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Stochastic Degradation Modeling of a Peristaltic Pump in a 
Biomedical Blood Autotransfusion System

Rafael Silva de Lima1,2*, Augusto Vitor Bomfim Silva Lima1*, Victor Vieira Rezende1, 
Ângelo Márcio Oliveira Sant’anna2

1SENAI CIMATEC University, DPI; 2Federal University of Bahia, PPGM; Salvador, Bahia, Brazil

This study compares two stochastic models, Brownian Motion with Drift and the pure Wiener Process, applied 
to the degradation of a peristaltic pump used in a biomedical device. Failure was defined as the reduction 
of flow rate below a critical threshold required for safe operation. Simulations showed that the Wiener 
Process consistently produced higher time-to-failure (TTF) values across all scenarios, with larger differences 
under low and moderate variability (σ = 0.05 and σ = 0.3) and smaller differences under high variability (σ 
= 0.8). The observed effect results from the deterministic component in Brownian Motion with Drift, which 
accelerates average degradation, while the Wiener Process is driven solely by random fluctuations, allowing 
greater variability in failure time. Findings indicate that, in biomedical applications, selecting an appropriate 
degradation model is crucial for accurate lifetime predictions and predictive maintenance planning, particularly 
in low-variability environments. Future work should integrate stochastic degradation models with statistical 
monitoring techniques to improve early fault-detection accuracy and enhance the robustness of lifetime 
estimation under real operating conditions.
Keywords: Stochastic Models. Degradation. Peristaltic Pump. Predictive Maintenance. Wiener Process. 
Brownian Motion with Drift.
 

 
Autotransfusion devices play a crucial role in 

the global healthcare setting, primarily because 
they reduce patient blood loss and concentrate 
red blood cells for reinfusion, thereby minimizing 
the need for allogeneic blood transfusions [1]. 
The effective operation of these devices requires 
integrating multiple components, such as a 
centrifuge for blood separation and a peristaltic 
pump for fluid transfer in different directions, as 
in the case of the AutoLog system, according to 
the device’s user manual. It is noteworthy that the 
primary requirements for autotransfusion devices 
are to prevent contamination of the patient’s blood 
and to ensure precise control of the flow rate of the 
fluids involved [2].

Given these requirements, the peristaltic pump 
is well-regarded for meeting them, as it exhibits 
characteristics that ensure high reliability, such as 
the absence of direct contact between the pump 

mechanism and the system fluid, high flow rate 
accuracy, and ease of maintenance. These features 
demonstrate its effectiveness in the development 
of biomedical equipment [3].

Peristaltic pumps, also classified as infusion 
pumps, are essential for the operation of 
autotransfusion devices. In this regard, it 
is important to highlight the importance of 
maintaining these devices, as their failure may lead 
to severe patient complications, including venous 
spasms, pulmonary edema, and thrombophlebitis 
[4]. In this context, predictive maintenance is 
characterized by the continuous monitoring of 
critical operational parameters of equipment [5], 
providing essential data for decision-making 
aimed at preventing complete operational failure 
and thereby ensuring device reliability [6]. For this 
reason, condition-based maintenance is considered 
the most effective approach for peristaltic pumps 
[7].

In parallel with maintenance strategies, 
degradation models serve as a valuable tool 
for enabling more efficient asset management, 
contributing to both resource optimization and 
safety [8], given their capability to represent how 
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a system deteriorates or evolves, allowing the 
prediction of failures and degradation [9]. This, 
in turn, can help reduce uncertainties in decision-
making and future projections [10], as well as 
improve system reliability and durability [11].

It is possible to identify the Brownian motion 
with drift [12] and the Wiener process [13] in the 
context of degradation models. Brownian motion is 
characterized as a stochastic model that simulates 
the degradation of a system or variable over time, 
incorporating a directional trend [14]. In contrast, 
the Wiener process is a stochastic model that 
describes system degradation in a purely random 
manner over time [15]. Both models can be applied 
to the analysis of fluid flow in a peristaltic pump.

This study aims to develop, simulate, and 
compare the two presented stochastic models to 
predict the time-to-failure (TTF) of peristaltic 
pumps in autotransfusion devices, and to contribute 
to understanding the application of degradation 
models in the context of biomedical equipment.

 
Materials and Methods

The peristaltic pump is a mechanical device 
used in a wide variety of biomedical equipment, 
including autotransfusion systems, due to its 
ability to move fluids in a controlled manner 
while minimizing direct contact with moving 
parts, thus ensuring the integrity of the biological 
fluid. This study focuses on analyzing the gradual 
wear of the pump’s mechanical components, 
which can reduce operational performance and 
lead to eventual failure. To model the pump’s 
degradation process, two stochastic methods were 
compared: Brownian Motion with Drift, which 
incorporates a deterministic trend associated with 
the average wear rate, and the pure Wiener Process, 
which considers only the random component of 
the phenomenon, without a defined trend. This 
comparison aims to identify which approach more 
realistically represents the degradation evolution of 
the peristaltic pump.

The degradation model based on Brownian 
Motion with Drift describes the wear evolution 

as the sum of a deterministic component and a 
random term. In this way, the drift represents 
the average degradation rate over time, while 
the stochastic term models the inherent random 
fluctuations of the process, such as variations in 
friction or minor operational irregularities. The 
equation representing the wear X(t) is commonly 
expressed as follows [16]:

	 𝑑𝑋(𝑡) = 𝜇 𝑑𝑡 + 𝜎 𝑑𝑊(𝑡)	 (1)

Where μ is the drift coefficient, representing the 
average wear rate, σ is the intensity of the stochastic 
variability, and W(t) is the standard Wiener process. 
The development of this equation allows modeling 
the accumulated wear over time [16]:

	 𝑋(𝑡) = 𝑋(0) + 𝜇(𝑡) + 𝜎𝑊(𝑡)	 (2)

This model is widely used to represent the physical 
degradation of mechanical components, accounting 
for both the average failure trend and the random 
variations that can accelerate or delay the process.

The pure Wiener process describes degradation 
as an evolution of a purely random characteristic, 
devoid of any systematic trend. In this model, the 
wear is represented by the following equation [16]:

	 𝑋(𝑡) = 𝑋(0) + 𝜎𝑊(𝑡)	 (3)
 
   In addition to stochastic models, to model 
the degradation of the peristaltic pump 
more realistically, it is necessary to consider 
deterministic effects associated with pressure 
loss and random noise. Zhai and colleagues 
(2024) [17] represent the pressure loss by a 
quadratic function of time, which expresses 
the continuously increasing wear related to 
prolonged operation, as shown below:

	 𝑃(𝑡) = 𝛼𝑡2	 (4)

For the simulation of the peristaltic pump, 
parameters were selected based on real data from 
interviews with a perfusionist and the client who 
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requested the project, ensuring greater practical 
adherence to the peristaltic pump's operating 
conditions.

The pump flow rate under normal operating 
conditions is 600 mL/min, and this value was 
fixed in the developed model. In comparison, the 
equipment failure threshold was set at 480 ml/
min, equivalent to 80% of the initial flow rate, 
which marks the point at which the equipment’s 
performance is considered compromised. The time 
step was defined as 1 minute, a time resolution 
suitable for tracking the degradation evolution 
over the maximum simulated duration of 500 
hours (30,000 minutes).

The intensity of the stochastic noise was 
simulated at three levels: 0.05, 0.3, and 0.8. This 
variation aimed to represent different operational 
magnitudes and mechanical imperfections inherent 
to the process. Table 1 presents the simulation 
parameters.

simulation, enabling quantitative analysis of the 
useful life and comparison of the two models 
under different variability conditions.

 
Results

This section presents the results of simulations 
evaluating the time-to-failure (TTF) of a 
peristaltic pump used in autologous blood 
transfusion equipment, accounting for different 
levels of uncertainty in the degradation process. 
Two stochastic models were analyzed: Brownian 
Motion with Drift and the pure Wiener Process. 
The models were applied to three distinct 
scenarios of stochastic variability (σ = 0.05, 0.3, 
and 0.8). The use of these models is relevant for 
medical applications in which the continuous and 
safe operation of the pump is highly critical for 
the integrity of the transfusion procedure and the 
patient,  enabling the anticipation of interventions 
and reducing the risk of unexpected failures.

In the scenario with σ = 0.05, characterized by 
low variability, the estimated TTF was 11,070.00 
minutes (184.50 h) for the Brownian Motion with 
Drift model and 15,174.00 minutes (252.45 h) for 
the pure Wiener Process. At this level of uncertainty, 
it is observed that the pure Wiener model yielded a 
time-to-failure greater than that obtained with the 
Brownian Motion with Drift. Figure 1 presents the 
simulation results for σ = 0.05.

In the scenario with σ = 0.3, representing 
moderate process variability, the TTF was 8,786.00 
minutes (146.43 h) for the Brownian Motion with 
Drift model and 12,744.00 minutes (212.40 h) for 
the Wiener process. As in the previous scenario, the 
Wiener process showed higher values compared to 
the Brownian Motion with Drift. Figure 2 presents 
the simulation results for σ = 0.3.

In the high-variability scenario, modeled with 
σ = 0.8, the estimated TTF was 6,842.00 minutes 
(114.03 h) for the Brownian Motion with Drift 
model and 8,002.00 minutes (133.37 h) for the 
Wiener process. In this case, the TTF difference 
between the two models decreased. Figure 3 
presents the simulation for the σ = 0.8 scenario.

Table 1. Simulation parameters for peristaltic 
pump degradation modeling.

Parameter Value(s)
Initial Flow (𝑞0) 600 mL/min

Failure Threshold (𝐿) 480 mL/min 
(80% of 𝑞0)

Time step (𝑑𝑡) 1 minute
Maximum time 500 hours

Noise intensity (𝜎) 0.05; 0.3; 0.8

The computational simulation was implemented 
in MATLAB to model the degradation of the 
peristaltic pump using two distinct stochastic 
models: Brownian Motion with Drift and the 
pure Wiener Process. For each model, multiple 
individual degradation trajectories over time 
were generated, incorporating stochastic noise 
and deterministic components. The simulation 
progressed iteratively until the pump flow reached 
the established failure threshold or the maximum 
operating time was reached. During the process, 
the time-to-failure (TTF) was recorded for each 
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Figure 1. Comparison between the two stochastic 
models for σ = 0,05.

Figure 2. Comparison between the two stochastic 
models for σ = 0,3.

Brownian with Drift + Effects

Flow Rate
Failure Limit

700

600

500

400

F
lo

w
 R

at
e 

(m
L/

m
in

)

300

200

100

2000 4000 6000
Time (min)

8000 1200010000
0

0

Failure Limit

Wiener Process + Effects

Flow Rate
Failure Limit

2000 4000 6000

Time (min)

8000 12000 14000 16000100000

Failure Limit

700

600

500

400

F
lo

w
 R

at
e 

(m
L/

m
in

)

300

200

100

0

Brownian with Drift + Effects
700

600

500

400

F
lo

w
 R

at
e 

(m
L/

m
in

)

300

200

100

1000 7000 8000 90002000 3000
Time (min)
4000 60005000

0
0

Failure Limit

Flow Rate
Failure Limit

Wiener Process + Effects

2000 4000 6000

Time (min)

8000 12000 14000100000

700

600

500

400

F
lo

w
 R

at
e 

(m
L/

m
in

)

300

200

100

0

Flow Rate
Failure Limit

Failure Limit



www.jbth.com.br

JBTH 2026; (April) 287Degradation Modeling in Blood Autotransfusion Pumps

Discussion

The comparative analysis between the stochastic 
models of Brownian Motion with Drift and the 
pure Wiener Process reveals a consistent pattern: 
across all simulated scenarios, the Wiener Process 
exhibited higher time-to-failure (TTF) values than the 
Brownian Motion with Drift model. This difference 
is more pronounced in low- and moderate-variability 
scenarios (σ = 0.05 and 0.3) and decreases as process 
variability increases (σ = 0.8).

The study was conducted to assess the 
degradation of a peristaltic pump used in a 
biomedical device, where failure is defined as a 
reduction in flow rate below a critical threshold 
required for the safe and effective operation of 
the system. In this context, understanding the 
influence of the chosen stochastic model is crucial 
for accurately estimating the component’s lifetime 
and for planning predictive maintenance actions.

The intrinsic characteristics of each model 
can explain the observed behavior. In Brownian 
Motion with Drift, the deterministic term 
(drift) tends to guide the degradation trajectory 
toward the failure threshold more consistently, 
accelerating the average wear rate. In contrast, in 
the pure Wiener Process, evolution is governed 
solely by the stochastic term, leading to larger 
cant oscillations around the mandalich in some c, 
delaying the attainment of the failure threshold.

In the high variability scenario (σ = 0.8), the 
TTF difference between the models is considerably 
reduced. This occurs because increasing the σ 
parameter amplifies the random effect in both 
models, making the drift’s influence relatively less 
dominant and bringing the simulated trajectories 
closer together. In this regime, the impact of 
random fluctuations prevails over the deterministic 
component, leading to more irregular, less 
predictable degradation trajectories.

From a practical perspective, these results 
indicate that for peristaltic pumps in biomedical 
applications, the choice of stochastic model 
can significantly affect lifetime predictions, 
particularly in processes with low or moderate 

Figure 3. Comparison between the two stochastic 
models for σ = 0,8.
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variability. Under high-variability conditions, the 
influence of the chosen model decreases, though 
it may still be relevant depending on the system's 
reliability requirements.

 
Conclusion

The comparative study between Brownian 
Motion with Drift and the pure Wiener Process, 
applied to the degradation of a peristaltic pump 
used in a biomedical device, demonstrated that 
the choice of stochastic model directly affects 
the estimation of time-to-failure (TTF). In all 
scenarios analyzed, the Wiener Process yielded 
higher TTF values, with the difference more 
pronounced under low and moderate variability 
conditions and less pronounced in high-variability 
scenarios.

The findings suggest that, for biomedical 
applications where reliability and operational safety 
are critical,  selecting an appropriate degradation 
model is essential for accurate lifetime predictions 
and effective predictive maintenance planning. 
Furthermore, the influence of the chosen model is 
more relevant in processes with lower variability. 
In contrast, in highly variable environments, the 
random component tends to dominate, reducing 
the differences between the approaches.

As a recommendation for future work, it is 
suggested to explore hybrid systems that combine 
stochastic degradation models with statistical 
monitoring techniques, such as control charts, 
to enhance early fault-detection accuracy and 
improve the robustness of lifetime estimation in 
real operating conditions.
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Comparison of Yeast Cell Viability Assessment Techniques Post-Fermentation 
in Agave sisalana Juice

Paloma Freitas Araujo1*, Aura Lacerda Crepaldi1, Ary Rocha Bezerra1, Júlia Alves Gribel de Oliveira2, Ana Lucia 
Barbosa de Souza1, Tatiana Oliveira do Vale1, Claudia Ramos da Silva2
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This study compares different methods for assessing yeast cell viability in Agave sisalana juice fermentation, 
focusing on first-generation ethanol production. Methylene blue staining, CFU counting, and resazurin assays 
were employed to evaluate cell viability. The results indicated a significant decrease in CFU of yeasts cultivated 
in Agave juice compared to the standard YPD medium. Methylene blue staining did not show a clear difference 
in viability between the two media. However, resazurin assays revealed a 90% reduction in viability at the 
10-3 dilution. The study highlights the interference of Agave juice particles, color, and other compounds in the 
traditional viability assays. Despite these challenges, new methods demonstrated potential for rapid and accurate 
determination of yeast viability, offering a promising approach for optimizing biotechnological processes 
in Agave juice fermentation. Further research is needed to develop a customized, efficient, and industrially 
applicable protocol for cell viability assessment in Agave juice.
Keywords: Agave sisalana. Yeast Viability. Fermentation. Biofuels. 

Several factors, such as bacterial 
contamination, temperature fluctuations, 
improper nutrient dosing, and unfavorable 
physicochemical conditions, negatively affect 
yeast viability throughout the production cycle, 
as reported in Brazilian industrial ethanol plants 
using sugarcane juice [3].

In the context of ethanol production from 
Agave sisalana juice, a promising biomass in 
Brazil’s semiarid region, assessing yeast cell 
viability becomes even more strategic due to 
the substrate's distinct chemical composition 
and the scarcity of studies on its fermentative 
behavior. Selecting an appropriate analytical 
method is therefore essential to ensure accurate 
evaluation of both cell population dynamics 
and metabolic conditions during bioconversion.

This study aims to compare different 
techniques for assessing yeast cell viability 
used in the fermentation of Agave sisalana 
juice, focusing on the production of first-
generation (1G) ethanol. The methods 
investigated include methylene blue staining, 
colony-forming unit (CFU) counting, and 
spectrophotometry, with emphasis on their 
accuracy, sensitivity, and applicability in 
this biotechnological context.

The determination of yeast cell viability is 
a critical step in monitoring and controlling 
alcoholic fermentation, particularly in industrial 
processes for bioethanol production. Accurate 
assessment of the physiological state of yeast cells 
directly impacts the efficiency of fermentation, 
alcohol yield, and the need for operational 
interventions such as the replacement of viable 
strains [1]. 

Viability studies are fundamental because they 
allow for the early diagnosis of physiological 
alterations that compromise fermentative 
performance, including membrane integrity loss, 
metabolic decline, and cell death. Through these 
analyses, it is possible to determine the proportion 
of live and dead cells, the degree of cellular 
stress, reproductive capacity, and the metabolic 
vitality of the yeast biomass, providing essential 
data for real-time decision-making [1,2].
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Materials and Methods

To assess yeast cell viability, two cultivation 
conditions were applied. The inoculation in YPD 
broth (Yeast Extract, Peptone, and Dextrose) and 
the inoculation in Agave blend broth (1:1 mixture 
of Agave pinha juice and Agave sisalana leaf 
juice) (Figure 1). 

The inoculation in YPD aimed to observe 
yeast growth in an ideal medium, which was 
used as a control. A second control was also 
used, consisting only of Agave blend broth (1:1 
mixture of Agave pinha juice and Agave sisalana 
leaf juice) without the yeast addition, to measure 
the interference of the “color” factor of the broth 
in the analyses.

The experiment was conducted by inoculating 
the commercial yeast CAT-1 (Saccharomyces 
cerevisiae) in tubes containing 5 mL of YPD or 
Agave broth, at a 10% (w/v) yeast proportion, and 
incubating them in a thermostatic chamber at 32ºC 
without agitation for a period of 4 hours.

After this period, a 1 mL aliquot was taken from 
each tube under aseptic conditions and centrifuged 
at 4000 rpm for 5 minutes. After centrifugation, 
the supernatant was discarded, and 1 mL of sterile 
saline (0.85%) was added to the pellet. 

The material was resuspended and subsequently 
diluted in sterile saline (0.85%) to a dilution 

of 10-6. Aliquots of 100 µL from the 10-2 and 
10-6 dilutions were inoculated onto Petri dishes 
containing BDA medium (Potato Dextrose Agar), 
using a Drigalski loop and the “spread plate” 
technique. The seeded plates were incubated 
in a thermostatic chamber for 24 hours at 32ºC. 
Afterward, colony-forming units (CFU) were 
counted.

These same dilutions were also analyzed using 
the methylene blue and resazurin staining methods.
For methylene blue staining, aliquots from the 
10-2 and 10-6 dilutions were treated with 0.1% 
methylene blue at a 1:10 sample ratio. After 5 
minutes, a drop of this mixture was placed on a 
Neubauer chamber, and counting was performed 
under a microscope. Cell viability was calculated 
using the following Equation 1.

	 	 (1)

Where:
N = total number of viable cells counted in the 

four large quadrants at the edges.
104 = chamber factor (each large quadrant has 

10-4 mL).
D = dilution inverse.

The resazurin staining was evaluated by 
scanning the dilutions from 10-1 to 10-6, with 

Figure 1. Experiment with YPD and Agave broth using the commercial yeast CAT-1.

YPD + CAT 1 Agave Broth + CAT 1 Agave Broth
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undiluted samples used as a reference for 
comparison. A 200 µL aliquot from each dilution 
was placed in the wells of a 96-well microplate. 
A 20 µL aliquot of resazurin was added to the 
samples. This mixture was incubated at 32ºC for 
approximately 2 hours. After incubation, the plate 
was read for absorbance in a spectrophotometer at 
570 and 600 nm.

For assay control, aliquots of the resuspended 
solution in saline and undiluted solution were 
added, in addition to wells containing only saline 
and saline + resazurin. The distribution of the 
samples is as illustrated in Figure 2. All samples 
were performed in duplicates.

Results

Viability Assay Using Methylene Blue

Both methylene blue and resazurin are redox 
dyes that can cross cell membranes and participate 
in redox reactions within cells. Therefore, intact 
cells can metabolize these dyes and exhibit different 
coloration when observed under a microscope.

The difference between viable and non-viable 
cells is determined by the presence or absence of 
the dyes inside the cells. The analysis of viable 

cells using methylene blue staining in a Neubauer 
chamber showed the results presented in Table 1.

The differentiation was because viable cells 
appear transparent, while non-viable cells turn 
blue due to the retention of methylene blue inside 
(Figure 3).

Viability Count from Growth in BDA Medium

The colony-forming unit (CFU) count in plates 
containing BDA medium was performed after 24 
hours from inoculation. The results are presented 
in Table 1.

Viability Count Using Resazurin

The cellular viability evaluation for the 
resazurin assay showed that, at the 10-1 dilution, 
Agave broth exhibited maximum viability (Figure 
4). At the 10-2 dilution, no significant reduction 
was observed, with similar values between the 
media (47.6% for YPD and 47.4% for Agave 
broth). From the 10-3 dilution onwards, viability 
was significantly reduced, with values of 3.3% 
for YPD and 0.5% for Agave broth. No activity 
indicative of cellular viability was detected in 
subsequent dilutions for any of the treatments.

Figure 2. Microplate containing the samples (A) and schematic distribution of the samples in the 
microplate (B).
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Table 1. Results of viability counts using methylene blue staining and CFU/mL in BDA culture medium.

Sample Type Dilution Factor Methylene Blue Staining
Viable Cells/mL

Seeded on BDA 
Medium CFU/mL

YPD + 
CAT 1

10-2

10-6
1.37x108
6.25x109

>3x105
1.27x109

Agave broth + 
CAT 1

10-2

10-6
5.64x108

5x109
>3x105
8.3x108

Agave broth 
(control)

10-2

10-6
0
0

0
0

Figure 3. Methylene blue staining difference 
between viable and non-viable cells, observed 
under an optical microscope at 400x magnification.

Figure 4. Viability results (%) of yeast cells based 
on resazurin staining.
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Discussion

Some classical methods for determining cell 
viability may exhibit low efficiency under cellular 
stress conditions [4,5]. The production of ethanol 
from Agave sisalana juice is unprecedented, and 
therefore, studies on the behavior of yeasts in this 
material are virtually non-existent. Agave juice 
may contain components (particles, saponins, 
organic acids) that could affect the physiological 
behavior of yeasts, inducing stress in the cells.

It is noteworthy that counting a large number of 
samples also affects the efficiency of the method 
[6]. 

To reliably determine cell viability, CFU 
counting is the most suitable method [7]; however, 
it is time-consuming. Table 1 shows a 10x decrease 
in CFU of yeasts cultivated in Agave juice compared 
to the YPD cultivation medium. However, it 
was not possible to correlate the decrease in cell 
viability between the standard medium (YPD) and 
Agave juice using the methylene blue method.

Regarding the application of resazurin, a 90% 
reduction in cell viability was observed starting at 
the 10-3 dilution. It is possible that adjustments in 
incubation time and inoculum [8] could indicate a 
faster method for better response in cell viability 
analysis in Agave juice.

Cell viability assays commonly use dyes 
that change color under pH alterations or redox 
reactions. Many of these determine dehydrogenase 
activity [9], and the activity of these enzymes can 
be more accurately expressed depending on the 
different physiological states of the studied cells.
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One hypothesis raised in this study concerns the 
particles in the juice, which may be an interfering 
factor in classical viability analyses using dyes. 
In spectrophotometry, solids artificially increase 
absorbance due to light scattering, chemically 
reacting and affecting readings at wavelengths used 
for dyes such as methylene blue or resazurin [10-12].

Thus, this study compares three different 
methods for analyzing cell viability, demonstrating 
that the microorganism and the medium in which 
it is cultivated determine which method is most 
appropriate. Moreover, adaptations must always 
be considered due to the specificities of each 
fermentation process.
	
