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Comparative Evaluation of Frequency-Based Indicators
for Crack Detection

loana Tincu, Gilbert-Rainer Gillich*'2, Vasile Catalin Rusu

Abstract. This paper compares three frequency-based damage indicators:
the absolute frequency, the frequency difference, and the relative frequency
shift (RFS). The indicators, calculated using mathematical relations
developed by the authors, are used to create a database, and an artificial
neural network (ANN) is trained on them. This network is used to assess
cracks at various locations and with different depths. The frequencies
obtained for these cracks are from ANSYS simulations. A comparison of
the indicators is made to identify the most sensitive one. It was found that
both the relative frequency shift and the frequency difference provide
reliable and accurate crack position detection.

Keywords: Crack, Natural Frequency, Artificial Neural Network, Simulated
Data, Sensitivity.

1. Introduction

Frequency-based indicators are widely used in vibration-based structural health
monitoring (SHM) because they are easy to acquire, robust to noise, and the
acquisition equipment is simple and adequate for real-world measurements [1-3].
Still, their ability to detect early-stage cracks depends on how the frequency data is
analyzed and compared. Small cracks can cause slight, mode-specific frequency
changes that may be hidden by operational or environmental factors, such as shifts
in boundary conditions, added mass, or temperature changes [4,5].

Cracks lower the local stiffness of beams and plates, making them more flexible
and usually causing the natural frequencies of the affected modes to drop [6,7].
Therefore, the core of vibration-based crack detection is the link between local damage
and frequency changes. There are several indicators based on changes in frequency
due to damage and derived features, but neither a clear description of these indicators
nor a systematic analysis of their effectiveness is provided in the literature.
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Using absolute frequency alone is intuitive, but it can be affected by other
factors that cause shifts similar to those caused by early damage [1,4]. The frequency
difference, which is the deviation of the frequencies measured on a damaged beam
from the baseline (i.e., the frequencies of the healthy beam), removes fixed offsets and
is easy to interpret but is still sensitive to operational and environmental variability,
such as changes in boundary conditions, mass loads, and temperature [2,5]. The relative
frequency shift, defined as the normalized frequency difference relative to the baseline
frequency, improves cross-mode comparability and ensures a good depiction of
crack parameters [8].

This paper comparatively evaluates absolute frequency, frequency difference, and
relative frequency shift arising from small to moderate cracks, quantifies performance
in crack assessment using sensitivity indices, and discusses mode selection. The goal
is to determine which indicator is most suitable for robust crack detection.

2. Typical Damage Indicators

For crack assessment, three closely related indicators are most common: absolute
frequency, frequency difference, and relative frequency shift. Below, each indicator
is defined, followed by practical strengths, limitations, and usage guidance in the
presence of environmental and operational variability and mode-tracking issues.

The absolute frequency f;,, is defined as the measured natural frequency of the
weak-axis bending vibration mode i in the current state. It is always lower than the
baseline frequency f;, which is the frequency of the healthy beam.

The frequency difference Af; is defined as the deviation from a healthy baseline.
It is obtained by subtracting from the baseline f; the frequency f;p acquired after
damage events; it highlights the changes accumulated after damage.

Afi=fi—fip (1)

Besides measurements, the frequency difference can be calculated if the
location x and the crack depth a are known [9]. The authors derived the following
mathematical relation:

Af;(x,a) = f; — fip(x,a) = fiy(@)[¢" (x)]? )

where y(a) is the damage severity and ¢”'(x) is the normalized modal curvature.
The curvature has a well-known relation for beams with different boundary conditions,
while the severity can be calculated using the relation presented in [10] or by applying
a fracture mechanics procedure [11].



The relative frequency shift Af; is defined as the normalized change relative
to the baseline. Normalization promotes scale invariance, improving cross-mode
comparability. The expression of the relative frequency shift is:

Besides measurements, the relative frequency shift can be calculated, for known
damage location and depth, using the mathematical relation:

fi - fiD (xv a)
fi

An example of calculated data a specific input data (x and a) is presented in

Table 1. In total, we generated 10,020 scenarios, including 501 locations and 20

severities. The complete dataset used in this study is publicly available in the project
repository in [13]. This data is used to train the ANNSs for the three indicator types.

(3)

Af,(x,a) = = y(a)[¢" (x)]? 4)

Table 1. Example of damage indicators used to train the ANN.

Mode fi fip Afi(x, a) Af,(x,a) x a
No. [HZ] [Hz] [Hz] [Hz] [mm] [mm]
1 4.0434 4.03685 6.56781-10° 1.62432-107
2 25.3397 25.33116 8.50084-10° | 3.35476-10*
3 70.9518 70.81964 1.32141-101 1.86240-10°°
288 1.045
4 139.0372 | 138.90376 1.33415-101 | 9.59564-10*
5 229.8384 | 229.82609 1.23516-102% | 5.37406-10°
6 343.3388 | 342.76311 5.75720-101 1.67683:10°

3. The ANN architecture and training process

3.1. Dataset Preprocessing

For each damage indicator (absolute frequency, frequency difference, and relative

frequency shift), the generated database was combined into a single dataset containing
all crack locations and severities. Since the objective of the ANN model is to predict
only the crack position, the target variable was defined as the spatial coordinate x,
while the selected modal quantities served as input features.



To ensure numerical stability and comparable scaling across modes, all input
features were standardized using z-score normalization. For each feature z;,
normalization was performed as:

« _Zi T W

Zi = 5)
0i

where y; and o; denote the mean and standard deviation computed exclusively from
the training subset. The same normalization parameters were subsequently applied
to the validation and test subsets to prevent data leakage.

The dataset was randomly divided into training (70%), validation (15%), and
test (15%) subsets. The training set was used for model parameter optimization, the
validation set for hyperparameter tuning and early stopping, and the test set exclusively
for final performance evaluation.

This preprocessing procedure was applied independently for each indicator type
to ensure a fair comparison while maintaining consistent data handling.

3.2. Feature Analysis

Prior to defining the ANN architecture, a feature relevance analysis was conducted
to identify the most informative vibration modes for crack localization. Although six
bending modes were available for each damage indicator, not all contribute equally
to predicting crack position. Since the implemented multilayer perceptron (MLP)
model estimates only the crack location (and not the crack severity), the objective of
this analysis was to determine which modal features provide the strongest and most
robust spatial information.

For each indicator, the first six vibration modes were initially evaluated. Feature
relevance was assessed using complementary metrics designed to capture different
aspects of dependency between each modal quantity and crack position.

Pearson correlation was used to quantify linear association between each modal
feature and crack position, indicating the strength and direction of a global linear
relationship. Spearman correlation was computed to assess monotonic dependence,
capturing nonlinear but consistently increasing or decreasing trends that Pearson
correlation may not detect.

To identify more general nonlinear relationships, mutual information was
calculated. This metric measures the reduction in uncertainty of crack position when
a specific modal feature is known, regardless of whether the relationship is linear or
monotonic.

Predictive relevance was further evaluated using permutation importance derived
from a nonlinear ensemble model. This metric quantifies the decrease in prediction
accuracy when the values of a given feature are randomly permuted, thereby reflecting
how strongly the model relies on that feature.



Finally, the standalone predictive capability of each mode was assessed using
cross-validated R? values obtained from single-feature regression models. The R?
metric represents the proportion of variance in crack position explained by one
modal feature alone and serves as a direct indicator of identifiability.

These metrics were selected to ensure that feature selection was not biased
toward a single modeling assumption, combining linear, monotonic, nonlinear, and
predictive perspectives. All analyses were performed exclusively on the training
subset to avoid data leakage.

The results consistently showed that the lower-order modes dominate crack
localization performance for all three indicators. Mode 1 exhibited the strongest
association and predictive power, followed by Modes 2 and 3. Mode 4 provided
additional but smaller contributions, while Modes 5 and 6 showed limited standalone
relevance and marginal incremental benefit. This behavior is consistent with beam
theory, as lower bending modes are more sensitive to global stiffness reductions caused
by cracks.

Based on this analysis, the four most significant modes (Modes 1-4) were selected
as input features for the ANN model for each damage indicator. This reduced feature
set preserves the dominant spatial information while limiting model complexity and
reducing the risk of overfitting. The subsequent section presents the ANN architecture
and training procedure used for crack position prediction.

3.3. ANN Architecture and Training Procedure

A multilayer perceptron (MLP) architecture was adopted for crack position
prediction [14]. The network consisted of an input layer corresponding to the
selected modal features (Modes 1-4), a single hidden layer with a fixed number of
neurons, and one output neuron representing the predicted crack position X.

The hidden layer employed the Rectified Linear Unit (ReLU) activation function:

ReLU(u) = max(0,u) (6)

The output layer was linear, as crack position prediction represents a regression
problem.

Model parameters were optimized using the AdamW optimizer with L2
regularization (weight decay) to reduce overfitting. The training objective was to
minimize the Mean Squared Error (MSE):

N
1
MSE = NZ(xj -%)° (7)
=1

where x; is the true crack position and ¥, is the predicted position.



Training was performed for a predefined maximum number of epochs. Early
stopping was implemented based on validation RMSE; training was terminated if
validation performance did not improve for a specified number of consecutive
epochs. To ensure reproducibility and a fair comparison between indicators, the
network architecture and training hyperparameters were kept identical across all
experiments.

3.4. Evaluation Metrics and Results

Model performance was evaluated using three standard regression metrics [15].
A brief description of the metrics is given below.

Mean Absolute Error (MAE) represents the average absolute deviation
between predicted and true crack positions and has a direct physical interpretation in
units of beam length.

N
1 ~~
MAE = Nzllxj - X]| (8)
J=

Root Mean Squared Error (RMSE) penalizes larger errors more strongly than
MAE and provides an overall measure of prediction accuracy.

N
1
RMSE = NZ(xj -%)° 9)
=1

Coefficient of Determination (R?) quantifies the proportion of variance in
crack position explained by the model. X is the mean crack position in the dataset

Rzzl_M'_ff)2 (10)

(- ’7)2

3.5. Training Results and Interpretation

The comparative training results indicate that all three indicators enable accurate
crack position prediction under simulated conditions. Among them, models trained
using absolute frequencies achieved the lowest RMSE and the highest R? values. The
relative frequency shift and frequency difference exhibited nearly identical performance,
with slightly higher prediction errors but still strong explanatory capability. These
findings suggest that, within a controlled simulation framework where environmental and
operational variability are absent, all three frequency-based indicators contain sufficient
spatial information for reliable crack localization.



The slight performance differences observed among indicators reflect variations
in their sensitivity characteristics but do not significantly affect predictive capability
in the considered scenario.

4. Sensitivity Analysis

To further evaluate the robustness of the trained ANN models, a sensitivity
analysis was conducted using new frequency measurements obtained from finite
element simulations. Unlike the datasets used for training, these scenarios were not
included in the learning process and therefore represent an independent validation of
the predictive capability of each damage indicator.

The analyzed scenarios correspond to a fixed crack depth of a = 1 mm while
the crack location was varied along the beam length. For each scenario, the first four
natural frequencies of the damaged beam f;, (Modes 1-4) were extracted from the
modal analysis module performed using ANSYS. These frequencies were used to
compute the associated damage indicators. The previously trained ANN models
were then used to predict the crack position. The results are summarized in Table 2.

Table 2. Numerical simulation data used to assess the indicators' sensitivity.

X X X
f1ip f2p f3p fap x with with ‘with
[Hz] [Hz] [Hz] [Hz] [mm] fip Afi(x,a) | Af,(x,a)

[mm] [mm] [mm]
4.0452 | 25.4108 | 71.2916 | 139.9644 34 34476.63 37.33 37.12
4.07181 | 25.6031 | 71.3911 | 140.2604 | 288 | 202382.05 | 300.79 300.07
4.07553 | 25,5679 | 71.4045 | 140.5964 | 338 | 208919.74 | 343.85 344.69
4.08367 | 25.4733 | 71.7518 | 139.8021 | 486 | 245474.33 | 490.52 490.34
4.08468 | 25.4680 | 71.7482 | 139.7996 | 512 | 248596.15 | 501.65 501.49
4.08518 | 25.4670 | 71.7316 | 139.8536 | 526 | 249491.18 | 535.06 535.38
4.08570 | 25.4675 | 71.7009 | 139.9555 | 542 | 249887.60 | 548.35 548.52
408921 | 25,5570 | 71.2662 | 140.0709 | 724 | 265808.90 | 739.27 740.10
4.08963 | 25,5932 | 71.4019 | 139.6646 | 788 | 283383.30 | 762.77 763.35
4.08979 | 25.6123 | 71.5634 | 139.8527 | 838 | 295376.83 | 831.06 831.11
4.08988 | 25.6260 | 71.7461 | 140.5731 | 938 | 303909.18 | 913.72 913.59




The natural frequencies for the intact beam are:
f = 40899 Hz,f, = 25.6265Hz, f, = 71.7547 Hz, f, = 140.6276 Hz.

Table 3. ANN performance metrics for FEM scenarios.

Damage Indicator MAE RMSE R?
fip 234.699263 244936230 -934330.128734
Afi(x, ) 0.011270 0.013370 0.997216
Af,(x,a) 0.011336 0.013384 0.997210
5. Discussion

The results clearly indicate a fundamental difference in robustness among the
considered indicators when applied to new frequency measurements.

The models trained using the relative frequency shift and the frequency difference
maintain excellent predictive accuracy, with very small absolute errors and near-
perfect R? values. The predicted crack locations closely follow the true spatial positions
along the entire beam length.

In contrast, the model trained using absolute damaged frequencies fails under
the same conditions. The predicted crack positions become physically unrealistic,
leading to extremely large errors and a strongly negative R2. This behavior indicates
that absolute frequency is highly sensitive to variations between the training dataset
and the new measurement scenarios.

The underlying reason lies in the scale dependence of absolute frequency. While
absolute frequencies performed well within the controlled training dataset, they are
strongly influenced by global system properties such as stiffness scaling, modeling
assumptions, or boundary condition variations. In contrast, both the frequency difference
Af; and the relative frequency shift normalize the frequency variation with respect
to the healthy baseline, thereby reducing sensitivity to global offsets and improving
cross-scenario generalization.

6. Conclusion
This study comparatively evaluates three frequency-based damage indicators,

namely the absolute frequency, the frequency difference, and the relative frequency
shift, for ANN-based crack position detection in beams. A feature relevance analysis
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demonstrated that the lower bending modes contain the most significant spatial
information, and the first four modes were selected as inputs to a baseline multilayer
perceptron model.

