % saccharose, 0.3 % Danisco strain).

E. Microbiological Analysis

During the fermentation process, microorganisms that im-
pair the quality of the yogurt-like products can grow [41]. To
ensure that their count was within the permissible limits for
consumption, a microbiological analysis was performed, and
the results were shown in Table III. These were compared
with the [27], which specifies the maximum concentrations of
pathogenic microorganisms such as E. coli, as well as the mini-
mum content of lactic acid bacteria cultures.

The concentrations of total coliforms, E. coli, molds, and
yeasts from yogurt-like products did not exceed the permissible
levels established by the INEN standard. The low concentra-
tion of undesirable microorganisms showed proper sterilization
of the materials used to yogurt-like, lupine-based processing
and monitoring at each stage of its production. Furthermore,
lupin possesses antimicrobial activity, inhibiting E. coli strains;
this capacity could have contributed to achieving the standards
established by the INEN [42].

Changes in L. bulgaricus and S. thermophilus amounts in
the yogurt-like formulations obtained from lupine milk are
given in Table III. In the production of non-dairy yogurt-like
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products from lupine milk, the relationship between the addi-
tion of Arracacia starch and the growth of starter cultures was
found to be significant (p < 0.05). The sample with 1 % Arra-
cacia starch showed a minimal lactic acid bacteria count. In
contrast, the samples with 2 and 3 % Arracacia starch showed
an increased growth and higher activity of starter. [43] reported
that a lactic acid bacteria count between 107-10% ensures the
conversion of sugars into lactic acid, lowering of pH, causing
protein coagulation, development of flavor, aroma and benefi-
cial probiotic effects for intestinal health; this favors the pre-
servation of yogurt by inhibiting unwanted microbial growth.

TABLE III
MICROBIOLOGICAL COUNT OF THREE FORMULATIONS
OF YOGURT-LIKE PRODUCTS, LUPIN-BASED

T1 T2 T3
Microorganisms UFC/g
Total coliforms 10 <10 <10
Echerichia Coli <1 <1 <l
Molds and yeasts 100 67 133
Lactic acid bacteria 7.9x107 4.0x108 1.8x10®

T1= (90.7 % milk-like, 1% Arracacia xanthorrhiza starch,
8 % saccharose, 0.3 % Danisco strain), T2= (89.7 % milk-like,
2 % Arracacia xanthorrhiza starch, 8 % saccharose, 0.3 %
Danisco strain) and T3 = (88.7 % milk-like, 3 % Arracacia
xanthorrhiza starch, 8 % saccharose, 0.3 % Danisco strain).

F. Sensory acceptability analysis

Formulation T3 showed the highest scores in the key attribu-
tes color, taste, texture and acceptability, consolidating its posi-
tion as the consumers’ favorite. The higher score in the attribute
“acceptability” is relevant because it defines the acceptance or
rejection of novel functional foods, since low acceptability can
discourage purchase intention [44]. No significant difference
was found in the odor attribute, which showed the lowest score
(4.93/9.00), suggesting a lower production of aromatic com-
pounds that contribute complexity to the sensory profile with
respect to the other sensory attributes. This result could be rela-
ted to the chemical composition of lupine milk, with a predomi-
nance of globular proteins, glutamic acid and aspartic acid [45].

V. CONCLUSION

The results of the proximate analysis showed a favorable nu-
tritional profile, with adequate protein, crude fiber and phenolic
compound, comparable to other fermented plant-based pro-
ducts. The formulation with the highest percentage of Arracacia
starch (T3) showed the mayor rheological stability and viscosi-
ty, suggesting that this ingredient not only contributes to texture
but may also influence the preservation of yogurt’s functional
benefits. Microbiological analyses confirmed the presence of
lactic acid bacteria at an adequate count, which guarantees the
probiotic function of the yogurt for intestinal health.
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Sensory analysis showed that (T3) was the best rated by con-
sumers in the attributes and acceptability. This demonstrates
the potential of this formulation as an innovative alternative
in the yogurt-like, lupine-based range. Consequently, future re-
search could focus on smell optimization and shelf-life analysis
for large-scale commercialization.
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Evaluation of weed control techniques in Schizolobium
parahyba plantations: Impact on sustainable

natural regeneration

Stephanny Hillary Briones Zambrano?, Jorge Manuel Jara Minalla?, Victor Trajano Gallo Fonseca®,
Juan Rubén Briones Magallanes?*, Fabricio Rolando Marcillo Vera*