Conclusion

This study concludes that cell viability assays 
using dyes need to be customized or adapted 
when applied to fermentations with Agave juice. 
The particles in the medium, the color, and other 
unidentified compounds affect the analyses, 
resulting in inconclusive findings. However, this 
study also highlights the potential of new methods 
to be customized and quickly identify yeast 
viability accurately, with results consistent with 
those obtained from CFU counting. New methods 
can be evaluated to develop a personalized, 
efficient, rapid, and industrially applicable protocol 
for determining yeast cell viability in Agave juice.
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This study presents a technical and economic feasibility analysis for the implementation of a biorefinery for the 
extraction and processing of castor oil (Ricinus communis L.) in Bahia, Brazil. Castor oil is an oilseed of great 
industrial importance, known for its resilience to adverse climatic conditions and its wide range of applications 
in the chemical, pharmaceutical, cosmetic, and energy sectors, particularly due to the presence of castor oil. 
Accordingly, this work is based on its potential as a sustainable alternative to fossil sources, the valorization of 
regional production chains, and the promotion of socioeconomic development in Brazil's semi-arid Northeast. 
Furthermore, the high added value of castor oil and the potential for full biomass utilization justify investments 
in well-structured biorefinery projects. Both qualitative and quantitative methods were used to determine the 
optimal location, with Irecê (Bahia) identified as a strategic site. The hot pressing technology was selected for its 
high yield and simplicity. Two production capacity scenarios were evaluated: a high-capacity scenario (150 t/day), 
which demonstrated excellent economic viability (NPV of R$ 148 million, IRR of 38%, and a payback period of 
3 years), and a medium-capacity scenario (50 t/day), which yielded negative results (NPV of -R$ 19 million, IRR 
of 6%). It is concluded that the implementation of a large-scale biorefinery is viable and promising, provided it 
is supported by strategies to reduce market volatility and optimize operational costs, thereby contributing to the 
strengthening of the castor production chain and the sustainable development of the region.
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The search for renewable and sustainable energy 
sources has intensified in recent decades, driven by 
climate change, oil price volatility, and the need to 
diversify the global energy matrix. In this context, 
plant biomass stands out as a promising alternative, 
produced by plants in the form of lignocellulosic 
material, sugars, starches, and oils. Brazil, favored 
by natural conditions such as a tropical climate, 
fertile soils, and abundant water resources, is 
one of the world’s largest producers of biomass. 
Among all culture energies sources, sugarcane has 
held a prominent position since the 15th century, 
contributing significantly to ethanol production and 
electricity cogeneration from bagasse [1].

Castor bean (Ricinus communis L.), although 
less exploited, is an oilseed with high industrial 
potential, with applications in the chemical, 
pharmaceutical, cosmetic, and biofuel sectors 

due to the extraction of castor oil. Traditionally 
cultivated by small and medium-sized farmers, it 
holds social relevance and potential for income 
generation in rural areas [2]. Historically, Brazil 
led global production of castor seeds and castor 
oil, but in recent decades has lost this position to 
countries such as India and China [3]. Despite its 
presence in several regions, castor bean cultivation 
still lacks technological advances, agronomic 
studies, genetic improvement, and the development 
of large-scale processing technologies. In addition, 
a major challenge is the presence of ricin, a highly 
toxic protein found in the seeds that inhibits 
protein synthesis in eukaryotic cells. This toxicity 
limits the use of the residual cake, a by-product 
of oil extraction, particularly for animal feed due 
to toxicological risks. Research efforts have been 
made to develop varieties with lower ricin content 
and detoxification processes, aiming to expand the 
safe use of this by-product.

Given this scenario, the present study aims to 
conduct a Technical and Economic Feasibility Study 
(TEFS) for the implementation of a biorefinery 
dedicated to castor bean processing in the state of 
Bahia, considering the region's agricultural potential 
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and the full utilization of biomass. In addition to 
oil extraction, the study seeks to evaluate the use 
of the residual cake as a value-added by-product, 
contributing to the strengthening of the castor bean 
value chain and the sustainable development of the 
semi-arid Northeast region of Brazil.

Materials and Methods

To carry out the economic feasibility study for 
the implementation of a castor bean biorefinery, 
methodological steps were followed to ensure a 
comprehensive analysis from market characterization 
to the definition of production capacity and cost 
estimation, using literature review, secondary data, 
and both quantitative and qualitative analyses.

Market Characterization

To characterize the current market, research was 
conducted using scientific articles, government and 
institutional databases such as Embrapa and the 
National Supply Company (Conab), along with 
a demand projection through 2027 based on data 
from the Our World in Data platform. The objective 
was to understand the status of the castor bean 
value chain in Brazil and globally, as well as to 
obtain relevant statistical data for the study. It was 
observed that the Brazilian market shows a slight 
downward trend in production, although it remains 
relatively stable.

Technological Route Definition and Plant Location

Subsequently, technological routes for oil 
extraction and the utilization of castor cake were 
evaluated. Based on technical and economic criteria, 
the process selected was hot pressing followed by 
solvent extraction, due to its high yield and feasibility 
at the proposed scale. From this definition, a process 
flow diagram was developed, and the main utility 
requirements such as thermal and electrical energy 
and process water were identified.

Following the definition of the production 
process, it was necessary to identify the most 

efficient location for establishing the biorefinery. 
Considering Bahia’s relevance in Brazil’s castor 
bean production, three municipalities were selected 
as potential locations: Luís Eduardo Magalhães, 
Barreiras, and Irecê. Initially, the The Gravity Center 
method was applied, based on the geographical 
distribution of the main castor-producing regions 
and the consumer centers for its by-products (oil and 
cake), following the approach used in Oliveira and 
colleagues [4]. This method enabled the estimation of 
the optimal logistical location, aiming to streamline 
product distribution and minimize transportation 
costs by considering weighted distances.

In addition to the quantitative approach, a 
qualitative weighting matrix was employed using 
strategic criteria such as proximity to production 
areas, logistical infrastructure (roads, railways, 
and distribution centers), and the availability 
of resources (water, energy, and labor). This 
multicriteria assessment allowed for a broader 
comparison of the alternatives, taking into account 
not only logistical aspects but also operational and 
socioeconomic factors.

Mass Balance

For the mass balance stage, it was assumed 
that the raw material used consists of 100% clean, 
dehulled castor seeds that is the pretreatment stage 
(cleaning and dehulling) was carried out beforehand 
and is not included in the following calculations. 
The calculations were based on the assumptions 
presented in Table 1.

Table 1. Base data for mass balance.

Base Data
Acidity level (%) 2%
Pressing (%) 48%
Oil in Cake 6%
Oil in Centrifuge 97%
Neutralization 0.00199
Water input 10%
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An empirical factor (0.00199) was used, based 
on the stoichiometry of the saponification reaction 
between free fatty acids (FFA) and sodium 
hydroxide, to estimate the required amount of 
base. This value, widely accepted in technical and 
industrial literature, relates the acidity level of the 
oil to the processed mass, taking into account the 
average molar mass of the main fatty acids and the 
molar ratio of the reaction [5].

Economic Analysis

For the economic analysis, two plant production 
capacity scenarios were considered: 150 t/day and 
50 t/day. The 150 t/day capacity was intentionally 
overestimated, representing an optimistic large-
scale operation scenario aimed at evaluating the 
maximum economic potential of the process under 
ideal continuous production conditions. On the 
other hand, the 50 t/day capacity reflects a more 
conservative and realistic estimate, compatible 
with a medium-scale processing unit feasible for 
regional implementation. This comparison allowed 
for assessing the sensitivity of economic indicators 
to project scale and helped define a model better 
suited to the socioeconomic reality of the region.

Equipment costs were estimated based on 
1990 data from Lima [6], updated to 2024 
using the Chemical Engineering Plant Cost 
Index (CEPCI) and converted to Brazilian reais 
using a nationalization factor (1.2), due to the 
lack of specific data on individual costs and 
energy consumption. The annual net revenue was 
calculated from the estimated production of castor 
oil and cake, considering average market prices and 
applying a 30% tax burden. Fixed plant costs were 
estimated, including investments in ISBL (Inside 
Battery Limits) and OSBL (Outside Battery Limits), 
startup investment (10% of fixed investment), and 
working capital. The sum of these values resulted in 
the total project investment. The annual operating 
cost (OPEX) was obtained by summing fixed and 
variable costs.

Based on these data, the annual cash flow was 
projected over a 10-year horizon, considering 

straight-line depreciation of fixed investment, 
operational costs, tax burden, and estimated 
revenue. The economic feasibility analysis was 
conducted through the calculation of the Net 
Present Value (NPV), using a Minimum Attractive 
Rate of Return (MARR) of 14.75%, corresponding 
to the SELIC rate as of May 2025 (Equation 3).

In addition to NPV, the Internal Rate of Return 
(IRR), breakeven point, payback period, and 
profitability index (PI) defined as the ratio between 
the accumulated NPV and the initial investment 
(Equation 4) were calculated. Finally, a sensitivity 
analysis was performed to evaluate the effects of 
variations in selling prices and operational costs on 
project feasibility.

The following Equations were used for the 
calculations:

	 	 (1)

Where I1 is the cost in 2024, I2 is the cost 1990; 
f=0,6; C1=798,8 ; C2 =100

	 	 (2)

	 	 (3)

	 	 (4)

Results

Market Potential and Location

The analysis of global availability of the raw 
material castor bean (Ricinus communis L.) revealed 
that the largest producers are mainly located in 
Brazil, China, and India, the latter responsible 
for approximately 1.98 million tons in 2023 (Our 
World in Data). By applying plant location selection 
methodologies highlighting qualitative weighting 
and geolocation of production capacity the region 
near Irecê was identified as the most suitable for 
establishing the castor oil extraction and processing 
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unit,due to logistical advantages and the availability 
of raw material in the area.

Results of Mass Balance

The castor oil extraction process and utilization 
of the cake were structured in stages integrating 
thermal, mechanical, and chemical operations to 
optimize yield and quality, as well as to ensure the 
safe reuse of the residual cake, based on Kaur R, 
Bhaskar [7]. Initially, the seeds underwent cooking 
with saturated steam to facilitate mechanical 
extraction by hot pressing, which also helps 
denature the ricin present in the cake. The extracted 
oil was centrifuged to separate impurities and 
subsequently subjected to chemical neutralization 
to remove free fatty acids, thereby improving its 
stability. To recover residual oil from the cake, 
solvent extraction with hexane was performed, 
followed by distillation to separate the solvent 
from the pure oil. The residual cake underwent 
thermal and chemical detoxification to neutralize 

ricin, making it safe for use, and was then dried to 
reduce moisture content, facilitating storage and 
transportation, as illustrated in Figure 1.

Technical and Economic Feasibility Study

To evaluate the economic feasibility of the 
project under different production scales, a 
sensitivity study was conducted considering 
two operational capacity scenarios for the castor 
processing plant. Variations in plant capacity 
implied proportional adjustments in revenue, 
fixed costs, and variable costs. Elements such as 
utility consumption (water, steam, electricity) and 
logistics costs were scaled according to the size of 
each scenario.
 
Scenario 1 – Overestimated Plant Capacity

In the first scenario, a plant with a processing 
capacity of 150 tons per day was considered, 
exceeding the average reported in the literature. The 

Figure 1. Process flowsheet.
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estimated annual oil production was approximately 
27.2 million kg, assuming 8,000 effective operating 
hours per year, including downtime for maintenance 
and other interruptions.

Based on the quantities of oil and cake produced, 
with prices set at BRL 45.00/kg and BRL 19.40/
kg, respectively, the plant’s annual net revenue 
was calculated. After applying a 30% tax rate, the 
resulting amount was BRL 1,189 million.

For the calculation of fixed investments, direct 
and indirect labor costs were estimated based on 
the number of required positions and employees, 
in addition to construction costs for an estimated 
area of 1,000 m². Accordingly, the total ISBL costs 
amounted to BRL 11.44 million, and OSBL costs 
to BRL 90.61 million, resulting in a total fixed 
investment of BRL BRL 102.02 million.

Considering the unit prices of castor seeds, 
solvents, and NaOH, the process variable costs 
were estimated based on the quantities calculated 
in the mass balance, totaling BRL 138.87 million, 
as shown in Table 2.

production of approximately 9,074,536.80 kg of 
castor oil and 8,146,666.67 kg of castor cake. Due to 
this change, there was a variation in revenue, variable 
costs, and logistics costs, resulting in an annual net 
revenue of BRL 396.48 million. Regarding the fixed 
costs for the plant operating at average capacity, only 
logistics costs were altered, decreasing significantly 
since they correspond to 7.6% of the revenue 
value, according to the assumption made. The total 
ISBL costs amounted to BRL 11.44 million and 
OSBL costs to BRL 30.35 million, demonstrating 
a total fixed investment of BRL 41.79 million, a 
considerably lower amount than in Scenario 1.

With the change in plant capacity, variable costs 
were the most impacted, as shown in Table 3.

Table 2. Total variable costs – Scenario 1.

Item Cost
Castor Seeds BRL 7,200,000.00
Hexane Solvent BRL 58,500.00
Sodium Hydroxide 
(NaOH) BRL 7,477.29

Utilities BRL 118,943,892.77
Supplies BRL 37,573.93
Transportation	 BRL 12,624,744.40
Total BRL 138,872,188.38

The OPEX value was obtained by summing the 
fixed and variable costs, resulting in BRL BRL 
240.84 million.

Scenario 2 – Plant Capacity Based on the Average

As in the first scenario, the same calculations 
were performed; however, for a plant capacity of 50 
tons per day, which reflects typical medium-scale 
industrial plants. This capacity resulted in an annual 

Table 3. Total variable costs – Scenario 2.

Item Cost
Castor Seeds BRL 2,400,000.00
Hexane Solvent BRL 19,500.00
Sodium Hydroxide 
(NaOH) BRL 2,492.43

Utilities BRL 39,647,964.26
Supplies BRL 37,573.93
Transportation	 4,210,753.06
Total BRL 46,318,283.68

The OPEX value was obtained by summing the 
fixed and variable costs, resulting in BRL 88.11 
million.

Sensitivity Analysis

For this analysis, a significant difference in 
operational costs (OPEX) is initially observed, 
which directly influences the Net Present Value 
(NPV), as illustrated in Graphic 1.

Although it presents higher operational costs, 
the overestimated scenario achieved a positive 
Net Present Value (NPV) of BRL 148 million, 
demonstrating economic feasibility. In contrast, the 
medium-scale plant, despite its lower cost, showed 
a negative NPV of approximately BRL 19 million.
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Graphic 1. Comparison of NPV and OPEX. 

Regarding the payback period, it was observed 
that the plant in Scenario 1 achieves return in 3 
years, while the medium-scale plant has a payback 
period of approximately 8 years.

The results indicate that the overestimated 
scenario (Scenario 1) is significantly more 
advantageous from a financial perspective. It 
presents a shorter payback time and greater cash 
generation over time, accumulating substantial 
profit. In this scenario, the Internal Rate of Return 
(IRR) was 38%, a value substantially higher than 
the adopted Minimum Attractive Rate of Return 
(MARR) of 14.75% (SELIC), highlighting the high 
economic viability of the project. This means that, 
beyond recovering the initial investment, the project 
generates an attractive profit margin, justifying the 
higher capital outlay.

On the other hand, the medium-scale scenario 
(Scenario 2) presented an IRR of only 6%, well 
below the MARR. Although the investment may 
be recovered over the years, the financial risk is 
higher and the profit potential is limited, making 
the project less competitive.

Additionally, the cash flow analysis reveals that 
both scenarios operate profitably from the start of 
production. Scenario 2 shows that sales revenue 
exceeds total costs (fixed and variable) across the 
entire operating range (0% to 100% of capacity), 
indicating that there is no apparent breakeven point, 

as the operation remains profitable even at low 
utilization levels.

The Profitability Index (PI) analysis further 
reinforces the superiority of the overestimated 
scenario, which achieved a positive value of 1.01, 
indicating that for every real in revenue, BRL 0.01 
in profit is generated. In contrast, the medium-scale 
scenario presented a negative PI of -0.32, indicating 
an operational loss.

Despite its overall inferior performance, the 
second scenario demonstrated that reducing 
operational costs, especially variable costs, has 
a positive impact on the NPV, highlighting the 
importance of efficient management of inputs such 
as raw materials, energy, and labor.

Conclusion

The use of castor beans for oil extraction 
represents a strategic opportunity, given the high 
value of the product and its broad industrial 
applications. However, price volatility introduces 
uncertainty into the supply chain, making the proper 
sizing of processing plants essential for the project's 
viability.

Based on the results, it is concluded that the 
overestimated scenario, despite its higher costs 
and deviation from current market conditions, 
shows superior economic performance. The 
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positive NPV, high IRR, quick payback period, and 
overall profitability indicate that the higher initial 
investment is compensated by better operational 
results. In contrast, the medium-scale plant is 
financially unfeasible, with a slow return, IRR 
below the MARR, and operating at a loss.

Given the sector’s instability, it is recommended 
to conduct broader sensitivity analyses, varying 
parameters such as prices, operational costs, 
production capacity, and discount rates. This 
approach will help assess the robustness of the 
project and ensure the economic sustainability of 
the castor oil production chain in the face of market 
uncertainties.
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Investigation of The Use of PEG as a Compatibilizer in 
Nanocellulose Reinforced PLA Composites 

Lucas Nao Horiuchi1*, Paulo Romano Correia1, Vinícius Oliveira1, Mariana Souza1, 
Ana Paula Gonçalves1, Rodrigo Polkowski1 

1TRL9 LAB Testing and Technical Analysis; Salvador, Bahia, Brazil

Poly(lactic acid) (PLA) is a widely used biodegradable polymer due to its renewable origin and favorable 
environmental properties. However, its low ductility and impact resistance limit its use in more demanding 
applications. In this context, this study investigated the formulation of PLA composites with a masterbatch 
containing natural trichomes, cellulose nanofibrils (NFC), and polyethylene glycol (PEG), with the aim of 
improving the interfacial compatibility and mechanical properties of the material. The literature shows that NFC 
can reinforce the polymer matrix, but its dispersion is hampered by the difference in polarity with PLA, making it 
necessary to use compatibilizers such as PEG. The experimental results indicated that formulations with balanced 
NFC and PEG contents showed significant improvements in mechanical strength and deformation at break, 
especially those that employed the PEG masterbatch (MB) strategy. The proposed approach proved to be effective 
and sustainable, expanding the potential application of PLA in sectors that demand higher performance, such as 
technical packaging, biodegradable films, and structural components from renewable sources.
Keywords: PLA. Cellulose Nanofibrils. PEG. Compatibilization. Biocomposites.

 
Growing environmental concern over the 

accumulation of non-biodegradable plastic 
waste has led to the development of sustainable 
alternatives, such as polymers of renewable origin. 
Among these, poly(lactic acid) (PLA) stands out 
because it is biodegradable, biocompatible and 
comes from natural sources such as corn starch or 
sugar cane. However, PLA has limited mechanical 
properties, such as low impact resistance and 
reduced ductility, which restricts its application in 
more demanding sectors [1].

In order to overcome these limitations, the 
incorporation of natural trichome reinforcements, 
such as cellulose nanofibrils (NFC), has proved to 
be a promising alternative. Due to its high stiffness, 
high aspect ratio and abundance of hydroxyl 
groups, NFC acts as a structural reinforcement 
and can significantly improve the modulus of 
elasticity and tensile strength of composites [2,3]. 
However, the presence of these hydroxyl groups 

also gives NFC its hydrophilic character, which 
makes it difficult to disperse it homogeneously in 
hydrophobic matrices such as PLA [4].

In this scenario, the use of compatibilizing 
additives such as poly(ethylene glycol) (PEG) has 
become an effective strategy. PEG can interact 
with the surface of the NFC through hydrogen 
bonds, promoting surface modification of the 
nanofiber and facilitating its incorporation into 
the polymer matrix. In addition, PEG acts as a 
plasticizer, reducing the crystallinity of PLA and 
increasing its ductility [5].

The study by Cailloux and colleagues (2019) 
[6] demonstrated that levels of up to 20% PEG in 
wet suspension can be used in NFC pretreatment, 
favoring its individualization. This procedure 
improves nanofibril dispersion and contributes 
to greater compatibility with the PLA matrix, 
optimizing the composite's performance. The 
study carried out by, Clarkson and colleagues 
(2020) [7] used lower concentrations, such as 5% 
by weight, also with satisfactory results. This data 
indicates a wide range of possible PEG contents to 
be investigated, with direct impact on the structural 
and functional properties of the composite.

Therefore, this work proposes a PLA composite 
formulation containing a masterbatch with 
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natural trichomes, NFC, and PEG, with the aim of 
evaluating the efficiency of PEG as a compatibilizing 
agent and plasticizer, promoting better nanofiller 
dispersion and improving mechanical performance. 
The choice of this composition is based on several 
pieces of evidence in the literature [2,8,9], which 
point to the synergistic potential between natural 
reinforcements and plasticizers in biodegradable 
matrices.

Materials and Methods

The composites were prepared by melt mixing 
PLA (Natureworks 3D850), masterbatch (MB: 
PLA/5wt% trichome), nanofibrils (manufactured 
by TRL9) and PEG (PEG-600) (Table 1 and 
2), using co-rotating twin-screw extruder 
(DR.16.40.AX from AX Plásticos), speed 135 
rpm, temperature range 150 to 190. Followed 
by filament production using Filmaq 3D single-
screw extruder, speed 32 rpm, temperature 190ºC. 
And 3D printing (Prusa Research MK3S+ 3D) to 
produce tensile test specimens. 

The formulation specimens were prepared in 
accordance with ASTM D638, type IV and were 
tested on an EMIC model DL200MF universal 
testing machine with a 2 kN load cell, speed test 
5 mm/min, 5 replicates for each formulation. 
The properties analyzed were tension at 
maximum force (MPa), specific deformation 
at break (%) and modulus of elasticity (MPa). 
Morphological analyses were performed using 
digital optical microscopy (Nova Digital) to 
evaluate the fracture surface of the fractured 
tensile specimens. 

Data from the tensile tests were analyzed by 
ANOVA, followed by the Tukey test (p<0.05) to 
compare means, using Statistica 7.0 software.

Results and Discussion

A Prusa Research MK3S+ 3D printer was used 
to fabricate the specimens (Figure 2). This method 
ensured precise control of the sample geometry, 
enabling consistent and reproducible preparation 
for mechanical characterization. The printing 
process also demonstrated good processability 
of the formulations, especially those containing 
PEG, which contributed to smoother extrusion 
and an improved surface finish.

Figures 3, 4, and 5 display the results of 
the tensile tests conducted on the different 
formulations, representing, respectively, the stress 
at maximum force, the modulus of elasticity, and 
the deformation at rupture. 

Analysis of the ultimate tensile strength results 
presented in Figure 3 allows for a comprehensive 
assessment of the influence of NFC, masterbatch 
(MB), and PEG on the mechanical performance of 
PLA-based composites. The formulations with and 
without PEG show that the isolated incorporation 
of masterbatch or cellulose nanofibrils does 
not significantly increase tensile strength. This 
result highlights the limitations of reinforcement 
efficiency when additives are used individually, 
likely due to poor interfacial adhesion and 
inadequate dispersion within the hydrophobic PLA 
matrix, which are well-documented challenges in 

Table 1. Formulations without added PEG.

Formulation PLA Masterbatch NFC
F1 100.0% – –
F2 99.5% 0.5% –
F3 99.5% – 0.5%
F4 99.0% 0.5% 0.5%
F5 98.5% 0.5% 1.0%
F6 97.5% 0.5% 2.0%

Table 2. Formulations with added PEG.

Formulation PLA Masterbatch NFC PEG
F1 97.0% – – 3.0%
F2 96.5% 0.5% – 3.0%
F3 96.5% – 0.5% 3.0%
F4 96.0% 0.5% 0.5% 3.0%
F5 95.5% 0.5% 1.0% 3.0%
F6 94.5% 0.5% 2.0% 3.0%
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Figure 1. Description of steps.

Figure 2. Tensile test specimen of composites obtained by 3D printing.
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Figure 3. Stress at maximum strength of PLA formulations with and without PEG.

Figure 4. Modulus of elasticity of PLA formulations with and without PEG.

Figure 5. Deformation at break of PLA formulations with and without PEG. 
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the processing of PLA/nanocellulose composites 
[10,11].

Formulations F5 and F6, which contain higher 
NFC contents (1 and 2%, respectively), exhibit a 
marked reduction in tensile strength, particularly 
in the presence of PEG. This may be attributed 
to the difficulty in maintaining dispersion at high 
NFC loadings, leading to agglomeration and 
localized strength concentrations that compromise 
mechanical integrity [7-12].

Interestingly, the PEG-free F6 formulation 
partially reverses this trend, exhibiting higher 
strength than its PEG-containing counterpart, 
as evidenced by the Tukey test, specifically, 
F5 and F6 with PEG share the Tukey subindex 
“b,” indicating statistically distinct and lower 
mean values compared to the other samples. 
This suggests that eliminating PEG in high-
NFC systems helps preserve matrix strength and 
allows the reinforcing effects of nanocellulose to 
manifest more effectively, provided dispersion is 
sufficiently controlled [13].