Under controlled simulation conditions, all indicators enabled accurate crack
localization. However, when applied to new frequency measurements obtained from
finite element simulations, clear differences in robustness were observed. The relative
frequency shift and the frequency difference maintained excellent predictive capability,
whereas the model trained on absolute frequencies exhibited large errors and poor
generalization.

The baseline MLP predicted the crack position with an average error of
approximately 1 cm when using either the relative frequency shifts or the frequency
differences as input features. These results confirm that normalized frequency-based
indicators provide superior robustness and reliability for crack localization.

As future work, the influence of neural network topology should be further
investigated to reduce the prediction error. In particular, alternative architectures and
connectivity structures may improve the representation of nonlinear relationships
and enhance generalization performance.
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Advanced Modal Analysis Technique for Structures with
Non-Uniform Mass Distribution

Rusalin Lucian Paun'=, Gilbert-Rainer Gillich*'=, Mitsinjo Randrianarisoa

Abstract. This paper presents a study of how the natural frequencies
of bending vibration modes change for a double-clamped beam with a
concentrated mass added to the beam mid-span. We compare the beam’s
response under different loads using a contrived analytical relation and
experimental results. The results show that we can estimate a small variation
in mass distribution and that the frequency estimation method, especially
developed by the authors to capture slight structural, is effective.

Keywords: Non-uniform mass distribution, Frequency estimation technique,
Modal analysis, Analytical method, Experiment.

1. Introduction

It is often necessary to know the natural frequencies of mechanical systems [1]-[3]
and how they change when the structure changes, for example, by adding mass [4],[5].
There are several ways to find these frequency changes [6]. Impulsive force-based
excitation techniques are simple and low-cost; they also produce broadband excitation,
but the amplitudes of the higher-order natural frequencies decay quickly [7]. The signal-
to-noise ratio (SNR) is low, and repeatability is poor, limiting the method’s accuracy. The
use of non-impact excitation techniques is often preferred to impact methods [8,9],
especially in laboratory conditions. However, this procedure is more complicated and
time-consuming.

Methods using sinusoidal excitation easily ensure test repeatability due to the
stability of the excitation signal parameters [10]. Each frequency of interest can be
analyzed separately; simulations can also be performed around each frequency of interest
or in a broadband manner, modifying the excitation signal in various ways [11], thereby
reducing the analysis time. The analysis time can also be reduced by using appropriate
response analysis methods [12].

©2025 Studia UBB Engineering. Published by Babes-Bolyai University.
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If physical contact with the tested structure is not allowed, not efficient, or
impossible, non-contact excitation techniques are applied, for example, acoustical
excitation. The method is suitable for lightweight structures and allows control of various
parameters of the energy transferred to the structure [13]. This controlled energy transfer
reduces the effects of noise, especially when the vibration modes are analyzed separately.

The addition of mass modifies the structure’s natural frequencies, with changes that
depend on the mode number and the position of the added mass. In this paper, we evaluate
the sensitivity of the proposed modal analysis technique to added mass.

2. Frequency Changes due to Added Mass

In this paper, we perform experiments on a prismatic fiberglass beam fixed at both
ends. The specimen has the following dimensions: length L = 0.78 m, thickness
H = 0.003 m, and width B = 0.02 m. For these data, the cross-sectional area is
A = 60-10° m? and the second moment of inertia is | = 4.5- 10 m*. The Young
modulus provided by the producer for the fiberglass is E = 2.6-10* N/m?, and
the mass density is p = 1800 kg/m?®. This mass density value was confirmed by
experiments conducted as part of this research.

The research focuses on testing the sensitivity of a developed experimental modal
analysis technique to slight changes in a structure’s mass. To this end, we consider
in the study the weight of the accelerometer m, = 8 g, and three supplementary
masses, m; =0.5g,m;=1g,and m; =2.33 g.

For the beam without supplementary mass, we calculate the first five natural
frequencies of the fiberglass beam with the formula:

[ El
fi=—— / (1)
2pL

In Eqg. (1), we denote with 4 the elgenvalues for the double-clamped beam. The
first five weak-axis bending vibration modes of the beam are given in Table 1.

To calculate the frequencies of the beam with an added mass, fir, we used
mathematical relation deduced by the authors [14].

-'()_L
foy = f. 4 — 2
VR [ HR +JPt

where

g2 =0y gf(x)H dx, Ja® =0, gf(x)H dx, ... Pt =0, gf(x)H dx (3)
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are mass participation coefficients, and represent the square of the normalized mode
shapes on segments 0-a, a-b, and b-L. With m we denoted the distributed mass of
the beam, and with mj, the distributed mass of the segment where the supplementary

loads act.

The analyzed beam is shown on Fig. 1. It has both ends fixed and on the mid-
span, on a segment of 10 mm length, is applied the supplementary mass. On one face
it is mounted an accelerometer, on the other the masses. The frequency of the beam
is calculated with the mounted accelerometer and afterward adding different weights.
The results are presented in Table 1. One can observe that the frequency drops
significantly due to the accelerometer.

L=0,78 m |
x=039m |

— accelerometer

Analysed beam

additional mass

sound direction T fﬂ;z_-\_\

Figure 1. The text of figure caption. (TNR, 11, Normal)

Table 1. The calculated frequencies for the first five bending vibration modes.

Frequency

fi[Hz] | f2[HZ] | fs[Hz] | fa[HZ] | f5 [HZ]

Mass
No mass 19.26 53.1 104.1 172.1 257.1
Ma=8¢ 17.24 | 53.09 | 92.10 | 172.05 | 235.14
ma+mi1=85¢g 17.14 53.09 91.20 172.04 233.95
ma+m.=9g 17.03 53.09 90.90 172.04 | 232.78
ma + mz3=10.33 g 16.77 53.09 89.90 172.03 | 229.74
Mma+mg+my+ms = 11.83 g 16.48 53.09 88.25 172.02 | 226.45

15



3. Experimental validation

In this section we will focus on vibration mode three. The experimental setup is
presented in Figure 2 and 3. The excitation is realized with a sinusoidal sound wave
signal of constant amplitude, with a frequency near the calculated frequencies for the
beam with the accelerometer and additional masses placed in the middle. The signal
is 0.1 Vpp. The excitation signal is generated by a signal generator, amplified, and
transmitted to the speaker. Acoustic vibrations are induced in the beam using a low-
frequency speaker with an impedance of 4 ohms and a power of 50 watts. The speaker
is positioned directly in front of the beam, centered on its midpoint, approximately
0.04...0.05 m away, to minimize vibration energy losses. The speaker’s position can
be adjusted. Measurement is realized in LabVIEW using a Kistler 8772A5 one-axis
accelerometer, connected to the four-channel NI cDAQ-9172 module. The received
signal is converted and sent to a laptop, where it is stored, processed, and displayed.

Figure 3. The beam with accelerometer and weight and the excitation
system (upper view)

16



To accurately find the natural frequencies, a technique presented in [13] is used.

It presumes exciting the structure with frequencies around the presumed natural

frequency and targeting a response that does not mimic the beetle phenomenon.

Figure 4 shows a vibration signal acquired for an excitation frequency that does not

match the natural frequency of the beam. One can observe that the amplitude increase
and decrease, which means the resonance frequency is not achieved.

W MHH’M

Tl \M I
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Figure 4. Beam response to an excitation with the frequency that does not fit the
resonance frequency

In contrast, Figure 5 shows a response acquired when the excitation and natural
frequency fit. One can observe that the amplitude increases constantly and is significantly
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Figure 5. Beam response to an excitation with the frequency
that fits the resonance frequency

The spectrum of the vibration signal depicted above is plotted in Figure 6. With
blue color we represent the spectrum on a larger range around the natural frequency
domain, and a zoom on the peak is shown with a red color in the small window. One
can observe that the neighbors of the maximizer have equal amplitudes, which means
the frequency is correctly estimated.
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Figure 6. Detail on the frequency spectrum and a zoom on the peak frequency

The frequency estimates made for the signals acquired when the beam was excited
with the correct frequencies are presented in Table 2.

Table 2. The estimated frequencies for the first five bending vibration modes.

Frequency f

Mass [Hz] fo[Hz] | fs[Hz] | fa[Hz] | fs[HZ]

No mass - - - - -
m.=8g 17.24 | 53.09 92.10 172.05 | 235.14
ma+m;=85¢g 17.14 | 53.09 91.20 172.04 | 233.95
Ma+m=9g 17.03 | 53.09 90.90 172.04 | 232.78
ma + m3=10.33 ¢ 16.77 | 53.09 89.90 172.03 | 229.74
Mma+mi+my+ms = 11.83 g | 16.48 | 53.09 88.25 172.02 | 226.45

To test if small frequency changes can be identified using the advanced
technique proposed by the authors, we represent the calculated frequencies and those
obtained from measurements. One can observe that the frequency evolution with the
mass increase is similar, which demonstrates the mathematical relation (2) is correct
and the frequency estimation technique is reliable and allows obtaining accurate
estimations.
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Figure 7. Comparison of calculated and measured frequencies

It can be also observed in Figure 7 that, for small mass changes, the error is
bigger. However, the difference is small and because it is approximately the same for all
additional weights, it is provoked by the mechanical and physical characteristics used in
calculus.

4. Conclusion

This study investigated several key aspects of experimental modal analysis
performed on a double-clamped fiberglass beam, with a particular focus on the influence
of added mass and the precision required for accurate frequency estimation. The
work provides both methodological insights and practical considerations relevant to
lightweight structures, where even minimal mass perturbations can significantly
affect dynamic properties.

A central contribution of the research is the mathematical relation derived by
the authors, which quantifies the effect of the accelerometer’s added mass on the measured
natural frequencies. The results demonstrate that, for lightweight structures such as
the fiberglass beam examined here, this corrective relation is not merely useful but
mandatory for obtaining the true, unaltered natural frequencies. By compensating for
mass-loading effects, the method ensures that the modal parameters reflect the actual
behavior of the structure rather than artifacts introduced by the measurement system.

19



Another significant finding is the high sensitivity of the proposed frequency
estimation technique. The method successfully identifies frequency shifts on the
order of hundredths, highlighting its suitability for applications requiring elevated
precision, such as early-stage damage detection, structural health monitoring, and
quality control in manufacturing processes. Such fine resolution is essential when
working with structures where small changes in stiffness, mass, or boundary conditions
must be detected reliably.

Moreover, the study shows that slight variations in mass are not only observable
but can be quantified directly through the resulting frequency changes. The experimental
setup enabled the clear detection of a 0.5-gram increase in mass, underscoring the
technique’s capability to capture minute alterations in structural properties. This level of
sensitivity strengthens the method’s relevance for monitoring lightweight composite
components or any system where minimal mass fluctuations may signify degradation
or external influence.

Overall, the findings confirm that accurate modal characterization of lightweight
structures requires careful consideration of measurement influences, refined
signal-processing techniques, and high-resolution frequency estimation. The methods
developed and validated in this study provide a robust foundation for further
advancements in non-destructive evaluation and precision modal analysis.
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Influence of Infill Density on Dimensional and Geometrical
Deviations of PLA Parts Fabricated by FDM

Raul-Rusalin Turiac®, Zoltan-losif Korka*",
Alexandra-Teodora Aman‘=', Mihael Magda

Abstract. The study investigates the influence of infill density on the
dimensional and geometric deviations of Polylactic Acid (PLA) cubic
specimens manufactured using Fused Deposition Modeling (FDM). Five
infill levels (20-100%) were analyzed, while all other process parameters
were kept constant. Flatness, parallelism, perpendicularity, and dimensional
measurements were performed using a Mitutoyo MiSTAR 555 coordinate
measuring machine, providing micron-level accuracy. The results show that
infill density has selective and direction-dependent effects on geometric
accuracy, without indicating a general trend applicable to all types of
deviations. A linear increase in printing time and specimen mass was
also observed as infill density increased, indicating a direct impact on
manufacturing cost.

Keywords: Fused Deposition Modeling (FDM), Polylactic Acid (PLA),
Infill Density, Dimensional Accuracy, Geometrical Deviations

1. Introduction

Three-dimensional printing using Fused Deposition Modeling (FDM) has
advanced significantly in recent years, becoming one of the most widely used methods
for the rapid fabrication of prototypes and functional polymer components. The
technology operates by the controlled extrusion of a heated thermoplastic filament,
which is deposited layer by layer according to a previously generated digital model.
The simplicity of the process, the relatively low equipment cost, and the ability to
produce complex geometries have contributed decisively to its widespread adoption
in industrial, educational, and research environments.
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However, the layer-by-layer nature of FDM parts introduces variability that can
affect surface quality, dimensional accuracy, and the mechanical behavior of the final
products. In practice, parts manufactured via FDM may exhibit deviations from their
designed dimensions, phenomena often associated with the ways in which process
parameters influence the deposition of the molten material. Parameters such as printing
speed, filament color, layer thickness, or printing strategy [1-3] are only a few of the factors
that determine the dimensional stability of components produced by this technology.

Although the literature addresses a wide range of process parameters, the
density and pattern of the infill remain comparatively less explored than variables
such as temperature, speed, or printing orientation. The infill represents the internal
structure of the part and can be configured in various geometric patterns (rectilinear,
concentric, honeycomb, HilbertCurve, and others), each distributing material
differently throughout the volume and influencing both internal stiffness and the way
the part stabilizes dimensionally.

In their study, Khan et al. [4] analyzed the tensile and flexural behavior of PLA
specimens with different infill patterns and observed that the rectilinear structure
generated the highest values of strength and elastic modulus (19.1 MPa and E = 10.51
GPa in tension; 24.4 MPa and E= 0.359 GPa in flexure), whereas the HilbertCurve
pattern resulted in the lowest mechanical performance.

Infill density is another parameter that directly influences the mechanical behavior
of FDM-manufactured parts due to its role in the internal distribution of material and
in the way, loads are transmitted throughout the structure. Abdulridha et al. [5] highlight
the essential importance of this parameter, showing that infill density exhibits the
highest statistical significance on the compressive strength of PLA specimens, with
values increasing from approximately 4 MPa to 56.5 MPa as the density is raised
from 20% to 100%.

Similarly, various research studies conclude that denser internal structures reduce
porosity, improve interlayer cohesion, and provide superior mechanical performance.
The results reported in recent research consistently indicate that high infill density
leads to increases in stiffness, tensile strength, and elastic modulus, regardless of the
infill pattern used [6-10].

