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Abstract 

 

In the context of Industry 4.0, the selection of suitable encryption schemes is 

essential to ensure cybersecurity without compromising computational efficiency. 

The wide variety of available algorithms, each with different levels of complexity 

and security, makes an objective selection challenging. This study presents a 

comparative analysis of three cryptographic techniques: lattice-based cryptography 

(Learning With Errors, LWE), the Feistel network, and the Linear Feedback Shift 

Register (LFSR). Each algorithm was implemented in MATLAB and evaluated 

using metrics such as execution time, memory consumption, entropy, avalanche 

effect, and correlation between the original and the encrypted signal. The results 

show that LWE provides the highest level of security, exhibiting a significantly 

stronger avalanche effect, whereas the Feistel network achieves a balanced trade-

off between performance and security. LFSR proves to be highly efficient in terms 

of resource usage; however, it exhibits limited cryptographic robustness. The study 

also considers the PIG Geómetra system developed at CIDESI, highlighting the 

need for secure data encryption. LWE was found to be suitable for protecting 

continuous streams of industrial information. 

 

 

Comparison of Cryptographic Schemes Based on LWE, Feistel Networks, 

and LFSRs 

 

Goal Methodology Contribution 

   

To evaluate 

performance. 

 

To encrypt signals. 

 

To analyze efficiency 

 

 
 

To generate input 

signal. 

 

To encrypt the signals 

with 3 schemes. 

 

To analyze metrics. 

 

Facilitate the 

understanding of 

advantages and 

limitations of three 

cryptographic schemes 

with different levels of 

security and efficiency. 

 

 

 

Cryptography, Encryption, Security 
 

Resumen 

 

En el contexto de la Industria 4.0, la selección de esquemas de encriptación 

adecuados es fundamental para garantizar la ciberseguridad sin comprometer la 

eficiencia computaciona, la variedad de algoritmos disponibles, con distintos 

niveles de complejidad y seguridad, dificulta una elección objetiva. Este estudio 

presenta un análisis comparativo de tres técnicas criptográficas: la criptografía 

basada en retículos (Learning With Errors, LWE), la red de Feistel y el registro de 

desplazamiento con retroalimentación lineal (LFSR). Cada algoritmo fue 

implementado en MATLAB y evaluado mediante métricas como tiempo de 

ejecución, consumo de memoria, entropía, efecto avalancha y correlación entre la 

señal original y la señal encriptada. Los resultados obtenidos muestran que LWE 

ofrece una mayor seguridad, con un efecto avalancha significativamente superior, 

mientras que la red de Feistel logra un balance entre rendimiento y seguridad. LFSR 

promete ser muy eficiente en el consumo de recursos, sin embargo, presenta 

propiedades criptográficas muy limitadas. El estudio también considera el sistema 

PIG Geómetra desarrollado en CIDESI, destacando la necesidad de un cifrado 

seguro de datos. LWE resultó adecuado para proteger flujos continuos de 

información industrial. 

 

Comparación de esquemas criptográficos basados en LWE, redes de 

Feistel y registros de desplazamiento con retroalimentación lineal 

 

Objetivo Metodología  Contribución 

   

Evaluar desempeño. 

 

Encriptar señales. 

 

Analizar eficiencia.  

 

 

Generar señal de 

entrada. 

 

Encriptar las señales 

con 3 esquemas. 

 

Analizar métricas. 

 
 

Facilitar la compresión 

de ventajas y 

limitaciones de tres 

esquemas 

criptográficos con 

distintos niveles de 

seguridad y eficiencia. 
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Introducción 

 

In a world of constant digital evolution, 

information security has become a critical 

concern. Cryptography ensures the 

confidentiality, integrity, and authenticity of 

both stored and transmitted data. In industrial 

embedded systems, such as the PIG Geómetra 

developed at CIDESI, protecting the continuous 

flow of information through encryption is 

essential. Among modern encryption schemes, 

LWE (Learning With Errors) stands out for its 

high level of security, making it an ideal 

approach to strengthen the reliability of 

industrial dataloggers and other Industry 4.0 

applications. 

 

In a context where Industry 4.0 drives the 

interconnection of physical systems, sensor 

networks, and embedded devices, information 

protection becomes critically important. The 

evaluation of post-quantum encryption schemes 

within connected industrial environments is not 

only useful but also necessary. This is because 

traditional cryptographic algorithms, such as 

RSA (based on the factorization of large prime 

numbers) and ECC (Elliptic Curve 

Cryptography, which relies on the discrete 

logarithm problem in elliptic curves), are 

founded on mathematical problems that could be 

efficiently solved by quantum computers. Post-

quantum schemes, such as LWE (Learning With 

Errors), rely on hard problems in lattice spaces 

and have been specifically designed to resist 

quantum attacks. In industrial applications, both 

cybersecurity and computational efficiency are 

critical factors, thus creating the need to identify 

which cryptographic schemes provide the best 

balance between robustness and performance. 

 

At present, there are various encryption 

techniques, each designed to respond to different 

levels of attacks or threats, as well as to specific 

hardware capabilities. This diversity of schemes 

makes the selection of the most suitable 

algorithm for a given application more 

challenging, turning the search for an optimal 

balance between robustness and computational 

efficiency into a complex task. This situation 

becomes critical in modern environments such 

as Industry 4.0, where embedded resources are 

more constrained, and both technological risks 

and advancements evolve continuously. In this 

context, a reliable and rigorous comparative 

analysis is essential to understand the strengths 

and weaknesses of each cryptographic scheme.  