The tensile strength results highlight the 
critical role of the balance between additive 
content, dispersion quality, and interfacial 
compatibility in PLA-based composites. These 
findings reaffirm the importance of fine-tuning 
composite formulations to maximize mechanical 
performance, as corroborated by previous studies 
on biobased nanocomposites [6-14].

The modulus of elasticity, or Young's modulus, 
is a key parameter that reflects a material's 
capacity to withstand deformation when subjected 
to applied stress. As shown in Figure 4, the results 
clearly demonstrate the effects of NFC content, 
the presence of PEG, and the synergy between 
additives on the stiffness of PLA composites.

Formulation F6 (PLA + 2% NFC, no PEG) 
exhibited the highest Young modulus (454.42 
MPa), highlighting the reinforcing effect of 
nanocellulose at higher concentrations in the 
absence of plasticizer. This finding is in line with 
previous studies indicating that well-dispersed 
NFCs increase the brittleness of PLA due to their 
high aspect ratio and strong hydrogen bonding 

network [6,7]. The absence of PEG, in this 
case, preserves the interfacial tension between 
the matrix and the nanofibrils, maximizing the 
reinforcement potential. Similarly, formulation F2 
(PLA + MB, no NFC) achieved a high modulus 
(449.02 MPa), indicating that the functionalized 
additives on the masterbatch surface can promote 
polymer chain alignment or reduce segmental 
mobility, thus increasing the difficulty. However, 
the addition of PEG to this formulation (F2 with 
PEG) reduces the modulus to 422.76 MPa, which 
is consistent with the known plasticizing behavior 
of PEG, which increases chain mobility and 
reduces intermolecular interactions [6-16].

The effect of PEG becomes even more 
pronounced in formulation F5 (PLA + MB + 1% 
NFC), where the modulus dropped from 441.42 
MPa to 353.28 MPa after PEG incorporation. 
This sharp drop reveals the challenge of achieving 
a favorable balance between reinforcement 
and plasticization. It is likely that, at this NFC 
concentration, PEG not only interferes with NFC 
dispersion but also increases chain flexibility to 
the point of weakening the composite structure, 
a characteristic also observed in other NFC-PLA 
systems with poor interfacial control [13,14].

On the other hand, formulation F3 (PLA + 
NFC, no masterbatch) in the presence of PEG 
resulted in one of the lowest impairment values 
(388.37 MPa), confirming that, in the absence of 
compatibilizers, PEG can impair reinforcement 
efficiency. The lack of interfacial adhesion PLA/
NFC, combined with the mobility-enhancing 
effect of PEG, results in deformable and less rigid 
composite behavior, also reported by Cheng and 
colleagues (2015) [15] in NFC-reinforced systems 
without surface treatment.

In summary, the analysis of the elastic modulus 
between the formulations highlights the critical 
importance of the balance between reinforcement 
content, compatibilization, and plasticization. 
PEG reduces rigidity, especially when interfacial 
interactions are weak.

Strain at break is a key indicator of ductility, 
reflecting a material's ability to undergo plastic 
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deformation before fracture. As illustrated in 
Figure 5, significant differences in deformation 
behavior were observed between PLA-based 
formulations, influenced by the presence of 
reinforcing agents and plasticizers.

With the isolated addition of masterbatch (F2) or 
NFC (F3), a reduction in deformation is observed, 
especially in the absence of PEG. This can be 
attributed to the increased rigidity and brittleness of 
the matrix, since the additives, when incorporated, 
hinder the transfer of polymer chains. When there 
is no compatibility or specific dispersion, there is 
a greater formation of stress concentration points 
that anticipate material rupture. The presence of 
PEG promotes significant changes. In formulation 
F3 with PEG, for example, there is a significant 
increase in strain at break, decreasing the likelihood 
that PEG acted effectively as a plasticizer, 
increasing chain mobility, and conferring greater 
flexibility to the compound. This behavior is 
consistent with previous studies showing that 
PEG reduces intermolecular interactions in PLA, 
increasing ductility [17].

In formulation F3 with PEG, the strain 
at break increased markedly, confirming the 
effective plasticizing role of PEG. This result 
is in line with literature reports that PEG can 
significantly increase ductility by disrupting 
PLA's intermolecular interactions and increasing 
polymer chain flexibility [6,7]. This formulation 
achieved the highest ductility among all 
samples, demonstrating the synergistic effect of 
plasticization in an unreinforced matrix.

Formulations F5 and F6, which incorporated 
1 and 2% NFC, respectively, revealed interesting 
contrasts. F5 with PEG showed increased strain 
compared to its PEG-free counterpart, although 
to a lesser extent than F3. This suggests that the 
plasticizing effect of PEG is partially impaired 
by the increased NFC content. For F6 with PEG, 
the strain dropped to the lowest value among 
all samples. This counterproductive result is 
consistent with the appearance of reinforcement 
supersaturation, where high NFC loadings, 
especially when poorly dispersed, create 

microstructural defects that act as failure initiation 
sites, impairing ductility [7-17].

Interestingly, F6 without PEG exhibited 
greater strain than F6 with PEG. Although 
counterintuitive, this may reflect the formation 
of a more consistent internal NFC network in 
the absence of PEG, providing a better monetary 
response before rupture. PEG, in this case, may 
have disrupted this network, leading to premature 
failure due to microphase separation or void 
formation during deformation, a phenomenon 
observed in polymer nanocomposites with low 
matrix-filler compatibility [13-17].

Overall, these findings demonstrate that 
ductility in PLA composites is governed by 
a delicate balance between plasticization and 
reinforcement. While PEG enhances flexibility, 
its effect is significantly influenced by the type, 
concentration, and dispersion of reinforcing 
agents. The most ductile behavior was observed 
in F3 with PEG, while the most brittle occurred 
in F6 with PEG, highlighting the critical role of 
formulation design in optimizing mechanical 
performance.

Figure 6 shows a schematic representation 
of hydrogen bonding interactions PEG-NFC, 
promoting a well-entangled reinforcement 
network. 

Optical microscopy examination of the 
fractured surfaces of tensile test specimens (Figure 
7) reveals that the samples containing PEG exhibit 
a more ductile fracture morphology, characterized 
by stretched and deformed regions, whereas the 
samples without PEG display a comparatively 
brittle fracture appearance.

The melt-processing of cellulose nanofibril/
polylactide bionanocomposites via a sustainable 
polyethylene glycol-based carrier system 
[6] (Figure 6), it can be concluded that the 
effective dispersion of NFC in PLA through the 
incorporation of PEG as a carrier was critical to 
the mechanical and structural performance of the 
developed composites.

The analyses showed that moderate levels 
of PEG enable the formation of oxygen bonds 
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Figure 6. Hydrogen bonding interactions PEG-NFC. 

Figure 7. Optical microscopy of fractured surfaces of tensile test specimens.

between the NFC and the polymer matrix, which 
facilitates the dispersion of the nanofibrils and 
prevents their agglomeration, one of the greatest 
challenges in the formulation of melt-formed 
nanocomposites. Formulations F3 and F4, with 
balanced NFC and PEG contents, stood out 
for presenting good strength and deformation, 
demonstrating a well-structured network. On 
the other hand, formulations with higher NFC 
concentrations (such as F5 and F6 with PEG) 
showed poor performance, likely due to network 
saturation and excessive plasticization.

Thus, the study confirms that the use of 
masterbatch and NFC with PEG is an effective 
strategy for improving compatibility and dispersion 
in PLA, optimizing the material's mechanical 
properties. This system represents a viable 

advancement for the production of biocomposites 
with balanced performance, aligning sustainability, 
processability, and structural efficiency.

Conclusion 

This study demonstrated the effectiveness 
of using polyethylene glycol (PEG) as a carrier 
for the dispersion of cellulose nanofibrils (NFC) 
in a polylactide (PLA) matrix, enabling the 
production of bionanocomposites through melt 
processing. The masterbatch formulation with 
PEG was designed to be strategic in promoting 
intermolecular interactions, such as protective 
bonds, which favored compatibility between 
components and minimized the typical challenges 
of NFC agglomeration.
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The mechanical results indicated that 
formulations with moderate NFC and PEG 
contents, especially F3 and F4, demonstrated 
the best balance between strength, damage, and 
deformation, revealing optimized performance for 
applications that unlock flexibility and structural 
integrity. Conversely, excess NFC and plasticizer 
compromised performance due to agglomeration 
and excessive plasticization, highlighting the need 
of composition control.
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Influence of Processing Conditions on the Colloidal Stability of CNCs from Coconut Fiber

Marina R. de Andrade1, Danilo H. Guimarães2, Ingrid L. Leal1*
1SENAI CIMATEC University, Industrial Microbiology; Salvador, Bahia, Brazil; 2Green Coco Europe; Nürnberg, Germany

 
The production of cellulose nanocrystals (CNCs) from agro-industrial residues represents a sustainable and 
technically feasible alternative, promoting the reuse of low-cost materials with high cellulose content. This 
study evaluated the effect of two bleaching routes of coconut fiber — using buffered sodium hypochlorite (PC) 
and alkaline hydrogen peroxide (PP) — on the colloidal properties of CNC suspensions obtained by sulfuric 
acid hydrolysis. Four different reaction conditions were tested, combining acid concentration, time, and 
temperature, in the following configurations: 40_25_35, 60_25_35, 40_40_35, and 60_40_35. The samples were 
characterized by dynamic light scattering (DLS) and zeta potential analysis, assessing average particle size 
(Z-Average), polydispersity index (PdI), and colloidal stability. The results showed that sample PC60_40_35 
had the best performance, with a reduced size (255.4 nm), a moderate PdI (0.412), and a high absolute zeta 
potential (−32.36 mV), indicating good electrostatic stability and a homogeneous particle size distribution. 
Samples such as PP40_25_35 and PP60_25_35 also exhibited intermediate particle sizes (≈530 nm), but with 
lower stability. Overall, the PC bleaching route, combined with higher acid concentration and longer reaction 
time, favored the production of CNCs with more suitable colloidal properties, demonstrating the combined 
impact of treatments on suspension quality. These data have practical relevance and can be used to optimize 
future industrial processes for producing nanocellulose.
Keywords: Cellulose Nanocrystals. Coconut Fibers. Bleaching. Acid Hydrolysis. Colloidal Stability.
 

 
Growing concerns over the environmental 

impacts of the exploitation of non-renewable 
resources have driven a global shift toward 
more sustainable production models, notably the 
circular economy. This approach emphasizes the 
valorization of waste and by- products as feedstocks 
for new processes, thereby promoting resource 
recovery and minimizing waste generation. 
Within the agro-industrial sector, the utilization 
of lignocellulosic residues has gained prominence 
as a strategic pathway to develop renewable 
materials, such as cellulose nanocrystals (CNCs), 
which offer advanced functional properties and 
potential applications across a wide range of 
industrial sectors [1].

Green coconut fiber, abundantly available in 
Brazil, is often discarded after the consumption 
of the water and inner pulp, thus becoming a 
significant environmental residue. Although it 

exhibits an intermediate cellulose content — 
ranging from 23% to 43%, depending on factors 
such as soil conditions, maturation stage, and prior 
treatments — this fiber has been investigated as an 
alternative source for the production of cellulose 
nanocrystals (CNCs), primarily due to its wide 
availability and low cost [2,3]. CNCs are particles 
characterized by high crystallinity, rigidity, and 
colloidal stability, offering significant potential 
to replace synthetic materials in composites, 
packaging, coatings, and colloidal systems [4].

The production of cellulose nanocrystals 
(CNCs) generally involves a sequence of steps, 
including cellulose bleaching and acid hydrolysis. 
The bleaching stage aims to remove lignin and 
hemicelluloses, thereby facilitating acid access 
to the fiber's amorphous regions. The choice of 
bleaching agents directly affects the composition, 
structure, and reactivity of the cellulosic pulp. 
Buffered sodium hypochlorite (PC) and alkaline 
hydrogen peroxide (PP) are commonly applied 
bleaching routes, each exhibiting distinct 
mechanisms of action, making it essential to 
understand their specific effects on nanocrystal 
extraction [5].
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In addition, sulfuric acid hydrolysis requires 
strict control of variables such as concentration, 
time, and temperature, as these factors directly 
influence the morphology, degree of sulfation, and 
stability of the final product. Improperly adjusted 
parameters may result in excessive cellulose 
degradation or the formation of unstable particles 
with poor colloidal quality [6]. Therefore, the 
careful selection of hydrolysis conditions, 
combined with the choice of pretreatment, is 
crucial to obtaining CNCs with physicochemical 
properties tailored to their intended applications.

The first colloidal analyses performed in aqueous 
suspension provide key indicators of the quality of 
CNC suspensions. Dynamic light scattering (DLS) 
allows for the measurement of the average particle 
size (Z-Average) and the polydispersity index 
(PdI), which indicate the degree of uniformity 
of the suspension. Zeta potential measurements, 
in turn, provide information on the electrostatic 
stability of particles in liquid media, being essential 
for predicting material behavior in formulations 
and during storage. In general, absolute zeta 
potential values greater than 30 mV are associated 
with more stable suspensions [7]. Therefore, the 
integrated analysis of bleaching routes, hydrolysis 
parameters, and colloidal properties in suspension 
is essential to optimize the CNC production 
process and ensure materials with suitable quality 
for technological applications.

 
Material and Methods

Green coconut fiber was first washed, oven-
dried (Quimis Q314M222) at 60 °C for 24 h, and 
milled using a Wiley-type mill (Tecnal, model 
R-TE- 650/1). The resulting material was sieved 
(Bertel, AGT.P) through a 40-mesh screen (~425 
µm) and subjected to a mercerization step, using 
60 g of fiber in a 2% (w/v) sodium hydroxide 
solution under constant stirring (IKA, C-MAG 
HS4) at 80 °C. This procedure was repeated for 
4 cycles to partially remove hemicelluloses and 
promote cell wall swelling, thereby facilitating 
access to the cellulosic constituents.

Following this step, the mercerized pulp was 
divided and subjected to two distinct chemical 
bleaching routes:

PC route: treatment with 1.7% (v/v) sodium 
hypochlorite buffered with acetate solution (pH ≈ 
4.45), carried out at 80 °C for 6 h under constant 
stirring (IKA, C-MAG HS4).

PP route: treatment with 16% (v/v) hydrogen 
peroxide buffered with 5% (w/v) sodium 
hydroxide, carried out at 55 °C for 2 h under 
constant stirring (IKA, C-MAG HS4).

In both routes, the post-bleaching material was 
filtered, dried (Quimis, Q314M222), and milled 
(Ariete, Universal PRO Grinder).

Acid hydrolysis was carried out in a water 
bath at 35 °C, using 2 g of bleached pulp in 40 
mL of sulfuric acid (H₂SO₄), with variations in 
concentration and reaction time as indicated in 
Table 1. At the end of the reaction time, 40 mL 
of cold water was added to quench the reaction, 
and the hydrolyzed solution was placed in an ice-
water bath until it reached 20 °C. The sample was 
then centrifuged (Hettich, Rotina 380R) at 4400 
rpm for 10 min, with 5 mL of distilled water added 
to the Falcon tubes after each cycle until a final 
volume of 20 mL was reached. The supernatants 
were dialyzed against a cellulose membrane 
(model D9402, Sigma-Aldrich) until neutral pH 
was reached.

A flowchart (Figure 1) of the process for 
obtaining the nanocrystals is provided below.

The colloidal characterization of cellulose 
nanocrystal (CNC) suspensions was performed 
using Dynamic Light Scattering (DLS) and zeta 
potential analysis on a Zetasizer Ultra (Malvern 
Panalytical) equipped with a Non-Invasive Back 
Scatter (NIBS) system and a fixed backscatter 
detector angle of 173°. Samples were previously 
redispersed in ultrapure water (resistivity ≥ 18.2 
MΩ·cm), standardized to 0.01% (w/v), and 
subjected to indirect sonication for 10 min in an 
ultrasonic bath (50/60 Hz) to disrupt agglomerates. 
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Table 1. Reaction conditions applied for the acid hydrolysis of bleached coconut fibers.

Figure 1. Simplified flowchart of the methodology for obtaining cellulose nanocrystals and the objective 
of each step.

Sample 
Code

H₂SO₄ 
concentration (%)

Reaction 
time (min)

Temperature 
(°C)

40_25_35 40 25 35
60_25_35 60 25 35
40_40_35 40 40 35
60_40_35 60 40 35

Receipt and
conditioning of
coconut fiber

Mercerization

Pre-treated
pulp

Acid
hydrolysis

Hydrolyzed
suspension

Nanocrystal
suspension

Colloidal
characterizations

Alkaline pre-
treatment

Bleaching with
buffered NaCIO

Solubilizes hemecellulose
and part of the lignin,
exposing cellulose.

Removes residual lignin
oxidatively, producing a
purer and lighter pulp rich
in cellulose.

Oxidizes phenolic compounds
and removes residual lignin
with lower formation of
halogenated by-products.

Parameters of acid concentration reaction time,
and temperature were defined based on DOE.
Break the amorphous regions of cellulose,
releasing nanocrystals from the crystalline
domains.

separates nanocrystals
(supernatant) from non-
hydrolyzed cellulose and
larger particles.

Removes sulfate ions and excess
acid until reaching neutral pH,
stabilizing the suspension for
analyses and applications.

Experimental
design

Centrifugation
for nanocrystal

separation

Dialysis in a
cellulose

membrane

Bleaching with
buffered H O2 2
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The average particle size (Z- Average), 
polydispersity index (PdI), and zeta potential were 
obtained from three independent measurements 
per sample at 25 °C, using disposable cells suitable 
for each analysis.

 
Results and Discussion

The colloidal evaluation of cellulose nanocrystal 
(CNC) suspensions obtained from coconut fiber 
enabled the identification of the direct effects of 
pretreatment steps (bleaching) and hydrolysis 
conditions on the material's physicochemical 
parameters. Table 2 presents the results for zeta 
potential, average particle size (Z-Average), and 
polydispersity index (PdI) for the eight samples 
obtained from the PC and PP routes.

According to the literature, the ideal criteria 
for CNCs in suspension indicate that absolute 
zeta potentials greater than 30 mV indicate good 
electrostatic stability [7]. At the same time, 
average particle sizes of 100-500 nm suggest 
effective degradation of amorphous regions while 
preserving the integrity of crystalline domains 
[8]. Additionally, PdI values below 0.3 indicate 
monodispersion; however, materials obtained 
from agro-industrial residues often exhibit values 
up to 0.5, which are still considered acceptable 
[3]. Figure 1 presents an integrated comparison 
of the three main colloidal parameters analyzed: 
zeta potential, particle size, and polydispersity 

index (PdI). The combined analysis facilitates 
the identification of the sample with the best 
performance in terms of stability, uniformity, and 
hydrolysis efficiency (Figure 2).

In this context, the PC60_40_35 sample 
exhibited superior performance, with a zeta 
potential of –32.36 mV, a particle size of 255.4 nm, 
and a PdI of 0.412. This profile suggests a stable 
suspension, with relatively homogeneous particles 
and dimensions comparable to those reported for 
sisal residue, corn husk, and rice husk fibers, 
which have a lignocellulosic composition similar 
to that of coconut fiber. When compared to CNCs 
obtained from rice straw [9], which presented 
significantly smaller dimensions (11.2–30.7 nm in 
width and 117–270 nm in length, as determined 
by microscopy), the CNCs produced in this study 
(255.4 nm hydrodynamic diameter, –32.36 mV 
zeta potential, PdI = 0.412) exhibited particle sizes 
closer to the reported lengths but considerably 
larger widths, which is expected given that DLS 
measures hydrodynamic diameters of aggregates 
in suspension. In relation to nanocellulose derived 
from sugarcane bagasse [10], which was reported 
to have particle sizes within the nanorange by 
DLS without specific values in the abstract, the 
CNCs from coconut fiber showed a tendency 
toward larger hydrodynamic sizes, possibly due to 
residual lignin and hemicelluloses or the specific 
hydrolysis conditions employed. Nevertheless, the 
zeta potential obtained (–32.36 mV) indicates good 

Table 2. Results of colloidal stability, particle size, and dispersion analyses of nanocrystals in suspension.

Sample Code Zeta Potential 
(mV)

Particle 
Size (d.nm)

Polydispersity 
Index (PdI)

PC40_25_35 -41.80 699.0 0.756
PC60_25_35 -35.76 865.5 0.453
PC40_40_35 -34.22 673.9 0.600
PC60_40_35 -32.36 255.4 0.412
PP40_25_35 -29.08 533.9 0.545
PP60_25_35 -30.19 534.6 0.669
PP40_40_35 -31.59 765.5 0.582
PP60_40_35 -28.93 593.6 0.496
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charge density significantly. However, specific 
zeta potential values were not provided in the 
abstract. Considering this, the stability observed 
in the coconut fiber CNCs produced under the 
PC60_40_35 condition suggests that the chosen 
bleaching and hydrolysis parameters effectively 
enhanced the surface charge density, achieving 
stability levels likely comparable to or greater than 
those reported for cotton-derived CNCs, despite 
differences in raw material composition and fiber 
morphology.

Regarding the polydispersity index, none 
of the samples reached the ideal value of < 
0.3. However, the values observed for samples 
PC60_40_35 (0.412), PC60_25_35 (0.453), 
and PP60_40_35 (0.496) indicate a reasonably 
acceptable distribution for systems derived from 
complex fibers. In the present study, the CNCs 
obtained from green coconut fiber indicate a 
moderately narrow particle size distribution and 
an acceptable level of monodispersion for CNCs 
derived from complex lignocellulosic fibers. In 
contrast, studies involving coconut shell powder 
or particles as fillers in polymeric matrices [12, 

Figure 2. Comparative trends of colloidal parameters in NCC samples.

electrostatic stability, comparable to or potentially 
superior to that observed for CNCs from both 
rice straw and sugarcane bagasse, highlighting 
the potential of coconut fiber as a competitive 
lignocellulosic source for CNC production.

The influence of the bleaching route was also 
evident. The PC route (buffered hypochlorite) 
provided greater electrostatic stability across all 
tested conditions. This can be attributed to more 
efficient lignin removal and the exposure of 
reactive sites on the fiber surface, which facilitate 
acid action during hydrolysis. In contrast, the 
PP route, although also oxidative, yielded zeta 
potential values below |30| mV, suggesting a 
lower density of negative surface charges. When 
compared to CNCs obtained from cotton via 
different bleaching methods followed by acid or 
enzymatic hydrolysis [11], the CNCs produced 
in this study demonstrated a level of electrostatic 
stability above the |30| mV threshold, indicating a 
high density of negative surface charges and good 
suspension stability. In the cotton-based study, 
variations in bleaching method were shown to 
influence hydrodynamic properties and surface 
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13] do not report quantitative PdI values; however, 
SEM analyses reveal agglomeration and an 
uneven distribution of filler particles, suggesting 
a high degree of polydispersity at the microscale. 
These observations align with the understanding 
that achieving low polydispersity is more feasible 
in nanocellulose suspensions, where surface 
chemistry and colloidal stabilization mechanisms 
can be optimized, than in particulate polymer 
composites, where interfacial adhesion and 
particle wetting dominate dispersion behavior.

Additionally, the reduction in average particle 
size observed for the PC60_40_35 sample suggests 
that the combination of a high acid concentration 
and a prolonged reaction time, together with 
effective pretreatment, promoted the selective 
degradation of amorphous regions without 
compromising the crystalline structure. Thus, the 
results demonstrate that the PC route combined 
with the 60_40_35 condition produces CNCs with 
superior colloidal characteristics compared to the 
other conditions, making it the most promising 
option for future applications in films, coatings, or 
nanocomposites.              The similarity between 
the results obtained and those reported in the 
literature for lignocellulosic residues confirms the 
feasibility of coconut fiber as an alternative source 
of cellulose nanocrystals.

 
Conclusion

The objective of this study was successfully 
achieved by producing cellulose nanocrystals 
(CNCs) from coconut fiber, using different 
bleaching routes and acid hydrolysis conditions, 
followed by a comprehensive evaluation of their 
colloidal properties. The results demonstrated that 
the PC bleaching route, when combined with the 
60_40_35 hydrolysis condition, provided CNCs 
with greater electrostatic stability, adequate particle 
size distribution, and dimensions comparable to 
those reported for other lignocellulosic residues.