For applications, in which geometric accuracy is critical, understanding how infill
density alters material distribution and the shrinkage or post-deposition stabilization
processes, becomes essential. In the specialized literature, several studies confirm that
infill influences the dimensional deviations of PLA parts. Alafaghani et al. [11] report
that infill percentage is among the most influential parameters affecting dimensional
accuracy: low values (20%) generate the smallest cumulative errors, whereas 100%
infill leads to oversizing due to excessive material accumulation. Similarly, Abas et al.
[12] report increases in deviations as density is raised from 20% to 50%, the deviation
in length increases from ~0.4% to 0.9%, in width from ~1.1% to 2.0%, and in height
from ~1.0% to 1.3%, with deformations confirmed microscopically. Comparable
results are presented by Zonoobi et al. [13], where densities of 10%, 30%, and 50%
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show that infill is the second most influential factor affecting dimensional errors (after
layer thickness), with the smallest deviations obtained at 10% infill and the largest
at 50%. Solouki et al. [14] confirm the same moderate trend: increasing infill from
60% to 80% leads to slight increases in deviations (length: 0.75-0.78 mm; width:
0.31-0.35 mm), depth deviation although decreases (0.015-0.01 mm).

However, certain studies identify the presence of optimal infill levels. Singh et al.
[15] observe that dimensional accuracy is highest at 40% infill; higher values (60—
80%) generate internal stresses and amplify deviations. Similarly, Galetto et al. [16],
analyzing the 5-20% range, show that intermediate values (13-19%) provide the best
dimensional accuracy, without revealing a global monotonic trend. Gunes et al. [17]
confirm that the effect of infill density is not systematic, with variations depending
on part geometry: each shape exhibits its own optimal density range for minimizing
deviations. In a broader analysis covering 10-100%, Valean et al. [18] report very
small deviations (below 0.14%), with the lowest errors at 90% infill, while low-density
levels (10-30%) show the highest variability. Miron et al. [18], analyzing densities
between 20-100%, identify a maximum error of ~0.9% in specimen width, which
tends to decrease as infill increases, whereas deviations in length and thickness do
not follow a clear trend.

Overall, the literature shows that infill density can influence dimensional
accuracy; however, the conclusions are inconsistent, primarily because most studies
simultaneously modify multiple process parameters (layer height, orientation, speed,
temperature, infill pattern), making it difficult to isolate the specific effect of infill
density. Furthermore, some studies do not fully report experimental conditions, part
geometry, or measurement methods, limiting the formulation of a universally valid
relationship between infill and dimensional deviations.

In this context, the present study aims to directly investigate the influence of
infill density on the dimensional deviations of PLA parts manufactured via FDM,
varying exclusively this parameter throughout the experiment. The novelty of the
study lies not only in isolating the effect of infill density but also in the depth of the
analysis: dimensional deviations are evaluated using high-precision metrological
equipment capable of detecting micron-level variations, allowing for a much more
accurate characterization of geometric behavior. In addition, essential components
of part performance (surface flatness, parallelism, and perpendicularity) are analyzed
alongside the influence of infill density on printing time and material consumption,
factors highly relevant for optimizing manufacturing costs.

2. Materials and Methods
To examine the influence of infill density on dimensional deviations, a batch of
25 cubic test samples (5 specimens for each infill density of 20, 40, 60, 80 and 100%)

was manufactured using FDM technology. The geometry of the samples and their
nominal dimensions are presented in Figure 1.
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Figure 1. Geometry of the cubic test specimen and its nominal dimensions

2.1. Printing of the Test Specimens

The test specimens were printed on a Creality Ender-3 V3 KE printer using
Polymaker PLA Panchroma filament in satin black. The process parameters were
kept constant throughout the fabrication of the entire batch, with their values listed
in Table 1. The only experimental variable was the infill density, for which five levels
were selected. Five specimens were manufactured for each level to achieve the highest
possible measurement accuracy.

Table 1. Process parameters used for printing the test specimens

Material PLA
Filament diameter 1.75 mm
Nozzle diameter 0.4 mm
Extruder temperature 210 °C
Printing bed temperature 60 °C
Layer thickness 0.20 mm
Printing speed 50 mm/s
Fan Yes, at 50% of the maximum power
Orientation YX
Infill raster angle 0°/90°
Infill density 20/40/60/80/100 %
Infill pattern Gyroid
Number of contour lines 2
Top layers 4
Bottom layers 4
Top/Bottom pattern Zig Zag
Top/Bottom raster angle 45°/135°
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In the case of the gyroid infill pattern, the internal structure is generated
parametrically by the slicer as a triply periodic minimal surface (TPMS). Consequently,
the raster angle parameter does not significantly alter the internal geometry in the
same manner as in linear or grid infill patterns, where strand orientation directly
governs structural anisotropy.

To illustrate the variation of the internal structure as a function of infill density,
Figure 2 shows the slicer-generated renderings (Creality Print) for layer 50 of the
specimens, selected as an intermediate level from the total of 100 layers that form
the final geometry.

NS N VG

20% mnfill 60% infill 60% 1nfill 80% 1nfill 100% 1nfill

Figure 2. Internal structure at layer 50 for different infill densities

It should be noted that at 100% infill density, the slicing software generates a
fully solid structure, and the selected infill pattern no longer governs the internal
geometry. In this case, the internal region is filled using the same configuration as
the solid top and bottom layers, namely a Zig Zag pattern with a raster angle of
45°/135°. This behavior results from the slicer’s default solid-fill strategy rather than
from a modification of the experimental parameters.

2.2. Dimensional Measurements

To identify the influence of infill density on the PLA specimens, both dimensional
measurements along the three principal directions of the cubic samples and geometric
form deviations were performed. These included the deviations from flatness for all cube
faces, the parallelism deviations between opposite faces, and the perpendicularity
deviation between all adjacent faces.

The measurements were carried out using a Mitutoyo MiSTAR 555 Coordinate
Measuring Machine (CMM), equipped with a Renishaw SP25M scanning probe and
SM25-1 module, fitted with a ruby-tipped stylus of size M3 fixture, length 31 mm
and 4 mm ball diameter. Data acquisition and measurement processing were performed
using the CAT1000 and GEOPAK software modules. The equipment used is illustrated
in Figures 3(a) and 3(b).
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Figure 3. Mitutoyo MiSTAR 555 coordinate measuring machine
and specimen setup for dimensional measurements

Both the point-measurement function and the probing scan mode were used for
the dimensional measurements to obtain superior accuracy. As shown in Figure 3(b),
the method of fixture positioning limits the probe’s access to the lower face of the
cube. Consequently, to avoid errors caused by restricted accessibility and to maintain
measurement precision, the base of the part was analyzed using two distinct planes,
determined in separate positions.

Figure 4 presents an example of a report generated by the coordinate measuring
machine, including the measurement paths, evaluated surfaces, and the deviation values
determined for flatness, parallelism, and perpendicularity. The software representation
illustrates how the measurement points were acquired and the distribution of deviations
across the analyzed surfaces.

Figure 4. Example of a CMM report showing measurement paths, evaluated surfaces,
and the distribution of flatness, parallelism, and perpendicularity deviations
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In the graphical analyses presented in the results section, the mean values
obtained from the five measurements performed on each of the five specimens
corresponding to each infill density level were used. For a consistent interpretation
of the data, Figure 5 presents the notation convention for the six analyzed planes:

A - front plane

B - top plane

C - right-side plane

D — left-side plane

E — bottom plane

F — rear plane

J— X

Y
Figure 5. Notation convention for the six planes of the cubic test specimen

The X, Y, and Z axes illustrated in Figure 5 define the reference system of the
specimen in its printing orientation. All specimens were measured while maintaining
the same orientation as during fabrication, without reorientation relative to the coordinate
measuring machine, in order to preserve the direct correspondence between printing
directions and the measured dimensional deviations.

The measurements were carried out in the laboratory at 20 + 1 °C, in accordance
with the conditions recommended by the equipment manufacturer.

3. Results and Discussions

3.1. Dimensional Deviations

The dimensional deviations were automatically generated by the measurement
software based on the values acquired by the CMM. Figure 6 (a—c) presents the mean
deviations determined for the three analyzed pairs of planes (B-E, C-D, and A-F),
which are relevant for the cubic geometry of the specimens.

For all pairs of planes, the deviations are negative, indicating a slight overall
undersizing of the parts. However, the values are small, ranging from (9.6 pm) to (-133
um), which confirms good reproducibility of the FDM process for the analyzed geometry.
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B—E distance (specimen height) — figure 6 a

The deviations are the smallest among all three measured directions. The maximum
deviation, —41.4 um, was recorded at 60% infill, while the minimum deviation, —9.6 um,
occurred at 40% infill. No clear trend correlated with infill density was observed. This
high stability along the vertical (Z) direction can be explained by the fact that the
part height is directly controlled by the layer-by-layer deposition increment, which limits
the lateral flow of the molten material, an effect that is more pronounced along the
X and Y directions.

C-D distance — figure 6 b

The values are larger than those along the B-E axis, ranging from —-70.6 um
(80% infill) to —125.6 um (60% infill). As in the case of the B-E distance, no
coherent trend of the deviations as a function of infill density can be identified. The
fluctuations can be explained by non-uniform shrinkage during cooling and by
variations in internal stiffness provided by the infill structure.

A-F distance — figure 6 c

This direction exhibits the most noticeable trend. The deviation values decrease
gradually with increasing infill density, from —133 um at 20% infill to —102.3 pm at
80% infill. The observed improvement results from the progressive structural stiffening
of the specimens, which reduces deformation along the longitudinal direction. At 100%
infill, a slight increase in deviation is observed, suggesting that increasing density does
not guarantee continuous improvement, phenomenon also reported in the literature.

Dimensional deviations Dimensional deviations
B-E plane distance C-D plane distance
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Figure 6. Mean dimensional deviations as a function of infill density
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Overall, the dimensional deviations reveal different behaviors along the three
analyzed directions. The deviations along the Z direction (B-E distance) are
consistently the smallest, confirming the much stricter control of height in the FDM
process, due to the layer-by-layer deposition and the absence of lateral material flow.
In contrast, the horizontal directions (C-D and A-F) exhibit larger deviations,
influenced by material shrinkage and the variable internal stiffness determined by
the infill density. The only clear trend is observed along the Y direction (A—F distance),
where increasing infill density leads, up to a certain point, to a reduction of deviations.
Nevertheless, the behavior across the three axes suggests that the influence of infill
density on dimensional accuracy is not uniform, depending significantly on the analyzed
direction and on the way the material stabilizes during the cooling process.

3.2. Flatness Deviations

Figure 7 presents the flatness deviations for all six planes of the analyzed specimens.
Overall, the values are low, not exceeding 90 um, which indicates good geometric stability
of the FDM-printed samples.

Planes A, C, and F exhibit a progressive increase in deviations as the infill density
increases, reaching their maximum values at 80% infill, followed by a decrease at
100% infill. The minimum values are consistently recorded at 20% infill. This nonlinear
evolution indicates that the relationship between infill density and flatness deviation
is not monotonic. The increase in deviations up to 80% infill followed by a reduction
at 100% may be influenced by the structural transition from a gyroid-filled configuration
to a fully solid structure. This change may alter the overall stiffness and the redistribution
of thermal and residual stresses within the part. However, internal stresses were not
directly quantified in the present study, and therefore no specific causal mechanism
is asserted.

Plane D, which contains the highest deviation in the entire dataset (87.6 um at
80% infill), follows a similar pattern; although the variation is more pronounced. For
this plane, the minimum deviation of 41.4 pm was recorded at 100% infill, confirming
the trend toward geometric stabilization at very high densities.

Plane E shows a predominantly increasing behavior; however, the specimens at
40% infill deviate from this trend, exhibiting a higher value than those in the intermediate
range. Even so, the maximum deviation is reached at 100% infill and the minimum at
20% infill, indicating a general correlation between increasing infill density and the
intensification of stresses that affect flatness.

Plane B, the top surface of the specimen, does not exhibit a coherent variation
with respect to infill density. The absence of a trend can be attributed to the fact that
surface B represents the last deposited layer, which, typical of the FDM process,
exhibits increased roughness and heightened sensitivity to the cooling and deposition
features of the extruder.
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Figure 7. Influence of infill density on flatness deviations

Overall, the flatness deviations remain within low limits, yet clear tendencies
can be observed on most planes: increasing infill density leads, up to a threshold of
approximately 80%, to amplified deviations, followed by slight stabilization at 100%
infill. The exceptions recorded on plane B and at certain intermediate levels (such as
40% infill on plane E) confirm that both local geometry and the sequence of deposited
layers influence the way internal stresses affect surface flatness.
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3.3. Parallelism Deviations

Figure 8 presents the parallelism deviations for the three pairs of planes of the
analyzed specimens. Overall, the values are low, not exceeding 118.8 ym (B-E
planes at 100% infill), which indicates good geometric stability of the FDM-printed
parts.

For the A-F and C-D planes, a coherent evolution of the deviations is observed:
they increase progressively with the infill density, reach a maximum at 80% infill,
and subsequently decrease at 100% infill. The minimum deviations are consistently
recorded at 20% infill, and the maximum deviations at 80% infill. This variation
suggests that the internal stiffening induced by high infill densities may accentuate
local deformations up to a certain threshold, followed by structural stabilization
under full infill conditions.

In contrast, the parallelism of planes B-E (the upper and lower surfaces of the
specimen) does not follow a clear trend with respect to infill density, with parallelism
deviations reaching a maximum of 118.8 um at 100% infill. When these results are
correlated with the deviations of the B—E plane distance analyzed previously (which
did not exceed a maximum value of —41.4 um), it can be observed that global
dimensional stability along the Z direction does not necessarily imply a similar
evolution of parallelism.

This difference can be explained by the distinct geometric nature of the two
guantities: the distance between planes represents an average dimensional deviation,
whereas parallelism is sensitive to local variations in form and orientation. The upper
plane (B), corresponding to the final deposited layer, exhibits increased roughness
characteristic of the FDM process, while the lower plane (E), which is in contact
with the build plate, is influenced by adhesion conditions and the surface
characteristics of the plate.

Furthermore, as described in Section 2.2, the lower plane was determined as the
mean of two separate plane evaluations performed in distinct positions imposed by
fixture constraints, which may contribute to additional variability in the parallelism
results.