 

This work compares three widely used 

cryptographic approaches: 

 

a) Lattices (LWE – Learning With Errors). 

b) Feistel Network. 

c) Linear Feedback Shift Register (LFSR). 

 

The decision to carry out this comparison 

arises from the interest in contrasting a 

traditional and well-established scheme (the 

Feistel network) with a modern one (LWE), 

where performance requirements are 

significantly more demanding. Through this 

comparison, it is possible to analyze the current 

trade-off between security and computational 

efficiency. Additionally, encryption based on 

Linear Feedback Shift Registers (LFSR) is 

included, offering extreme simplicity and high 

speed. By incorporating LFSR into the analysis, 

the evaluation spectrum is completed—

comparing a highly secure scheme (LWE), a 

balanced one (Feistel), and an extremely 

efficient one (LFSR). This approach allows for 

the identification of specific advantages and 

limitations under controlled testing conditions. 

The central problem of this study lies in the 

comparative evaluation of the performance of 

three encryption methods with different 

theoretical foundations (Feistel, LWE, and 

LFSR), considering both their cryptographic 

strength and their feasibility for implementation 

in embedded systems in terms of: 

 

− Security: theoretical resistance against 

attacks (brute-force, statistical analysis, 

and quantum attacks). [NIST, 2023; Katz 

& Lindell, 2020; Biryukov & Shamir, 

2002]. 

− Efficiency: execution time, memory 

usage, and scalability across different 

platforms. [ARM, 2022; IEEE IoT, 

2020] 

 

To this end, implementations were 

developed in MATLAB, evaluating metrics such 

as:  

 

− Entropy of the encrypted outputs (to 

measure randomness). 

− Avalanche effect (sensitivity to small 

changes in the input or key). 

− Correlation between the plaintext and the 

ciphertext (ideally close to zero). 

− Computational performance for different 

data sizes. 

 

https://csrc.nist.gov/projects/post-quantum-cryptography
https://books.google.com.mx/books?vid=ISBN9780815354369&redir_esc=y
https://books.google.com.mx/books?vid=ISBN9780815354369&redir_esc=y
https://doi.org/10.1007/3-540-36178-2_1
https://doi.org/10.1007/3-540-36178-2_1
https://developer.arm.com/documentation/101028/1-0
https://ieeexplore.ieee.org/document/9114671
https://ieeexplore.ieee.org/document/9114671
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These metrics were selected because they 

represent the fundamental pillars for evaluating 

a cryptographic algorithm applied to digital 

signals. Shannon entropy measures the 

randomness and dispersion of the signal, which 

once encrypted helps prevent predictable 

patterns (Shannon, 1949). The avalanche effect 

evaluates the impact of small changes in the 

input on the output (Upadhyay et al., 2022). The 

correlation between the original and encrypted 

signals reveals the degree of statistical 

independence achieved by the transformation 

(Krishnamurthy & Ramaswamy, 2010). Finally, 

computational performance helps quantify the 

practical feasibility of the algorithm for real-

world implementation. 

 

The results of this study make it possible 

to establish criteria for the selection of 

algorithms according to the required security 

level, the type of device, and the application 

context. Moreover, this analysis contributes to 

the global discussion on the adoption of post-

quantum algorithms in connected industrial 

systems, a key aspect for ensuring cybersecurity 

in Industry 4.0. 

 

Embedded systems dedicated to pipeline 

inspection (PIG Geómetra) have demonstrated 

the importance of protecting large volumes of 

data acquired by sensors during extended 

operations. In these mass storage systems, which 

use microSD or NAND Flash memories, 

variations in latency and vulnerabilities to data 

manipulation may occur. It is under these 

conditions that LWE emerges as an ideal 

solution to ensure both the integrity and 

authentication of the information. Its lattice-

based nature makes it particularly suitable for 

critical embedded systems, where security must 

coexist with processing constraints and 

continuous data flow. 

 

Theory 

 

Feistel Network 

 

The Feistel cipher is a symmetric structure 

widely used in cryptographic algorithms such as 

DES, Blowfish, and Twofish (Schneier, 1996; 

Schneier, 1993). Its popularity is due to its 

ability to provide acceptable security using 

simple operations such as XOR, rotations, and 

substitutions, which makes it easy to implement 

in both hardware and embedded software 

(Stallings, 2017; Schneier, 1996). 

 

The network is a symmetric structure in 

which the data are divided into two halves that 

are repeatedly transformed through a series of 

operations known as rounds. Each round 

consists of a transformation function applied to 

one half of the block, combining it with the other 

through operations such as rotations and XOR. 

A block is a fixed-size unit of data on which an 

encryptor operates; it has a constant size, local 

independence, and reversibility properties. 