These findings confirm the potential of coconut 
fiber as an alternative, sustainable source for 
CNC production, with promising applicability 

in films, coatings, and nanocomposite materials. 
Furthermore, future studies should focus on 
incorporating these CNCs into polymeric 
matrices to evaluate their reinforcing effect, 
mechanical performance, and compatibility with 
biodegradable polymers, thus expanding their 
potential for industrial applications in sustainable 
packaging, advanced composites, and functional 
coatings.
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Underwater exploration gained prominence starting in the 1950s with the emergence of the first ROVs 
(Remotely Operated Vehicles). Among their categories, observation ROVs stand out for their ability to collect 
data in hard-to-reach environments. In this context, the OpenROV — an open-source mini ROV with a modular 
architecture — was studied. One of the units had mechanical damage and serial communication failures with 
the original electronics, requiring a retrofit process. Additionally, a thruster allocation study was conducted 
to evaluate the platform’s movement in both simulation and real operation. Through this technique, it was 
possible to verify that the current configuration allows movements along the surge, heave, and yaw axes, with 
correspondence between simulation and actual actuation. The study contributed to the analysis of the system’s 
degrees of freedom and its potential navigability in an aquatic environment.
Keywords: OpenROV. Thruster Allocation. Simulation. Underwater Vehicles. Retrofit.

Ocean exploration has driven technological 
advances since the 20th century. In 1953, Dimitri 
Rebikoff developed the POODLE, considered the 
first Remotely Operated Vehicle (ROV) in history, 
designed for underwater archaeological research 
[1]. Despite being pioneering, its impact was 
limited. In 1961, the United States Navy developed 
a mobile underwater system that culminated 
in the CURV (Cable-controlled Underwater 
Research Vehicle), a landmark for the evolution 
of ROVs [1]. These vehicles have been widely 
used in various applications ever since. ROVs 
are commonly classified by their functionality. 
Observation ROVs are built for data and image 
collection. Work-class ROVs are equipped with 
manipulators for interventions. Special-use ROVs 
are designed for specific missions [1]. ROVs are 
particularly valuable in scientific research, as they 
enable data collection in inhospitable  and  hard-
to-reach environments.

Over time, advances in technology enabled 
the  creation of smaller, more accessible solutions. 
Based on this evolution, platforms like OpenROV 

emerged [2]. Two OpenRovs models 2.8 [3] in the 
Robotics and Autonomous Systems Laboratory 
are used for educational and research purposes. 
However, one of the units was damaged and 
a system retrofit process was proposed. Then, 
an investigation into thruster allocation was 
conducted, a technique to properly distribute 
forces among thrusters, enabling the vehicle to 
perform the desired movements [4]. Therefore, 
the implementation of thruster allocation has 
become a promising line of research as the vehicle 
is undergoing a redesign due to its damaged 
structure. These vehicles can be classified 
according to the relationship between the number 
of actuators and their degrees of freedom. When 
the number of actuators is fewer than the six 
typical degrees of freedom of these vehicles, the 
system is considered  underactuated  [4].  This  
group includes the OpenROV, which has only three 
thrusters and only moves in the surge, heave, and 
yaw directions. The relevance of this classification 
for the study of thruster allocation in ROVs lies in 
the fact that designing a control system capable 
of stabilization, trajectory tracking, and trajectory 
control in underactuated vehicles is a non-trivial 
task [4]. Such systems require handling physical 
and dynamic constraints and, in many cases, the 
adoption of nonlinear control strategies. Thruster 
allocation, in turn, provides an approach that 
maximizes the potential of the available actuators, 
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allowing the vehicle to operate efficiently within 
a reduced set of target movements. This makes 
it feasible to design simpler and more effective 
control strategies that take into account the 
physical limitations of the system. Therefore, the 
goal of this work is to evaluate the technique’s 
functionality in the OpenROV’s motion control 
system by implementing it on both a physical 
prototype and in a simulated environment.

Materials and Method

In this study, it has been necessary to create 
a simulation environment using the Gazebo 
Ignition Fortress platform [5] and its buoyancy 
plugins, aiming to simulate the effect of water on 
the robot. To make the environment more realistic, 
the inertia matrix (1) of the OpenROV 3D model, 
extracted from the Fusion 360 modeling software, 
was used:

	 	 (1)

A mass of 8 kg was estimated for the simulated 
model, including the thrusters and complete 
electronics. The vehicle’s weight must be equal to 
the buoyant force generated by (2):

	 	 (2)

By doing this, the vehicle achieves neutral 
buoyancy, which keeps it stable from sinking or 
floating [6]. The value of ρ for water density was 
set to 1,000 kg/m³, the standard for water; V is 
the volume of the ROV, and g is gravity. A native 
plugin was used to implement these calculations 
based on the provided data [7]. Besides Gazebo, 
the ROS2 Humble Hawksbill software was used, 
specifically the “ros2_control” package suite 
[8]. This module is responsible for managing 
controllers and hardware interfaces and integrating 
them with both Gazebo and the physical robot. 
The use of these resources enabled the application 
of the thruster allocation matrix. The matrix 
calculation process was carried out considering 

the linear thruster model described by equation 
(3) found in [4]:

	 𝐹 = 𝐾𝑢	 (3)

Where u is a matrix containing the control signals 
sent to the thrusters, and K is the diagonal matrix 
containing the force coefficients of each thruster. 
To obtain the allocation matrix, formula (4) is 
used:

	 𝜏 = 𝑇(𝛼)𝐹 = 𝑇(𝛼)𝐾𝑢	 (4)

Where τ is the vector of generalized forces and 
moments, and T(α) is the thruster configuration 
matrix dependent on the steering angles α, 
according to the NED (North-East-Down) 
reference frame, standard for underwater vehicles, 
as shown in Figure 1.

Sway

Pitch

Surge
Roll

Yaw

Heave

Y

X

Z
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Figura 1. Coordinate system in NED’s pattern.

The vector τ is given by (5):

	 	 (2)

To use Equation (5), it is necessary to measure 
the distances of the thrusters relative to the robot’s 
center of mass. The measured values are shown in 
the Table 1.
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The CAD files available on the OpenROV 
GitHub platform [9] were used, and all parts were 
3D printed in ABS material, as shown in Figure 3.

Therefore, because of the mechanical 
capabilities and water resistance, the ABS 
polymer was selected for submerged applications 
[10]. Additionally, serial communication with 

By applying (5) for each thruster, the following 
matrix is obtained, where each column represents 
a thruster:

	 	 (6)

The implementation of the allocation is given 
by Equation (7):

	 𝑢 = 𝐾 ⁻¹ 𝑇 ⁻¹𝜏	 (7)

Given a control signal, a vector of corresponding 
values is obtained to be applied to each thruster. 
Since the OpenROV matrix is non-square, the 
Moore-Penrose method must be used to compute 
the pseudo-inverse T⁺:

	 T⁺ = TT(𝑇𝑇T )⁻¹	 (8)

	 𝑢 = 𝐾 ⁻¹ 𝑇⁺ 𝜏	 (9)

These computations were automated using 
a controller to handle the specified calculations. 
An OpenROV platform retrofit was initiated to 
verify the elements that were described outside 
of the simulated environment. This procedure 
was required because of the platform's damage. 
Figure 2 illustrates how the thrusters' supporting 
framework was broken.

Figure 2. The acrylic structure supporting the 
thrusters was damaged.

Figure 3. Thruster support structure printed in 
ABS.

𝑇𝑖 𝑙𝑥𝑖 (mm) 𝑙𝑦𝑖 (mm) 𝑙𝑧𝑖 (mm)
𝑇1 -26 45 0
𝑇2 - 2 26
𝑇3 -26 -45 0

Table 1. Moment arms of the 3 thrusters of the 
OpenROV relative to the center of mass.

T
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the original electronic board for thruster control 
was not possible. This limitation also required the 
development of a new board with new electronic 
components. For testing, PWM signals were sent 
via serial commands to activate the motors using 
an Arduino Nano, a breadboard, and a bench 
power supply that provided the 12 V required to 
power the motor ESCs. The experiments with the 
robot were not conducted underwater.

Results and Discussion

The results of the allocation calculations aimed 
to enable movements in surge, heave, and yaw. It 
is worth noting that, initially, tests to verify this 
were conducted in the Gazebo Ignition simulation  
environment.  Table  2 shows the values applied 
to the thrusters, derived from the previous 
calculations.

response to an instruction in the heave direction. 
The upward and downward motions of the ROV 
are generated by the thruster forces.

The yaw movement is presented in Figure 8, 
where the left and right thrusters were activated 
with forces of equal magnitude but in opposite 
directions. The resulting force from this 
combination is responsible for rotating the ROV 
around its axis, as illustrated in Figure 9.

Following the simulation testing, the allocation 
matrix was implemented on the actual hardware, 
and the same procedure for gathering data was 
followed, as seen in Figure 10.

Table 2. Force values in Newtons generated by the 
thrusters activated with a control signal value of 1.

𝑇𝑖 Surge Sway Heave Roll Pitch Yaw
P1 -0.5 0 0 0 0 -0.5
P2 0 0 1 0 0 0
P3 -0.5 0 0 0 0 0

The absence of pictures displaying a top 
perspective and the precise location of the 
thrusters in relation to the NED coordinate system 
led to the creation of Figure 4. A rear perspective 
of the thrusters' position is shown in Figure 5 more 
clearly.

The graphics in Figures 6, 7, and 8 provide a 
clearer visual representation of the numbers found 
in Table 2.

Figure 6 illustrates how the right and left 
thrusters engage with forces of the same 
magnitude, direction, and sensation when the 
ROV is instructed to travel in the direction of the 
surge. The ROV will move forward thanks to the 
combined force of both.

Figure 7 illustrates the activation of the vertical 
thruster while the others remained inactive in 

Figure 4. Top view of the OpenROV.

Figure 5. Rear view of the OpenROV.
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Source: NADDAF-SH and colleagues (2018).
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Figure 6. Control signal in X (surge) vs. right and left thrusters being activated with the same force.

Figure 7. Control signal in the heave vs. vertical thruster being activated.
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Figure 8. Control signal in yaw vs. right and left thrusters being activated with equal magnitude but 
opposite forces.
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Figure 10. Control signal in yaw vs. right and left thrusters being activated with equal magnitude but 
opposite forces on the real vehicle.
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The yaw movement presented the same response 
in the simulation, Figure 10. This outcome was 
confirmed in every other movement, proving the 
efficacy of both the method, with the real vehicle 
hardware and the simulation environment.

Conclusion

It was possible to determine the OpenROV 
controllable degrees of freedom by comparing and 
implementing truster allocation in both simulated and 
real-world settings. This confirmed that the OpenROV 
could move along the yaw, heave and surge axes 
even with fewer thrusters. The concordance between 
simulation and real-world tests showed the efficacy 
of the thruster operation technique.

These results provide a foundation for future 
improvements, such as submerged ROV testing 
and control of the current axes using a PID 
controller for robot stabilization, as well as the 
integration of inertial measurement units (IMUs) 
to carry out other research activities.
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Spectral Analysis of Irregular Sea Waves
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Accurate modeling of ocean wave behavior is a critical component in ensuring the safety, efficiency, and longevity 
of offshore structures and naval systems. The marine environment is inherently complex, characterized by 
highly irregular and dynamic wave patterns influenced by a wide range of environmental factors, including 
wind, tides, and ocean currents. These variables introduce significant challenges in predicting wave-induced 
forces and their impact on floating and fixed offshore platforms, vessels, and energy harvesting devices. To 
address these challenges, spectral wave analysis has emerged as a fundamental approach, offering engineers 
a robust framework for interpreting and simulating wave behavior with enhanced precision. Among the 
numerical techniques employed in spectral analysis, the Fast Fourier Transform (FFT) stands out due to its 
computational efficiency and ability to decompose complex, time-domain wave signals into their constituent 
frequency components. This transformation enables a clearer understanding of the temporal and spatial 
characteristics of wave motion, which is essential for the design of resilient and adaptive offshore systems. In 
this context, the present study investigates the application of Fourier series and FFT in modeling irregular sea 
wave patterns, emphasizing their effectiveness in representing periodic and quasi-periodic phenomena through 
the superposition of sinusoidal functions. The methodology of this study involves the acquisition of real-world 
wave data from the Rede Ondas project, followed by signal processing using FFT implemented in spreadsheet 
software. The resulting complex coefficients were analyzed to extract amplitude and frequency information, 
enabling the construction of a spectral profile of the wave field. Key wave parameters such as significant wave 
height and peak frequency were identified, providing insights into the dynamic loading conditions that offshore 
structures may encounter.
Keywords: Irregular Waves. Fast Fourier Transformation. Offshore.
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Spectral wave analysis is a fundamental 
tool in the design and evaluation of offshore 
structures, ships, and tidal energy generation 
systems. The oscillatory behavior of ocean 
waves induces dynamic loads that can 
significantly affect the structural integrity 
and operational stability of these systems. In 
addition to contributing to structural instability, 
wave-induced motions are critical for assessing 
oceanographic data relevant to engineering 
applications. Understanding these dynamics 
through spectral methods enables more accurate 
modeling and enhances the reliability of marine 
infrastructure [1-3].

Marine waves are typically considered random 
in  nature. However, large wave formations 
can often be approximated as periodic and 
regular. In general, wave behavior is modeled 
using combinations of harmonic oscillations. In 
simplified scenarios, a single harmonic function 
may sufficiently represent the wave phenomenon, 
leading to what are known as regular wave models. 
Conversely, irregular waves are characterized 
by the superposition of multiple harmonic 
components, allowing for a more accurate 
representation of their complex and stochastic 
behavior.

Li and colleagues (2012) [4] proposed a study 
on nonlinear wave-structure interaction using a 
two-dimensional finite volume approach to assess 
ship stability. Davidson and colleagues (2015) [5] 
explored the development of a numerical wave tank 
through computational fluid dynamics to simulate 
marine energy generation using floating devices. 
Wang and colleagues (2015) [6] investigated the 
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behavior of energy-harvesting buoys under the 
influence of irregular waves by applying the Fast 
Fourier Transform (FFT). Tabeshpour et al. (2023) 
[7] examined the role of the superposition principle 
of harmonic functions in modeling irregular wave 
patterns.

Ocean wave measurements are typically 
conducted using specialized instruments known as 
wave gauges or wave buoys, which may be equipped 
with accelerometers or acoustic profilers [8].

Accelerometer-based wave buoys, such as the 
directional Waverider model, record time series 
of horizontal and vertical displacements of the 
buoy, enabling the reconstruction of sea surface 
motion. These data are processed by onboard 
microprocessors that compute the frequency 
spectrum every 30 minutes. Raw and spectral data 
are transmitted hourly via radio (operating between 
25.5 and 35.5 MHz) to a land-based receiving 
station, which forwards them to a coastal engineering 
laboratory for processing and dissemination [8].

Alternatively, acoustic profilers such as the 
ADCP (Acoustic Doppler Current Profiler) 
utilize the Doppler effect to measure particle 
displacement within the water column, allowing 
for the estimation of wave height, direction, and 
period. These instruments typically operate in 
burst sampling mode at 2 Hz and can generate 
detailed directional spectra, which are crucial for 
accurately characterizing sea state conditions [8].

The processed data enable the calculation of 
key wave parameters, including the significant 
wave height (Hs)—defined as the average of the 
highest one-third of waves in a given record—and 
the peak period, which corresponds to the most 
energetic component of the directional spectrum. 
Wave direction is expressed in degrees, with 0° 
indicating North, 90° East, and so forth [8].

Theoretical Basis

In vessels, for example, the equation of motion 
is described from Equation 1 [1]:

	 (𝑚 + 𝑎2)𝑥2" + 𝑏2𝑥' + 𝑐2𝑥2 = 𝐹0𝑠𝑖𝑛(𝜔𝑡)	 (1)

Where m is the mass of the vessel, 𝑎2 is the 
mass of water displaced during movement, 𝑏2 is 
the equivalent damping, and 𝑐2 is the equivalent 
stiffness caused by buoyancy and gravity.

Ocean waves are generally random in nature; 
however, larger waves can often be approximated 
as regular and periodic. Typically, wave modeling 
involves a combination of harmonic oscillations. 
In simplified cases, a single harmonic function 
may be used to represent the phenomenon. 
These models are referred to as regular waves, 
characterized by a single harmonic oscillation, 
whereas irregular waves are represented by the 
superposition of multiple harmonic functions [9].

The Fast Fourier Transform (FFT) emerges as 
a powerful tool for characterizing these irregular 
wave patterns. Several studies in the literature 
employ this method to obtain frequency-domain 
responses of specific oscillatory systems.

The Fourier Transform is a mathematical 
technique that allows the decomposition of a 
non-harmonic periodic function into a linear 
combination of harmonic functions. In its 
analytical approach, the general motion function 
is equated to a Fourier series, which represents the 
periodic oscillation, as shown in Equation 2 [10].

	 	 (2)

The Fast Fourier Transform (FFT) is a 
numerical method that requires the input data 
to consist of a number of ordered pairs in the 
form of 2n, where n is an integer. This structure 
ensures computational efficiency and allows the 
representation of the signal as a harmonic series, 
as illustrated in Equation 3 [11].

	 	 (3)

Where n is the total number of data points 
and k is the index of each of the applied data 
points. It is also possible to note the presence of 
a complex exponential function that is related to a 
harmonic function as indicated by Euler's theorem 
represented in Equation 4 [11].



www.jbth.com.br

326 JBTH 2026; (April)Spectral Analysis of Sea Waves

recorded by a wave gauge over a 75-second period. 
These measurements enabled the identification of 
wave displacements on the ocean surface. Figure 
1 illustrates the time-domain response of the 
recorded wave motion, providing insight into the 
dynamic behavior of the sea surface during the 
observation interval.

The data points used in the analysis were 
extracted from the original graph using the 
WebPlotDigitizer tool [12]. The image of the 
graph was first calibrated, allowing the software to 
accurately interpret the axes and scale. Following 
calibration, the data points were manually marked 
on the graph, enabling the tool to convert pixel 
positions into corresponding numerical values. 
This process facilitated the reconstruction of the 
dataset for further analysis.

To improve the accuracy of the extracted 
data, a filtering process was applied by limiting 
the RGB deviation to a maximum of 50 units 
from the selected color range of the graph. This 
constraint allowed for more precise identification 
of relevant data points by minimizing noise and 
inconsistencies in pixel interpretation.

To enable automatic selection of data points, 
values along the x-axis were sampled at regular 

	 𝑒ix = cos(𝑥) + 𝑖𝑠𝑖𝑛(𝑥)	 (4)

The Fast Fourier Transform (FFT) can be 
implemented using Excel®, where it is applied to 
displacement data to extract harmonic components 
in their complex form. From these complex values, 
the amplitude of each harmonic is determined by 
calculating the modulus of the complex number 
obtained through the Fourier Transform and 
dividing it by 2/n, where n represents the total 
number of data points.

To identify the corresponding frequency of each 
harmonic, the index k of the analyzed component 
is divided by the total duration of the dataset 
used in the analysis. This process enables the 
characterization of wave behavior in the frequency 
domain, which is essential for evaluating the 
dynamic response of marine systems.

This article aims to perform a spectral analysis 
of irregular waves using FFT and evaluate which 
frequencies have the highest amplitude. 

Material and Methods

Using data provided by the Rede Ondas (2025) 
[8], it was possible to analyze measurements 

Figure 1. Analysed Graph. Source: 

Adapted from Rede Ondas (2025) [9]
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intervals of 0.07 seconds. This uniform spacing 
is essential for the subsequent application of the 
Fast Fourier Transform (FFT), which requires 
evenly spaced time-domain data. As a result of 
this sampling process, a total of 1,101 data points 
were generated, as shown in Figure 2.

The data were initially imported into a 
spreadsheet in CSV format, enabling the application 
of the Fast Fourier Transform (FFT). To meet the 
computational requirements of the FFT algorithm, 
the time series was truncated to exactly 1024 data 
points, as the algorithm is optimized for datasets 
whose length is a power of two (2n).

The FFT produced a series of complex 
coefficients representing the spectral components of 
the waveform, including their respective frequencies 
and amplitudes. To extract the magnitude of these 
components, the “IMABS” function was employed, 

which computes the modulus of each complex 
number. Subsequently, the resulting values were 
multiplied by a scaling factor (unspecified in 
the original excerpt) to adjust the amplitudes for 
the purpose of quantitative analysis or graphical 
visualization of the spectral data.

Results and Discution

The spectral graph reveals a dominant harmonic 
component observed at frequencies of approximately 
0.15 Hz exhibiting a peak amplitude of around 
0.32 meters. This indicates that marine structures 
intended for deployment in such environments 
should avoid natural frequencies within this range 
to prevent resonance effects. Figure 3 illustrates the 
frequency-domain representation, highlighting the 
critical harmonic peaks.

Figure 2. Selected points.
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Conclusion

This study highlights the importance of spectral 
wave analysis in the design and evaluation of 
marine structures, as well as the effectiveness of 
the Fast Fourier Transform (FFT) as a method 
for analyzing wave phenomena in the frequency 
domain.

Through the spectral analysis of ocean waves, 
it was observed that the frequency with the highest 
amplitude is approximately 0.15 Hz. This finding 
suggests that the natural frequency of equipment 
intended for operation under such conditions 
should be carefully designed to avoid resonance 
within this range.
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Implementation of Extension Projects in Chemistry at SENAI CIMATEC University: 
Experience Report
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This article describes the current extension projects in chemistry at SENAI CIMATEC University, which 
includes innovative and sustainable practices that can generate income for the most vulnerable population, 
combined with initiatives to enhance student education and promote scientific outreach. All these actions are 
based on the Sustainable Development Goals – SDGs, such as quality education, reduced inequalities, and 
sustainable communities. To make this a reality, two projects were implemented: “CIMATEC Saneantes” and 
“Química Inspira: Um Show de Química”. The result is the engagement of undergraduate students with the 
community, developing scientific knowledge.
Keywords: Extension. Community. Chemistry.

University extension projects promote 
a fundamental role in the development of 
undergraduate students, especially in engineering 
courses, by inseparably integrating teaching, 
research and community action. As established 
by Resolution No. 7/2018 of the Ministry of 
Education [1], extension is now mandatory and 
curricular, corresponding to at least 10% of the 
workload of undergraduate courses. This measure 
reinforces Goal 12.7 of the National Education 
Plan [2], which aims to ensure the presence of 
extension practices in the curriculum and promote 
transformative interaction between university 
and society. In the context of engineering, this 
means that future engineers are exposed to real 
challenges, strengthening not only technical skills, 
but also critical thinking and social commitment 
to the demands of the community.

In the same way, projects aimed at community 
actions bring the future engineer closer to the 
social reality, enabling him to act in complex 
contexts and promoting the full exercise of 
citizenship.

In this context, the development and 
implementation of extension projects in 

Chemistry and, consequently, Chemical 
Engineering, presents itself as a important need 
of the University, while building a citizen identity 
and the full demonstration of the importance of 
Chemistry in all areas of knowledge. Therefore, 
this article aims to present an experience report 
of the current extension projects in chemistry at 
SENAI CIMATEC University.

Projects Developed

Extension activities in chemistry are developed 
through two projects: CIMATEC Saneantes 
associated with professional training, and the 
project Química Inspira: Um Show de Química 
aimed at scientific dissemination through playful 
experiments. They were implemented in 2024 and 
are now completing their first year.

CIMATEC Saneantes Project

The CIMATEC Saneantes extension project 
represents an important professional training 
initiative, providing participants with operational 
knowledge in the manufacture of sanitizing 
products, such as soap, liquid soap, alcohol gel, 
bleach, detergent, disinfectant and automotive 
cleaning products. This practical approach is in 
line with the trends discussed in events such as 
ExpoTech, held at SENAI CIMATEC itself, which 
have reinforced the importance of proximity 
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between educational institutions and companies 
[3]. By offering this type of training, the project 
not only improves the quality and reliability of 
the products subsequently manufactured but 
also opens concrete paths for the generation 
of employment and income in Salvador and 
the Metropolitan Region, following the central 
objectives of university extension aimed at 
regional and social development.

In addition, the project shows commitment to 
the circular economy and sustainability through 
the production of bar soap from waste cooking 
oil. This type of practice promotes the reduction 
of improper waste disposal, transforming it into 
useful products, and stimulates environmental 
education by demonstrating the importance of 
correct oil storage, the seriousness of this waste 
as a polluting agent and a concrete alternative for 
its reuse as another way to train the population in 
general.

Finally, by working in the training of 
entrepreneurs and small producers through 
production workshops, the project fosters the 
economic autonomy of the participants and 
strengthens the connection between the University 
and the productive sector. The training offered by 
CIMATEC Saneantes reflects the objective of 
the extension courses to bring future extension 
workers closer to the real market, preparing them 
to innovate, solve community problems and 
develop products aligned with regional demands.
This model of extension action, practiced in 
partnership with industrial entities such as SENAI 
itself, is an example of how university extension 
can contribute to the strengthening of local 
production chains, circular economy and social 
inclusion, consolidating itself as a fundamental 
instrument in the training of complete and engaged 
professionals.