Abstract — The study evaluated the initial growth of Schi-
zolobium parahyba under different weed control techniques,
both crown and parallel. A 2A x 3B completely randomized
block design was used, where A represents the distribution of
vegetative material (around the canopy and parallel to the plan-
ting lines) and B the canopy radius (50 cm, 75 cm and 100 cm).
Twelve treatment plots and one control plot were established.
Height, diameter, number of leaves and survival were measu-
red from the second month onwards, with a periodicity of 30
days. Among the findings. Survival did not depend on the radius
or distribution of the material, since the control plot did not
show the lowest yield. It is noteworthy that weed control favored
growth, being the treatment with 50 cm crowns and vegetative
material around them the one that obtained the best results in

all the variables analyzed.

Keywords: Schizolobium parahyba; dasometric variables;
seedling survival; weeds; sustainable natural regeneration.

Resumen — El estudio evalué el crecimiento inicial de Schizo-
lobium parahyba bajo diferentes técnicas de control de malezas.
Se utilizé un disefio de bloques completamente aleatorizados 2A x
3B, en el que A representa la distribucién del material vegetativo
(alrededor del dosel y paralelo a las lineas de plantacion) y B el ra-
dio del dosel (50 cm, 75 cm y 100 cm). Se establecieron doce parce-
las de tratamiento y una de control. La altura, el diametro, el ni-
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mero de hojas y la supervivencia se midieron a partir del segundo
mes, con evaluaciones cada 30 dias. La supervivencia no dependi6
del radio ni de la distribucién del material, ya que la parcela con-
trol no mostr6 el menor rendimiento. Sin embargo, el control de
malas hierbas favorecio el crecimiento, siendo el tratamiento con
coronas de 50 cm y material vegetativo a su alrededor el que mejo-
res resultados obtuvo en todas las variables analizadas.

Palabras Clave: Schizolobium parahyba; variables dasométricas;
supervivencia de plantulas; arvenses; regeneracion natural sostenible.

I. INTRODUCTION

ACHACO (Schizolobium parahyba), a leguminous species

native to the tropical rainforests of South America, has
attracted the attention of researchers and foresters for its po-
tential and rapid growth. The diversity of use, economic value
and land management of the species has promoted the expan-
sion of its cultivation in the recovery of degraded areas [1], [2],
[3]. Thus, in disturbed lands it can reach large dimensions in a
short time, becoming an important species in forest ecology or
agroforestry systems [4], [5], [6]. Studies have shown that its
growth patterns are influenced by climatic conditions such as
photoperiod, temperature and precipitation [7], [8].

Naturally, the great advantages of forest plantations are
unbeatable, as long as there are favorable conditions [9]. Within
this framework, Piotto [10] found that S. parahyba presented
excellent growth under mixed conditions, however, within his
findings he determined that the variation within the same plot
generated high mortality rates in pure and mixed plantations.
Hence, in [11], [12] the various factors that influenced the
growth of pachaco were studied, such as: soil type, water avai-
lability, competition with other species, height, stem diameter
and climatic conditions.

From other perspectives, the growth of Schizolobium pa-
rahyba is discussed in different aspects due to its expansion as
a tropical species. For example: in [13], [14] , topics related to
root depths were studied, since the influence of its growth is
fundamentally rooted in climatic conditions. In [15] the quality

© The authors. Creative Commons Attribution 4.0 International License
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of Schizolobium Parahyba (vell.) S.F. Blake seedlings was eva-
luated under different levels of shade in nursery stages. Despite
the fertilization limitations in the trial, it was not conditioned
for afforestation and restoration purposes. The quality index
obtained (0.33 with 0 % shade level) was above the minimum
threshold (0.22). In [16], vegetative propagation by field gra-
fting and mound layering techniques was studied. Given the
high survival rate of grafted plants indicated the success of gra-
ft union, differentiation of new vascular tissue and formation
of a vascular system for vegetative growth. Mound rooting was
also satisfactory as it was treated with IBA (indole-3-butyric
acid). While in [17] growth regulators for multiplication, elon-
gation and rooting in vitro were evaluated in order to obtain
information on cloning via micropropagation of Schizolobium
parahyba. Their results showed that in in vitro multiplication
and elongation, the higher the dose of cytokinin applied, the
higher the shoot proliferation per explant and the lower the
mean explant length.