 

It is a classic symmetric cryptography 

scheme, present in algorithms such as DES 

[NIST FIPS 46-3, 1999; Daemen & Rijmen, 

2002] and Blowfish [Schneier, 1993; Schneier, 

1996]. It stands out for its computational 

efficiency and ease of implementation in both 

hardware and software. Despite being a classical 

symmetric encryption scheme, the Feistel 

network continues to be widely used in modern 

algorithms due to its high efficiency and 

straightforward implementation in hardware and 

software alike. It features a flexible structure and 

very low computational cost, making it ideal for 

embedded systems and resource-constrained 

devices. 

 

LWE-Based Cipher 

 

Cryptographic method based on mathematical 

problems known as Learning With Errors 

(LWE), which consists of recovering a secret 

vector s from a system of noisy linear equations 

of the form 𝑏 =  𝐴 ∗  𝑠 +  𝑒 . This problem 

could be easily solved through algebraic 

methods; however, the introduction of noise 

(error) makes the system extremely difficult to 

solve. For this reason, LWE is considered one of 

the most robust pillars of post-quantum 

cryptography and has been proposed as a 

standard by NIST. Its high level of security lies 

in the difficulty of solving noisy linear equation 

systems in high-dimensional spaces, a 

fundamental feature for high-security 

applications, including interconnected industrial 

systems. (NIST, 2023). 

 

To implement the LWE scheme in a 

secure and functional manner, it is necessary to 

carefully define a set of parameters that 

determine the computational difficulty of the 

problem. These parameters must be chosen so 

that the resulting instance is resistant to known 

cryptographic attacks, both classical and 

quantum. The main parameters that define an 

LWE instance are: 

 

https://ieeexplore.ieee.org/document/6769090
https://doi.org/10.1109/ACCESS.2022.3215778
https://www.researchgate.net/publication/41085826_Encryption_Quality_Analysis_and_Security_Evaluation_of_CAST-128_Algorithm_and_its_Modified_Version_using_Digital_Images
https://onlinelibrary.wiley.com/doi/book/10.1002/9781119183471
https://doi.org/10.1007/3-540-58108-1_24
https://dl.acm.org/doi/10.5555/1824151
https://doi.org/10.1002/9781119183471
https://csrc.nist.gov/publications/detail/fips/46/3/archive/1999-10-25
https://doi.org/10.1007/978-3-662-04722-4
https://doi.org/10.1007/978-3-662-04722-4
https://doi.org/10.1007/3-540-58108-1_24
https://doi.org/10.1002/9781119183471
https://doi.org/10.1002/9781119183471
https://csrc.nist.gov/projects/post-quantum-cryptography
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− 𝑛 dimension of the secret vector. 

− 𝑞 modulus over which the vectors 

operate (a large prime integer). 

− 𝜎 standard deviation of the error term. 

 

LFSR-Based Cipher (Linear Feedback Shift 

Register) 

 

It is a lightweight technique that generates 

pseudorandom sequences through simple logical 

operations; it offers high speed and low memory 

consumption, although its security level is lower 

if not used in combination with another suitable 

scheme. 

 

The encryption mechanism is based on a 

bitwise XOR operation between each value of 

the original signal and the byte generated by the 

LFSR, which allows the implementation of a 

simple synchronous stream cipher with low 

computational cost. This technique is common 

in applications that require speed and efficiency, 

although its security level is limited if used 

without additional confusion or diffusion 

functions. 

 

Methodology 

 

In order to carry out a consistent and repeatable 

evaluation among the three selected 

cryptographic schemes, an experimental 

platform was designed in MATLAB that applies 

the same input, processing, and evaluation 

criteria for each algorithm. This ensures that the 

differences observed are not caused by external 

factors, but rather by the inherent properties of 

each cryptographic scheme. 

 

Experimental Environment 

 

All tests were performed five times on a system 

equipped with an AMD Ryzen 5 8645HS 

processor running at 4.30 GHz, 16 GB of RAM, 

and the Windows 11 Home operating system, 

using MATLAB® R2019b with a 200-sample 

discretized signal.  

 

 This environment was selected to ensure 

uniform and reproducible conditions during 

implementation. The implemented methodology 

focused on applying each cryptographic scheme 

to a digital signal normalized within the range 

[−1, 1], which was then scaled and discretized to 

an 8-bit format in the interval [0, 255], 

simulating a typical analog-to-digital signal in 

embedded systems.  

 The behavior of each scheme was 

evaluated against a set of metrics designed to 

measure its security, robustness, and 

computational performance. 

 

The input signal used as the base 

message to evaluate the three cryptographic 

methods consists of a single-cycle sinusoidal 

wave, generated with a sampling period of 1 ms 

(equivalent to a sampling frequency of 1000 Hz) 

and a fundamental frequency of 5 Hz. This 

choice is justified by its distinct visual form, 

which allows for a clear observation of distortion, 

dispersion, and information loss effects that may 

result from message manipulation. 

 

N =
fs

f0
=

1000 Hz

5 Hz
= 200 samples             [1] 

 

Where 𝑁 is the total number of samples 

required to represent one complete cycle of the 

signal, 𝑓0 is the fundamental frequency of the 

sinusoidal wave (in Hz), and 𝑓𝑠 is the sampling 

frequency, that is, the number of samples per 

second taken to digitize the signal. 

 

These 200 samples represent the 

sampling points of the sinusoidal signal during 

one complete cycle. In other words, they consist 

of the 200 discrete values obtained by digitizing 

a continuous 5 Hz wave using a sampling 

frequency of 1000 Hz. This set of samples is 

used as the quantized base message on which the 

different encryption methods analyzed in this 

study are applied. 