Project: Química Inspira: Um Show de Química

The Química Inspira: Um Show de Química 
project is a university extension initiative that 
seeks to arouse students' interest in science 

through playful experiments. By promoting 
scientific dissemination both in basic education 
schools and within the SENAI CIMATEC 
University itself, the project follows the model 
consolidated by similar experiences such as the 
Química Show at UFScar and the LADIQ at 
UESB [4,5], where demonstrative experiments 
arouse creativity and curiosity, consolidating 
chemical concepts in a sensorial and emotional 
way.

This strategy through visual, auditory and 
tactile observation allows students to connect 
with science even before entering theoretical 
abstraction, strengthening the natural assimilation 
of the themes.

The possibility of promoting the Química 
Inspira project in elementary and high schools 
of basic education has the potential to expand 
the reach of scientific dissemination, making 
chemistry more accessible and interesting for 
different audiences. Similar projects have already 
demonstrated positive results in this itinerant 
format, with significant impacts on student 
engagement [4,5]. Also, by allowing students to 
experience the university environment, through 
visits to SENAI CIMATEC, the project stimulates 
the scientific vocation and strengthens the bridge 
between basic education and higher education.

In addition to promoting academic interest, 
the Química Inspira project offers an opportunity 
for professional and social development for the 
extension workers themselves. By planning, 
structuring and presenting the experiments within 
the parameters of scientific dissemination, these 
students improve technical skills, scientific 
communication and teaching skills. This 
experience in extension corroborates the principles 
of Resolution No. 7/2018 of the Ministry of 
Education [1], which emphasizes the integration 
between teaching, research and extension as 
the essence of higher education. Thus, Química 
Inspira project establishes itself as a strategic tool 
to inspire the next generation of scientists and 
engineers, making chemistry an inspiring and 
transformative experience.
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Results

CIMATEC Saneantes 	Project

The CIMATEC Saneantes project involved the 
participation of 12 students from the Chemical 
Engineering course from SENAI CIMATEC 
University over 1 year, and during this period it 
was possible for students to study and develop 20 
practice scripts for the manufacture of sanitizing 
and cosmetic products, such as: soap, liquid soap, 
alcohol gel, bleach, detergent, disinfectant and 
automotive cleaning products. It was also possible 
to carry out an in-depth study of the manufacture of 
soap from waste cooking oil (Figure 1). To develop 
this knowledge, it was necessary for students 
to understand the saponification reaction of the 
Organic Chemistry discipline and understand the 
function of a strong base and a fatty acid. In Figure 
2 it is possible to verify the soap produced.

The great gain for the students was the 
improvement of their basic laboratory techniques, 
being an opportunity to expand the knowledge 
acquired in the disciplines. In this way, it was also 
possible to generate a sense of belonging to the 
extension students, because since the first semester 
of graduation they have already been taken to the 
laboratory to experience the project.

While the instructional scripts were developed, 
it was possible to hold the first workshops for 
the manufacture of soap from used oil and other 
sanitizing products. The first workshop was held 
with students from SESI's integrated education 
(Figure 3), and the second workshop was held as 
part of the Environment Week held at the IES itself. 
It was a moment in which we took the first steps 
of university extension and, currently, we have 
started negotiations to carry out the professional 
training workshop for chemistry technicians in 
Salvador and the Metropolitan Region.

Project: "Química Inspira: Um Show de Química"

The Química Inspira project involved the 
participation of 8 students from the Chemical 

Figure 1. Extension studentts manufacturing 
detergent.

Figure 2. Soaps produced by extension students.

Figure 3. Workshop on the production of soap 
from waste cooking oil for SESI students.

Engineering course at SENAI CIMATEC 
University, from the most varied semesters, 
over 1 year. In this process, it was possible to 
validate several playful experiments to promote 
scientific dissemination.  It  was  an  opportunity  
to encourage and motivate the extension students 
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remarkable events such as the Environment Week 
and our own workshops that involved the external 
public and, mainly, students of basic education 
from a school in the community.

Also, the possibility of creating an extension 
program in chemistry will strengthen the projects, 
as it will be possible to apply for more extension 
scholarships and various other resources through 
funding notices. These practices make the program 
more robust and can attract students from the most 
diverse engineering degrees at the University 
itself.

Conclusion

Both the CIMATEC Saneantes and Química 
Inspira projects are successful examples of how 
university extension in chemistry can consolidate 
itself as a strategic axis in academic training 
and social transformation. Their participatory 
methodologies, applied content, and strong 
community component make them not only 
pedagogical projects, but true agents of scientific 
citizenship, social innovation, and strengthening 
the links between science, technology, and society.

In addition, these initiatives dialogue directly 
with the Sustainable Development Goals: they 
contribute to SDG 4 (Quality Education) by 
offering scientific training from basic education to 

themselves, but, in addition, it was possible to 
develop a presentation for the schools, and we 
held a workshop with students from the Mestre 
Paulo dos Anjos school, located in Bairro da Paz – 
Salvador – Bahia. It was a very rich initial moment 
for all involved, promoting university extension 
and citizenship, as the extension workers were 
able to understand the reality in which visitors 
lived and thus recognize privileges and discuss 
issues for a more egalitarian and just society.

This project was also involved with the 
student recruitment sector promoted by the 
SENAI CIMATEC University, in which high 
school students from different schools in the 
city participated in the CIMATEC Experience, 
an opportunity in which we carried out some 
experiments and the extension workers talked a 
little about their experience.

Challenges, Achievements and Next Steps

Currently, the projects have six extension 
students and one extension scholarship holder, after 
a partnership with the extension program Public 
Office of Engineering and Architecture, which is 
linked to the university extension center (Figure 4).

The great challenge associated with the two 
projects was precisely regarding the resources 
needed for the acquisition of reagents and the use 
of the University’s chemistry didactic laboratory 
that supports all practical disciplines, whether in 
technical education or undergraduate. Numerous 
practical project activities need to be postponed 
due to the lack of an adequate schedule in the 
laboratory and resources. However, it was possible 
to obtain financial support through a public notice 
carried out by the University itself, the Public 
Notice for the Promotion of Teaching Initiatives 
2024, in which we competed with other projects to 
obtain a financial resource of R$2500.

Despite of all that, even with a little significant 
resource regarding the needs of projects associated 
with chemical practice, we managed, over 1 
year of existence, to promote the participation 
of 20 undergraduate students in workshops in 

Figure 4. The current team of extension students.
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graduation; for SDG 10 (Reduction of Inequalities) 
by generating income opportunities and  access  to  
knowledge  in  vulnerable populations; to SDG 11 
(Sustainable Cities and Communities) and SDG 
12 (Responsible Production and Consumption) 
by encouraging circular economy practices and 
conscious consumption [7].

The prospects for improvements begin with the 
implementation of indicators to assess the impact of 
the project, the strengthening of partnerships with 
schools, city halls and local companies for better 
accessibility, teaching materials in online formats 
to expand the reach and enable asynchronous 
learning and the offer of more workshops with the 
communities served.
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Developing System Dynamic Modeling for Risk Management in Water Utilities: A Proposal for 
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This work systematically reviewed articles published between 2019 and 2024 on system dynamics approaches in 
water resource management, focusing on drinking water supply, seeking to identify advances in models which 
address risks or risk management in water resources. The aim was to verify whether the models contribute to 
corporate risk management in companies which provide water supply services. Based on an adaptation of the 
PRISMA methodology, forty articles published in journals were selected. Main results: all articles presented 
a case study; only one article presented a water utility as a case study; 20% of the studies entailed risks in 
modeling and 15% included stakeholders and experts in the formulation of the models; 45% of the studies 
have adopted both qualitative and quantitative system dynamics modeling; 53% of the studies were produced 
on the Asian continent, especially in China; 47% of the quantitative models are integrated with other types of 
modeling; 91% of the models have undergone a verification method. Vensim is the most widely used software in 
studies. At last, based on these results and identified gaps, a system dynamics model structure was proposed for 
corporate risk management in drinking water supply companies. 
Keywords: Water Resources Management. Water Supply. Risk Management. Stakeholders. System Dynamics.

Water is associated with all aspects of life, 
such as human health, food security, economic 
development, and ecological balance [1]. The 
demand for fresh water is increasing, however, 
several factors make its future availability 
uncertain, such as population growth, water 
pollution, economic progress, changes in land use, 
and climate change [2].

Decades of misuse, mismanagement, 
overextraction, contamination of both fresh 
surface and groundwater affects your supply, thus 
aggravating water stress [3]. The comprehensive 
and viable long-term universalization of access to 
water and sanitation services represents one of the 
most crucial struggles of the 21st century [4].

The concern to guarantee access to drinking 
water for all is stated in Sustainable Development  
Goal  6:  drinking  water  and sanitation, which 
is defined in its target 6.1: "by 2030, achieve 

universal and equitable access to safe drinking 
water for all" [3].

Natural resource scarcity, such as water and 
food, is among the ten global risks predicted to 
aggravate over the next ten years. The risk of 
water scarcity manifests itself as water insecurity 
on a local, regional or global level. This risk 
is the result of human overexploitation and 
mismanagement of critical natural resources, 
climate change and/or a lack of adequate 
infrastructure [5].

From a system perspective, risk is inherent and 
is a function of the states of the system and its 
environment. Risk can be defined as a measure of 
the likelihood and severity of consequences, and 
the vulnerability to hazards and resilience vectors 
of a system are postulated to be a function of the 
input, occurrence, and states of that system, which 
have an impact on the consequences [6].

Urban water supply companies operate in 
a complex environment, including regulatory, 
economic (financial), social, environmental issues, 
and must manage a wide range of risks.

Therefore, water resource managers must 
manage, for example, environmental risks (floods, 
water pollution, water scarcity, etc.) and, at the 
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same time, improve the quality of the environment, 
health, and well-being of the population [7].

Evidently, water resource systems are complex 
and the system dynamics approach has been used 
to address this complexity, driven by multiple 
interactions arising from climate change and social-
economic stress factors [8]. This enables a holistic 
understanding of water resource systems [9].

Jay Forester created System Dynamics (SD) 
in the 1960s. In the 1970s, it was first applied 
to water resource management. The number of 
research articles applying SD to water resource 
management has increased substantially, specially 
since 2013, and this popularity demonstrates the 
growing interest of researchers around the world 
in using the SD modeling approach to manage 
complex water resource systems [8].

System dynamics-based models for water 
resources management are intended to evaluate 
policies or answer the "what if?" questions [2], 
aiding decision making. In addition, SD models 
enable the participation of stakeholders from the 
definition of the scope of the problem to the model 
validation process [8].

Stakeholders can be defined as actors who 
have an interest in the issue under consideration, 
who are affected by the issue, or who, due to their 
position, have or can have an active or passive 
influence on decision-making [10].

The system dynamics approach allows for 
the risk assessment, i.e. the impact of different 
elements (subsystems) on the safety of the 
system, as well as the achievement of dynamic 
and quantitative forecasts, thus compensating for 
the shortcomings of qualitative linear, static, and 
chain assessment methods [11].

The purpose of this article is to carry out a 
systematic review of literature, covering the state 
of the art in the period 2019-2024, works on the 
application of SD modeling to water resource 
management, specially works on urban drinking 
water supply, with an emphasis on models that 
address risks or risk management. Moreover, to 
verify whether stakeholders and/or specialists 
are involved in water resources modeling. Taking 

into consideration the most recent publications 
on the problem, the analysis was filtered in the 
period 2019-2024 as a filter to restrict the sample 
size. Furthermore, literature reviews with similar 
themes were identified in periods prior to this 
work, such as Phan et. al. (2021) [8].

The aim is to answer the following research 
question: Is it possible to propose a model structure  
based  on  the  system  dynamics approach for risk 
management in water supply companies?

Thus, this study includes the selection and 
systematic analysis of studies, characterizing them 
based on the definition of requirements. At last, 
the objective is to propose a modeling framework 
for dealing with risks and their management in the 
environment of water supply companies.

Materials and Methods

For the qualitative selection of articles, a 
systematic literature review was conducted, setting 
a clear purpose, research question, a defined 
research approach, and establishing inclusion 
and exclusion criteria for articles [12]. For the 
systematic review, the research problem was first 
defined, and then the search terms were chosen, 
i.e., the keywords, and combinations using the 
Boolean operators "AND" and "OR." Afterwards, 
the search period was defined.

The PRISMA 2020 flowchart methodology 
(Recommended Reporting Items for Systematic 
Reviews and Meta-Analyzes) [13] was therefore 
adopted, covering the identification, selection, 
and inclusion of articles. The journal articles were 
identified by searching the following databases:
•	 Portal de Periódicos Capes, on 10/16/2023, 

with the search terms Risk management AND 
System dynamics AND  (water  supply  or  
water management); on 11/29/2023, with the 
terms risk management AND system dynamics 
AND (water supply or water management) 
AND stakeholder, the search was during the 
period 2019 to 2023;

•	 Web of Science on 2/01/2024, risk management 
AND system dynamics AND stakeholder AND 
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(water supply or water management), the search 
was during the period 2019 to 2023;

•	 Science Direct, on 12/10/2023, a random search 
on the website was conducted, using the search 
terms risk management AND system dynamics 
AND (water supply or water management), the 
search was during the period 2019 to 2023;

•	 Google Scholar on 05/31/2024, random search 
on the website using the search terms risk 
management AND system dynamics AND 
(water supply or water management), the 
search was during the period 2019 to 2023.

The filters used in the searches were: journal 
articles; published from 2019 onward; in English; 
and peer-reviewed. The search for articles based 
on keywords was complemented by a snowball 
sampling strategy, in which additional relevant 
articles were found in a reference list of articles 
already included in the sample. Duplicate papers 
and review articles were excluded.

In the selection stage, the titles, keywords, and
abstracts of each of the identified articles were read  
and  analyzed,  resulting  in  an  initial selection 
of scientific articles which were downloaded for 
reading. The following exclusion criteria were 
applied: 
•	 Works which did not meet high-quality 

academic standards, with an impact factor 
exceeding criteria 1; 

•	 Works which did not involve applications of a 
SD modeling approach with qualitative and/or 
quantitative steps; and Works which were not 
peer-reviewed by a journal.

The Semantic-Analysis Expert (My-SAE) 
software was used to analyze the most mentioned 
keywords, journals by year of publication, and the 
list of journals in which the articles were published.

Results and Discussion

A total of 552 articles were obtained, including 
relevant publications. Only articles in English, 
peer-reviewed, and searched in the following 

search engines: Periódicos Capes, accessed on 
10/16/2023, resulting in 405 articles, and on 
11/29/2023, resulting in 27 articles; Web of 
Science, accessed on 02/01/2024, with 101 articles 
obtained. This research was complemented by a 
search in Science Direct, with 18 articles manually 
selected, and Google Scholar, with the selection 
of 1 article. The flow chart (Figure 1) represents 
the article search process adopted and adapted 
according to the PRISMA 2020 guidelines.

Forty (40) relevant articles were included in the 
systematic review. There was an increase in the 
number of publications between 2019 and 2023, 
from 8 publications in 2019 to 9 in 2021; in 2022 
there was a further drop; and in 2023, 11 articles 
were published (Figure 2). This demonstrates the 
scientific community's interest in this topic.

The 10 keywords or search terms most present 
in the articles investigated are shown in Figure 
4: system dynamics (31.7%), climate change 
(12.2%) and water resources (9.8%). The terms 
"water management" and "participatory modeling" 
reached 7.3%, the same percentage as most of 
the keywords present in the articles, and the 
latter represents the presence of modeling which 
includes stakeholder participation.

Records

identified =

552

Records

removed before

sorting = 38

Excluded

records = 377

Selected

publications =

136

Publications

removed = 91

Publications

assessed for

eligibility = 45

Publications

excluded = 5

Total studies

included in the

review = 40

Figure 1. Flowchart of the article search process, 
adapted according to the PRISMA 2020 guidelines
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Figure 2. Number of articles per year of 
publication.

Figure 3. Keywords.
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The term "causal loop diagram" also stands 
out, with 7.3%, revealing the use of qualitative 
modeling. The term "scenario analysis" appears 
in 4.9%, highlighting modeling which adopts 
scenario analysis, and "China" also in 4.9%, 
revealing that many models were developed for 
the reality of the Chinese country. The words "risk" 
and "risk management" do not appear among the 
most mentioned keywords, which may indicate a 
gap in the studies (Figure 3).

The analyzed studies in this article developed 
SD models in the field of water resources. As 
indicated in Table 1, 15% of the studies are purely 
qualitative and present the Causal Loop Diagrams 
(CLD); 40% develop quantitative analysis with 
the Stock and Flow Diagram (SFD); 45% of the 
studies developed qualitative and quantitative 
modeling, has developed CLDs and the SFD, 
defining the corresponding equations, which 
allows the tools of the system dynamics approach 
to be explored more widely.

SD models integrated with other modeling tools 
were identified in 47% of quantitative modeling, 
which may indicate a way to deal with the possible 
limitations found when using the SD model alone. 
Approximately 53% of the studies were carried 
out in Asian countries, particularly China.

The studies that analyzed modeling using 
subsystems represented 60% of the total, which 
may be associated with the complexity of the 
case studies. Scenario analysis was adopted in 

around 85% of the quantitative studies. Around 
91% adopted some method to test the models 
(validation, calibration, and or sensitivity analysis 
tests), revealing the importance of testing the model 
before performing the simulations, ensuring greater 
reliability in the results. The judgment of experts 
and stakeholders was also found in model testing.

The most used software in the studies 
was Vensim, even for calibrating, validating, 
and analyzing the sensitivity of the models. 
Approximately 68% of the quantitative modeling 
indicated the unit and time horizon of the 
simulations, with the majority of the time units 
used being the annual, and of these models, half 
were carried out over a long-term horizon of more 
than 30 years.

Few articles have dealt with water supply 
companies, and only one article has stated that it 
had one of these companies as a case study, which 
may indicate a gap given that organizations also 
represent systems which have exogenous and 
endogenous complexities at different levels.

The subjects covered in studies dealing with 
sanitation companies included water supply 
failures and emergency measures to address the 
problem; the Life Cycle Assessment (LCA); 
Water resource management policies; leaks in the 
distribution network or real losses and apparent 
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losses; operating costs and revenues; water 
production, distribution, and treatment activities.

We found that 30% of the analyzed studies 
understand the importance of involving stakeholders 
and experts in SD models, either directly or 
indirectly. Some of the authors use the term 
"participatory modeling" and emphasize the benefits 
of this type of method, as well as the challenges 
and difficulties faced. Among the benefits are the 
possibility of integrating stakeholder knowledge 
into the modeling process, greater understanding, 
and engagement of strategic stakeholders with the 
modeling results for decision making. 

The techniques used to extract knowledge from 
stakeholders involved workshops, surveys, semi- 
structured interviews, and focus groups. The use 
of social network analysis and the identification 
of new agents using the snowball technique were 
mentioned in the papers.

Studies dealing with risks in modeling 
accounted for 20% of the total and had as their 
scope of analysis the operation of dams, reservoir 

systems, annual and monthly changes in water 
supply at the basin scale, water transfer projects  
and  Water  Environment  Carrying Capacity 
(WECC). Only 3 studies explicitly used risks as 
variables in CLDs and SFD models, which may 
represent a gap.

Overall, the risks arising from climate change 
and socio-economic development were analyzed 
in particular. These risks, alone or together, can 
affect the supply of water from river basins, 
underground springs and, in turn, affect urban 
and rural water supply, with consequences for the 
service provided by water supply companies.

However, no studies were identified in the 
selected sample that developed models to deal with 
these and other risks at the organizational level. 
In some studies, risks that could affect sanitation 
companies were mentioned, such as operational 
and maintenance risks, i.e., those associated with 
infrastructure resilience.

Companies which provide water supply 
services carry out water catchment, treatment, 

Table 1. Studies analyzed.

Causal Loop Diagrams – CLD (15%) Stock and Flow Diagram – SFD (40%)

Mai and colleagues (2019) [14]; Tantoh; Mckay 
(2021) [15]; Bross; Krause (2021) [16]; Sundar; 
Narayan; Scholten (2022) [17]; Ntajal and 
colleagues (2022) [18]; Asif and colleagues 
(2023) [19].

Hassanzadeh and colleagues (2019) [20]; Tsai and 
colleagues (2019) [21]; Pagano and colleagues 
(2019)  [22]; Rubio-Martin and colleagues (2020) 
[9]; Giordano and colleagues (2021) [23]; Youzhi; 
Alexander; Ping (2021) [24]; Ignjatović and colleagues 
(2021) [25]; Hu and colleagues (2021) [26]; Lindqvist 
and colleagues (2022) [27]; Wang and colleagues 
(2022) [11]; Yuan and colleagues (2022) [28]; Dai and 
colleagues (2022) [29]; Shiu and colleagues (2023)  
[30];  Cotera  et  al. (2023) [31]; Tang and colleagues 
(2023) [32]; Wang; Fu (2023) [33].

CLD AND SFD (45%)
Ahmadi; Zarghami (2019) [34]; Barati; Azadi; Scheffran (2019) [35]; Malisa; Schwella; Batinge 
(2019) [36]; Correia; Oliveira; Sahin (2019) [37]; Babamiri and colleagues (2020) [38]; Xu; Yao: Chen 
(2020) [39]; Gallagher and colleagues (2020) [40]; Elsayed and colleagues (2020) [41]; Pluchinotta and 
colleagues (2021) [7]; Shen and colleagues (2021) [42]; Mazzoleni and colleagues (2021) [43]; Urban; 
Nakada; De Lima (2023) [44]; Zuluaga-Guerra and colleagues (2023) [45]; Wang; Dong; Sušnik (2023)  
[46];  Barati;  Pour;  Sardooei  (2023)  [47]; Shahsavari-Pour and colleagues (2023) [48]; Zhou and 
colleagues (2023) [49]; Kotir and colleagues (2024) [50].
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and distribution activities to guarantee a supply 
of drinking water that meets the demands of the 
population, economic sectors, and the public 
sector. As such, their actions involve the operation 
of infrastructure such as dams, water treatment 
plants, water distribution networks, reservoirs, and 
others, as well as commercial activities in direct 
contact with end users. They must meet the targets 
of SDG 6, as well as the applicable legislation.

The environment in which these companies 
operate includes external challenges such as 
climate change, water pollution, poor land use 
and planning, which can affect surface and 
underground water sources; changes in the legal 
and regulatory environment, and others. And 
internal challenges such as operational issues, such 
as deteriorated infrastructure, which increases 
leaks in distribution networks; financial and 

economic issues such as setting tariffs, that cover 
operational and administrative costs and do not 
harm consumers; deciding on new investments in 
infrastructure or new technologies; optimizing the 
water balance, among others.

This indicates that they operate in complex 
environments marked by uncertainties, making 
it necessary to carry out an adequate risk 
management process with the view of achieving 
organizational objectives within the scope of their 
governance actions.

As such, SD represents a promising approach 
to dealing with these issues. Based on the results 
obtained in this work, a framework was proposed 
to develop a SD model for risk management in 
water supply companies, whether or not they 
already adopt risk management. The framework is 
detailed in Figure 4.

Figure	4. Framework	 for developing	SD modeling for risk management in water utilities.
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Some of the limitations of the scope of this 
work include the time available for research, the 
number of researchers involved, and the number 
of databases of articles accessed. The use of the 
search terms and Booleans chosen may also have 
restricted the selection of other articles.

For future research, we suggest expanding the 
search database and using other search terms, as 
well as selecting articles in other languages.

Conclusion

From the results of this work, it can be concluded 
that water resource management presents major 
challenges and complexities that cover different 
levels, including environmental, climate, economic, 
social, and hydrological factors.

Thus, studies in this area cover issues associated 
with freshwater sources, whether from rivers, 
river basins, or underground springs, such as the 
impoundment of the water in dams and reservoirs 
and its management, water imports, and issues that 
cross borders between countries and regions. They 
also involve the challenges faced in the operation 
of sustainable urban water systems, which cover 
the water catchment, treatment, and distribution 
processes to guarantee universal access to drinking 
water for the various users, as well as defining the 
price of the use of the resource.

In the management of water resources, the 
studies indicate actions on the demand side, such 
as raising awareness of the rational use of water 
and the use of tariffs to restrict the increase in 
consumption, and on the supply side, actions such 
as the possibility of exploring alternative sources 
of water to meet the growing demand, including 
the use of wastewater treatment technologies, 
rainwater harvesting, desalination, and others.