The focus of this work is on seedling growth and compe-
tition with other species (weeds) for soil nutrients and its im-
pact on sustainable natural regeneration. Hence, the proposed
approach is related to similar works developed in [11], [12],
[16]. The added value of the proposal is the self and ecological
sustainability of the seedlings. In the work presented here we
will induce different configurations of arvenses (circular and
parallel) that will be used to assess the level of survival of S.
parahyba. In this regard, the control by means of arbenses was
defined both in the formation of crowns (circles) and in the
distribution of vegetative material, its application allowed esti-
mating the survival of seedlings in plantations of S. parahyba.
As the main initial result, it was possible to verify by means of
Tukey’s test that the survival level has a high sustainable rege-
neration when the crown radius is 50 and 75 cm.

The hypothesis proposed for this work is: There are no
significant differences in the growth and development of S.
parahyba in the initial stage of planting, in the face of weed
control (weed control). The main objective of this work is to
examine the different treatments of weed control techniques to
determine the adequate conditions for the growth of Schizolo-
bium parahyba. Therefore, the research questions that answer
the objective are: i) What effect do weed control techniques
have on initial growth and survival; ii) Which treatment has
been effective in survival; iii) Which treatment in statistical
terms was determinant for survival; iv) Which treatment in sta-
tistical terms was determinant for survival; v) Which treatment
has been effective in survival; vi) Which treatment in statistical
terms was determinant for survival; vii) Which treatment has
been effective in survival; and viii) Which treatment in statisti-
cal terms was determinant for survival.

The paper is organized as follows: The first section, is rela-
ted to the introduction and related works. The second section
establishes the work methodology and the application of statis-
tical methods for the verification of the assumptions of weed
control in plantations. The third section refers to the results of
the study. The fourth section is associated with the discussion
of the findings and the contrast with analogous works. The fifth
section contains the conclusions of the study.
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II. METHODOLOGY

A. Study area

The present study was carried out in the district of “Agua
Clara” belonging to the Quinindé Canton of the Province of
Esmeraldas, Ecuador. The geographical coordinates are: La-
titude: 0.333333, Longitude: -79.2833, Altitude: 85 meters
above sea level. The climate of the area described is rainy-
tropical, its average temperature is 27 ° Celsius. A wet day is
a day with at least 1 millimeter of liquid or liquid equivalent
precipitation. The probability of a wet day during the summer
decreases very fast, starting at 37 % and ending at 12 %. For
reference, the highest probability of the year of having a wet
day is 78 % on February 10, and the lowest probability is 9 %
on August 7.

The probability of a given day being wet decreases in June,
and decreases from 99 % to 94 % over the course of the month.
For reference, on April 12, the hottest day of the year, there are
sultry conditions 100 % of the time, while on September 3, the
least sultry day of the year, there are sultry conditions 65 % of
the time.

B. Experimental design

To carry out the study, completely randomized blocks were
designed (DBCA), with a factorial arrangement of the form 2A
x 3B with two replications and a control plot, where A is the
form of distribution of the vegetative material produced at the
time of clearing the land, which was located around the crown
and parallel to the planting lines; and, on the other hand, B is
the radius of the crowns which was 50 cm, 75 cm and 100 cm
(See Annexes, Table V). Then, 13 plots were established: 12
corresponding to the treatment and one for control. The plot
measures were 25 m x 20 m (500 m2), 30 individuals per plot.
The S. parahyba plantation was established at a distance of 3 x
4 m, in a total area of 6.6 hectares. That is, the area used was
6500 m? and 390 individuals. On the other hand, and no less
important was the weed control carried out mechanically using
a weed cutter (Moto scythe) at 60-day intervals. In the case of
the control plot, it was operated in the usual way by the owner,
with intervals of three or four months.

C. Interventions

In order to isolate the effect of weed control on the daso-
metric variables of pachaco seedlings and to evaluate the im-
pact of different crown radii on growth, an experimental design
was established with four replicates for each treatment. At the
beginning of the study, crowns of 50, 75 and 100 cm radius
were formed around each seedling, eliminating competing ve-
getation manually. At the same time, a weed control program
was implemented with a variable frequency of 30 to 60 days,
depending on climatic conditions. The plant material resulting
from both practices (weed control and crown formation) was
distributed parallel to the planting lines and on the edges of
the crowns, avoiding regrowth and minimizing its impact on
seedling growth.
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D. Methods for evaluation