 

Box 1x 1 
 

 
 

Figure 1 

Single-cycle sinusoidal wave generated at 5 Hz and 

sampled at 1000 Hz 

 Source: Authors’ own work 

 

Figure 1 shows the sinusoidal waveform 

used as the input signal, composed of 200 

samples representing one complete cycle.  
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This visualization clearly illustrates the 

encoding and distortion effects produced by the 

different cryptographic schemes evaluated. 

Once quantized, the signal is processed by each 

of the encryption schemes. After completing the 

encryption process, a fully encoded and 

unreadable signal is obtained. Subsequently, this 

signal is subjected to an inverse process to carry 

out its recovery. 

 

Box 2 
 

 
 

Figure 2 

Methodological summary of the encryption system 

applied to signals. 

 Source: Authors’ own work 

 

Implementation of the Feistel Cipher 

 

In this work, a 16-round network was employed, 

applied to an 8-bit quantized signal. 

 

Box 3 
 

 
 

Figure 3 

Signal encrypted by the Feistel network (discretized to 

the range [0,1])  

Source: Authors’ own work 

 

Figure 3 shows how the 16-round process 

transforms the original sinusoidal wave, 

dispersing its values and eliminating any 

recognizable pattern. 

 

Signal Division 

 

The input signal is divided into two halves: 

 

L0 = S[1: N/2],  R0 = S[N/2 + 1: N]     [2] 

 

Where: 

 

S is the input vector composed of N simples N is 

the total number of samples. L0 and R0 represent 

the left and right blocks, respectively, which are 

obtained by dividing the signal into two halves.  

 

The use of 𝑁/2 ensures that each half 

contains the same amount of initial information, 

which is necessary to maintain symmetry. By 

dividing the signal into two equal blocks, a 

recursive structure can be applied that exchanges 

information between both sides, progressively 

increasing the complexity and diffusion of the 

encrypted message. 

 

Encryption Rounds 

 

Each encryption round 𝑖 applies a nonlinear 

permutation operation, including a process that 

reorders the bits within the byte, which breaks 

the linearity over the input domain: 

 

Li+1 = Ri,  Ri+1 = Li ⊕ F(Ri, Ki)               [3] 

 

The transformation function F(R,K) is 

defined as a bit rotation followed by an XOR 

operation: 

 

F(R, K) = bitxor(rot(R, si), K)                       [4] 

 

Where: 

si represents the number of positions by which 

the byte R is rotated in round i. 

 

The rotation function is implemented as:  

 

rot(R, s) = (R ≪ s) ⊕ (R ≫ (8 − s))          [5] 

 

The rotation rot(R,s) is an operation 

designed to rearrange the bits within each byte 

cyclically, altering their positions through left 

and right shifts and combining them with XOR. 

This introduces internal complexity and 

diffusion, even before applying the key. 

 

Where the shift si  is calculated as: 

 

𝑠𝑖 = mod(2𝑖 − 1,  8) + 1               [6] 
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The value of the shift si  varies in each 

round according to a modular function that 

ensures different and cyclic rotations between 1 

and 8 bits, thus avoiding repetitive patterns. 

 

Subkey Generation 

 

The master key 𝐾 is an 8-byte vector that is 

reused cyclically: 

 

Ki = K[mod(i − 1,  8) + 1]               [7] 

 

This design allows for memory and 

processing efficiency, using only 8 bytes to 

cover the 16 rounds. 

 

Decryption 

 

The decryption process applies the same 

operations in reverse order: 

 

𝑅𝑖 = 𝐿𝑖+1,  𝐿𝑖 = 𝑅𝑖+1 ⊕ 𝐹(𝐿𝑖+1, 𝐾𝑖)           [8] 

 

To validate that the encryption and 

decryption process was fully reversible, the 

original signal was compared with the decrypted 

signal, sample by sample. The mean absolute 

error (MAE) was then calculated, defined as: 

 

MAE =
1

𝑁
∑ |𝑆original(𝑖) − 𝑆descrypted(𝑖)|𝑁

𝑖=1         [9] 

 

Where: 

N is the total number of samples. 

Soriginal(i) is the i-th sample of the original signal 

(before being encrypted). 

Sdescrypted(i) is the i-th sample recovered after 

decryption. 

 

Implementation of the LWE-Based Cipher 

 

It is considered one of the pillars of post-

quantum cryptography and has been proposed as 

a standard by NIST due to its resistance to 

quantum algorithms, such as Shor’s algorithm. 

 

Parameter Generation 

 

In this implementation, the following parameters 

were used: 

 

𝑛 =  256,  𝑞 =  4096,  𝜎 =  3               [10] 

 

These values provide a reasonable 

balance between security and efficiency for 

academic testing. 

 

Key Generation 

 
The key generation process includes three 

components: 

 

a) Public matrix 𝐴 ∈ 𝑍𝑞
𝑛×𝑛  containing 

random values. 

b) Secret vector 𝑠 ∈ {0,1}𝑛  composed of 

binary bits. 

c) Error vector 𝑒 ∼ 𝒩(0, 𝜎2)  that adds 

controlled noise to conceal the 

relationship between A y s. 