Overall, the parallelism deviations remain low, with a clear evolution along the
A-F and C-D directions, where increasing infill density leads to intensified
deviations up to a maximum at 80% infill, followed by stabilization at 100%. The
B-E planes do not exhibit a clear dependence on infill density, reflecting the strong
influence of deposition characteristics on the upper plane and build-plate interaction
on the lower plane—factors that attenuate the effect of internal stiffening.
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Figure 8. Parallelism deviations for the three analyzed plane pairs

3.4. Perpendicularity Deviations

Figure 9 presents the perpendicularity deviations for all analyzed plane pairs.
Overall, the values are moderate, with a maximum of 228.8 um for the
perpendicularity of planes B-C at 20% infill, which also represents the largest
deviation recorded in this measurement set.

However, the behavior of the deviations varies depending on the plane pair. For
the B-F and F-D planes, the deviations increase with infill density, reaching a
maximum at 80% infill and decreasing subsequently at 100% infill. The minimum
values occur at 20% infill, suggesting that the progressive stiffening of the internal
structure accentuates deviations up to a certain threshold, followed by geometric
stabilization under full infill conditions.

The perpendicularities of the D-A, C-A, and F-C planes exhibit a similar trend,
with an almost constant increase in deviations (though with local variations around
40% infill), the maxima being recorded at 80% infill, except for the F—C pair, where
the maximum deviation occurs at 40% infill. At 100% infill, all these cases show a
reduction in deviations.

For the E-F and E-D plane pairs, the deviations increase steadily with infill density,
with the highest values reached at 100% infill and the lowest at 20%. This evolution
indicates that the stiffening of the internal volume directly affects the maintenance of
perpendicularity between planes, without stabilization at high infill levels.
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Conversely, the perpendicularities of the B—C and D-B planes show an overall
decreasing trend as infill increases, although the values obtained at 20% and 100%
infill deviate from this evolution and stand out compared to the intermediate levels.
These discrepancies can be explained by the increased sensitivity of these planes to
variations in cooling and shrinkage, influenced both by internal stiffness and by the
sequence of deposited layers.

For the B-A and E-C plane pairs, no clear correlation between infill density
and perpendicularity deviations is observed. Both pairs include either the top or
bottom plane of the specimen, surfaces that are inherently more sensitive to
variations in the FDM process. The top plane corresponds to the final deposited
layer, characterized by high roughness and low thermal stability, while the bottom
plane is influenced by the contact conditions with the build plate, factors that can
override the effect of infill density.

Overall, the perpendicularity deviations fall within moderate ranges but exhibit
noticeable variations depending on the analyzed plane pair. Most pairs show an increase
in deviations with rising infill density up to 60-80%, followed by a reduction at 100%,
indicating a balance between internal stiffening and geometric stabilization. However,
certain plane pairs, particularly those including the top or bottom surfaces of the part,
do not follow a clear trend, being strongly influenced by FDM process-specific
characteristics and the layer-by-layer deposition phenomenon.
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3.5. Variation of Mass and Printing Time

The influence of infill density is reflected not only in geometric deviations but also
in production costs, since both the mass of material used and the required printing time
are directly dependent on the amount of material deposited inside the part. The data
regarding printing time and estimated material mass were collected from the Creality
Print software used to generate the G-code for each specimen. Figures 10a and 10b
present the variation of mass and printing time as a function of infill density.
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Figure 10. Influence of infill density on specimen mass and printing time

A linear increase in specimen mass is observed, from 4.17 g at 20% infill to
9.86 g at 100% infill. This evolution is expected, given that the infill corresponds to
the internal volume of the part, and increasing its density directly results in a larger
amount of extruded material.

The printing time follows the same trend, increasing from 1060 s at 20% infill
to 3089 s at 100% infill. As the infill density increases, the extruder must follow a
larger number of internal paths, which extends the printing time and, consequently,
the energy consumption of the process.

These results highlight that the choice of infill density has a direct impact on the
overall production cost. A high infill density provides superior internal stiffening but
requires both increased material consumption and significantly longer production times.
Therefore, the infill level must be selected according to the functional requirements of
the part (whether mechanical or geometric) to achieve an optimal compromise between
performance, accuracy, and cost.

4. Conclusion
The study analyzed the influence of infill density on the dimensional, flatness,
parallelism, and perpendicularity deviations of cubic specimens fabricated using FDM

technology, employing five infill levels (20-100%). The obtained results allowed us
to formulate the following conclusions:
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- Dimensional deviations were negative and remained within relatively small
limits (below —140 um), without showing a clear dependence on infill level for
all analyzed directions. Only for the A—F distance was a gradual improvement
observed as infill increased up to 80%.

- Flatness deviations exhibited moderate increases for planes A, C, D, and F in the
20-80% infill range, followed by a decrease at 100%. The top (B) and bottom
(E) planes showed irregular behavior, most likely due to the characteristic
roughness of the final printed layer and the non-uniform adhesion to the build
plate, which makes it difficult to identify a general infill-dependent trend.

- Parallelism deviations showed an increasing trend up to 80% infill for the A—F
and C-D plane pairs, followed by a decrease at 100%. In contrast, the B—E pair
did not show a consistent influence of infill density, suggesting that the top and
bottom surfaces are more affected by the deposition characteristics of the final
layers than by the internal structure of the part.

- Perpendicularity deviations displayed diverse behaviors without a unified trend.
Some plane pairs (B-F, F-D) exhibited progressive increases in deviations up to
80% infill, followed by decreases at 100%, while others (E-F, E-D) showed an
almost linear increase across the entire analyzed range. The B—-C and D-B pairs
showed decreasing deviations as infill increased, but the extreme values at 20%
and 100% deviated from the general trend, indicating localized instabilities.

- Printing time and specimen mass increased linearly with infill density, confirming
that higher densities involve greater material consumption and longer fabrication
times. This trend must be considered when optimizing production costs.

Overall, the results indicate that infill density does not exert a strong or systematic
influence on the geometric accuracy of the small-sized parts analyzed in this study.
Instead, the observed effects are moderate, selective, and dependent on the orientation
of the surfaces.

Given these findings, future research directions will include the fabrication of
significantly larger parts, for which the effects of infill density on thermal stability,
shrinkage, and geometric distortions may become more pronounced. Additionally,
extending the investigation to mechanical testing and incorporating different infill
patterns could contribute to the development of clearer predictive models regarding
the geometric behavior of PLA in FDM processes.
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On the Dynamics of 3D-printed Gears with Lattice Structure

Mihael Magda, Zoltan-losif Korka*'*', Raul-Rusalin Turiac

Abstract. The research investigates the integration of different lattice
structures into gear design by applying them to the infill zone, which is
located between the hub and rim of the gear. 3D models of the gears with
varying lattice structures were created, and these gears were then constrained
to a shaft for simulation purposes. Using the SolidWorks simulation module,
a study was conducted to determine the interactions of natural frequencies,
and the results were investigated. Gear variants V1-4 presented a good
balance between mass reduction and higher stiffness, displaying higher
natural frequencies overall, where these deformations manifest, in
comparison to the original structure VO.

Keywords: natural frequency, SolidWorks, lattice structures, additive
manufacturing, helical gears.

1. Introduction

Gears are mechanical parts that use meshing teeth to transfer torque and rotational
motion between shafts. Vibrations and noises that accompany their operation are mostly
caused by wear, imbalances, misalignments, manufacturing errors, and variations in
mesh stiffness [1]. Using lattice structures in the gear body’s construction is one method
of dampening vibration in gear systems.

The integration of lattice structures into gear design marks a significant advancement
in mechanical engineering, fuelled by progress in additive manufacturing (AM) and
topology optimization. This literature review explores the evolution, design principles,
manufacturing methods, and performance characteristics of lattice-structured gears.
The review shows that lattice-bodied gears have progressed from conceptual studies
driven by topology to experimental demonstrators made possible by AM. Additionally,
there is an increasing theoretical understanding of lattice topology, mechanics, and
data-driven performance prediction, which informs optimization strategies and
applications in the aerospace and automotive sectors.
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Traditional gear design has typically focused on mechanical strength and durability
[2], often at the expense of increased weight from solid metal structures. However,
the advent of additive manufacturing technologies and advanced computational design
methods has created new opportunities for producing lightweight, high-performance
gears by incorporating lattice structures. These lattice structures, known for their
periodic cellular designs, provide exceptional strength-to-weight ratios and can be
customized to meet specific mechanical requirements, all while significantly reducing
material usage [3].

The concept of lattice-structured gears combines several technological advances:
topology optimization algorithms that identify the optimal distribution of materials,
additive manufacturing processes that can create complex internal geometries, and
advanced computational methods for predicting and optimizing lattice performance.
This interdisciplinary approach has led to the development of gear systems that
challenge conventional design paradigms and provide new solutions for weight-
sensitive applications in aerospace, automotive, and other industries [4].

The use of topology optimization in gear design gained significant attention
around 2018, when researchers developed workflows that treated the gear body as a
design domain while keeping the geometries of the teeth and hub fixed during the
optimization process. This approach acknowledged that while gear teeth must adhere
to precise geometric tolerances for proper meshing, there are considerable opportunities
for material reduction and structural optimization in the gear body [5].

Ramadani et al. conducted early research on topology optimization for gear bodies,
establishing a foundational methodology for the development of lattice gears. These
initial studies primarily aimed to reduce mass and minimize vibration through strategic
material removal, thereby paving the way for more advanced lattice-based approaches.

The transition from conceptual topology optimization to practical lattice
implementation become possible by advancements in additive manufacturing,
particularly in selective laser melting (SLM) technology. Subsequent research led to
the development of cellular lattice gears produced through SLM and other additive
manufacturing methods. These gears have been experimentally shown to achieve
measurable reductions in mass and changes in vibration and strain behaviour compared
to traditional spur gears [6], [7].

The experimental demonstrations played a vital role in validating computational
predictions and uncovering the practical challenges of manufacturing complex
lattice structures. This work highlighted significant discrepancies between idealized
computational models and the actual components produced, emphasizing the need
to consider manufacturing constraints during the design process.

As lattice manufacturing technologies have matured, several comprehensive
reviews and surveys have consolidated knowledge on classification schemes, additive
manufacturing (AM)-based design methods, and performance metrics that are ready
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for application in lattice structures. This phase of consolidation has been crucial for
promoting wider adoption across various industrial sectors and for establishing
standardized approaches to the design of lattice gear [6-8].

Recent advancements have led to the development of parametric plate lattices
and shape-optimized plate families, which broaden the range of achievable mechanical
properties. These sophisticated lattice configurations can be designed to display either
isotropic or anisotropic stiffness characteristics, allowing the lattices to approach the
theoretical stiffness limits for a given density.

The flexibility of parametric lattice families allows designers to customize gear
body properties according to specific loading conditions and operational requirements.
This capability is especially valuable in applications where directional loading or
specific vibration characteristics are critical design factors [9], [10].

Research on fused filament fabrication (FFF) of polymer lattice structures has
yielded valuable insights into the relationships between manufacturing parameters
and mechanical properties. Compression tests conducted on FFF-printed gyroid,
diamond, and octet lattices have demonstrated that factors such as cell size, strut/wall
thickness, and layer thickness significantly influence strength and deformation
capacity [10].

Although polymer lattices may not be ideal for high-load gear applications, the
insights gained from polymer studies have enhanced the understanding of manufacturing-
property relationships that apply more broadly to lattice manufacturing processes [11].
This study serves as an extension of our team’s prior research efforts [12], [13].

2. Materials and Methods

Lattice structures are systematically categorized based on their topology and
deformation mechanisms, which significantly influence their mechanical behaviour.
The main topological classifications include strut-based lattices, surface or shell lattices,
hollow-strut configurations, triply periodic minimal surfaces (TPMS) like gyroid
structures, and plate lattices [8], [9]. Each class of topology displays unique mechanical
properties that make them suitable for various applications.

A helical gear (V0) with the relevant geometrical details shown in Table 1 was
used as the basis of the initial design, while the lattice structures (infill patterns) were
set in four distinctive designs (V1-V4).

The helical gear’s crown and hub were effectively designed with a 100% solid
infill, focusing modifications specifically on the region between diameters @45 mm
and @130 mm. Utilizing SolidWorks, all geometries were crafted with direct modelling
techniques and standard features, such as Extruded Boss/Base and Circular Pattern,
across various iterations, except for the initial version (VO0).
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Table 1. Relevant parameters of the base helical gear design.

Parameters Symbol [m.u.] Value
Gear module mn [mm] 2
Teeth number z 75

Gear width b [mm] 17

Helix angle BI°] 10
Pressure angle a[°] 20

Profile shift coefficient X -0.659
Tip diameter da [mm] 153.496
Reference diameter d [mm] 152.314
Root diameter df [mm] 144.078
Gear Hub distance dh [mm] 45
Gear rim distance dr [mm] 130
Material C45-EN 10083-2

The first variant (V1- Figure 1) was developed by initially sketching a rib and
then applying a circular pattern multiplication. The rib thickness was selected at 0.8
mm, whereas the number of multiplication instances is 72, at a total angle of 360°.

‘///

(A

a. b.
Figure 1. V1 gear model with linear pattern infill (a. front view; b. isometric view)

The second variant (V2- Figure 2) was developed by positioning two circle arcs
with an equal radius of R60 at a 45° from the line of reference. Employing the circular
pattern multiplication feature, the infill pattern was obtained. The rib thickness was
selected at 0.8 mm whereas the number of instances multiplicated was 72 at a total
angle of 360°.
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a. b.
Figure 2. V2 gear model with circular arc pattern infill
(a. front view; b. isometric view)

For the third variant (V3-Figure 3), 0.8 mm thick rib was established, where the
chords intersect at 45°. By applying the circular pattern multiplication feature, the
infill pattern was created. The number of instances multiplied was 72, with a total
angle of 360°.

a. b.
Figure 3. V3 gear model with 45°-line intersection infill
(a. front view; b. isometric view)

The fourth variant (V4-Figure 4) features a honeycomb infill design, consisting
of regular hexagonal cells. The wall thickness of these cells is 0.8 mm, and the
diameter of the circle inscribed within each hexagon measures 3 mm. The infill
pattern was created by applying a circular pattern multiplication feature following
the initial sketch. The number of instances multiplied was 72 with a 360° total angle.

45



a. b.
Figure 4. V4 gear model with honeycomb pattern infill
(a. front view; b. isometric view)

For the assessment of the five geometries presented above, finite element analysis
and simulations were performed using the Frequency Analysis module, available in
the SolidWorks 2024 software [14]. This approach provides valuable insights into
the performance characteristics and design optimization of the gears.