For the estimation of survival, it was necessary to count the
number of standing individuals for each treatment in both the ini-
tial and final stages. According to Eq.1 [18] the level of survival
can be determined from the following mathematical expression:

Z?:l a;
D i M

Where: Ziﬂ:l is the sum of the data according to “a” or “m”;
p: is the proportion of live trees; is the number of live plants in
sample site “1”; is the number of live and dead plants in sample
site “i”. When approaching the statistical test for the verifica-
tion of the treatments, they were approached in two phases: The
first, descriptive analysis of the dasometric variables (diame-
ter, height and number of leaves) was used. The second, using
analysis of variance (ADEVA) to compare the means and verify
the existence of significant differences between treatments, as
shown in Table I. For this purpose, the Tukey test [19] was
applied to compare individual means (p<=0.05). The experi-
mental data were tabulated and processed with the IBM-SPSS-

Stastistics 22 program (Free Trial Version).

p= -100 1)

TABLE I
ANALYSIS OF VARIANCE FOR A TWO-FACTOR
EXPERIMENTAL DESIGN IN THE APPLICATION OF TREATMENTS
IN THE SPECIES S. PARAHYBA

Source of  Sum of Degrees of Mean Squares Estimated
Variation  Squares Freedom q F* value
Treatments SCT k—1 S12 = % fi= g_lz
Blocks SCB b—1 §3 =508
Residual SCE (k—1)(-1) 8%= %
Total STC kb—1

SCT: Sum of squares for treatments; SCB: Sum of squares for blocks.
SCE: Sum of squares for error; STC: Total sum of squares.

II. RESULTS

In response to the research questions posed and objectives
established in this work. The main results obtained can be
highlighted. The survival rate, generic growth and the effect of
weed control techniques on the pachaco plantation were studied.

The first research question was answered: What effect do weed
control techniques have on initial growth and survival? During
the first years, pachaco shows exceptionally rapid growth in
height and diameter, which allows it to reach considerable heights
in a short time. Growth in height, diameter and number of leaves.
Pachaco (Schizolobium parahyba) is a fast-growing and highly
adaptable forest species. Figures 1, 2 and 3 are the average values
collected from this work. The data can be found in the annexes
section described in Table VI, Table VII and Table VIII.
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Fig. 1. Projection of the average base diameter, the abscissa shows the arrange-
ments of the vegetative material. C corresponds to the crown arrangement and
P to the parallel vegetative arrangement.
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Fig. 2. Projection of the average height, the abscissa shows the arrangement of
the vegetative material. C corresponds to the crown arrangement.
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Fig. 3. Projection of the number of leaves, the abscissa shows the arrangement
of the vegetative material. C corresponds to the crown arrangement and P to the
parallel vegetative arrangement.
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Witness 112 28,451
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T3 (75cm) 218 46,36 4
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Fig. 4. Dasometric results of pachaco seedlings.

Figure 4 shows the dasometric summary of the field work ca-
rried out, the horizontal bars correspond to each treatment, with
treatment 1 with a 50 cm crown being the one that reached the
greatest height, diameter and number of leaves. However, Tables
II, IIT and IV, where the calculation of Tukey’s statistics is presen-
ted, will allow us to know the treatment with the best performance.

TABLE I
AVERAGE HEIGHT (CENTIMETERS) OF S. PARAHYBA
RELATED TO CROWN RADIUS AND DISTRIBUTION
OF VEGETATIVE MATERIAL

Tukey’s test for height (centimeters)

Subset for alpha = 0,05

Treatments
1 2 3 4

Tra.l 230.45 at

Tra.3 214.47 ab

Tra.5 203.58 abc

Tra.6 183.28 be

Tra.2 17497 ¢

Tra.4 128.14d

Witness 111.96 d

1 Means with different letters show significant statistical differences according
to Tukey’s test p > 0,05.

It can be observed in Table II that, after 120 days of data re-
cording, the height shows significant statistical differences bet-
ween each treatment, with the influence of both crown size and
the distribution of vegetative material on the increase in height.
On the other hand, the control plot was the one that presen-
ted the lowest growth in height with an average of 111.96 cm,
although the average growth was 128.14 cm in individuals of
the plot of Treatment 4, these two plots had a statistically simi-
lar behavior.