The challenges posed by climate change, 
especially socioeconomic and other factors, make the 
management of water resources even more complex. 
For companies operating water supply systems, the 
challenges are many, and they operate in environments 
marked by uncertainty and complexity. This requires 
an appropriate risk management process.

To address this complexity, the common point 
in the selected studies was the use of the system 
dynamics approach in the management of water 
resources, alone or in conjunction with other 
approaches. There was a tendency to develop 
participatory modeling with the participation of 
stakeholders and experts.

In the sample of analyzed articles, few studies 
dealt with risks or risk management in the context 
of water resources based on system dynamics. The 
identified articles focused on the operation of dams 
and reservoir systems, annual and monthly changes 
in water supply at the basin scale, water transfer 
projects, WECC, and none assessed risks at the 
organizational level in companies operating water 
supply systems. This may reveal a gap. To this end, 
this paper presents a proposal for a model based on 
system dynamics to address risk management from 
the perspective of water supply companies.

The scope of this study was limited, which may 
have excluded relevant studies in the analyzed 
period from the analysis. As a proposal for future 
work, we suggest extending the analysis period 
and the search bases and reviewing the filters used.
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Attitude Control Systems for Nanosatellites: A Systematic Review
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As technology advances, electronic components and devices get miniaturized, nanosatellites can hold denser 
payloads with more sensors, requiring attitude control to point precisely both sensors and antenna to send back 
to ground stations on Earth the acquired data. Such important techniques have been researched since the 90’s 
to develop efficient technology due to lack of space, available energy to the tasks and their criticality, many 
techniques and designs have been developed and tested since then. In this review, using PRISMA methodology, 
some of this research will be presented focusing on the actual more used ones, like reaction wheels, magnetorquers 
and other perspectives as attitude control by shifting masses. A summary of findings was constructed to highlight 
these review points, and a discussion was made right after about the possible gaps. The presented techniques 
show some flaws when used as the only control device separately but have the tendency to minimize it when 
combined. However, using both methods requires more battery usage, processing and raises the nanosatellite’s 
costs, since these dedicated actuators are highly expensive. In the other hand, experimental techniques, based 
in moving mass actuators presented promising results in terms of energy saving, precision, time to convergence, 
but requires more intricate calculations and a refined control due its non-linearities intrinsic to the systems 
construction and a single physical prototype have been displayed until the writing of this review. In conclusion, 
there’s a clear preference for applying reaction wheels and magnetorquers together to Attitude Determination 
and Control Systems (ADCS), but its common problems could be solved by using another technique such as 
moving mass control, a field where still have great opportunities to innovative, equally efficient techniques and 
the possibility of pioneering the construction of a physical functional prototype, even with its own peculiarities.
Keywords: Attitude Control. Nanosatellites. Aerospace Engineering. Literature Review. CubeSat.

In 2025 there’s at least 790 CubeSats launches 
predicted [1], and technologies aimed at aerospace 
engineering became a major importance subject in 
the international scenario recently.

One of the subjects of interest is the development 
of devices called nanosatellites for exploration 
and monitoring of Low Earth Orbit (LEO) and 
the Very Low Earth Orbit (VLEO) because of its 
overall of cost-effectiveness since the imagery are 
improved, payloads, antennas, transmission power 
are drastically reduced if compared with common 
high altitude satellites and the launcher needs 
less power and fuel to execute the missions [2]. 
On the other hand, low altitude means denser air 
and consequently more perturbations (Fortescue 
and Stark apud [2]) that need to be dealt with by 

control systems to damp the oscillations and keep 
the cubic satellite stable.

The most used devices to integrate attitude 
control systems in nanosatellites are magnetorquers 
and reaction wheels (H. Polat and colleagues apud 
[1]), but at the same time they are still expensive 
devices when thinking about the allocated budget 
to researchers, students and minor institutions [3], 
especially in Brazil. Even in countries where there 
is more investment, the cost of these devices is still 
a concern to universities and laboratories, leading 
to research to develop solutions such as low-cost 
reaction wheels [3] or new concepts as moving 
mass actuators to control nanosatellites [4,5].

In countries with low tradition and investment 
in technology  research  and  low  levels  of 
industrialization the development of devices 
based in marginal technologies can, besides the 
cost reduction, put it in an advantageous situation 
of dispute its place on the subject’s technological 
vanguard by owning not only the intellectual 
property, but also the know-how to deal with the 
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new technology, creating alternative paths to the 
goal.

The bigger challenges about moving mass 
control are connected to strong nonlinear behavior; 
the application of advanced nonlinear control 
techniques, such as Lyapunov stability theory [4]; 
the need of physical space to operate the moving 
parts; and positioning of the parts in must to be in 
trivial positions along the vehicle [6].

In this paper, the aim is to compile the last ten 
years contributions in the area of attitude control 
systems for nanosatellites, that fits the systematic 
review criteria, with emphasis in shifting mass. By 
means of this review, several documents about the 
current techniques and technologies already on 
the market are analyzed in terms of research and 
innovative interest in new studies.

This document is segmented into the following 
content: Section 2 describes the systematic review 
approach applied. Section 3 presents the results 
obtained and a discussion about the methods and 
technologies used in attitude control systems. 
Section 4 presents the conclusions and future 
works.
 
Materials and Methods

For this review, the literature systematic 
process referred as Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses 
(PRISMA) was adopted [7]. The queried databases 
were: ScienceDirect, Google Scholar, CAPES 
Periodic and IEEE Xplore, used as primary 
research sources, all known for their reliability 
and large number of relevant documents, however 
the adopted search string returned no results in the 
IEEE Xplore case.

The keywords used were Attitude Control, 
Shifting mass, CubeSats, Nanosatellites, 
Unbalanced and Center of mass, in this context, 
the constructed terms for the research using the 
connectives and, or and quotes were ("Shifting 
mass" OR (("moveable" OR "changeable" OR 
"unbalanced") AND "center of mass")) AND 
("Attitude control" OR "Modeling") AND 

("CubeSats" OR "nanosatellites"), used in the 
search box exactly this way for all the sources. 176 
documents were found in the period from 2014 to 
2024, among them articles, thesis, dissertations, 
papers and a survey. The citations archives 
were uploaded to Rayyan, an AI systematic 
review management platform. From this tool, 
18 duplicates were detected and excluded. By 
reading the 157 remaining titles and abstracts, 
139 were excluded because of their relevance 
and connection to the topic and among the 18 
remaining, 5 required premium login to access the 
content. Finally 13 were selected for full reading 
based on their title and abstract’s information. The 
Figure 1 resumes the process and the number of 
documents excluded and remaining after each 
step. The following link redirects the reader to a 
PRISMA Checklist 2009 version: [https://drive.
google.com/file/d/10BQbPEs77oxAV2iIpcG3O_-
ZXXVZe_GZ/view].

Results and Discussion

The quantity of published documents about 
CubeSats has had an ascendent tendency line 
since 2014, even reaching its lower point in 2022, 
as observed in Figure 2.

An important point to note during this period is 
the change in terms used in research titles. Initially, 
the term “nanosatellite” was more used, but it led 
to less reach due to a more specific concept. After 
the term was back to “CubeSat” and, consequently, 
has more reach in research. Currently, the term 
“spacecraft” has gained prominence due to its 
more generic scope. Another thing to acknowledge 
is that 2022 the world felt the remaining problems 
caused by the COVID-19 Pandemic. These 
impacts closed laboratories, shortened the research 
budget to some entities which led to, in some 
sectors, delays in publications, unemployment and 
the premature ending of some research. All these 
factors combined may explain the phenomenon.

Figure 3 illustrates in Mundi-Map how these 
documents are distributed in the world. From the 
most relevant papers, it is clear the polarization 
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Figure 1. PRISMA Diagram for attitude control system review.

Source: Adapted from Moher and colleagues [7].
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Identification of studies via databases and registers

Records screened

(n = 157)

Records removed before

screening:

Foreign language records

removed (n = 0)

Duplicated records

removed (n = 18)

Reports excluded by

human after title and

abstract reading

(n = 139)

Reports excluded:

Reason: Free

access denied

(n = 5)

Reports assessed

for eligibility

(n = 13)

Studies included in review

(n = 0)

Report of included studies

(n = 13)

Records Identified from database

searched.

Science Direct

Google Scholar

CAPES Periodic

IEEE Splore

(n = 176)

(n = 22)

(n = 135)

(n = 19)

(n = 0)Id
e
n

ti
fi

c
a
ti

o
n

S
c
re

e
n

in
g

In
c
lu

d
e
d

Total founded documents

25

20

15

10

11 11
11

16
17

22

13

9

7

22

18

5

0

2012 2014 2016 2018 2020

Year

2022 2024

Q
u
a
n
ti
ty

 o
f 
d
o
c
u
m

e
n
ts

of this new space race between the United States 
and China, with six and four documents included, 
respectively. Besides, this graphic presents the 
necessity of more debate, publications and incentives 
to Brazil to dispute space in this new scenario  to  
avoid  too  much  technological dependence. The 
development of research in this area of knowledge 

in Brazil still needs to grow in numbers and 
especially in innovative ways. In this search, for 
example, among all 157 not duplicated documents 
only 2 articles were from Brazil, which represents 
1.27%. Table 1 summarizes all documents obtained 
in this research, chronologically displayed, and the 
summary of findings.
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Chesi [4] presented in his work a concept of 
attitude control of nanosatellites using shifting 
masses by creating distance between the center of 
pressure and center of mass to use the disturbance 
force of atmospheric drag as control force. Although 
mathematically this technique is possible it was 
proved using only math simulation and there’s 
no visual concept of this system or how it would 
be if constructed. Even only published in 2017, in 
2015 Shaik’s [12] work presented a final assembly 
CubeSat using moving mass technique, but his 
spherical prototype had 198 mm diameter which is 
almost double far from the dimensions and shape 
specification proposed by the previous research cited, 
turning it impractical for conventional launchers.

Virgili-Llop and colleagues [2] studies proposed 
a 3U CubeSat concept with the shape of real 
devices in CAD, but there’s no information if it was 
manufactured. Even with co-authors in common, 
Chesi and colleagues [11] kept the work in the 
theoretical field and the same hypothesis from 
his PhD thesis were maintained to facilitate the 
calculations and applications of the theorems. This 
increased interest about moving mass encouraged

Li and colleagues [6] to conduct a survey 
about it. They concluded that despite the shifting 
mass method showing great advantages most 

works in this field stayed at theoretical design and 
simulations because it is non-linear behavior and 
the mechanical engineering practical difficulties.

This survey paved the way to Qian and 
colleagues [5] research, now with Li as second 
author. They also presented a theoretical model 
without engineering implementation. Moreover, 
they just cited the use of magnetorquers to compose 
the system but did not present more modelling or 
detail on it.

Chait and colleagues [8] also pointed out that 
reaction  wheels  and  magnetorquers  are well-
known and modelled since 2015 which means 
it is a consolidated technology and there’s few 
contributions to be made, no other than design 
and manufacturing to lower budget. In sequence, 
Curatolo [1] integrated reaction wheel and 
magnetorquer technologies in CubeSat considering 
in research three different control methods. 
However, this configuration lacks innovation in 
the aerospace market. Not by chance, Lee and 
colleagues [3] were able to design, manufacture 
and assemble a reaction wheel technology device 
based on their authorial motor concept. Reaction 
wheels are shown as a well-established product in 
a way that research in this field leads, most of the 
time, to budget reductions.

Figure 3. World included articles distribution.

World included articles distribution

1. USA (5)

2. Germany (1)

3. Netherlands (1)

4. Italy (1)

5. Iran (1)

6. Guatemala (1)

7. China (4)
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Table 1. Articles' compilation.

Reference Objective Attitude Control 
Method Summary of Findings

[4] Develop a novel attitude control system 
through shifting masses. Shifting Mass

Technique based on shifting masses to variate 
aerodynamic torque. Use of Lyapunov stability 
theory.

[8] MATLAB/Simulink application to test 
CubeSats hardware in a laboratory.

Reaction Wheels + 
Magnetorquers

Simulated environment in MATLAB/Simulink to 
test hardware-in-loop.Actuators, perturbations and 
physics modelled.

[2]
Shifting masses to reject aerodynamic 
disturbances and stabilize the spacecraft’s 
attitude.

Shifting Mass 
Departed from Chesi’s (2015 [6]). Disturbances’ 
mitigation to stabilize CubeSats Computer Aided 
Design (CAD) of a 3U CubeSat.

 [9]
Verify and validate the possibility to 
control the attitude of CubeSat with 
magnetic rods as actuators only.

Magnetorquers
Tested the system using MATLAB/Simulink and 
hardware in loop to stabilize spin in satellites.

[10]

Development of a CubeSat to Earth 
observation with stability and high 
accuracy using momentum wheels 
within a competitive cost.

Momentum Wheels

Tested an attitude control system with only two 
momentum wheels to provide to the spacecraft the 
capability of Earth pointing and spin stabilization 
in VLEO.

[11]
Attitude control to CubeSats based on 
center-of-mass shifting paired with 
reaction wheels or magnetorquers.

Shifting Mass + 
Reaction Wheels 

and Shifting Mass + 
Magnetorquers

Shifting mass techniques for stabilization of a 
spacecraft. Added a set of actuators based on 
conventional techniques.

[12]	

Design, fabrication and modelling of a 
plug and play CubeSat with controllable 
center of mass and reaction wheels in a 
sphere.

Reaction Wheels + 
Shifting Mass

Built a floating spherical satellite designed to 
operate on an air bearing surface. Used reaction 
wheels and shifting mass to control the satellite. 
Detailed engineering choices.

[6]

Debates about moving mass 
technology and its applications in 
aerospace, military and naval areas and 
its challenges.

Shifting Mass	

A survey about moving mass control technology 
in aerospace, military and naval areas, showing 
patents of its applications.

[13]
Investigate attitude stabilization using 
shifting  mass  technique  in  a two-
dimensional plane.

Shifting Mass
Tested if it is possible to stabilize three-axis attitude 
moving masses with less than 10% of spacecraft’s 
mass in two-axis.

[14]	

Develop an eight-degree-freedom 
model of a 2U CubeSat propelled by 
solid rocket motors with two moving 
masses.

Solid	 Rocket 
Motors + Shifting 

Mass

Applied moving mass technique to control 
generated torque by thrust misalignment and fuel 
consumption. Developed a simulation of a 2U 
CubeSat within the objectives conditions.

[3]

Design, manufacture, assemble and 
test a 3-axis reaction wheel prototype 
to reduce expenses to Cal Poly CubeSat 
Laboratory.

Reaction Wheels

Reaction Wheels are expensive devices. Patent 
studies of reaction wheels. Catalog of existing 
products and suppliers. Designed, manufactured and 
assembled a 3-axis reaction wheel new device.

[1]
Develop an attitude control for 
CubeSat with three magnetorquers and 
one reaction wheel.

Reaction Wheels + 
Magnetorquers

Focused on numerical methods. Consider the 
orbit to determine the best results. Pondered three 
different control laws to choose and opted for the 
Linear Quadratic Regulator method.

[5]
Investigate a control technique 
based on moving masses to operate 
formations with CubeSats.

Shifting Mass + 
Magnetorquers

Proposed to create formations with moving mass 
technology as primary attitude control technique. 
Used Nash game theory to analyze the formation 
with two CubeSats.
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Ousaloo and colleagues [9] successfully 
applied only magnetorquers to control attitude, 
but the convergence time was about 20 minutes 
in the experiment and the hardware is far from 
CubeSat’s shape or size. Nonetheless this research 
stated that only magnetic actuators can provide 
more accurate results, but at a slower pace. In 
almost the same way, Ju [10] concluded that the 
momentum wheels technique, as the only control 
method, is not suitable for the task due to its 
inability to provide adequate transverse angular 
momentum levels, essential for the spacecraft’s 
active attitude control.

He and colleagues [13] succeeded in applying 
moveable mass technology to attitude control 
using it in-plane, however, their control strategy 
has three defined steps to achieve it. Moreover, the 
movement around the Y-axis needs to be damped 
by aerodynamic drag to reach a controllable 
value. Similarly, years later, the study of Lu and 
colleagues [14] applied in-plane moving mass 
attitude control to thruster propelled CubeSats and 
although the simulations showed the feasible of 
this method the general hardware is completely 
different than the majority of launched CubeSats 
and, again, it stayed in theoretical field.

Conclusion

In this review was shown the actual relevance 
of research about attitude control for nanosatellites 
internationally. The debate around the optimized 
control laws and methods is still open [1]. 
Although reaction wheels and magnetorquers 
already became consolidated products, they keep 
high prices [3], and are not the only way to achieve 
the final goal.

Thinking in the national scenario the currency 
exchange and tariffs make the importation of 
these devices even more expensive and starting a 
local manufacturing to reduce these costs is years 
away from the reality. The alternative is research 
innovative technologies to detain patents and 
production nationally, bringing new alternatives to 
compete for space, both scientific and economic.

A viable option appears to be shifting 
mass technologies, recent research showed its 
possibilities and applications [5], and yet there 
is no established market or products pointed to 
them. Of course, some engineering challenges 
may be surpassed, especially in the non-linear 
control field, but that is the researcher's primary 
objective.

The work presented in Virgili-Llop and 
colleagues [2] in 2016 showed that back in the 
day using the simulations, CAD and devices’ 
drawings of the era it was already feasible doing 
an assembly concept. In 2017, Shaik [12] proved 
that it is possible to use movable masses in a 
satisfactory way to control meant to be spacecraft 
smaller devices. From 2017 to now there’s 8 
years of advances in engineering overall and 
miniaturization of electronics that facilitates the 
development of movable mass technologies that 
fit in nanosatellites requirements. Not by chance, 
more recently, Qian and Zhang (2023) [5] applied 
this same technology to propose a formation 
control.

This whole scenario shows that even not being 
a consecrated technology it is still relevant and 
taking it out of computer simulations to more fit 
prototypes may create new technological paths to 
the subject.
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Generative Adversarial Networks (GANs) are generative models that function as a minimax game, in which 
a generative network and a discriminative network compete against each other with the goal of creating data 
that convincingly resembles the real sample. With the advent of Quantum Computing and the development of 
Quantum Machine Learning (QML) models, Quantum Generative Adversarial Networks (QuGANs) have been 
increasingly studied due to the possible advantages this new type of architecture can offer, especially regarding 
performance improvements, scalability, and the exploration of new applications. In this context, this study's 
guiding question is: how were QuGANs developed between the years 2018 and 2025? To answer this question, 
the general objective of this work is to conduct a systematic literature review of QuGANs during the proposed 
period. Using a systematic literature review as the methodological basis, articles published and available on 
the online platforms Lens, Scopus, and Web of Science were selected, and the Rayyan tool was employed to 
identify duplicate works and those that did not specifically address QuGANs. As a result, a prevalence of hybrid 
models was observed, in which the developed architecture integrates quantum and classical characteristics 
in a complementary manner. Regarding the type of application, approaches involving theoretical foundations 
and image generation stand out as the most common. Other application areas are also explored (chemistry 
and pharmaceuticals, quantum error correction, high-energy physics, experimental implementation, medical 
applications, cloud computing, anomaly detection, telecommunications, biometrics, finance, physics and 
simulations, security and cryptography, software engineering, noise in QuGANs, and survey), demonstrating 
the broad potential of QuGANs across various research fields and industrial sectors.
Keywords: Generative Adversarial Networks. Quantum Generative Adversarial Network. Systematic Literature 
Review.
Abbreviations: D, Discriminator. GANs, Generative Adversarial Network. G, Generator. PRISMA, Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses. QGANs, Quantum Generative Adversarial 
Networks. QML, Quantum Machine Learning.

 
Generative Adversarial Networks (GANs), 

Variational Autoencoders (VAEs), and Autoregressive 
Networks are classifications of generative models 
[1]. GANs were developed in 2014 with the aim of 
improving the performance of generative models 
through the use of backpropagation to optimize the 
network's weights [2].

With their cost function operating as a 
minimax game, the generative network G and the 

discriminative network D that compose GANs 
compete against each other, such that the training 
of G is probabilistically maximized with the goal 
of causing D to make an error, while D learns to 
distinguish whether a data sample comes from G 
or from the real data distribution [2].

The optimization process of GANs initially 
proposed can be represented by the equation

	 	 (1)

where x is the real sample, z is the random noise 
vector, G(z) corresponds to the generated data, 
𝔼 is the expectation, D(x) is the probability that 
D identifies x as coming from the real data, and 
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D(G(z)) indicates the probability that D classifies 
the data produced by G [1]. G and D are updated 
as the training process progresses, leading the 
model to a global optimal solution when D(G(z))
= 0.5 and D can no longer distinguish between the 
data distributions [1].

GANs resemble a Nash equilibrium, where 
minimizing the cost function is the objective of 
each player, with D represented by J(D)(θ(D), θ(G)), G 
represented by J(G)(θ(D), θ(G)) and the point (θ(D), θ(G)) 
corresponding to the equilibrium reached, with 
J(D) at a minimum with respect to θ(D) and J(G) at a 
minimum with respect to θ(G) [3]. However, for the 
Nash equilibrium to be reached, failures may occur 
when using gradient-based cost minimization 
techniques, which can cause the parameters of G 
to collapse and the result to always converge to the 
same point [3].

In this context, other GAN-based models 
have been created, optimizing their performance 
based on architecture (e.g., convolutional GANs, 
conditional GANs, and autoencoder-based GANs) 
and cost function (e.g., unrolled GAN, f- GAN, 
and WGAN) [1].

The development of Quantum Computing began 
in 1982 with Richard Feynman, who proposed 
performing computations on computers using the 
principles of quantum mechanics [4]. Since then, 
quantum algorithms have been developed with the 
aim of solving problems challenging for classical 
binary logic, such as the Deutsch, Deutsch-Jozsa, 
Simon, Bernstein-Vazirani, and Shor algorithms 
[5].

Quantum potential, characterized by quantum 
speedup, highlights the fact that quantum 
processors can produce statistical patterns that 
are computationally hard to find using classical 
computers, giving rise to Quantum Machine 
Learning (QML) [6].

By introducing Quantum Generative 
Adversarial Networks (QuGANs) [7], we show 
that when G and D are implemented with quantum 
information processors and the data correspond 
to measurement samples taken from high- 
dimensional spaces, QuGANs can demonstrate 

an exponential advantage compared to classical 
GANs. Using quantum circuits, it is possible to 
compute gradients and parametrize the QuGAN 
model, as illustrated in Figure 1 – General 
structure of the QuGAN, proposed by Dallaire-
Demers and Killoran [8]. The generalization of the 
comparison between the classical model (GAN) 
and the quantum model (QuGAN) demonstrates 
the transformation of the network’s processing 
steps into quantum states, enabling advantages in 
the execution of the defined architecture.

Just as new research has been developed to 
optimize classical GANs based on architecture 
and cost function, the same has occurred with 
QuGANs, aiming to achieve better results 
and evaluate applications across different data 
segments. Therefore, this study’s guiding question 
is: how were QuGANs developed between the 
years 2018 and 2025?

The general objective of this research is 
to conduct a systematic literature review of 
QuGANs during the proposed period, with specific 
objectives defined as: a) to extract published 
articles addressing QuGANs within the defined 
timeframe; b) to compile the types of architectures  
and  applications  of  QuGANs among the selected 
works; and c) analyze the results based on this data.

Materials and Methods

Method

Following the guidelines of the PRISMA 2020 
method (Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses) [9], the systematic 
literature review was conducted through a search 
for articles listed in online scientific databases, 
applying a filter using search terms, covering the 
years from 2018 to 2025, and limited to articles 
written in English.

Data Collection

The material used for analysis was extracted 
from online scientific databases (Scopus: 75; Lens: 
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Figure 1. General structure of the QuGAN.

254; and Web of Science: 71), filtered using the 
search terms "quantum GAN" OR "QuGAN" OR 
"QGAN" OR "QGANs" OR "quantum generative 
adversarial network" OR "quantum generative 
adversarial networks." Scientific articles 
published between 2018 and 2025 were selected, 
considering the period from when the QuGANs 
concept was proposed until the time this research 
was conducted. The online platform Rayyan was 
used as a tool to apply exclusion criteria, enabling 
the identification of duplicate works and articles 
that did not specifically address QuGANs. After 
obtaining and selecting the remaining works, the 
software LibreOffice Calc was used to organize 
a spreadsheet containing the main information 
from each work (title, authors, abstract, keywords, 
publication venue, and year). Out of the 400 
materials extracted from the indicated scientific 
databases, 81 were selected for this analysis.

Results and Discussion

The results related to the search for articles in 
the selected online databases are discussed below, 
demonstrating the process of selecting publications 
and systematically analyzing their content based 
on title, abstract, and keywords. The approaches 
of the published works are related to research on 
variations of QuGAN architectures (fully quantum 
or quantum- classical/hybrid implementations), 
applications in different areas, optimization 
processes, and specifications of quantum computing 
techniques used (including hardware definition for 
testing and implementation methods).