Figure 5. Boundary conditions and the mesh applied in the frequency analysis

The natural frequency analysis for the five geometries was conducted on the
helical gear—shaft assembly (Figure 5). The gear wheels were fixed on the shafts
by means of press fit. Moreover, appropriate bearing constraints were applied to the
shaft.
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Table 2. Mesh parameters of the VV0-4 gear design.

Details vo | vi | v2 | v3 | V4
Mesh type Solid Mesh
Mesher used Blended curvature-based mesh
Jacobian points for High

. 16
quality mesh
Max. element size [mm] | 14.2549 | 16.008 | 19.5354 | 18.9333 | 19.6357
Min. element size [mm] | 0.719224 | 0.8004 | 0.976768 | 0.946667 | 0.981785
Maximum Aspect Ratio 5.4613 | 68.218 | 85.814 125.97 274.89
Total Nodes 250344 | 191562 | 236162 | 210320 | 277828
Total Elements 166459 | 120585 | 140782 | 125768 | 156022

The details regarding the mesh parameters applied to the five gear designs (VO-
V4) are presented in Table 2, where the Jacobian points value of 16 indicate fewer
sharp edges and/or curved extremities for the generated meshes.

3. Results and Discussion

Table 3 illustrates the variations in mass for the analysed gears. All four lattice
structure geometries demonstrate significant mass decreases Notably, the most substantial
mass reduction was observed in the V1 and V3 geometries when compared to the

original geometry (\VO0).

Table 3. Variations of the mass for the VV0-V4 gear models.

Model | Mass of the gear | Variation of mass versus
code (9) V0 model (%)

V0 2266.44 0.00

V1 1041.91 -54.03

V2 1398.08 -38.31

V3 1329.37 -41.35

V4 1397.24 -38.35

Whereas in Figure 6, we can observe the variation of mass through a visual
representation of these values.
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Figure 6. Visual representation of mass variation for the V0-V4 gear models
Table 4 displays the natural frequencies for the first six vibration modes of the

analysed geometries, highlighting the effect of geometric modifications on vibrational
behaviour.

Table 4. Natural frequency comparison between the five models.

Model Natural frequencies [Hz]
code Mode 1 Mode 2 | Mode3 | Mode4 | Mode5 | Mode 6

VO 283.17 912.44 | 913.15 | 1166.50 | 1169.10 | 2227.40
V1 173.45 1196.80 | 1198.20 | 1443.90 | 1445.70 | 1773.70
V2 348.74 1113.50 | 1114.50 | 1374.60 | 1375.30 | 2184.40
V3 357.71 1139.80 | 1140.30 | 1399.40 | 1401.20 | 2217.70
V4 344.06 1106.90 | 1108.60 | 1353.80 | 1355.10 | 2187.80

Notably, there are significant differences between the original and modified
geometries, as shown in Figure 7, where the modified versions show higher overall
frequency values. This trend is directly linked to increased structural stiffness; stiffer
configurations resist deformation more effectively, resulting in higher natural vibration
frequencies.
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Figure 7. Visual comparison between the five models

Figures 8-12 illustrate the shapes associated with the first six vibration modes
for the gear variants VO-V4. These mode shapes reveal that geometries with lattice
infill structures (V1-V4) exhibit similar deformation patterns, indicating a consistent
vibrational response due to their periodic lattice architecture.

¢) Mode 3.

d) Mode 4. e) Mode 5. f) Mode 6.
Figure 8. First six mode shapes for the VO gear design
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d) Mode 4. e) Mode 5. f) Mode 6.
Figure 9. First six mode shapes for the V1 gear design

a) Mode 1. b) Mode 2. C) Mode 3.

d) Mode 4. e) Mode 5. ) Mode 6.
Figure 10. First six mode shapes for the V2 gear design
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d) Mode 4. e) Mode 5. f) Mode 6.
Figure 11. First six mode shapes for the V3 gear design

a) Mode 1.

d) Mode 4. e) Mode 5. f) Mode 6.
Figure 12. First six mode shapes for the V4 gear design
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In contrast, as it can be observed in Table 4, the original geometry (VO0) displays
distinct deformation patterns, highlighting the impact of internal structure on vibrational
behaviour.

The much lower value of the eigenfrequency corresponding to the vibration
mode 1 obtained in the V1 variant, compared to the V2-V4 designs, is explained by
the fact that vibration mode 1 is a purely torsional one and V1 is the lattice structure
that gives the lowest torsional rigidity. As in modes 2 and 3, bending vibrations are
predominant, the deviation of the natural frequencies proper to the 4 variants of
lattice structures is much smaller.

The use of optimized infill patterns in the internal structure of additively
manufactured helical gears offers the possibility of improving stiffness and increasing
natural frequencies while reducing gear mass.

4. Conclusion

The research aimed to investigate the impact of various lattice infill designs on
gear stiffness and their effects on total gear mass.

The natural frequencies of the first six vibration modes for the analysed geometries
highlight how geometric modifications influence vibrational behaviour. The modified
versions exhibited higher overall frequency values, which is directly linked to increased
structural stiffness, as stiffer configurations are better at resisting deformation.

Incorporating lattice infill patterns in the internal structure of additively manufactured
helical gears not only enhances their stiffness but also increases the natural frequencies
at which deformations begin to occur, all while significantly reducing the overall
mass of the gears. The findings suggest that using lattice infills in gear design results
in favourable stiffness-to-mass ratios.

Overall, this study builds on previous research in the field, laying the foundation
for future improvements and optimizations. Future research directions aim to investigate
more complex cellular structures, capable of providing both an increased torsional
rigidity and to serve as vibration absorber for the gear dynamics.
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Abstract. This study assessed the grindability and mineralogical composition
of basalt rock collected from lkpeshi town, Edo State, Nigeria. Using the
work index approach, its suitability as an amendment for agricultural soil
was evaluated while calcite rock was used for comparison as the reference
ore. The samples were crushed, milled, and pulverized to pass through a
sieve of 1180um, after which 100g portions were subjected to sieve analysis
(1000-63um) to establish data for their grindability potential. Results
revealed a work index of 10.10 kWh/t for calcite and 18.722 kWh/t for
Ikpeshi basalt, with actual grinding energy for basalt determined as 3.52 kWh.
The elemental and chemical characterization of both rocks was carried out
using the X-ray Fluorescence (XRF) and X-ray Diffraction (XR) approach,
the mineralogical analysis revealed that the basalt rock contains minerals
that are essential for improved soil fertility. The study highlights Ikpeshi
basalt as a mineral resource with moderate grinding energy requirements
and strong potential for sustainable use as a soil amendment.

Keywords: Grindability, Basalt, Sieve shaker, Comminution, Soil amendment.

1. Introduction

Basalt is one of the most common types of volcanic rock on earth. It formed when
low-viscosity lava cools quickly at or near the surface. These deposits are usually
found at divergent plate borders, oceanic hotspots, and large igneous provinces (LIP).
The Deccan Traps in India and the Columbia River Basalt Group in the United States
are two of the most famous continental basalt formations. They were made during times
of heavy volcanic activity that were connected to mantle plumes [1]. Basalt deposits
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in the water are very common, especially near mid-ocean ridges, where new oceanic
crust is always being made [2]. Basalt differs from other intrusive igneous rocks like
gabbro due to its fine-grained texture and mineral composition, which mostly consists
of pyroxene and plagioclase. These characteristics suggest fast cooling. Over time, these
massive basalt flows can create plateaus and cover sizeable areas, causing major changes
in the ecosystem and geology [3].

Minerals like calcium, magnesium, and potassium, which are necessary for plant
growth, are abundant in basalt, a volcanic rock [4]. It has been demonstrated that
applying basalt as a soil supplement increases soil fertility and boosts agricultural
yields [5]. Particularly in tropical and subtropical areas where weathering has reduced
nutrient levels, the mineral makeup of basalt can aid in restoring nutrient-deficient
soils [6]. In recent years, there has been a growing interest in investigating basalt as
a soil supplement, especially in areas where the soil quality is not ideal for agricultural
output. Because of its grindability, basalt especially that from Nigeria’s Ikpeshi region
offers a rare chance to evaluate its potential as a useful soil amendment. This paper
summarizes the body of knowledge regarding the use of basalt in agriculture, the
characteristics of basalt that make it a useful soil amendment, and the techniques
used to determine how grindable it is.

According to a study by [7], basalt greatly improves the soil’s micronutrient
availability, which supports better growth of plants. Furthermore, basalt is a useful
amendment in areas with high acidity because of its alkaline composition, which can
help neutralize acidic soils [8]. Basalt’s potential advantages in sustainable agriculture
are highlighted by its dual function as a pH balancer and a supplier of soil nutrients. The
physical and chemical characteristics of basalt are primarily responsible for its efficacy
as a soil amendment. According to [9], basalt’s high specific surface area can increase
its reactivity in soil conditions. Better contact with soil particles and microorganisms is
made possible by this characteristic, which promotes nutrient exchange and enhances
soil structure [10].

Furthermore, depending on its geological genesis, basalt’s mineralogical makeup
varies greatly, which may affect how efficient it is as an amendment. For example,
zeolites can improve the capacity to contain nutrients and retain water in some basalt
deposits [11]. Therefore, in order to ascertain whether Ikpeshi basalt is suitable as a soil
amendment, a thorough examination of its mineralogical composition is required.
The usefulness of basalt as a soil amendment is largely dependent on its grindability. For
a material to be used effectively in agricultural activities, it must be easy to convert to a
powder, which is known as its grindability [12]. Numerous investigations have studied
the grindability of different geological materials; frequently use the Bond work index as
a benchmark [13]. In the case of basalt, the texture, mineral composition, and existence
of any secondary minerals can all affect its grindability [14]. There is a substantial
vacuum in the research because Ikpeshi basalt’s grindability and mineral composition
has not been investigated or reported, determining the economic viability of using
basalt deposit as a soil supplement requires an understanding of its grindability.
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The grindability of geological materials has been evaluated using a variety of
techniques. The Bond work index, which measures the energy needed to grind a material
to a particular size, is most commonly calculated using ball mills [13]. Other methods
include the use of laboratory-scale grinding tests and empirical models that correlate
grindability with physical properties [15]. Other approaches to evaluating grindability
have been made possible by recent technological developments in addition to these
conventional methods. For example, more thorough understanding of the grinding
process and the resulting particle size distribution can be obtained by the use of digital
photography and particle size analysis [16]. These developments have the potential to
improve the precision of grindability evaluations, yielding more trustworthy information
for assessing Ikpeshi basalt.

It’s also important to think about how using basalt as a soil amendment may affect
the environment. Carbon emissions and habitat disruption are two ecological effects
of basalt extraction and processing [17]. The advantages of better soil health and higher
agricultural productivity exceeded these disadvantages when used sparingly [18].

The economic factors are equally significant. It is necessary to compare the cost-
effectiveness of applying and grinding basalt as a soil amendment to alternative
techniques for improving soil quality [19]. Local farmers and food security may greatly
benefit from the potential for basalt deposits to offer a sustainable and reasonably
priced source of soil amendment.

The potential advantages of basalt as a soil additive for increasing crop yields
and soil fertility are highlighted. Ikpeshi basalt, particular its grindability aspect is
underexplored, therefore, more study is required to determine whether it is suitable
for use in agriculture. By analyzing the characteristics of Ikpeshi basalt and using
proper approach to evaluate its grindability, this study aims to fill a critical gap in
the literature and contribute to the sustainable use of local geological resources in
agriculture.

2. Materials and Method

2.1. Materials

Materials used for this research are basalt rock sample sourced from Ikpeshi
town in Edo State Nigeria, while reference mineral was found from the test ore over
burden in the same site at Etsako West Local Government Council.

2.2. Methods

Fifty (50) kilograms of the basalt rock sample was collected from five (5) different
pits at Ikpeshi quarry site located in Etsako West Local Government with coordinate
7.0084°N, 6.0143°E in Edo state, Nigeria. These samples were collected at a dimension
of 5 meters length by 5 meters breadth and depth of 13 meters and above [20] with
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a distance of 100 meters apart. The sourced samples were mixed thoroughly and
homogenized to obtain a uniform sample using the cone and quartering method of
sampling. The grab sampling method was used to collect ten (10) kilograms of calcite
from each pit overburden. The lumpy basalt was crushed using a Yu Feng100 x 60
jaw crusher (model XL1349) and then ground using a ball mill (locally fabricated at
Auchi Polytechnic) to a sieve aperture 1180 um until 100% passing was obtained.
Five hundred (500) grams of the ground Basalt was collected using Jones Riffle’s
random sampling methods and prepared for chemical characterization to determine
their elemental compositions. Hundred (100) grams of the ground Basalt was charged
into an array of sieves arranged in root two (\2) (that is, from 1000 — 63 um) on
a Jinling Ro-Tap automated sieve shaker machine (model 890212050023) and shook
for 15 minutes after which the retained on each sieve were weighed and recorded as
feed into a ball mill (Ft). Sample from this prepared sample was equally charged into
a ball mill and ground for 20 minutes to obtain ball mill product from further size
reduction. 100 grams of this ball mill product was equally charged into a set of sieves.
Retained products on each sieve were weighed and recorded. From the Table, a log-
log graph was used to plot the percentage of cumulative weight retained and passing
against the sieve sizes in micrometers. These procedures were repeated for the reference
mineral (calcite).

2.3. Bond’s work index determination

Gaudin Schumann’s expression is often used to derive a modified approach for
calculating the work index of Ikpeshi Basalt, which resulted in an 80% passing rate.
Gaudin Schumann’s expression thus:

P(X) = 100(%)0(1' 1)

Where:

P(X) = Cumulative percentage passing
x = Particle size

k = Size modulus

a = Distribution modulus

_ _Log P(x3)—P (x1)
~ Log (x2)~PLog (x1) @)
— .. — (Px3)

=2 = G X X ©)

P(x, ) = Percentage Passing Size at 80 % passing
P(x,) = Percentage Passing Size before 80 % passing
X, = Sieve size before 80 % passing

a = (X,) = Sieve sizes at 80 % passing
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(Ploaded — Pempty) x th
Mass of feed (tonnes)

Net power required P (KWhr) = (4)

Ploaded is electric power required to grind loaded rock feed (KW)
Pempty is standard idling electric power required without rock feed (KW)th is grinding
or operating time (hrs)
m is mass of rock grinded (tonnes)

The work index of Ikpeshi basalt was determined using
P

Wit) = 5
Wit = o )
Energy used in comminution of Ikpeshi basalt was determined using
= Wit(22 _ 19
Et = Wit( N \/ﬁ) (6)

Wit = Work index of rock feed

Et = energy required, kwWh

Ft = Sieve size of Basalt feed into ball mill, 80% passing through 100 um

Pt = Sieve size of Basalt Product from the ball mill, 80% passing through 100 pm

Frs = Sieve size of Reference ore feed into ball mill, 80% passing through 100 pm

Prs = Sieve sive of Reference ore Product from ball mill, 80% passing through 100 pm
[13, 21].