 

The resulting public key: 

𝑏 = (𝐴 ⋅ 𝑠 + 𝑒) 𝑚𝑜𝑑 𝑞              [11] 

 

And s is the private key. 

 

Encryption Process 

 

The quantized signal (message 𝑚) is converted 

into an LWE-compatible format and encrypted 

through a linear combination with noise. The 

previously induced noise, drawn from a 

distribution  𝒩(0, 𝜎2) ensuring that the 

encrypted message maintains security based on 

the computational hardness of the LWE problem. 

 

a) Generation of random matrix R 

𝑅 ∈ {0,1}𝑛×𝑚                [12] 

 

b) Computation of the encrypted values u 

and v. 

 

selected with binary values: 

 

𝑢 = (𝐴𝑇 ⋅ 𝑅) 𝑚𝑜𝑑 𝑞     [13] 

𝑣 = (𝑏𝑇 ⋅ 𝑅 + 𝑚) 𝑚𝑜𝑑 𝑞    [14] 

 

Here, 𝑚 is the message scaled to the 

domain of 𝑍𝑞. 

 

Box 4 
 

 
 

Figure 4 

Signal encrypted using the LWE scheme. It is represented 

directly in the domain Zq with q = 1048583 

Source: Authors’ own work 
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Decryption Process 

 

The receiver, knowing 𝑠, can reconstruct the 

message through: 

 

m̃ = (v − sT ⋅ u) mod q              [13] 

 

Where 𝑚̃   represents the estimated 

version of the original message m btained after 

applying the inverse operation to the encryption 

process. Due to the presence of noise in the LWE 

scheme, the result is not an exact recovery, but 

rather an approximation that can later be refined 

using rescaling and rounding techniques to map 

it back to the original domain. 

 

Implementation of the LFSR-Based Cipher 

(Linear Feedback Shift Register) 

 

Linear Feedback Shift Registers (LFSRs) 

represent one of the oldest and most efficient 

methods for generating pseudorandom 

sequences. In this work, the use of an LFSR is 

explored as a keystream generator 

(pseudorandom key sequence) to encrypt a 

previously quantized input signal. 

 

System Parameters 

 

The implemented LFSR was defined with the 

following values: 

 

a) Register length 

 

𝑛LFSR = 8                [14] 

 

b) Initial seed (in hexadecimal): 

semilla= 0xB3                [15] 

 

c) Feedback polynomial 

 

𝑃(𝑥) = 𝑥8 + 𝑥6 + 𝑥5 + 𝑥4 + 1             [16] 

 

This polynomial is primitive over the 

finite field 𝐹2 which guarantees that the LFSR 

will generate a pseudorandom sequence with the 

maximum possible period, that is, 28−1=255 

cycles before repeating. This property ensures 

that the produced keystream traverses all 

possible combinations (except the zero state), 

thereby improving the dispersion of the 

encrypted data and reducing the likelihood of 

repetitive or predictable patterns in the output. 

 

 

 

d) Active Taps 

 

taps = {8,  6,  5,  4}                        [17] 

 

The active taps are the register positions 

used to calculate the feedback bit during each 

LFSR iteration. Each tap represents a bit of the 

register that participates in a joint XOR 

operation. In this case, the bits located at 

positions 8, 6, 5, and 4 (counting from the most 

significant end) are combined to generate a new 

bit, which is then inserted into the register after 

shifting its contents. This selection of taps 

corresponds to the previously defined feedback 

polynomial and is crucial for determining the 

properties of the keystream, including its period 

and degree of randomness. 

 

State Initialization 

 

The seed is converted into an 8-bit binary vector 

representing the initial state of the register: 

 

state0 = 𝑑𝑒2𝑏𝑖(0𝑥𝐵3)                        [18] 

 

The de2bi function is a MATLAB utility 

that converts a decimal integer into its binary 

representation, returning it as a logical vector 

(composed of zeros and ones). 

 

Example: 

 

𝒔𝒕𝒂𝒕𝒆𝟎 = [1 0 1 1 0 0 1 1]                [19] 

 

This value is updated in each iteration 

based on the defined taps. It represents the LFSR 

seed, expressed as the initial state of the shift 

register. 

 

Keystream Generation 

 

The pseudorandom sequence is generated as 

follows: 

 

For each iteration i:  

 

− Compute the feedback bit: 

 

𝑓𝑖 = ⨁ state𝑗𝑗∈taps                [20] 

 

Shift the state to the right and insert fi: 

 

state𝑖+1 = [𝑓𝑖 ,  state𝑖(1: 𝑛 − 1)]             [21] 

 

− Convert the current state to decimal to 

obtain the cipher byte: 
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keystream
𝑖

= 𝑏𝑖2𝑑𝑒(state𝑖)              [22] 

 

This process is repeated until completing 

a sequence with a length equal to the input signal 

N. 

 

Box 5 
 
Table 1 

Evolution of the Internal State of the LFSR 

 
Iteration Binary State Decimal Value 

1 10110011 179 
2 11011001 217 
3 11101100 236 
4 11110110 246 

 
Source: Authors’ own work 

 

Encryption Process 

 

The quantized input signal S ∈ Z N 
256 is 

encrypted using XOR: 
 

C = S ⊕ K                           [23] 

 

Where: 

K: pseudorandom sequence generated by the 

LFSR. 