Results of the Online Database Query

Among the 400 publications, 215 duplicates 
were removed, leaving 265 to be analyzed. After 
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identifying duplicate works, those that did not 
directly address QuGANs were also removed 
based on an analysis of their titles, abstracts, and 
keywords. From the evaluated articles, 81 were 
selected to identify the themes, approaches, and 
contributions related to the use of QuGANs.

Figure 2 illustrates the process of selecting the 
articles deemed most suitable for conducting this 
analysis. The number of research studies related 
to QuGANs has grown since their initial proposal, 
indicating a trend toward new investigations over 
the years. Figure 3 shows the publication count 
over the years, with 2025 standing out as a notable 
year for this topic.

Results of the Analyses on the Approaches of the 
Published Works

In relation to the identification of QuGAN 
architecture variations (fully quantum 
implementation or quantum-classical / hybrid), 
53 articles reported the use of hybrid approaches 
[10,11,12,13,14,15,16,17,18, 19, 20, 21, 22, 23, 
24,25,26,27,28,29,30,31,32,33,34,36,40,41,42,4
3,44,45,46,48,50,51,52,53,54,56,58,59,60,61,62,
64,66,67,68,69,70,71,73], while only 4 classified 
their architectures as fully quantum [35,37,38,49].

Figure 4 and Figure 5 compile the identified 
works, highlighting  the  type  of  architecture  

Figure 2. Identification of publications according to the PRISMA 2020 method.
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Figure 3. Number of articles per year.

(fully quantum and hybrid implementations) and 
their application areas.

Articles in the area of foundation and 
theorization of QuGANs stood out in the analysis 
[11, 15, 16, 18, 20, 27, 28, 30, 34, 35, 37, 38, 39, 
47, 49, 52, 54, 55, 63, 65, 66, 67, 68], followed 
by works in the areas of image generation [13, 
19, 26, 31, 32, 40, 60, 64, 70],  chemistry and 
pharmaceuticals [12, 17, 22, 33], quantum error 
correction [21, 25, 29, 69], high-energy physics 
[41, 51, 57, 61], experimental  implementation 
[48, 59, 71, 73], medical applications [42, 44, 62], 
cloud computing [24, 56], anomaly detection [36, 
58], telecommunications [45,46], biometrics [10], 
finance [14], physics and simulations [23], security 
and cryptography [50], software engineering [43], 
noise in QuGANs [53], and surveys [72].

Conclusion

This study highlights how QuGANs are 
being researched and guides future work by 
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Figure 4. Distribution by architecture.

revealing a predominance of hybrid architectures, 
applied in fields such as medicine, chemistry, 
finance, and security. The trend of increasing 
publications suggests that future analyses could 
group applications and architectures to better map 
the evolution of these networks. In 18 of the 81 
articles, classification was not possible, requiring 
further investigation.
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Neurodesign of Motor Intention: Frequency–Amplitude–Power Signatures of Mu (8-13 Hz) and 
Beta (13-30 Hz) Rhythms for Enhanced Decoding of Human Movement Intention

Rodrigo Monteiro Sobreira¹*, David Uzêda², Guillaume Réveillère³
1Mastering in Design - School of Fine Arts (UFBA); 2Mastering in Industrial Engineering - PEI (UFBA); Salvador, 

Bahia, Brazil; 3Polytech Orléans (Université d’Orléans), Génie Civil et Environnement; Orléans, France

Sensorimotor Mu (8–13 Hz) and Beta (13–30 Hz) rhythms constitute robust electrophysiological fingerprints 
of cortical dynamics accompanying the planning, execution and cessation of voluntary movement. To clarify 
how these spectral signatures can be harnessed in non-invasive brain–computer interfaces (BCIs) for neuro-
adaptive feedback systems, a systematic review of studies published between January 2015 and July 2025 was 
undertaken (in addiction to others to elucidate clinical and technical concepts). Four databases (PubMed, 
Scopus, Embase and IEEE Xplore) were searched for adult EEG research addressing motor preparation, 
execution, imagery or action observation. After the eligibility screening, 35 articles satisfied all inclusion 
criteria. Most experiments employed, at least, thirty-two scalp electrodes 0.5–40 Hz, band-pass filtering and 
artefact rejection via independent component analysis. Across protocols, contralateral Mu/Beta power fell 
(event-related desynchronisation) over sensorimotor cortex during real or imagined movement, followed by a 
rapid Beta rebound (event-related synchronisation) signalling cortical re-inhibition. Peak Mu (~10 Hz) and Beta 
(~20 Hz) frequencies varied modestly among participants, indicating that individual calibration can enhance 
single-trial classification accuracy. Transient Beta bursts lasting under 200 ms consistently marked movement 
termination, whereas stronger Mu suppression correlated with superior performance for neurofeedback of post-
stroke rehabilitation tasks. Several studies also reported task-dependent Beta–Gamma coupling and attentional 
modulation of Mu amplitude as emerging control variables. By mapping where, when and how strongly these 
rhythms fluctuate, the review delineates clear feature-selection targets and adaptive-threshold guidelines for 
next-generation BCIs aimed at motor learning and recovery.
Keywords: Beta Bursts. Brain-Computer Interface. Electroencephalography. Event-Related Desynchronization. 
Motor Imagery. Neurorehabilitation. Post-Movement Beta Rebound. Sensorimotor Rhythms (Mu/Beta).
Abbreviations: BCI, brain–computer interface. EEG, electroencephalography. ERD, event-related 
desynchronization. ERS, event-related synchronization. Hz, hertz. PMBR, post-movement Beta rebound. 
NREM, Non-Rapid Eye Movement sleep. SWS, Slow-Wave Sleep. TBI, Traumatic Brain Injury. BOLD, Blood-
Oxygen-Level Dependent.

 
The present systematic review synthesises 

EEG studies published in the last two decades 
that examined Mu and/or Beta ERD/ERS during 
motor preparation, execution, imagery or action 
observation in healthy adults [1-3]. 

Aiming to map the spatiotemporal characteristics 
(peak frequency, onset latency, burst rate) of 
Mu/Beta modulation across paradigms, while 
identifying best practices in signal acquisition, 
preprocessing and feature extraction that maximise 
signal-to-noise ratio [4-9]. 

Therefore, providing evidence-based 
recommendations for adaptive thresholding 
and personalised calibration in next-generation 
BCIs targeting motor intention recognition for 
post-stroke recovery [10-12]. 

Building on recent work showing that 
individual differences in Beta dynamics predict 
short-term visuomotor learning [10].

Electroencephalographic Signals

Oscillatory electrical activity in the adult 
brain is conventionally grouped into partially 
overlapping frequency bands, each associated 
with characteristic functional states and 
neurocognitive processes (Table 1).
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Classical boundaries have been complemented 
by more recent approaches that decompose spectra 
into periodic and aperiodic components, affording 
finer-grained parameterization of oscillatory peaks 
beyond rigid band limits [4].

The borders are heuristic, inter-individual shifts 
are common, especially around the individual 
alpha peak frequency, yet the taxonomy provides 
a useful scaffold for interpreting spectral analyses 
in motor-cognitive research [4-5, 13]. 

Sensorimotor Oscillations

Decoding voluntary action from scalp EEG 
hinges on two rhythmical fingerprints generated in 
the peri-Rolandic cortex seen in Figure 1: the Mu 
(∼8–13 Hz) and Beta (∼13–30 Hz) bands.

Both reflect synchronous membrane potential 
fluctuations within pyramidal-interneuron 
networks; yet their task-related modulations 
diverge in timing and functional meaning. 

During real or imagined movement, the 
power of contralateral Mu and low-Beta falls 
abruptly—an event-related desynchronization 
(ERD)—signalling the release of local inhibitory 
gating and the build-up of cortico-spinal drive 
[10-12,18].

Upon movement termination, a transient Beta 
rebound, or event-related synchronization (ERS), 
restores cortical inhibition and is thought to index 
sensory re-afference processing and motor set re-
establishment [6].  

These dynamics are reliable enough that 
single-trial Mu/Beta ERD magnitudes can predict 
movement kinematics, BCI cursor trajectories or 
neurofeedback learning rate [3, 11, 21]. Despite 
such regularities, the extraction of unequivocal 
movement “intention” markers is non-trivial 
because:
(i) oscillatory bursts are brief (< 200 ms) and 

spatially overlapping.
(ii) inter-individual peak frequencies drift with 

age and cortical physiology [5].
(iii) spectral estimates mix periodic and aperiodic 

components that inflate power-law baselines 
[4]. 

Consequently, high-density arrays (≥32 
channels) with artefact-suppression pipelines, 
preferably independent component analysis, 
remain standard to maximise the sensor-level 
signal-to-noise ratio [7, 9]. 

Within the context of motor-imagery BCIs, Mu/
Beta suppression emerges slightly earlier (≈ 200 

Band Range (Hz) Predominant functional state (In adults)
Delta 0.5 – 4	 Deep NREM (slow-wave) sleep, homeostatic regulation [4,13]

Theta 4 – 8 Drowsiness, episodic memory encoding, spatial navigation; 
sensitive marker in mild TBI [13,14]

Alpha 8 – 13 Eyes-closed rest, sensory suppression, attentional gating [15-17]
Mu 

(sensorimotor α)
8 – 13

(central)
Sensorimotor “idling,” modulated by action observation and 
motor imagery [1,3,8]

Beta 13 – 30 Motor set maintenance, cortico-muscular coupling, post-
movement rebound/inhibition [6,10,18]

Gamma

30 – 100
(low γ)

60 – 200
(high γ)

Local cortical computation, perceptual binding, movement
intention decoding [4,8]

Table 1. Neural frequency bands.
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Figure 1. Perirolandic-cortex representation [19].

Figure 2. Corticospinal tract [20].
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ms pre-cue) and is sustained longer than during 
overt execution, reflecting the sustained efference 
copy without peripheral feedback [22-24]. 

Classification pipelines that incorporate 
subject-specific peak frequency windows (~ ±2 
Hz around the individual alpha frequency) and 
track the stochastic occurrence of Beta bursts, 
rather than mean power, achieve superior 
accuracy especially under adaptive thresholding 
schemes [2,21].

Collectively, these findings reaffirm Mu/Beta 
ERD/ERS as the most informative spectral proxies 
of sensorimotor intent yet also expose the need 
for personalized calibration and advanced burst-
aware feature engineering—issues systematically 
explored in the present review.

Mu and Beta Oscillations

Sensorimotor oscillations in the Mu (8 – 13 
Hz) and Beta (13 – 30 Hz) ranges provide a non-
invasive electrophysiological window on the 
cortical states that precede, accompany and follow 
voluntary movement [9-10, 12].

During motor preparation and execution, power 
in both bands decreases, a phenomenon classically 
termed event-related desynchronisation (ERD). 
Whereas movement termination is followed by 
rapid resynchronisation, most prominent in the 
Beta band, known as the post-movement Beta 
rebound (PMBR) or event-related synchronisation 
(ERS) [6,10-12].

These rhythmic signatures have become central 
features for decoding motor intention in EEG-
based brain–computer interfaces (BCIs) and for 
designing neuro-adaptive feedback aimed at motor 
rehabilitation [8, 11-12, 21-22].

Transient Beta Bursts

Single-trial analyses consistently reveal brief 
(< 200 ms) Beta bursts time-locked to movement 
offset, which coincide with cortico-spinal 
inhibition and precede the broader post-movement 
Beta rebound [6]. 

Their stereotyped latency and high signal-
to-noise ratio make them attractive features 
for asynchronous BCI “stop” commands, 
complementing the slower PMBR envelope [21-
22]. 

Simultaneous EEG–fMRI further shows that 
spontaneous Mu power is negatively correlated 
with BOLD in sensorimotor, dorsal-attention and 
putative mirror-neuron regions, while showing 
positive correlations with salience-network nodes 
such as the anterior insula and anterior cingulate 
cortex [9].

In addition, two studies reported task-specific 
Beta–Gamma phase-amplitude coupling that 
discriminated left- versus right-hand motor 
imagery above chance level, indicating a potential 
multiband control variable for next-generation 
BCIs [8].

Materials and Methods

After automated and manual de-duplication, 
463 unique titles and abstracts were screened. 
Title-and-abstract appraisal excluded 405 reports, 
leaving 58 full papers for eligibility assessment; 
23 were discarded for reasons such as paediatric 
cohorts, invasive recordings or inadequate spectral 
detail. Thirty-five studies fulfilled every inclusion 
criterion and composed the evidential core of this 
review.

The four-database research strategy retrieved 
627 records (PubMed = 235; Scopus = 192; 
Embase = 128; IEEE Xplore = 72), mostly from 
2015 to 2025. 

All included investigations enrolled healthy 
adults (18–35 years in 76 % of samples) or non-
degenerative clinical populations. Most used 
32–64 Ag/AgCl scalp electrodes, 0.5–40 Hz on-
line filters and independent-component analysis 
for artefact rejection. Task paradigms comprised 
executed movement, kinaesthetic motor-imagery, 
action observation and combined observation-
imagery neurofeedback [7,11, 25-27].

Across experiments, Mu (~10 Hz) and Beta 
(~20 Hz) event-related desynchronisation (ERD) 
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emerged contralateral to the engaged limb, 
beginning ~1 s before movement and persisting 
throughout the motor epoch. Subsequent post-
movement Beta rebound (PMBR) peaked 300–
600 ms after termination and was centred over 
medial sensorimotor cortex [6, 10, 12, 18].

Inter-Individual Variability

Individual peak frequencies varied by ≈ ± 1.5 Hz 
for Mu and ≈ ± 3 Hz for Beta across participants. 
Calibrating feature extraction to these idiosyncratic 
peaks, rather than using fixed canonical bands, 
boosted two-class motor-imagery classification 
accuracy by 6 % on average [2-5, 21,22].

BCI Applications

When power and weighted cross-frequency 
features were combined, Beta-ERS reached mean 
accuracies of 72.8 %, outperforming Mu-ERD 
(67.4 %) and Beta-ERD (62.2 %) on the same 
dataset. Ensemble methods such as Random Forest 
further boosted accuracy to > 80 % for several 
participants. These figures exceed the statistical 
two-class chance level of 57.5 % (p < 0.05) and 
approach clinical usability thresholds [2, 8, 22].

Results and Discussion

Action observation — Meta-analytic evidence 
indicates that Mu suppression during mere 
observation is smaller and less somatotopic than 
during execution, challenging its specificity as a 
pure mirror-neuron marker [1].

Real and imagined movement — In go/no-
go and centre-out reaching tasks, Beta-ERD 
magnitude scaled with force output and reaction 
time. Whereas stronger Mu-ERD predicted higher 
imagery-vividness scores during motor-imagery 
sessions [3,10,18].

Neurofeedback / rehabilitation — In sub-acute 
stroke training, Beta-ERD amplitude recorded over 

ipsilesional M1 correlated strongly (r = 0.71) with 
Fugl-Meyer motor-recovery scores, supporting its 
adoption as a quantitative biomarker for therapy 
progress [11-12].

Conclusion

This systematic review synthesised two 
decades of evidence on the spectral behaviour of 
sensorimotor Mu (8 – 13 Hz) and Beta (13 – 30 
Hz) rhythms during motor preparation, execution, 
imagery and action observation in healthy adults 
and non-degenerative clinical populations. All 
studies confirmed a robust, contralateral ERD in 
both bands that begins ≈ 1 s before movement onset 
and scales with effector load and task complexity. 
After movement, a brief post-movement Beta 
rebound—often manifested as < 200 ms bursts—
signaled corticospinal re-inhibition and predicted 
slower re-initiation of subsequent actions 
[6,10,12,18].

Three essential converging insights emerged: 
1.	 Individualised peak frequency matters. Peak 

Mu (~ 10 Hz) and Beta (~ 20 Hz) values shifted 
by 1 – 3 Hz between participants; tailoring 
band-pass filters and classification features to 
these peaks boosted two-class BCI accuracy by 
up to 6-7 % in cross-validation folds [2, 5, 21-
22].

2.	 Amplitude carries functional meaning. Larger 
Mu-ERD amplitudes correlated with better 
neurofeedback gains in stroke rehabilitation 
and with reduced BOLD activity in a distributed 
motor network, indicating efficient cortico-
subcortical recruitment. Conversely, stronger 
PMBR amplitudes indexed greater transient 
inhibition of M1 excitability [6, 9, 11-12]. 

3.	 Temporal micro-structure is informative. 
High-resolution analyses revealed that 
Beta bursts, rather than sustained power, 
best distinguished movement termination 
and error processing, suggesting that next-
generation BCIs should incorporate burst-
based detectors instead of sliding-window 
averages [6-8]. 
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Concerning neuro-design implications for neuro-
adaptive BCIs, some features are a must-have: 
•	 Use subject-specific Mu/Beta peaks for filter 

banks and adapt thresholds dynamically across 
sessions. Include burst-detection algorithms (< 
250 ms) to capture PMBR events for real-time 
state transitions (e.g., command locking).

•	 Monitor cross-frequency interactions (Beta–
Gamma, Mu–Theta) as auxiliary features 
when tasks demand heightened attention or 
proprioception [8].

Limitations include heterogeneous electrode 
montages (32 – 256 channels), small median sample 
sizes (n = 18), and under-reporting of sex-specific 
effects. Meta-analysis was precluded by variability 
in ERD/ERS quantification, underscoring the need 
for unified reporting guidelines aligned with IEC 
80601-2-26 [28].

Future research should adopt multimodal 
designs (EEG-fMRI-NIRS) to localise oscillatory 
generators, explore closed-loop stimulation that 
entrains Beta bursts for motor recovery and extend 
investigations to ecologically valid, freely moving 
paradigms using mobile EEG and ear-EEG setups 
[9,11,24]. Addressing these gaps will accelerate 
the translation of Mu/Beta biomarkers into robust, 
user-centric BCIs for motor rehabilitation and 
human–machine interaction.
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According to the IEA’s (International Energy 
Agency) report, Brazil is considered one of the 
global leaders in the bioenergy sector, being the 
second-largest producer of bioethanol, the third-
largest producer of biodiesel, and the world’s 
largest producer of second-generation ethanol 
[1,2]. The estimated production of these biofuels 
in 2022 was 36.89 billion liters, increasing to 42.91 
billion liters in 2023 [3]. As this is the main driver 
of the bioeconomy in this country, the Brazilian 
government issued two decrees in 2024 to establish 
the National Bioeconomy Strategy and the National 
Circular Economy Strategy. The first one aims to 
align industrial development, biotechnology, and 
agricultural production with sustainable economic 
development, and the second one encourages reuse 
and recycling of materials, waste reduction, and 
efficient resource use [4,5].

An emerging concept within the field of 
sustainability is bioeconomy, which refers to an 
economic model based on strengthening the use of 
renewable resources and applying biotechnology 
within production chains [4,6].

With the rise of this concept, there has been 
a growing body of research focused on biomass 
processing, mainly as an alternative to fossil- based 
sources to mitigate the impacts of climate change. 
Nevertheless, there are still barriers to innovation 
in bioprocesses, such as high costs, food security 
concerns, land use conflicts, the generation of 
low value-added co-products anwaste, water 
consumption, and biodiversity loss. This highlights 
the fact that it is not sufficient for raw materials to 
be renewable; it is essential to assess sustainability 
comprehensively throughout the entire production 
cycle and find sources that can endure climate 
changes [6,7].

To ensure that such guidelines are effectively 
implemented, tools are needed to support changes in 
industry and to aid in the design of new processes, 
especially regarding the need for circular chains.

Life Cycle Assessment (LCA) is the most widely 
used approach for measuring the environmental 
impacts associated with a product and it is one of 
several methods based on Life Cycle Thinking, 
standardized by ISO 14040 and 14044. LCA can 
evaluate the various phases of a product’s life 
cycle, from raw material cultivation to end-of-life 
(recycling or disposal) or focus on selected stages. 
Since LCA primarily addresses environmental 
aspects, similar approaches have been developed 
to assess economic costs and social impacts as 
well [8]. 



www.jbth.com.br

366 JBTH 2026; (April)Life Cycle Engineering for Emerging Bioprocesses

In the 1990s, a new approach began to be 
discussed that would enable the integration of 
social, environmental, and economic aspects with a 
focus on designing cleaner processes. This approach 
is known as Life Cycle Engineering (LCE), a 
concept similar to LCA but involving a holistic 
study that encompasses the development of the 
product, with a techno-economic focus that does not 
exclude environmental and social considerations 
[9]. If effectively applied to bioprocesses, LCE 
could help ensure that a project can meet the 
United Nation’s Sustainable Development Goals 
(SDGs) 7 and 9, concerning the use of renewable 
resources, economic growth, and the promotion of 
innovation and infrastructure for more sustainable 
industries [10].

The objective of this study was to demonstrate 
how the concept of LCE is defined within the 
field, identifying the most relevant aspects to 
outline a step-by-step procedure for its application 
in bioprocesses with low Technology Readiness 
Levels (TRL), with the aim of assessing their 
sustainability and feasibility.
 
Materials and Methods

The bibliographic review was primarily 
conducted using the Scopus database. While 
additional sources such as ScienceDirect, Google 
Scholar, Scielo, and CAPES Periodicals were 
also consulted, Scopus was selected as the main 
source due to its comprehensive coverage, 
systematic organization, and the bibliometric 
data it provides. The terms used were: “Life 
Cycle Engineering” alone or in combination with 
“Biomass” or “Biofuel” using the Boolean operator 
“AND”; a bibliographic search that focused only 
on relevant reviews of literature on the topic of 
“Life Cycle Assessment” was also performed for 
contextualization purposes; and research on an 
emerging topic — the production of biofuels from 
Agave — was analyzed as a case study to support 
the development of the steps. Filters were applied 
only to limit the results to documents in English 
and categorized as articles, literature reviews, or 

book chapters. The sequence of study was firstly 
to conceptualize LCE, then to analyze the existing 
studies in the field, thus, to examine its relationship 
with LCA, and then to assess the contributions 
related to biofuels and Agave.

Results and Discussion

Life Cycle Engineering (LCE) is widely defined, 
in which review studies such as those by Götze and 
colleagues (2017) [11], Hauschild and colleagues 
(2020) [12], and Peças and colleagues (2016) [9] 
conceptualize as an approach that integrates process 
design with environmental, human, and economic 
perspectives, also working as a decision-making 
tool that can employ management concepts such 
as the Business Model CANVAS and Target 
Costing. Regarding Life Cycle Assessment (LCA), 
it is recognized as a well-established approach for 
analyzing environmental issues when defining 
processes. In addition to being standardized, it 
has dedicated software to apply the methodology 
described in the ISO standards. These features 
make this approach attractive for addressing the 
environmental dimension in LCE studies. LCA 
serves as the foundation for other analysis such as 
Life Cycle Costing (LCC, for economic aspects) 
and Social Life Cycle Assessment (S-LCA) [8,9] 
(Figure 1). 

In a recent method, Kara (2023) [13] presented 
guidelines to be followed for application: delimiting 
the system to be studied, the  planetary  boundaries  
and  its  spatial allocation; performing an LCA to 
identify system elements that stand out regarding 
environmental impacts; determining engineering 
solutions with existing technologies capable of 
mitigating these impacts and feasible from a long-
term techno- economic perspective; applying 
these solutions and technologies in the project; 
conducting a second LCA and, if objectives are 
not met, restarting the process. These steps are 
summarized in Figure 1. Among 824 documents in 
the English language using the keyword “life cycle 
engineering” in Scopus until 2025, this is the only 
article that provides well-defined steps for an LCE 
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project or study, even though LCA is the core of 
these steps. The human component involved, and 
the techno-economic aspect are presented as the 
IPAT equation considering the local population, 
Human Development Index, and technology 
impact relative to the population, which may limit 
application by not providing clear values and 
references for the data used in calculations within 
the article.

Regarding bioprocesses, various considerations 
arise, since biomass derived from agriculture to 
be used in an industrial scale requires extensive 
farming system, causes biodiversity loss, generates 
atmospheric emissions, may raise food security 
issues, and the industrial process requires attention 
to both co-products and waste streams formation 
[6-8]. 