2.4. Results and Discussion

Table 1. Mineral Composition of Ikpeshi Basaltic Rock (%)

Location SiOz2 Al203 Fe20s CaO MgO Na0 K20 SOs P2:0s TiO2 LOI
lesha Basalt  48.32 13.12 8.02 6.19 505 142 6.76 0.20 7.63 148 1.32

Table 2. X-ray Fluorescence Spectrometer (Chemical) Analysis of Ikpeshi Calcite

Elements Intensity Contents
Magnesium(Mg) 0.0004 0.5217
Aluminum(Al) 0.0038 1.2314
Silicon(Si) 0.0281 2.7804
Phosphorous(P) 0.0055 0.2573
Sulphur(S) 0.0076 0.5684
Calcium(Ca) 0.6241 61.2238
Titanium(Ti) 0.0001 0
Manganese(Mn) 0.0001 0.0015
Cobalt(Co) 0.0001 0.0007
Iron(Fe) 0.0096 0.9938
Nickel(Ni) 0.0002 0.0089
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Elements Intensity Contents
Copper(Cu) 0.0006 0.0117
Zinc(Zn) 0.0007 0.022
Gold(Au) 0 0.0272
Silver(Ag) 0.0001 0.0025
Rubidium(Rb) 0.0004 0.0015
[22]
2.4.1. Results of Sieve Analysis of Ikpeshi basalt (test feed) to ball mill
Table 3. Sieve size analysis of Ikpeshi basalt (test feed) to ball mill.
Sieve size Sievesize  Weight % weight Cumulative Cumulative
(nm) range retained retained weight retained  weight passing
(num) (9) retained (%) (%)
1000 1000 13.383 13.502 13.502 86.498
-1000+710 710 3.791 3.825 17.327 82.673
-710 + 500 500 4,727 4.769 22.096 77.904
-500 +355 355 4.204 4.241 26.337 73.663
-355+ 250 250 15.772 15.913 42.250 57.750
-250 + 180 180 30.558 30.831 73.081 26.919
-180 + 125 125 0.022 0.022 73.103 26.897
-125 + 90 90 0.088 0.089 73.192 26.808
-90 +63 63 0.198 0.200 73.392 26.608
-63 Pan 26.373 26.608 100.00 0.00
Total 99.116
S 120 —o— Cumulative weight
c retaned (%)
S 100
.% 80 4 ’Cai:sr;l;lgat(i;//e) weight
IS ——y ‘
Zp o \
L3
z g 40
8 2 —
c 4
S
10 100 1000

Sieve sizes (um)

Figure 1. Cumulative weight retained (%) and cumulative weight passing (%)
against Sieve size (um) of Ikpeshi basalt feed to the ball mill
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Therefore, from Table 2 and Figure 1, to obtain 80% passing, the size of the
sieve will be calculated using the Guadin Schumann expression in Equation (3)

80

0.8000
Xum = (=222 )2 =500 x =
H (% (0.77904

(1.026905)% x 500 = 1.054534 x 500 = 527.27 um
Test feed of Basalt (Ft) = 527.27 um at 80%.

)2 x 500 =

2.4.2. Sieve size analysis of Ikpeshi basalt (test product) from ball mill

Table 4. Sieve size analysis of Ikpeshi basalt (test product) from ball mill

Sieve size Sievesize  Weight % weight Cumulative Cumulative
(nm) range retained retained weight retained Weight passing
(um) (9) retained (%0) (%)
1000 1000 0.970 0.976 0.976 99.024
-1000+710 710 0.336 0.338 1.314 98.686
-710 + 500 500 0.561 0.564 1.878 98.122
-500 +355 355 0.475 0.478 2.356 97.644
-355+ 250 250 2.696 2.712 5.068 94.932
-250 + 180 180 27.815 27.981 33.049 66.951
-180 + 125 125 0.285 0.287 33.336 66.664
-125 + 90 90 0.186 0.187 33.523 66.477
-90 +63 63 0.463 0.466 33.989 66.011
-63 Pan 65.618 66.011 100.00 0.00
Total 99.405
120

—o— Cumulative weight
100 e i i retaned (%)

(o]
o

Cumulative weight
passing (%)

N
o

i
J

Cumulative weight retained
and Passing (%)
D
o

\.‘ ' 7N
®

10 100 1000
Sieve Sizes (um)

o

Figure 2. Cumulative weight retained (%) and cumulative weight passing (%)
against Sieve size (um) of Ikpeshi basalt product from the ball mill
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Therefore, from Table 3 and Figure 2, to obtain 80% passing, the sieve size will
be calculated using the Gaudin Schumann expression in equation (3)

80
_, 100 2 _ ,0.8000 _
XuM = (g5 ge7)* % 180 = (5ez5en 66951) x 180 =

100
(1.194904)% x 180 = 1.427796 x 180 = 257.00 um
Test product (Pt) of the Basalt = 257.00 um at 80%.

2.4.3. Sieve size analysis of Ikpeshi calcite as reference mineral (test feed) to ball mill

Table 5. Sieve size analysis of Ikpeshi calcite as reference mineral (test feed) to ball mill

Sieve size Sievesize  Weight % weight Cumulative Cumulative

(um) range retained retained weight retained  weight passing

(um) (9) retained (%) (%)

1000 1000 14.346 14.510 14.510 85.490
-1000+710 710 0.390 0.394 14.904 85.096
-710 + 500 500 0.451 0.456 15.360 84.640
-500 +355 355 0.440 0.445 15.805 84.195
-355+ 250 250 1.011 1.023 16.828 83.172
-250 + 180 180 35.979 36.391 53.219 46.781
-180 + 125 125 0.032 0.032 53.251 46.749
-125 +90 90 0.313 0.317 53.568 46.432

-90 +63 63 0.304 0.308 53.876 46.124

-63 Pan 45.602 46.124 100.00 0.00

Total 98.868

100
g —o— Cumulative weight
'S 80 retaned (%)
S
S 260 . Cumulative weight
2 % \ passing (%) ’
e 840
2 20
E S —0—0—
© 0

10 100 1000

Sieve sizes (um)

Figure 3. Cumulative weight retained (%) and cumulative weight passing (%)
against Sieve size (um) of Ikpeshi calcite (reference mineral) feed to the ball mill.
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Therefore, from Table 4 and Figure 3, to obtain 80% passing, the sieve size will
be calculated using the Gaudin Schumann expression in Equation (3)

80
_, 100 2 _ ,0.8000 _
XHM = (5795 )? X 250 = (ggzr=s)” % 250 =

100
(0.961862)% x 250 = 0.925179 x 250 = 231.29um
Test feed of Calcite (Frs) = 231.29 um at 80%.

2.4.4. Sieve size analysis of Ikpeshi calcite as reference mineral (test product)
from ball mill

Table 6. Sieve size analysis of Ikpeshi calcite deposit as reference mineral
(test product) from ball mill

Sieve size Sievesize Weight % weight Cumulative Cumulative
(um) range retained retained weight retained  weight passing
(1um) (9) retained (%) (%)
1000 1000 0.575 0.578 0.578 99.422
-1000+710 710 0.087 0.088 0.666 99.334
-710 + 500 500 0.107 0.108 0.774 99.226
-500 +355 355 0.052 0.052 0.826 99.174
-355+ 250 250 0.208 0.209 1.035 98.965
-250 + 180 180 18.976 19.091 20.126 79.874
-180 + 125 125 0.856 0.861 20.987 79.022
-125 + 90 90 0.291 0.293 21.280 78.720
-90 +63 63 0.755 0.760 22.040 77.96
-63 Pan 77.492 77.960 100.00 0.00
Total 99.399
120

—o— Cumulative weight
retaned (%)

[N

o

S
\

®
<)
\
\

Cumulative weight
passing (%)

I
o

N
o
4
L 4
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d

Cumulative weight retained
and Passing (%)
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o
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Sieve sizes (um)

Figure 4. Cumulative weight retained (%) and cumulative weight passing (%)
against Sieve size (um) of Ikpeshi calcite product from the ball mill.
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Therefore, from Table 5 and Figure 4, to obtain 80% passing, the sieve size will
be calculated using the Gaudin Shumann expression in Equation (3)

80

_, 100 2 _ 08000, _

xum = (—290_y2 x 180 = x 180 =
M = (73872 G 7987

(1.001577)2 x 180 = 1.003156 x 180 = 180.57um

Test product of Calcite (Prs) = 180.57 um at 80%
The work index (Wit) of Ikpeshi basalt was determined using equation (4),
Wit = —
10 (G~ 75
Where P is Net power required = 3.37KWh/t as estimated, Ft = 527.27 um at
80% passing, Pt =257.00 um at 80% passing

Work index of Ikpeshi Basalt (Wit) = 13'37 = 00 02'23i0044)
A ) ' '
337 _ 337

Work index of Ikpeshi Basalt (Wit) = 10 (0015) ~ (018) - 18.722KWh/t
Therefore, the energy required for comminution of Ikpeshi Basalt to its

liberation size is, us;:g equatllgn (6), Et = Wlt(\[P_t \/ﬁ)
Et = 18.722(m - =)=
Et = 18.722(——— 2 )=
16.0312 22.9624

Et = 18.722(0.6238 — 0.4355) =
Et = 18.722 x 0.1883 = 0.8756 = 3.52KWh

Therefore, the required energy for comminution of lkpeshi Basalt to a size
suitable for soil amendment is 3.52 KWh.

2.5. Discussion

According to [23], basalt’s mineralogy is categorized by the major constituents
of calcic-plagioclase feldspar, partially olivine, and augite. With no elutriation or
groundwater leaching, basalt is a primordial rock that is abundant in iron, calcium,
magnesium, and trace minerals. According to [24], basalt rock dust is healthy for aquatic
plants and animals and is not harmful. Plagioclase fieldspar, olivine, pyroxene,
amphibole, and albite are the constituents of Ikpeshi basalt rock, according to the
laboratory study. The results of X-ray Diffraction procedure on Ikpeshi basalt rock
show a greater percentage of silicon oxide (48.32 %), followed by alumiium oxide
(13.12%), followed by iron oxide (8.02%), and closely followed by phosphorus
oxide, potassium oxide, and calcium oxide with a value range of (7.63, 6.76, and
6.19, respectively). Others include: magnessium oxide (5.05%), tin oxide (1.48%),
sodium oxide (1.42%), and value for loss on ignition (1.32%) as shown in Table 1.
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The results show that basalt aggregates of Ikpeshi are suitable as mineralizers for
agricultural soil because of its high silicate, calcium, magnesium, and potassium
contents.

Ikpeshi calcite with a chemical formula of CaCOs, the chemical analysis shows
that, the calcium intensity is 0.6241, with content of 61.2238, and other elements as
shown in the table 2 above. The chemical analysis shows that the following: Mg, Al,
Si, P, S, Ca, Ti, Mn, Co, Fe, Ni, Cu, Zn, Au, Ag, and Rb are the major element of
the calcite sample [22].

The results of fractional sieve analysis on the feed to ball mill and product from
the ball mill of Ikpeshi basalt samples are shown in Figure 1 and 2, while Figures 3
and 4 show the graph of the particle size analysis of reference ore for 80% passing for
both feed and product sieve size fractions for the test basalt and reference ores (calcite).
Figure 1 and 2 show that 80% passing was obtained to be 527.27 pum and 257.00 um
for the test feed (Ft) and product (Pt) of the Basalt respectively using equation (3).
From Figure 3 and 4 to obtain 80% passing, the test feed (Frs) and product (Prs)
sieve size of calcite as reference ore was calculated to be 231.29 um and 180.57 pm
respectively using equation (3).

Work index (Wit) of Ikpeshi basalt as test ore, was calculated to be 18.7222kWh/t
with 10.1 kWh/t as work index of calcite as the reference mineral (Wrs) using
equation (4), which is in line with international acceptable standard [25]. This led to
the calculation of energy used in grinding Ikpeshi basalt to its liberation size to be
3.52 kWh using Equation (6), out of which part of the energy was used for actual
grinding while others are converted into other forms such as heat and noise.

These shows that ball milling will effectively reduce the size of Ikpeshi basalt
particles and processing Ikpeshi basalt can require more cost and energy for grinding
compare to the overburden calcite. The value of the work index suggests advantageous
features of the milling processes, which may result in moderate operational cost and
improved processing techniques. Finally, the analysis offers important information
on energy consumption and milling efficiency of Ikpeshi basalt to economic value
for potential adoption as soil mineralizer.

3. Conclusion

The grindability of Ikpeshi basalt was successfully completed to enhance its
suitability for soil amendment. The following conclusion was arrived,;
(i) The work index of lIkpeshi basalt was calculated to be 18.722 KWh/ton
compared to 10.10KWh/ton estimated for calcite.
(ii) The energy required to ground lIkpeshi basalt to its liberation size was
calculated to be 3.52 kWh.
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(iii) The findings highlight that processes such as crushing and ball milling will
effectively reduce the size of Ikpeshi basalt, thereby making them to be
more economical for agricultural use.
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Abstract. The continuous increase in atmospheric carbon dioxide is a
major factor affecting climate change. Biochar, a product realized from
pyrolysis of biomass feed with abundant carbon, has gained researchers’
interests for long-term mitigation of greenhouse gases and sequestration of
atmospheric carbon. This study reviews recent literature on the properties,
production, and biochar’s potential in the sequestration of atmospheric
carbon. It was reviewed that the application of biochar from rice husk,
corn stover, sugarcane bagasse, sawdust, and animal manure to the field at
the rates of 10, 12, 15, 8, and 10t/ha, will reduce the emission of greenhouse
gases by 20, 50, 40, 18, and 55%, respectively. The current trends of
incorporating 10T for the monitoring of real-time soil and climate carbon
dynamics were also investigated. The review revealed that the adoption
of biochar and loT technologies provides sustainable, scalable, and
transparent approaches to sequestration of atmospheric carbon.