Likewise, the plot with Treatment 1, the average height was
230.45 cm, this treatment being the one with the highest growth
in height compared to the rest of the treatments; however, it be-
haves statistically similar to the plot with Treatment 5, which
had a height of 214.17 cm at the end of the data collection.
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TABLE III
MEAN DIAMETER (MILLIMETERS) OF S. PARAHYBA
RELATED TO CROWN RADIUS AND DISTRIBUTION
OF VEGETATIVE MATERIAL

Tukey’s test for diameter (millimeters)

Subset for alpha = 0,05

Treatments
1 2 3

Tra.l 50.11 at

Tra.3 473 a

Tra.5 46.36 a

Tra.6 39.54b

Tra.2 28.45¢

Tra.4 38.93b

Witness 31.2¢

T Means with different letters show statistical differences according to Tukey’s
test at p > 0.05 probability.

Table III shows that, after 120 days from the beginning of
data recording, plant diameter is different for all treatments. In
addition, it is noted that all plots show significant statistical di-
fferences between them. This suggests that there is influence of
both crown size and vegetative material distribution in relation
to the increase of the dasometric variable, which in this case
plant diameter.

It is highlighted that the control plot registered the lowest
growth in diameter, with an average of 28.45 mm, despite the
fact that the average growth was 31.2 mm in the plots with
Tra.4, these two plots behaved statistically similar. In addition,
it is mentioned that the plot with Tra.1, had a diameter growth
of 50.11 mm, in this plot shows a statistically similar behavior
to the plot with Tra.5, which had a diameter of 47.30 mm and
46.36 mm (Table III).

TABLE IV
MEAN NUMBER OF LEAVES FOR S. PARAHYBA
RELATED TO CROWN RADIUS AND DISTRIBUTION
OF VEGETATIVE MATERIAL.

Tukey’s test for diameter (millimeters)

Subset for alpha =0.05

Treatments
1 2 3 4

Tra.l 17.26 at

Tra.3 16.28 ab

Tra.5 15.58 abc

Tra.6 14.3bc

Tra.2 1391 ¢

Tra.4 11.43d

Witness 10.67d

1 Means with different letters show statistical differences according to Tukey’s test.
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Table IV provides a detailed description of how different
treatments, specifically crown ratio and vegetative material
distribution, influenced the number of leaves after a 120-day
cycle, Furthermore, it is highlighted that the configured plots
presented statistically significant differences. Hence, the in-
fluence of both crown size and vegetative material distribution
in relation to the increase in leaf quantity is estimated.

On the other hand, the control plot (control) presented less
quantity of leaves with a mean of 10.67 leaves, although the
mean growth in the individuals belonging to the plots with a
crown size of 75 cm with distribution of the vegetative material
parallel to the planting line (Tra.4) was 11.43; these two plots
behaved statistically the same. Similarly, the plot with a crown
size of 50 cm, with distribution of vegetative material around
the crown (Tra.1), was 17.26; this plot behaved statistically si-
milar to the plot with a crown size of 75 cm and 100 cm with
distribution of vegetative material around the crown (Tra.3 and
Tra.5), with a number of leaves of 16.28 and 15.58 at the end
of the data collection.

As an answer to the third question posed, the Tukey statis-
tical test with a p-value > 0.05 shows that treatment 1 stands
out in height, diameter and number of leaves. In this sense, the
treatments applied in this study show that it has a significant
effect on the growth and development of Schizolobium parahy-
ba seedlings in its initial stage, therefore, the hypothesis raised
in this research is rejected.

IV. DISCUSSION

Plant survival is influenced by weed control and favorable
conditions for pachaco growth. For this reason, it is essential
to implement integrated management that combines preventi-
ve, cultural, mechanical and, in some cases, chemical methods.
The use of crowns and vegetative material as part of weed con-
trol in the research plots maintained constant pachaco survival.
Thus, the control plot had a slight decrease in its survival va-
lues compared to the treatments.

Analogous to our results in [20], the survival of Eucalyptus
grandis trees was studied where the type of arvense was simi-
lar to that used in our study. It was specified that survival with
competing plant species in plantations has little effect. Howe-
ver, the same type of weed in the results of this study shows
that the survival rate in the control plot was 80 %. While, the
other plots showed lower results 58.33 % and 65 % respecti-
vely. In spite of the fact that ant attack was an evident factor in
the plots.