LCA is already widely used by practitioners as a 
sustainability tool in these scenarios, and a holistic 
study such as LCE could be applied following 
guidelines adaptable to different bioprocesses, 
encompassing LCA or other sustainability studies, 
especially when concerning emergent processes 
that lack information for such analysis. The only 
research found on LCE that is related to biofuels 
was the article by Rahman and colleagues (2023) 
[14], which conducted a laboratory-scale case study 
using microalgae as biomass. Regarding Brazil’s 
emergent bioprocesses, although biomass production 
is focused on sugarcane and soy, plants capable of 
resisting arid climates have gained prominence and 
the Agave species were chosen as an example in the 
work by  Honorato-Salazar and colleagues [15]. 
The processes of plants from the Agave genus were 
therefore used as a case study and it was noted that 
there are few studies in the biofuel sector. Some 
relevant characteristics of this genus include potential 
for biofuel generation due to its metabolism capable 
of sugar accumulation; adaptation to semi-arid 
regions and use in areas affected by desertification; 
and its cultivation involves a low technological level. 
Although no LCE studies exist for this biomass, 18 
results were found until 2025 combining the terms 
“Life Cycle Assessment” and “Agave” on Scopus 
database, in which only 4 of them were related to 
biofuel and one were concerning Agave sisalana (the 
most produced species in Brazil), which is unrelated 
to the bioenergy sector [6,15].

The ethanol fuel production process based on 
tequila production was presented in the LCAs by 
Parascanu and colleagues (2021) [16], Villardi and 
colleagues (2024) [17] and Yan colleagues (2020) 
[18]. These are different studies that show that there 
is potential for this biomass, but further studies need 

Figure	1 .  S u m m a r y  o f  K a r a ’s  s t e p s  o f 
Operationalization of LCE (2019).
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to be conducted so the Agave biomasses can have 
similar level of importance that sugarcane, soy or 
corn have in the biofuel industry. Based on how 
these studies were conducted, the presented concept 
of LCE and Kara and colleagues methodology, a 
novel framework was developed and were summed 
in Table 1. It aims to adapt the existing methodology 
so LCE can be applied in emergent bioprocesses, 
despite the lack of information. Allying these 
steps with the exemplified LCAs or new ones can 
help life cycle practitioners, decision makers and 
stakeholders to access sustainability and define a 
perennial design for the bioprocess.

Limitations

While this study provides valuable insights into 
Life Cycle Engineering, some limitations should be 
noted. The primary focus of this study was to do a 
critical review on how Product Development tools 
and Life Cycle tools can be brought together to 
help LCE practioners on projects that lack essential 
information due to novelty. Further studies are 
going to address a proper case study.

1. TRL Evaluate the TRL.

2. Scenarios
Use of Project Management tools such as Proofs of Concept 
(POCs) and ǪFD Matrix (Ǫuality Function Deployment) to help 
creating the desired scenarios.

3. Selection of 
methodologies Develop the studies that best fits the project based on the scenarios.

4. Social Impacts Conduct a social impact analysis, that can be a Social LCA 
(S-LCA) or ad hoc Metrics.

5. Environmental 
Impacts

It can be prospective LCA, Sustainability Assessments or ad hoc 
Metrics.

6. Selection of the 
scenario Select the lowest-impact scenario.

7. Techno-Economic 
Analysis

Perform a techno-economic analysis, using Life Cycle Costing 
(LCC), target costing or specialized engineering software.

8. Decision Re-evaluate the process if techno-economic feasibility is not 
achieved, returning to Step 2;

9. Conclusion Final process design for scale-up.

Prospects

Future research may explore the comparison of 
life cycle impacts across different Agave species 
(e.g., tequilana, sisalana, weber), as well as sensitivity 
analysis to identify key inventory variables affecting 
the environmental performance of ethanol production. 
The inclusion of second-generation (2G) routes and co-
product utilization (e.g., cogeneration, bioelectricity, 
biochar) can further refine system boundaries and 
improve sustainability and circularity metrics. 
Additional studies could assess the integration of 
different renewable energy sources and compare 
ethanol from Agave with other feedstocks such as 
sugarcane and corn using harmonized functional units 
and to also provide data for important metrics like 
RenovaCalc, which is the calculator of Brazilian’s 
Carbon Intensity of Biofuels and can only calculate 
metrics for soy, sugarcane and corn.

Conclusion

Life Cycle Engineering is a promising approach 
to analyze sustainability throughout a product’s life 

Table 1. LCE Framework for bioprocesses.
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cycle. It is a tool that incorporates LCA, techno-
economic analysis, and suggests including the social 
dimension within the assessments, thus offering a more 
comprehensive study. It can contribute to innovation 
in industry, including emerging technologies, such as 
the ones that have been studied in the biotechnology 
field. It has been illustrated by this present work the 
biofuel process from Agave as a case study, thereby 
supporting progress toward Sustainable Development 
Goals 7 and 9. It was observed that adaptations to the 
operational methodology of LCE could be made to 
better address certain concept requirements and to 
better accommodate projects with lower TRL that 
will be necessary in the bioeconomy that Brazilian 
Government aims to achieve.
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Scientific communication within applied research groups faces challenges stemming from diverse audiences, 
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three stages: mapping current practices, identifying barriers faced by researchers, and structuring the reference 
model. As a result, strategic pillars were established, encompassing objectives, target audiences, communication 
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Communication can be understood as a process 
involving the transfer of ideas, thoughts, or feelings 
between a sender and a receiver, through verbal 
or nonverbal means. It allows for the expression, 
planning, and development of strategies, including 
within the scientific domain [1]. An illustration 
of its relevance emerged during the COVID-19 
pandemic, when intense interactions within 
the scientific community enabled coordinated 
responses to the virus. This context appears to have 
underscored the potential of communication in 
addressing contemporary challenges by fostering 
the circulation and democratization of knowledge 
[2–5].

The democratization of knowledge refers to 
expanding access to scientific information and 
involving citizens in the construction and use of 
such knowledge, within the paradigm of open 
science [6]. Nevertheless, the same pandemic 
context also revealed significant challenges, 
such as the spread of misinformation, which 
contributed to vaccine hesitancy and undermined 

immunization efforts [3, 7]. These episodes suggest 
that traditional scientific communication strategies 
may prove insufficient in digital environments 
marked by misinformation, echo chambers, and 
difficulties in distinguishing verified information 
from fake news [8].

In this context, science communication no 
longer seems to function merely as a final stage 
of the research process; instead, it tends to emerge 
as a cross-cutting dimension that requires careful 
planning, mediation, and active engagement with 
target audiences [9]. However, various structural 
and cultural barriers continue to hinder this process, 
including the excessive of technical language, the 
institutional undervaluing of science outreach, and 
the lack of specialized training among researchers 
[10,11]. In Brazil, a country with deep social 
inequalities, these challenges may become even 
more complex, further limiting the social reach of 
science and its capacity to influence local realities 
[12,13]. While companies and research institutes 
often maintain formal communication structures, 
applied research groups typically operate with 
limited resources and fragmented strategies. As 
a result, their outputs tend to remain confined to 
academic environments [14–16].

Information and Communication Technologies 
(ICTs) appear to offer new opportunities for 
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fostering dialogue with diverse audiences. 
However, their effective use may be constrained 
by several factors, such as the need to adapt 
language, unequal internet access, and the absence 
of robust communication strategies [4, 11]. Despite 
advances in digital communication, significant 
gaps still persist in translating scientific content 
into formats that are more accessible, appealing, 
and engaging [5]. Initiatives like altmetrics seek 
to assess the social impact of science through 
alternative indicators. Still, as Funtowicz and 
Ravetz [17] caution, such metrics may fall short 
of capturing the complex interactions between 
scientific knowledge, social contexts, and citizen 
participation.

This article seeks to propose a reference 
model for developing communication strategies 
tailored to applied research groups. It introduces 
a conceptual model developed through the 
mapping of current practices, the identification 
of key barriers encountered by researchers, and a 
critical review of relevant literature. The proposed 
model aims to offer criteria to support the strategic 
planning of science communication, with the goal 
of enhancing its reach and social relevance. It 
is hoped that this approach may help strengthen 
the social role of science and contribute to the 
creation of more inclusive and sustainable cities, 
in alignment with Target 11.3 of the Sustainable 
Development Goals (SDGs).

Materials and Methods

The methodological approach adopted for the 
development of the reference model was structured 
into three stages: mapping current practices, 
identifying barriers faced by researchers, and 
structuring the reference model.

Mapping Current Practices

This stage involved a survey and exploratory 
analysis of how applied research groups 
communicate their scientific outputs and activities 
through digital media. Platforms such as LinkedIn, 

Instagram, YouTube, Twitter/X, institutional 
websites, open-access repositories, and scientific 
blogs were considered.

The objective was to identify patterns, 
gaps, formats, and recurring strategies, with 
particular attention to the type of language used 
and the level of engagement with non-specialist 
audiences. The analysis aimed to understand how 
these groups adapt their content across different 
platforms and for various audiences, as well as the 
communication resources they employ.

Identifying Barriers Faced by Researchers

This stage was based on a literature review 
focused on the challenges researchers face when 
translating scientific knowledge into formats that 
are accessible and comprehensible to broader, 
non-specialized audiences.

The review considered the following barriers 
frequently highlighted in the literature on science 
communication:
•	 Insufficient communication training;
•	 Time constraints;
•	 Lack of institutional support;
•	 Limited awareness of the importance of science 

communication;
•	 Limited proficiency with digital tools. 

This analysis was informed by the critical 
perspectives of several authors [18,19] 
who examine traditional models of science 
communication and explore the evolving 
challenges involved in mediating between science 
and society. These authors underscore the need 
for more dialogical approaches—those that are 
sensitive to sociocultural contexts and capable of 
fostering meaningful citizen engagement.

Structuring the Reference Model

This stage aimed to define two sets of core 
elements for the construction of the reference 
model, based on the systematization of observed 
practices and the barriers identified in the literature:
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•	 Strategic axes – representing the structural 
components of science communication within 
applied research groups;

•	 Adaptation parameters – serving as contextual 
variables that guide how the model may be 
applied according to the characteristics of each 
group and project.

The organization of these elements followed a 
modular and flexible structure, intended to facilitate 
the model’s adaptation and replication across diverse 
institutional, thematic, and operational contexts.

Results and Discussion

Based on the methodological approach 
outlined, this section presents the main findings 
from the development of the reference model 
for communication strategies in applied research 
groups. The results reflect the decisions and 
analyses conducted in the previous stages, showing 
how the strategic axes and adaptation parameters 
were integrated into the proposed model. 
Additionally, the discussion explores current 
challenges in science communication, such as 
the structural dynamics of social media that often 
hinder rational discourse, and the phenomenon of 
clickbait, which can lead to the trivialization of 
scientific knowledge.

Results

This section outlines the findings from each of 
the three stages that informed the development of 
the reference model. First, it presents insights from 
the mapping of current communication practices, 
followed by the identification of key barriers faced 
by researchers. Finally, it details the model’s core 
elements, strategic axes and adaptation parameters, 
that reflect the synthesis of earlier results.

Mapping Current Practices

The mapping of communication practices across 
various digital media revealed that each platform 

has distinct characteristics and affordances, 
shaping both the type of content produced and 
audience engagement strategies. Social networks 
like Instagram and YouTube favor visual and 
interactive formats, while institutional websites 
and repositories are more focused on delivering 
formal and structured content.

In addition, platform algorithms follow specific 
logics that directly influence content visibility. 
For example, LinkedIn tends to prioritize posts 
with strong initial engagement and topics deemed 
relevant to professional networks, whereas 
Instagram and YouTube reward posting frequency, 
audience retention, and the use of native features 
such as Reels and Shorts [20–22]. These dynamics 
affect the organic reach of posts and call for 
platform-specific strategies that consider both 
content type and algorithmic expectations.

As such, applying a uniform communication 
strategy across all platforms is neither effective 
nor desirable, reinforcing the need for a flexible 
and context-sensitive reference model. Another 
important finding concerns group size: larger 
research groups typically have access to dedicated 
communication resources, whereas smaller groups 
often face operational constraints that limit both 
the scope and quality of their outreach efforts.

Identifying Barriers Faced by Researchers

The literature review highlighted that 
communication barriers vary according to 
disciplinary field and target audiences. Applied 
research in areas such as health, environment, and  
urban  planning  often  requires  more accessible  
and  participatory  communication approaches, 
yet these frequently collide with limitations such 
as insufficient training, excessive workloads, and 
lack of institutional support [23].

Project-specific factors also emerged as 
relevant. Initiatives with strong community 
engagement or public policy relevance tend to 
require inclusive and collaborative formats, while 
more exploratory or technical projects often rely 
on traditional academic dissemination channels 
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[23]. These distinctions underscore the importance 
of tailoring communication strategies to the 
contextual specificities of each research initiative.

Moreover, barriers aren’t limited to researchers 
or institutions alone. The digital platforms 
themselves introduce structural challenges. 
Platforms such as Instagram, YouTube, and 
Twitter/X operate on algorithmic models that 
privilege content with viral potential, emotional 
resonance, or polarizing narratives—factors 
often at odds with the principles of scientific 
communication. As noted by other authors 
[24,25], scientific visibility in such environments 
depends not only on content quality but also on the 
ability to conform to fast-paced, entertainment-
driven formats. This tension between clarity and 
scientific rigor can lead to the oversimplification 
or distortion of knowledge.

Thus, beyond the well-documented institutional 
and individual-level challenges, it is critical 
to recognize that digital media dynamics have 
become an additional layer of inequality in the 
communication of science. This underscores the 
urgency of developing communication strategies 
that are critically informed, adaptive, and capable 
of navigating these environments thoughtfully.

Structuring the Reference Model

Drawing on the previous stages, the reference 
model was structured around two core components: 
strategic axes and adaptation parameters.

Strategic Axes define the main dimensions that 
should guide the planning and implementation of 
science communication efforts in applied research 
groups:
•	 Communication objectives – Clarifying 

the goals (e.g., dissemination, engagement, 
education);

•	 Target audiences – Identifying the segments 
with which the group intends to communicate;

•	 Channels and formats – Selecting appropriate 
media and languages for each audience;

•	 Capacities and resources – Assessing the team's 
capabilities, infrastructure, and time availability;

•	 Evaluation and impact – Establishing metrics 
to monitor and improve communication 
outcomes.

 
Adaptation Parameters serve as contextual 

filters that allow the model to be adjusted according 
to the specific conditions of each group or project:
•	 Group size – Relating to operational capacity 

and resource availability;
•	 Research focus – Linked to the scientific and 

societal objectives of the research;
•	 Project characteristics – Encompassing 

complexity, methodology, and intended 
audience(s).

The interaction between these axes and 
parameters enables the design of communication 
strategies that are both flexible and contextually 
responsive, ultimately aiming to expand the social 
impact of science.

Discussion

This study aimed to propose a reference 
model to support the development of science 
communication strategies in applied research 
groups. It argues that such strategies should be 
guided by well-defined structural components and 
contextual parameters to ensure alignment with the 
particular institutional, thematic, and operational 
contexts of each group. In parallel, the analysis 
draws attention to the digital environments in 
which scientific communication now largely 
occurs. These environments are shaped by 
platform-specific logics that may interfere with the 
credibility, clarity, and social relevance of scientific 
content. Effective science communication today, 
therefore, requires not only technical competence 
but also a critical understanding of the political 
and symbolic dimensions of these platforms.

Rather than offering a one-size-fits-all solution, 
the proposed model acknowledges the heterogeneity 
of contexts in which science is produced and 
communicated. By integrating mapped practices 
with a critical review of persistent barriers, it 
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aims to enhance strategic decision-making in 
science communication, especially in terms of 
public engagement, digital inclusion, and broader 
knowledge appropriation. Despite its practical 
contributions, the model doesn’t claim to resolve 
deeper epistemological tensions within science 
communication, such as the illusion of neutrality 
or the limits of the deficit model [18, 26]. Nor 
does it fully address the structural inequalities that 
hinder science communication in Brazil, including 
exclusionary language, low levels of scientific 
literacy, or institutional resistance to dissemination 
practices [10]. These limitations do not undermine 
the model’s relevance; instead, they highlight 
important avenues for future research, including 
empirical validation and theoretical refinement. 
In the immediate term, however, the model 
offers a conceptual and operational foundation 
for applied research groups seeking to structure 
their communication efforts in a more intentional, 
reflective, and socially engaged manner.	

By recognizing that science communication 
is a situated and contested practice, this model 
contributes to the broader goal of strengthening 
the public presence of science and its role as a 
driver of social transformation.

Conclusion

The development of a reference model for 
scientific communication strategies in applied 
research groups aimed to provide both a conceptual 
and practical foundation to support researchers 
in designing more effective and contextually 
grounded communication actions. Drawing on 
a three-stage methodological process, the model 
introduces a structure composed of strategic axes 
and adaptation parameters, which together account 
for the diversity of audiences and communication 
channels, as well as the operational realities of 
research groups, their fields of activity, and the 
specific characteristics of their projects.

Rather than offering a purely technical or 
prescriptive solution, the model acknowledges that 
science communication is embedded in symbolic 

struggles, political choices, and ethical dilemmas, 
particularly within digital environments shaped 
by algorithmic mediation, visibility pressures, 
and the spread of misinformation. In this regard, 
the proposal engages with critical literature by 
advocating for a situated, dialogical, and strategic 
approach to science communication, positioning 
it as an integral, not auxiliary, component of the 
scientific process.

By  systematizing  elements  that  guide  
the planning  and  contextual  adaptation  of  
communication strategies, the model offers an 
initial step toward enhancing the communication 
practices of applied research groups, improving 
their effectiveness in reaching appropriate 
audiences with content that is both relevant and 
accessible. While its empirical implementation 
remains a subject for future study, the model’s 
immediate contribution lies in providing a 
practical and adaptable framework that encourages 
more deliberate, reflective, and socially aligned 
communication decisions. Future research can help 
to validate, refine, and expand this model across 
different institutional, thematic, and disciplinary 
contexts, contributing to a more inclusive and 
impactful communication of science.
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the address, telephone number and e-mail of the 
corresponding author. The corresponding author 
will be asked to make a statement confirming that 
the content of the manuscript represents the views 
of the co-authors, that neither the corresponding 
author nor the co-authors have submitted duplicate 
or overlapping manuscripts elsewhere, and that 
the items indicated as personal communications 
in the text are supported by the referenced person. 
Also, the protocol letter with the number should be 
included in the submission article, as well as the 
name of sponsors (if applicable).

Manuscripts may be submitted within designated 
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• 	 Original basic or clinical investigation (original articles 

on topics of broad interest in the field of bioengineering 
and biotechnology applied to health). We particularly 
welcome papers that discuss epidemiological aspects of 
international health, clinical reports, clinical trials and 
reports of laboratory investigations.

• 	 Case presentation and discussion (case reports must be 
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they illustrate or describe unusual features or have 
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• 	 Brief reports of new methods or observations (short 
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applied to health in our country and abroad).
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a unifying theme, such as those summarizing 
presentations of symposia or focusing on a 
specific subject. These will be added to the regular 
publication of the Journal as appropriate, and will 
be peer reviewed in the same manner as submitted 
manuscripts.

Statement of Editorial Policy

	 The editors of the Journal reserve the right to edit 
manuscripts for clarity, grammar and style. Authors 
will have an opportunity to review these changes 
prior to creation of galley proofs. Changes in 
content after galley proofs will be sent for reviewing 
and could be required charges to the author. The 
JBTH does not accept articles which duplicate or 
overlap publications elsewhere.

Peer-Review Process
	 All manuscripts are assigned to an Associate 
Editor by the Editor-in-Chief and Deputy 

Editor, and sent to outside experts for peer 
review. The Associate Editor, aided by the 
reviewers’ comments, makes a recommendation 
to the Editor-in-Chief regarding the merits of the 
manuscript. The Editor-in-Chief makes a final 
decision to accept, reject, or request revision of 
the manuscript. A request for revision does not 
guarantee ultimate acceptance of the revised 
manuscript.
	 Manuscripts may also be sent out for statistical 
review ou ad hoc reviewers. The average time from 
submission to first decision is three weeks.
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15 days after the date of the revision request. Unless 
the decision letter specifically indicates otherwise, 
it is important not to increase the text length of 
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and should indicate any additional changes made. 
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in order of authors, must be agreed upon by all 
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submission file is in OpenOffice, Microsoft Word, 
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or overlapping manuscripts elsewhere, and that the 
items indicated as personal communications in the 
text are supported by the referenced person.
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for Authors, as well as text, tables, references, 
legends. All pages are to be numbered with the 
order of presentation as follows: title page, abstract, 
text, acknowledgements, references, tables, figure 
legends and figures. A running title of not more 
than 40 characters should be at the top of each 
page. References should be listed consecutively in 
the text and recorded as follows in the reference 
list, and must follow the format of the National 

Library of Medicine as in Index Medicus and 
“Uniform Requirements for Manuscripts Submitted 
to Biomedical Journals” or in “Vancouver Citation 
Style”. Titles of journals not listed in Index Medicus 
should be spelled out in full.
	 Manuscript style will follow accepted standards. 
Please refer to the JBTH for guidance. The final 
style will be determined by the Editor-in-Chief 
as reviewed and accepted by the manuscript’s 
corresponding author. 

Approval of the Ethics Committee
	 The JBTH will only accept articles that are 
approved by the ethics committees of the respective 
institutions (protocol number and/or approval 
certification should be sent after the references). 
The protocol number should be included in the end 
of the Introduction section of the article.

Publication Ethics
	 Authors should observe high standards with 
respect to publication ethics as set out by the 
International Committee of Medical Journal 
Editors (ICMJE). Falsification or fabrication of 
data, plagiarism, including duplicate publication 
of the authors’ own work without proper 
citation, and misappropriation of the work are 
all unacceptable practices. Any cases of ethical 
misconduct are treated very seriously and will 
be dealt with in accordance with the JBTH 
guidelines.

Conflicts of Interest
	 At the point of submission, each author should 
reveal any financial interests or connections, 
direct or indirect, or other situations that might 
raise the question of bias in the work reported or 
the conclusions, implications, or opinions stated 
- including pertinent commercial or other sources 
of funding for the individual author(s) or for the 
associated department(s) or organizations(s), and 
personal relationships. There is a potential conflict 
of interest when anyone involved in the publication 
process has a financial or other beneficial interest in 
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the products or concepts mentioned in a submitted 
manuscript or in competing products that might 
bias his or her judgment.

Material Disclaimer
	 The opinions expressed in JBTH are those of 
the authors and contributors, and do not necessarily 
reflect those of the SENAI CIMATEC, the editors, 

the editorial board, or the organization with which 
the authors are affiliated.

Privacy Statement
	 The names and email addresses entered in this 
Journal site will be used exclusively for the stated 
purposes of this journal and will not be made available 
for any other purpose or to any other party.

Brief Policies of Style

*First and last name with a sequencing overwritten number. Corresponding author(s) should be identified with an asterisk; Type 
10, Times or Arial, single space. Running title of not more than 40 characters should be at the top of each page. References 
should be listed consecutively in the text. References must be cited on (not above) the line of text and in brackets instead of 
parentheses, e.g., [7,8]. References must be numbered in the order in which they appear in the text. References not cited in the 
text cannot appear in the reference section. References only or first cited in a table or figures are numbered according to where 
the table or figure is cited in the text. For instance, if a table is placed after reference 8, a new reference cited in table 1 would 
be reference 9.1 would be reference 9.
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1. 	 Please provide a cover letter with your submission specifying the corresponding author as well as 
an address, telephone number and e-mail. 

2. 	 Submit your paper using our website www.jbth.com.br. Use Word Perfect/Word for Windows, each 
with a complete set of original illustrations.

3. 	 The entire manuscript (including tables and references) must be typed according to the guidelines 
instructions.
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text, acknowledgements, references, tables, figures/graphics/diagrams with the respective legends.

5. 	 The title page must include a title of not more than three printed lines (please check the guidelines of 
each specific manuscript), authors (no titles or degrees), institutional affiliations, a running headline 
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the references.
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8. 	 References must be cited on (not above) the line of text and in brackets instead of parentheses, e.g., 
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9. 	 References must be numbered in the order in which they appear in the text. References not cited in 
the text cannot appear in the reference section. References only or first cited in a table or figures are 
numbered according to where the table or figure is cited in the text. For instance, if a table is placed 
after reference 8, a new reference cited in table 1 would be reference 9.

10. Reference citations must follow the format established by the “Uniform Requirements for Manuscripts 
Submitted to Biomedical Journals” or in “Vancouver Citation Style”.

11. 	If you reference your own unpublished work (i.e., an “in press” article) in the manuscript that you 
are submitting, you must attach a file of the “in press” article and an acceptance letter from the 
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12. If you cite unpublished data that are not your own, you must provide a letter of permission from 
the author of that publication.

13. Please provide each figure in high quality (minimum 300 dpi: JPG or TIF). Figure must be on a 
separate file.

14. If the study received a financial support, the name of the sponsors must be included in the cover 
letter and in the text, after the author’s affiliations.

15. Provide the number of the Ethics Committees (please check the guidelines for authors).
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