Keywords: Biochar, Biomass, Carbon sequestration, Greenhouse Gas.

1. Introduction

The global environment is faced with climate change problems, affecting ecosystems,
livelihoods of humans, and weather patterns. The excess release of atmospheric CO,
is one of the major contributors to the release of atmospheric greenhouse gases and climate
change effects [1]. The emission of these gases is majorly a result of anthropogenic
activities, such as combustion of fossil fuel and deforestation [2]. The effects have
been serious, with a significant increase in the level of atmospheric CO., which has
led to global temperature escalation [1]. In 2020, the concentration of world atmospheric
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CO; peaked at 412 parts per million. If rapid steps to reduce these emissions are not
developed and implemented by the year 2030, the concentration of atmospheric CO;
could increase to alarming levels of 600 to 1500 [3].

The loss of a large amount of soil carbon has been attributed to an increase in
atmospheric CO; levels [4], posing a serious challenge to the quality and yield of
crops [5]. This concern arises due to an increase in population which will lead to increase
in the demand for food in the coming years [6]. Moreover, the health consequences of
prolonged and frequent exposure to atmospheric CO, beyond 1000 ppm were highlighted
by recent studies [7]. The impacts of these consequences include reduction in bone
mineral density, inflammation, formation of carbon deposits in the kidney, compromised
higher-level cognitive functions, impaired endothelial function, and increased oxidative
stress [7]. Due to these challenges, it becomes crucial to implement and explore
techniques that effectively reduce emission of carbon to reduce atmospheric CO, and
facilitate long-term sequestration of soil carbon to retain carbon that is stable in the
soil. Taking measures that are decisive is crucial to address the negative effects of climate
change and secure a future that is sustainable for both the well-being of humans and
the natural environment.

Biochar is a solid material that is derived from biomass mainly through a process
that is thermochemical under high-temperature and pressure conditions in the absence of
oxygen. Recently, biochar was reported as a promising soil mineralizer due to its
interaction with soil systems and physicochemical properties that are unique [8]. When
added to soils, biochar improves the fertility of the soil, soil water holding capacity,
and nutrient retention. Its porous attributes provide a home for microorganisms that
are beneficial, promoting the growth of plants, and improving soil health [9].
Furthermore, biochar has high microbial stability and chemical attributes due to its
remarkable molecular structure. A significant long-term study conducted over an
eight year’s period evaluated biochar’s decomposition from ryegrass using *4C compound
analysis. The study revealed a slow decomposition rate that is exceptional, with the
biochar losing only a carbon content of 7x10—4% per day under ideal conditions [10].
This signifies that for biochar to lose 1% of its carbon content, it would take nearly
400 years. In another study, the residence time of biochar derived from Eucalyptus
saligna, pyrolyzed, was assessed at 550°C and subsequently added to soils at 20°C.
The study reported remarkable long-term residence time for biochar, with an average
residence time range from 732 to 1061 years [11]. These studies validated and established
the compelling evidence about the enduring nature of biochar as an effective carbon
sink, emphasizing its role as a long-lasting and sustainable solution and alternative
for the sequestration of soil carbon.

Despite the potential of biochar gaining researchers’ interests for improving soil
carbon storage and mitigating climate change effects [12], there is a need to balance the
identification of research priorities and the existing knowledge, and fill the understanding

70



gaps. The objective of this review is to connect the bridge of these knowledge gaps by
analyzing the mechanisms, properties, and incorporation of 10T associated with the
application of biochar for the sequestration of atmospheric and soil carbon. Despite
the potential of biochar to reduce the accumulation of atmospheric carbon dioxide
(CO2) by improving biomass yields, a recent and comprehensive overview of its
properties will assist in making decisions, support the establishment of standardized
protocols, and guide future research in this field of study. Majorly, the collaborative
effort on the adoption and use of biochar for atmospheric carbon sequestration will
pave the way for the global fight against climate change. Also, this review considers
various fields and guidelines for biochar production as well as the present state of
industries in the business of atmospheric carbon removal, it provides guidelines that
can assist in the design and development of a commercial biochar production system
tailored towards removal of atmospheric carbon. The investigation will cover the
techniques involved in the analysis of common feedstock, technologies of production.

2. Production and Characteristics of Biochar

The effectiveness and properties of biochar are connected to the processes and
materials used in its production [13]. A proper comprehension of the pyrolysis
techniques and feedstocks is crucial to the use of biochar for specific environmental
and agricultural applications. The variability in its condition of pyrolysis and nature
of raw biomass produces biochars with unique physicochemical properties that
determine their potential for sequestration of atmospheric carbon, behavior in soil,
and suitability for various uses in agronomic studies.

2.1 Biomass Feedstocks

Biochar can be produced from different feedstocks, broadly categorized into
animal manure, forestry by-products, agricultural residues, and municipal organic
wastes. The critical determinant for chemical composition, porosity, ash content,
elemental ratios (C: N, C: O), and specific surface area of the final biochar product
is feed biomass. The residues from agriculture, such as wheat straw, coconut shells, rice
husks, sugar bagasse, and corn stover are among the most commonly utilized feedstocks
due to their renewable nature, high lingo cellulosic content, and abundance. These
residues produce biochars with high carbon contents and low ash, and this favor soil
carbon stability for long periods. Wastes from forestry, such as bark, sawdust, wood
chips, and tree trimmings, offer a biomass source that is rich in lignin. Biochars produced
from materials that are woody generally exhibit structural rigidity, aromaticity, and
high surface stability, making them suitable for sequestration of carbon. Manures from
animal source such as swine manure, poultry litter, and cow dung, though with reduced
carbon abundance, are unique for producing biochars that is nutrient-enriched. These
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feedstocks produced biochars with high quantities of potassium, phosphorus, and
other micronutrients, making them suitable for soil amendments but less suitable for
carbon storage for long period due to lower stability of carbon and higher content of ash.
Green waste from municipals, such as kitchen scraps, yard trimmings, and compostable
urban biomass, is another feedstock that is viable while offering management of organic
waste, these resources often exhibit composition that is heterogeneous, necessitating
feedstock homogenization and pre-treatment for the quality of the biochar to be
consistent.

2.2 Pyrolysis Process

The thermochemical decomposition of organic matter in an anaerobic environment
is called pyrolysis, leading to the production of biochar (solid), bio-oil (liquid), and
non-condensable (syngas). The properties and distribution of these products are
significantly affected by pyrolysis type and procedure employed, which are largely
defined by heating rate, temperature, and residence time.

2.2.1 Slow pyrolysis

The maximization of biochar yield is commonly achieved by this method. It is
usually carried out at a moderate range of temperature from 300°C to 500°C with
extended residence time, the process of slow pyrolysis favors the formation of biochar
that is stabilized and rich in carbon. The steady volatilization of organic compounds
is achieved by prolonged exposure to heat, producing biochar with improved porosity,
aromaticity, and a higher carbonization degree.

2.2.2 Fast pyrolysis

This process occurs at a similar temperature range that is relative to the slow
pyrolysis process (350°C-600°C) but involves fast rates of heating and short vapor
residence times (seconds). The process of fast pyrolysis is primarily designed for
bio-oil production, with the secondary product being biochar. Greater heterogeneity
and lower stability in terms of composition and structure are the results of biochar
produced with the fast pyrolysis method [14].

2.2.3 Gasification

The process of gasification involves heating of biomass at a higher temperature
range often greater than 700°C, under limited and controlled aerobic conditions or
the introduction of steam to oxidize the biomass partially. The aim of gasification of
biomass is to produce syngas (a mixture of CH4, CO, H), the end product, which is
biochar, is usually produced in reduced quantities and may have unique physicochemical
properties, such as reduced surface functionality and high ash content (15;16].
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2.3 Review and Benefits of Different Biochar Sources for Climate Mitigation

Table 1 reveals the conversion of biomass from different feedstocks’ sources to
biochar, and this has prevailed as a promising approach and amendment for greenhouse
gas emission reduction from agricultural soils. The table reveals and compares the
effectiveness of five types of biochar, such as rice husk, corn stover, sugarcane bagasse,
sawdust, and animal manure in reducing emissions of carbon dioxide (CO:), methane
(CH4), and nitrous oxide (N20) from different types of soil at varying application
rates.

2.3.1 Greenhouse Gas Mitigation Potential

Table 1 reveals that different biochar reduces the emission of greenhouse gases
differently, the biochar produced from animal manure generated the highest methane
(CHa) reduction potential, achieving a reduction potential of 55% when applied at
the rate of 10t/ha.. Similarly, biochar derived from corn stover demonstrated improved
efficacy in the mitigation of methane, reducing methane emissions by 50% at the
application rate of 12t/ha on sandy soils. These results signify that organic residues
produced biochars with high lignin and nutrient content that are majorly effective for
the reduction of methane in a soil that is well-drained.

Also, biochar produced from sugarcane bagasse reduced nitrogen oxide (N20)
emissions by 40% when applied to clay soil at the rate of 15 t/ha. The capacity to
retain ammonium and its increased surface area determine the effectiveness of
biochar in mitigating the emission of nitrous oxide (NO), especially greenhouse gas
that is potent, thereby preventing nitrification and denitrification processes in soils
that are heavier in nature.

Table 1 also reveal moderate reductions of about 20% and 18% for mitigating
carbon dioxide (CO:) emissions when rice husk and sawdust biochars are used,
respectively. A comparable mitigation of carbon dioxide (CO.) emission was achieved
when biochar from rice husk was applied at the rate of 10t/ha to loamy soil and biochar
from sawdust was applied at the lower rate of 8t/ha to sandy loam soil. Though, the
performance of biochar produced from woody and cellulose-rich biomass for mitigating
greenhouse gas emission appear to be low compared to biochars meant for reducing
methane and nitrous oxide, their potential for improving soil carbon retention was
highlighted in this result.

2.3.2 Soil Type and Application Rate Considerations

The texture of soil determines the effectiveness of biochar application. Loamy soil
was reported to have the highest mitigation potential for both methane (CH4) and
carbon IV oxide (CO2) emissions, whereas the mitigation of nitrogen oxide (N20)
was better in clay soil. Despite low nutrient and moisture retention of sandy soil,
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biochar from corn stover mitigates methane emission effectively in sandy soils,
suggesting a possible relationship between soil drainage properties and biochar
porosity.

2.3.3 Application Rates

The reduction of greenhouse gas emissions also depends on the application rates
of biochar. The higher the application rate of biochar, the higher the reduction in
greenhouse gas emission, as reported in Table 1 for corn stover and sugarcane
bagasse at application rates of 12 and 15t/ha, respectively. However, this trend was not
completely linear, as biochar from animal manure demonstrated the highest mitigation
for methane (CHa4) at a moderate application rate of 10 t/ha, this signifies that biochar
source and properties may affect its application dosage for reducing greenhouse gas
emission in some cases.

Table 1. Biochar's Role in Reducing Greenhouse Gas Emissions from Soil

Biochar Type Greenhouse Reduction Emission  Soil Type  Application Rates

Gas (%) (t/ha)
Rice husk CO; 20 Loamy soil 10
Cornstover CH,4 50 Sandy soil 12
Sugarcane bargass N.O 40 Clay soil 15
Saw dust CO, 18 Sandy Loam 8
Animal manure CH,4 55 Loamy Soil 10
[14]

2.4 Process of Atmospheric Carbon Sequestration by Biochar

The three major techniques for improving climate change effects are negative
emissions, conventional emissions, and radioactive. The reduction of emission, nuclear
power, fuel switching, efficiency gains, storage technologies, and carbon capture through
a renewable energy approach is the focus of conventional emission. The methods for
removing atmospheric carbon, such as technological, biogenic, and hybrid carbon
sequestration approaches, are the new methods also referred to as negative emissions.
This involves soil carbon sequestration, direct air carbon capture and storage, bio-
carbon capture and storage by bioenergy, wetland restoration, forestation, biochar,
ocean fertilization, enhanced terrestrial weathering, biomass utilization, alkalinity
enhancement, and mineral carbonization.

The development of financially and effectively carbon removal projects is
crucial due to the present state of emergency in climate issues. Biochar improves
atmospheric carbon capturing, utilization, and storage, it has been considered as a
negative emissions technology that is promising [17]. The process of photosynthesis
that occurs during plant growth assists in achieving the removal of atmospheric carbon
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coupled with a conversion process that is thermochemical and results in the formation
of a solid carbonaceous material called biochar. Biochar possesses a carbon formation
that is very stable and can withstand biological and thermal degradation for a long period
of time. The biochar can then be mixed and stored in soils, building various carbon
sinks and structures, where its additional benefits can be derived. It is projected that
atmospheric carbon removal in the range of 0.3-2 Gt CO; year* through biochar
application will be achieved by 2050 [18].

The potential of carbon sequestration by biochar is remarkably affected by its
surface area and particle size. Smaller particle sizes (diameter of less than 0.045 mm)
and larger surface areas (exceeding 100 m?/g) offer benefits that are numerous.
Initially, the reduction of biochar particle size improves the area of contact between
the surrounding environment and biochar, improving the interaction and adsorption
of greenhouse gas emissions such as CHs, CO», and NO [9]. This increase in surface
contact allows for more effective retention and capture of carbon within the biochar
structure. A Recent study conducted on biochar produced from different-sized fruit
shells of Camellia oleifera revealed that the smallest fruit shell sizes, ranging from
0.5 to 2 mm were attributed to the lowest emission rates of CO, and NO [19]. Larger
fruit shell sizes ranging from 2-5 mm or 5-10 mm generally have a surface area-to-
volume ratio that is lower, which restricts accessibility to microbes and subsequent
degradation. Therefore, biochar particles that are large may exhibit CO, efflux reduction
due to reduction in the activity of microbes and slower rates of decomposition.

2.5 The Role of 10T for Monitoring Environmental Hazards

As a result of different changes experienced in the environment, the sharing of data
and its reuse with the assistance of artificial intelligence instruments and algorithms, play
a crucial role in assisting researchers to protect the environment that is continuously
threatened and ensure the development of environmental management practices that
are sustainable. Scientists can utilize online data platforms and sharing tools that
consist intricate and vast environmental and earth science data like, climatic and
atmospheric data, hydrology, pedology, ecology, and biodiversity [20] for theories
testing, analysis, and interpretation, model prediction and experimental data that lead
to better understanding of the environment.