C: encrypted signal. 

 

This scheme operates as a synchronous 

stream cipher, generating a sequence that 

depends solely on the seed and the polynomial. 

 

Box 6 
 

 
 

Figure 6 

Signal encrypted using the LFSR scheme 

Source: Authors’ own work 

 

Decryption Process 
 

The decryption process is identical to the 

encryption process due to the XOR operator 

property: 

 

𝑆 = 𝐶 ⊕ 𝐾                                                 [24] 

This mechanism allows for a highly 

efficient implementation, making it ideal for 

resource-constrained environments. 
 

Decryption Validation 

 

It was verified that: 
 

∀𝑖,  𝑆𝑖 = (𝑆𝑖 ⊕ 𝐾𝑖) ⊕ 𝐾𝑖                                [25] 

 

which guarantees the exact recovery of 

the original signal, provided that the keystream 

is correctly replicated. 

 

Evaluation Metrics 

 

To perform a quantitative and objective 

comparison of the three encryption algorithms 

evaluated (Feistel, LWE, and LFSR), a set of 

evaluation metrics was defined to analyze their 

performance in terms of computational 

efficiency and statistical security. 

 

Each metric was selected for its 

relevance in the context of encrypted digital 

signal processing and was measured under 

controlled conditions, using the same input 

signal, compatible parameters, and a common 

execution environment. 

 

The following section describes each of 

the metrics used, their formal definitions, and the 

measurement methods applied in this study. 

 

Execution Time 

 

It is defined as the total time required to execute 

the encryption and decryption process of the 

signal. It was measured in milliseconds (ms) 

using the tic–toc function in MATLAB®. This 

metric is useful for determining temporal 

efficiency, which is especially important in real-

time systems. 

 

Tproc = Tend − Tstart [ms]                                  [26] 

 

To reduce variability, each test was executed 

five times, and the average value was taken. 

 

Where: 

Tproc: total execution time in milliseconds. 

Tstart: starting time of the process. 

Tend: ending time of the process. 

 

 

 

 



9 

ECORFAN-Journal Taiwan                                                                 9[16]1-13: e1916113 

Article 
 

 ISSN: 2524-2121 

RENIECYT-SECIHTI: 1702902 

ECORFAN® All rights reserved 

 

Castillo-Pacheco, César Marcelino & Rodríguez-Olivares, Noé Amir. 

[2025]. Cryptographic Algorithms for Industry 4.0: Analysis of the 

learning with errors method, Feistel networks, and linear feedback shift 
registers. ECORFAN-Journal Taiwan. 9[16]1-13: e1916113. 

https://doi.org/10.35429/EJT.2025.9.16.1.1.13 

 

Memory Usage 

 

Memory usage represents the amount of space 

required to perform the encryption and 

decryption operations, considering both input 

and output data, as well as all auxiliary structures 

needed such as matrices, keys, temporary 

vectors, and state registers, among others. 

 

To calculate it, the byte size of each 

structure used by the algorithm was summed: 

 

𝑀total = ∑ bytes(𝐸𝑖)
𝑛
𝑖=1                 [27] 

 

Where: 

Mtotal: total memory used. 

Ei: individual structures employed (e.g., 

matrices, vectors). 

 

Finally, the value was converted to 

kilobytes for presentation: 

 

𝑀 [KB] =
𝑀total

1024
               [28] 

 

The estimation was performed using 

MATLAB®’s whos function, which allows 

querying the size of each variable in memory. 

Only the structures strictly necessary for 

encryption were included, in order to avoid 

overestimating memory consumption. 

 

Entropy of the Encrypted Signal 

 

Entropy is a central metric in information theory. 

In the context of cryptography, higher entropy in 

the encrypted signal implies a greater level of 

randomness, which is desirable since it reduces 

the likelihood of patterns and enhances the 

confusion property of the system. 

 

The Shannon formula was used to 

calculate the entropy of the encoded signals: 

 

𝐻 = − ∑ 𝑝𝑖
𝑁
𝑖=1 log2(𝑝𝑖)               [29] 

 

Where: 

H: entropy, in bits per sample. 

Pi: probability of occurrence of value i, 

calculated as: 

 

𝑝𝑖 =
𝑓𝑖

∑ 𝑓𝑗
256
𝑗=1

                [30] 

 

 

 

where fi is the absolute frequency of the 

value in the encrypted signal (uint8). A 

histogram with 256 bins (one for each possible 

value from 0 to 255) was used and normalized to 

obtain the probabilities. 

 

An ideal entropy approaches: 

 

𝐻max = log2(256) = 8 bits/sample                 [31] 

 

Shannon entropy measures the amount of 

uncertainty or randomness present in a signal. 

The higher the entropy, the more difficult it is to 

predict the next value, and therefore, the greater 

the statistical security of the encrypted signal. 

 

Avalanche Effect 

 

The avalanche effect measures how sensitive an 

encryption algorithm is to minimal changes in 

the input. A robust algorithm should produce a 

completely different signal if a single bit of the 

original signal is altered. This principle is key in 

cryptography, especially in block algorithms, as 

it ensures adequate diffusion. To quantify it, one 

bit in the first byte of the input signal was 

modified. Then, the original and modified 

encrypted bytes were compared, measuring how 

many bits changed using the Hamming distance. 