Another factor, no less important and which influenced the
survival rate of forest plantations, was the stress generated to
the seedlings due to water shortage. In addition to the copious
presence of weeds, which generally compete with the planta-
tions in their initial state for water and this negatively affects
their growth. The plots at the beginning of the experimental re-
cord had a height between 33 to 40 cm, and applying the diffe-
rent distributions of vegetative material, the record at 120 days
after the first record of the research (180 days from the establis-
hment of the plantation), the height was found to be between
98 to 172 cm. Likewise, in [21], [13] showed good survival and
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excellent growth rates during the first year of establishment of
the Schizolobium parabyba plantation, although later the trees
die for no apparent reason, but for lack of adaptation to the
conditions and competitions of the plantation.

As observed in the field, the natural regeneration of Schizo-
lobium parabyba grows excellently and normally forms isola-
ted trees or in small groups. Thus, the realization of crowns and
their respective arrangement of vegetative material resulting
from weed control is a factor that benefits the height growth
of the species. In this regard, at the conclusion of the research,
each treatment exhibited a larger diameter than the control plot,
which reached an average of 28.45 mm. This set of evidence is
close to the results obtained by Melo [22] where he stated that
the higher ratios observed at lower planting density are favo-
rable conditions for growth, since there is less competition for
soil nutrients and water.

On the other hand, the diametric study of the seedlings in
the plots at the beginning of this work showed diameters ran-
ging from 6.25 to 9.58 millimeters. However, when the crowns
and subsequent application of different arrangements of the ve-
getative material resulting from weed control were carried out
120 days after the first record of the research (210 days after the
establishment of the plantation), a diametric range was obser-
ved in the seedlings from 30.45 mm to 50.11 mm, that is, in the
first case the diameter increased by 487 % and, in the second, it
increased by 523 %. It is notorious that applying weed control,
in general, increases diameter growth.

Among the factors of importance in plantations of S. pa-
rahyba, diameter was considered relevant. Chronologically,
two stages were observed from the initial stage: 60 and 90 ca-
lendar days. In the first section, there was an increase in dia-
meter where the mean was 199 % (7.67 mm increased to 15.29
mm). In the second tranche, the mean compared to the control
plot increased by 178 % (5.20 mm increased to 9.29 mm). The-
se findings clarify that establishing plots with different crowns
and distribution of vegetative material favors the increase in
diameter due to the applied weed control. When comparing
these evidence, it stands out, for example, that a weak control
of weeds leads to a loss of plantation diameter. According to
[23], the increase in diameter obtained in the same sections was
119 %. However, in the work presented here, these values are
exceeded between 6 and 8 times.

The number of leaves of the plots with different crown si-
zes and different arrangements of vegetative material obtained
values between 14 and 17, which were higher than the con-
trol plot that obtained an average of 11 leaves. In this sense,
Carranza-Patifio [13] confirms that the increase in the number
of leaves and biomass is a significant indicator of healthy plant
growth. In addition, Borda [24] indicated that the number of
leaves increases with respect to the weed control (12 leaves).
While, those with higher intensity of weed control averaged
between 17 and 18 leaves.

On the other hand, Quiroz [25] established a direct corre-
lation between leaf density and plant growth vigor. A greater
number of leaves increases photosynthetic capacity and trans-
piration surface, which stimulates the development of a more
extensive root system. The results of the research presented
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here corroborate this statement, showing a positive relation-
ship between the number of leaves and the growth in height
and diameter of the plants. This suggests that leaf density is a
reliable indicator of the growth and development potential of
plant species.

The survival rate did not depend on the treatments applied in
this research, this is reflected due to the variability of this and
that the control plot did not obtain the lowest survival record,
when compared with the different treatments applied, however
there was an attack of ants of the genus Att, which is a relevant
factor that could have influenced the survival of the seedlings,
this highlights the importance of considering and properly ma-
nage the factors that may affect the ability of seedlings to esta-
blish and develop.

As a limitation to this research, it was necessary to consider
as part of the treatments the level of vulnerability of the seed-
lings. For example: ants of the genus Att could be behind the
level of survival [20].

V. CONCLUSIONS

In response to the research questions and hypotheses posed.
The dasometric variables, such as diameter, height and number
of leaves. They were determinant for the evaluation of the diffe-
rent weed control treatments. Therefore, the use of crowns with
different radii and distribution of vegetative material are deter-
minant for the growth and development of pachaco plants. The
control plot lacked low yield compared to the rest. Therefore,
the impact of sustainable regeneration through weed control
was positive by avoiding dependence on chemical herbicides.
The 50 cm radius plot had a better yield. One of the limitations
of this work was related to the constant monitoring of possible
biotic and abiotic threats. As future work, an integrated mana-
gement of external factors is suggested to permanently monitor
possible biotic and abiotic threats to minimize their impact on
the plantations.