The use of artificial neural networks (ANN) for short- and long-term forecasting
applications for air pollution has been adopted. An environmental toxicology model
enabled by 10T to detect air pollution was developed [21]. A model was developed
to report real-time monitoring of air quality using artificial intelligence with the
adoption of a broadcast alarm and cloud server when hazardous pollutants are detected
in the air. The artificial algae algorithm (AAA) and Elman neural network (ENN)
models predict and classify air quality in future timestamps. The data collected by
sensors are sent to a cloud server with the aid of WiFi gateways. The artificial algae
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algorithm (AAA) model optimizes the Elman neural network (ENN) model parameters
during data processing.

The popularity of unmanned machines and artificial intelligence arises from the
real-time and effective automated solutions that these technologies provide when
placed in toxic environments. They can discover and isolate potential threats before
they cause harm, with reduced or no human involvement [22]. Recent technologies
have been developed for the integration of robots that are autonomous with flexible
sensors and remotely deployed in toxic and unsafe environments. They can improve
neighborhood and workers’ safety without any threat to human life. These devices
are integrated with systems capable of monitoring, exploring, detecting, and alarming
when events that are hazardous occur [23].

2.6 Role of Internet of Things (1oT) for Atmospheric Carbon Sequestration

i. Real-time data collection.
Internet of things devices, such as soil sensors measure parameters like the
levels of soil moisture, soil temperature, and soil organic carbon in real-
time. These parameters are crucial for the assessment of the efficiency of
carbon sequestration.

ii. Remote Monitoring
Systems that are enabled with loT provide carbon data that can be remotely
accessed, thereby reducing frequent visitation to the field. This is particularly
recommended for commercial agroecosystems where manual monitoring
is practically impossible.

iii. Integration with GIS and Remote Sensing
This involves integration of loT with remote sensing technologies and
Geographic Information Systems (GIS) to provide temporal and spatial
analyses of carbon sequestration across different agroecosystems.

iv. Data-Driven Decision Making

v. loT systems enable the analysis of data through machine learning and
artificial intelligence algorithms. These approaches assist in the optimization
of farm activities, such as cover cropping and crop rotation to maximize
the rate of atmospheric carbon sequestration.

2.7 Applications of 10T in Carbon Sequestration

I. Precision Agriculture 10T assists in the accurate monitoring of carbon
levels in different farm zones, allowing management that is site specific
to improve sequestration of carbon.

ii. Agroforestry Systems 10T tools assist in the monitoring of carbon stocks
in the systems of agroforestry by measuring the level of soil carbon,
biomass growth, environmental conditions and promoting land-use practices
that are sustainable.
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iii.  Conservation Tillage Sensors are used to monitor disturbance in soil
disturbance and level of organic matter under tillage systems that are
conservative, thereby optimizing tillage practices for maximum carbon
retention.

iv.  Carbon Credit Certification I0T provides verifiable and accurate data for
the market associated with carbon credits, enabling farmers to make money
from their efforts on carbon sequestration. This generates sustainable
practices that are incentivized.

2.8 Future Prospects

i Integration with Avrtificial Intelligence. Analytics that are artificial intelligence
driven will improve applications of 10T by predicting the trend of carbon
sequestration and suggesting practices that are adaptive in management.

ii. Blockchain for Carbon Credit Verification. The technology attributed to
blockchain can ensure trust and transparency in carbon credit markets by
recording carbon data generated from loT.

iii.  Advanced Sensors. The development of sensors with high precision and
low cost will make loT systems more efficient for proper carbon monitoring.

iv.  Policy Support Governments and organizations. There is a need to support the
adoption of 10T through training, subsidies, and development of infrastructure
to scale the efforts on carbon sequestration. [24]
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3. Conclusion

The monitoring of carbon sequestration through integration with loT offers an
approach that is promising for sustainable agricultural systems and climate change
mitigation. By setting up real-time data collection, analysis, and decision-making, 10T
technologies improve the effectiveness and efficiency of carbon management practices.
However, addressing attributed challenges such as high costs and connectivity issues is
crucial to exploring and deriving the full potential of 10T in carbon sequestration.
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A Review of Kinetic Energy Dissipation Systems in Automotive Crashes

Fabrice Chatue, Gilbert-Rainer Gillich*>, Zeno-losif Praisach
Cristian Tufisi’’, Zoltan-losif Korka

Abstract. This paper provides an overview of kinetic energy management
in road safety. The various elements considered by engineers are
analyzed to understand how and why the absorption of kinetic energy
generated by a moving vehicle has become a major road safety issue. We
examine the corrective measures designed by automotive engineers,
which fall into two categories: internal vehicle measures, such as
airbags, seat belts, and headrests; and external protective measures,
including guardrails and impact attenuators. Impact analysis quantifies
the sliding of the guardrails along the rails after an impact, thus
absorbing the kinetic energy generated by the vehicle. The results
indicate that progressive deformation and adjusted stiffness gradients
increase impulse duration and reduce peak deceleration. The dampers
primarily manage kinetic energy by redirecting it, with limited energy
absorption. Design implications include optimizing post spacing and
anchoring rails to the ground to guide the system’s pads as they slide
backward upon impact.

Keywords: road safety, guardrail, kinetic energy, passenger protection
systems.

1. Introduction

The design of road safety devices that dissipate vehicle kinetic energy is essential
for reducing risks to occupants, as crash test frameworks [1,2] evaluate performance
based on impact severity, redirection, and permissible deformation. Energy dissipation
lengthens the impact duration and reduces maximum decelerations, as measured by the
EN1317 (ASI/THIV) indices [3].
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Analyses show that greater system flexibility (e.g., a larger working width (W))
is correlated with a lower ASI/THIV index [4]. Deformation systems with S235 JR
and S355 JR steel posts, combined with W-shaped rails, convert kinetic energy
through deformation; therefore, post spacing is crucial to system rigidity. Rail height,
along with consideration of post-soil interaction, optimizes energy absorption and
controls deflection. It should be noted that, in accordance with EN1317, each crash
attenuator installed upstream of a guardrail must include a transition element [5].
Impact resistance assessment programs also emphasize energy-absorbing devices
that deform or fold the rail to prevent punctures and slow deceleration. Finally, it is
important to emphasize that crash attenuators are essential when obstacles are
present. At tunnel entrances, protection is provided at the beginning of the central
reservation on the motorway, and at motorway exits in the event of a loss of vehicle
control [6]. At motorway exits, this will primarily consist of semi-open, Y-shaped
impact attenuators.

2. Energy dissipation by vehicle design

Today, engineers are designing vehicles to optimize kinetic energy absorption
by incorporating crumple zones that absorb it during an accident. These parts of
the vehicle are called crumple zones. Their role is to absorb kinetic energy during
a frontal or rear-end collision.

2.1. Crumple zones

A car’s crumple zones are components designed by engineers to absorb
kinetic energy in the event of an accident. In other words, they are designed to
absorb energy during a collision. Engineers design them to deform, thus absorbing
the kinetic energy that could injure or even kill the vehicle’s occupants. These
zones are therefore essential for saving lives in the event of a road accident.

Crumple zone Safety zone Crumple zone

Figure 1. Reinforcement of the passenger compartment [7]
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Regarding the passenger compartment, engineers have reinforced it to
better protect occupants by minimizing deformation in the event of a road
accident.

The reinforcement of this area has been refined over the years through
the analysis of accident data, allowing engineers to design safer passenger
compartments by carefully reinforcing specific design elements.

2.2. Reinforcement of the passenger compartment

The first measure to ensure passenger safety is to reinforce the passenger
compartment in first-generation vehicles. Engineers observed that the compart-
ment’s deformation caused injuries and deaths among passengers. Indeed, in an
accident, whether a head-on collision or a rollover, it is the passengers who absorb
the vehicle’s kinetic energy. This is what motivated the initial reinforcement of
the passenger compartment in first-generation vehicles. In this first generation,
the focus is solely on reinforcing the frames around the vehicle doors, see
Figure 2.

Figure 2. Passenger compartment reinforcement — 1% generation [7]

In the second generation, thanks to the analysis of accident data from
hospitals and road safety authorities, engineers gathered enough information
to further optimize the vehicle’s passenger compartment. The focus here is
on reinforcing the front of the cabin to prevent the legs of front passengers
from being trapped in the bodywork in the event of hood deformation during
a frontal impact (Figure 3).
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Figure 3. Passenger compartment reinforcement — 2" generation [7]

For the third generation of passenger compartment design, engineers have gained
sufficient experience identifying key areas requiring reinforcement. Furthermore,
a better understanding of construction materials has allowed for the selection of the most
suitable options. In this generation, knowledge gained from advances in computation
and computer simulation has enabled more refined and safer designs, with components
undergoing a series of virtual tests (Figure 4).

Figure 4. Passenger compartment reinforcement — 3 generation [7]

2.3. Interior safety devices

In vehicles, it is important to note that measures are also taken to absorb passengers’
kinetic energy and protect them from frontal and side impacts that could result in serious
or even fatal injuries. These measures include seat belts, airbags, and headrests. These
two systems, as shown in Figure 5, work together to progressively slow occupants’
movement, absorbing and dissipating the kinetic energy generated during a collision,
thereby improving overall safety.
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[_ Crumple zone | [ Air bag ’\ [Seat belts \‘

Figure 5. Safety devices in the vehicle [8]

Most people pay little attention to headrests when getting into a car, let alone
consider them a safety feature. Yet, headrests do more than just improve rear
visibility and provide comfortable head support; they play a vital role in protecting
the head and neck in the event of an accident and help prevent injuries such as
whiplash. People can experience severe crashes with no neck injury if there is little
or no movement of the head relative to the torso (Figure 6).

Head torso movement relative to vehicle Head rotates back Head rotates forward

Torso rebounds

Torso ramps up

- S B —
Vehidle accelerates forward Forward vehicle motion Forward wehidle motion

Figure 6. Head behavior during different movements of a moving vehicle [9]

For young passengers, especially babies and toddlers, car seats or booster seats
with special seat belts play a crucial role in absorbing and distributing collision
energy (Figure 7). These car seats are designed to securely hold infants and absorb
and distribute impact forces across the strongest parts of their bodies, primarily the
shoulders and hips. This helps prevent serious injuries by minimizing the concentration
of impact energy and reducing the risk of ejection or contact with the vehicle’s hard
surfaces. When used correctly, car seats, in conjunction with seat belts, significantly
increase the chances of survival and reduce the severity of injuries to young passengers
in a collision.
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Figure 7. Seat as an energy-absorbing device for young passengers/babies [10]

It is important to note that standard seat belts are not designed for infants.
Therefore, it is necessary to use properly installed car seats or booster seats compatible
with the vehicle’s seat belt system to protect young passengers.

3. Energy dissipation by road safety guardrails

As we have already mentioned, absorbing kinetic energy is crucial for saving
lives on the road in the event of an accident. This is why engineers design guardrails
to prevent serious injuries and fatalities in road accidents. These guardrails, installed
along the roadside or in the median strip of highways, deform by absorbing the
vehicle’s kinetic energy upon impact.

3.1. Road safety guardrails

Safety barriers are devices installed at the roadside or on the central reservation
to reduce the impact of road accidents on the passengers involved. They come in
various shapes and are made from a range of materials, including steel, wood, cables,
and plastic. There are also models that combine wood and steel. Before being
installed on the roadway, they must undergo crash tests in accordance with the
European standard EN 1317 to be approved for use in European countries. These
tests are carried out by independent crash-testing centers recognized and certified by
the road authorities.
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Figure 8. The 4-step energy absorption by the guardrail impact

The barrier illustrated in Figure 8 absorbs kinetic energy in four stages:

The triple-wave bar (1) is impacted and absorbs some of the kinetic energy.
If the vehicle is not stopped or diverted onto the roadway, the spreader bar
(2) is activated; it deforms while absorbing kinetic energy.

If the vehicle continues to impact the barrier, the double-wave bar (3) comes
in action to absorb the remaining energy.

If these first three elements fail, the ground anchor bolts are activated. This
barrier has a high containment level (H4B). The anchor bolts will only be
stressed in the event of a collision with a heavily loaded truck or bus.

3.2. Crash cushion

A crash cushion is a safety device designed to absorb a vehicle’s kinetic energy
during a collision, reducing the risk of passenger injuries and minimizing damage to
vehicles and road infrastructure. Placed at the ends of guardrails or in front of bridge
posts or piers, they attenuate the vehicle’s kinetic energy, thus mitigating the severity
of accidents and saving lives.

Engineers use specific materials such as steel, plastic, or a combination of both
to design the crash cushions. They use special materials that deform upon impact.
This device is designed to slow vehicles after an impact, redirect them safely, and
prevent them from hitting the primary obstacle protected by the crash cushion.
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Crash cushions are mitigation systems installed in high-risk accident areas, such
as two-way roads, highways with potential intersections, exit ramps, and construction
sites, to protect workers and construction materials. As mentioned earlier, they are
specifically designed to absorb the Kkinetic energy of a stationary vehicle upon
impact, significantly reducing its speed and thus preventing fatal accidents, serious
injuries, or even death to the occupants.

Parallel crash attenuators are typically mounted on rails or a single rail to guide
retractable plates in the event of an impact or collision. Their selection is based on
specific criteria defined by road safety authorities or the companies that manufacture
these products.

O Base Track

@ Impact Head

® Energy Absorbing
Side Panel

O Backup

© Diaphragm

Figure 9. Parallel crash cushion [11]

The Y-shaped safety cushion functions exactly like a conventional steel airbag.
It absorbs kinetic energy by retracting after impact. It is commonly found installed
at highway exits to protect drivers who have lost control of their vehicle while exiting
the highway.

Figure 10. Y-shaped crash cushion [12]
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Trapezoidal crash attenuators are installed on high-speed roads, such as highways,
at tunnel entrances, median barriers, or highway exits. However, their selection is
reserved for road safety professionals or relevant road authorities. This type of
attenuator is capable of absorbing very high kinetic energy, such as that of trucks. Its
installation, therefore, requires technical expertise and must be performed by
professionals. This is especially important because even a small error during installation
can cause malfunction and, as a result, reduce protection for road users in case of an
accident.

Figure 11. Trapezoidal road safety crash cushion [12]

4. Conclusion

Kinetic energy absorption systems are essential for saving lives on roads
worldwide. Therefore, they must be installed correctly, whether they are internal vehicle
devices, such as airbags and seat belts, or external devices, such as guardrails and
impact attenuators.
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