 

The formula used were: 

 

Avalanche =
∑ Hamming(𝐶𝑖,𝐶𝑖

′)𝑛
𝑖=1

𝑛⋅8
× 100%      [32] 

 

nl: total number of bytes analyzed. 

Hamming (CiCi’’): number of bits that differ 

between the two bytes. 

 

This result is expressed as the percentage 

of bits altered. 

 

Correlation Between Original and Encrypted 

Signals 

 

This metric evaluates how independent the 

encrypted signal is from the original signal. In an 

ideal encryption scheme, there should be no 

apparent linear relationship between the two 

signals. 

 

The Pearson correlation coefficient was 

calculated as: 

 

ρ𝑥,𝑦 =
∑(𝑥𝑖−𝑥̅)(𝑦𝑖−𝑦̅)

√∑(𝑥𝑖−𝑥̅)2⋅∑(𝑦𝑖−𝑦̅)2
              [35] 
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Where: 

Xi: original sample. 

Yi: encrypted sample. 

xˉ, yˉ: mean values of the signals. 

 

Values of 𝜌 close to zero or negative 

indicate greater independence, which is 

desirable in a secure cryptographic scheme. The 

calculation was performed in MATLAB® using 

the corrcoef(x, y) function and extracting the 𝜌 

value from the resulting matrix. 

 

Box 7 
 
Table 2 

Scheme for the Presentation of Results 

 
Metric Unit Measurement Tool 

Encryption 

time 

ms tic–toc  in MATLAB 

Decryption 

time 

ms tic–toc in MATLAB 

Memory 

usage 

kB whos, sum of structures 

Entropy bits/muestra Shannon formula 

(histogram) 

Avalanche 

effect 

% de bits Hamming distance, bit-

by-bit comparison 

Correlation Pearson 

Coef.. 

corrcoef() between 

signals 

 

Source: Authors’ own work 

 

In this section, the results obtained after 

applying the three encryption algorithms 

evaluated — Feistel, LWE, and LFSR — are 

presented and analyzed. Each algorithm was 

implemented in MATLAB® under the 

previously described experimental conditions, 

using the same 8-bit quantized sinusoidal input 

signal. The metrics considered were: processing 

time, memory usage, entropy of the encrypted 

signal, avalanche effect, and correlation between 

the original and the encrypted signals. 

 

Execution Time 

 

The encryption and decryption time was 

measured in milliseconds for each algorithm, 

averaging five consecutive runs. 

 

 

 

 

 

 

 

 

Box 8 
 

Table 3 

Processing Time of Each Cipher 
 

Algorithm Encryption 

(ms) 
Decryption 

(ms) 
Feistel 0.35 0.41 
LWE 1.87 2.32 
LFSR 0.04 0.04 

 

Source: Authors’ own work 
 

The LFSR algorithm demonstrated 

significantly superior performance in terms of 

speed, being 46 times faster than LWE and 

approximately 9 times faster than Feistel during 

the encryption stage. This behavior is expected, 

since LFSR operates with bit-level rotations and 

XOR operations, without the need for large data 

structures or matrix operations. LWE was the 

slowest algorithm, due to the requirement for 

matrix multiplications over Zq and noise 

handling. This makes it less suitable for real-

time applications, although its cryptographic 

robustness is higher. 

 

Memory Usage 

 

The total memory usage, measured in kilobytes, 

includes all the structures required by each 

algorithm during the encryption process. 

 

Box 9 
 

Table 4 

Memory Used by Each Method 
 

Algorithm Memory (kB) 
Feistel 0.20 
LWE 1.53 
LFSR 0.18 

 

Source: Authors’ own work 

Once again, LWE showed a significantly 

higher memory consumption, resulting from the 

storage of the matrix A ∈ Zq 
nxn, the error vector, 

and the intermediate vectors. In contrast, Feistel 

and LFSR are limited to simple manipulations of 

the original signal, requiring less than 1 kB in 

total. 

 

Entropy of the Encrypted Signal 

 

The entropy was evaluated using Shannon’s 

formula for the three encoded signals. A 

histogram with 256 bins (corresponding to all 

possible uint8 values) was used to estimate the 

probability of each value. 
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Box 10 
 
Table 5 

Average Entropy of the Encrypted Signal 

 
Algorithm Entropy (bits/sample) 

Feistel 7.85 
LWE 9.21 
LFSR 6.73 

 
Source: Authors’ own work 

 

LWE achieved the highest entropy, even 

exceeding the theoretical maximum value of 8 

bits/sample for uint8 signals, due to the 

dispersion introduced by operations in Zq and the 

effect of Gaussian noise. Feistel produced a 

highly random signal, although slightly lower, 

while LFSR obtained the lowest value, 

suggesting a less dispersed and more predictable 

sequence. 

 

Avalanche Effect 

 

A single bit in the first input sample was altered, 

and the percentage of modified bits in the 

encrypted signal was measured using the 

Hamming distance. 