APPENDIX

A. Data Analysis

TABLE V
TYPES OF TREATMENTS ESTABLISHED
FOR SCHIZOLOBIUM PARAHYBA PLANTATION

Trataments Crown radius (cm)

Tra.1 50"

Tra.2 50"
Tra.3 75"

Tra.4 75"
Tra.5 100"
Tra.6 100"

Witness Habitual

* Distribution of vegetative material around the crown.

** Distribution of vegetative material parallel to the planting line.
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TABLE VI
AVERAGE GROWTH OF BASE DIAMETER IN MILLIMETERS,
C1 ARRANGEMENT OF VEGETATIVE MATERIAL
IN CIRCULAR FORM AND P1 ARRANGEMENT OF VEGETATIVE
MATERIAL IN PARALLEL FORM.

Crown  Config Tra.l Tra.2 Tra.3 Tra.4 Tra.5
Cl 7.27 16.99 27.09 38.18 50.13
Cc2 9.19 17.81 29.93 40.01 50.1
50cm
6.97 14.07 22.1 29.48 36.87
P2 6.58 14.34 22.72 31.6 40.49
Cl 7.61 17.25 27.43 37.71 48.12
C2 7.81 16.5 25.34 34.97 44.6
75cm
P1 8.26 15.22 23.17 34.97 38.42
P2 6.69 9.91 12.23 34.97 22.49
Cl 10.27 17.97 28.43 34.97 51.97
Cc2 8.9 14.68 23.48 34.97 42.62
100cm
Pl 6.76 16.7 25.77 34.97 40.68
P2 5.74 12 19.77 34.97 35.69
Control 5.2 9.29 15.78 34.97 28.45

The values presented in Tables V and VI specify the configu-
ration and average values of the treatments used. Thus, Table V
shows the configuration of each of the treatments designed for
the pachaco study process. Table VI details the configurations
made at the crown level and the arrangement of the vegetative
material in parallel.

B. Data collection of the different dasometric
variables under study.

TABLE VII
AVERAGE GROWTH IN HEIGHT, C1 ARRANGEMENT
OF THE VEGETATIVE MATERIAL IN A CIRCULAR SHAPE
AND P1 ARRANGEMENT OF THE VEGETATIVE MATERIAL

IN A PARALLEL SHAPE
Crown  Config Tra.l Tra.2 Tra.3 Tra.4 Tra.5
Cl 35 69 113 173 237
C2 45 70 116 170 223
50cm
P1 33 55 86 126 165
P2 35 56 83 133 183
Cl 40 67 106 160 215
Cc2 40 65 97 145 193
75cm
P1 43 62 91 129 166
P2 36 45 51 68 84
Cl 38 70 121 183 245
C2 40 58 91 138 184
100cm
P1 36 66 105 153 197
P2 31 51 84 120 157
Control 27 36 58 86 112
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Fig. 6. Measurement of tree diameter.

Fig. 5 shows the person measuring the height of the tree
using a common flexometer. While in Fig. 6 the diameter of
another tree is taken using a digital caliper. The collected va-
lues are added to databases that serve as input data for applying
statistical techniques. As a follow-up of this activity, the data
shown in Tables VII and VIII present the average growth in
height of pachaco (Table VII) in both types of arrangements.
On the other hand, in Table VIII the results refer to the amount
of fallen leaves in the arrangements and treatments.
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TABLE VIIL

NUMBER OF LEAVES, C1 ARRANGEMENT OF VEGETATIVE
MATERIAL IN A CIRCULAR SHAPE AND P1 ARRANGEMENT

OF VEGETATIVE MATERIAL IN A PARALLEL SHAPE

Crown Config Tra.1 Tra.2 Tra.3 Tra.4 Tra.5

Cl1 6 10 12 14 17
C2 6 10 13 15 18
50 cm
P1 4 8 10 11 13
P2 4 8 9 11 15
Cl 5 9 11 13 16
C2 5 9 10 13 16
75 cm
P1 5 9 10 12 14
P2 3 4 6 7 9
Cl 9 10 13 15 18
C2 6 9 11 12 13
100 cm
P1 4 8 10 13 16
P2 5 8 8 10 12
Control 4 7 8 9 11
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