 

Box 11 
 
Table 6 

Avalanche Effect by Algorithm 

 
Algorithm Avalanche Effect (% bits) 

Feistel 0.31 
LWE 45.7 
LFSR 0.08 

 
Source: Authors’ own work 

 

LWE exhibited a high avalanche effect, 

close to ideal behavior. This result is a 

consequence of the diffusive nature of the 

lattice-based scheme. Feistel showed minimal 

dispersion, which could potentially be improved 

by increasing the number of rounds. As 

expected, LFSR responded almost linearly to the 

change, demonstrating its weakness in diffusion. 

 

Correlation Between Original and Encrypted 

Signals 

 

The Pearson correlation coefficient between 

each original signal and its corresponding 

encrypted version was calculated to measure 

statistical independence. 

 

Box 12 
 
Table 7 

Correlation Coefficient 

 
Algorithm Correlation (ρ) 

Feistel - 0.0012 
LWE –0.0341 
LFSR 0.4412 

 
Source: Authors’ own work 

 

LWE showed the lowest correlation 

(close to zero), indicating that the encrypted 

signal does not preserve linear information from 

the original. Feistel also achieved good 

independence, while LFSR exhibited a relatively 

high correlation, reflecting its limited ability to 

break relationships between the original and 

encoded data. 

 

Conclusions 

 

In this work, a detailed technical comparison 

was carried out among three encryption 

algorithms with different structures and 

theoretical foundations: Feistel, LWE (Learning 

With Errors), and LFSR (Linear Feedback Shift 

Register). The objective was to evaluate their 

performance on the same discretized input signal 

by applying a homogeneous set of metrics that 

cover both computational performance and 

cryptographic robustness. 

 

The results obtained allowed for the 

identification of substantial differences among 

the analyzed algorithms, in terms of speed, 

memory consumption, and statistical properties 

of the encrypted signal. 

 

From a computational efficiency 

perspective, the LFSR algorithm proved to be 

notably faster and lighter, with execution times 

below 0.05 ms and memory usage under 0.2 KB. 

This characteristic makes it an attractive 

candidate for implementation in embedded 

systems, remote sensors, and IoT devices, where 

resources are limited and cryptographic 

requirements may be basic. However, its 

entropy, avalanche, and correlation metrics 

revealed a significant structural weakness in 

terms of security, which restricts its applicability 

to low-criticality contexts. 
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he Feistel cipher, based on a 16-round 

symmetric network, provided a good balance 

between speed, memory, and security. Although 

it did not reach the entropy or avalanche effect 

levels of LWE, it maintained an almost null 

correlation with the original signal and showed 

greater robustness than LFSR. Its low 

computational cost and ease of implementation 

make it a viable option for real-world systems 

that require moderate security and efficiency, 

such as secure industrial control 

communications or mobile devices. 

 

On the other hand, the LWE-based 

encryption exhibited lower computational 

performance due to its algorithmic complexity 

involving matrix operations over large domains, 

noise generation, and modular arithmetic 

management which resulted in higher execution 

times and greater memory consumption. 

Nevertheless, it outperformed the other 

algorithms in entropy, avalanche effect, and low 

correlation, demonstrating a superior level of 

cryptographic security. These properties make it 

particularly suitable for applications where 

quantum-attack resistance and statistical 

robustness are priority requirements, such as 

post-quantum digital signatures, sensitive data 

encryption, or secure cloud communications. 

 

This study highlights the importance of 

considering both performance and statistical 

security metrics when selecting an encryption 

algorithm, especially in digital signal and 

discrete data transmission applications. 

 

Finally, based on the results obtained, it 

can be stated that the statistical superiority of the 

LWE scheme makes it ideal for industrial 

continuous-storage environments, such as the 

PIG Geómetra system developed by CIDESI. 

 

The implementation of LWE encryption 

in this architecture would provide the system 

with attack-resistant cryptographic protection, 

ensuring that the collected information remains 

intact and confidential. The LWE scheme is 

therefore the ideal complement for next-

generation industrial dataloggers. 
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Abstract 

  

Recently, the incorporation of nanomaterials into industry 

has increased. The diverse applications of these different 

nanocomposites have allowed for a wide variety of 

studies, and with them, their applications have grown. In 

general, zinc oxide nanocomposites are used for medical 

applications due to their antimicrobial properties; 

however, little is known about this material in ceramic 

applications. This work studies the incorporation of 

nanostructured materials, such as zinc oxide nanoparticles, 

into ceramic materials. An XRD and optical microscopy 

study was performed to ensure the presence of 

nanoparticles and their effect on the final product. 

 

 
 

ZnO, Nanoparticles, ceramics 
 

 

Resumen  

 
Recientemente la incorporación de nanomateriales en la 

industria ha ido en aumento, diversas aplicaciones de los 

diferentes nanocompuestos han permitido una gran variedad 

estudios y con ello las aplicaciones han crecido. En general 

los nanocompuestos de óxido de zinc se utilizan para 

aplicaciones médicas por su capacidad antimicrobiana, sin 

embargo, poco se habla de este material en aplicaciones 

cerámicas. En este trabajo se estudia la incorporación de 

materiales nanoestructurados como lo es las nanopartículas 

de óxido de zinc en materiales cerámicos. Se realizó un 

estudio de DRX y microscopia óptica para asegurar la 

presencia de las nanopartículas y su efecto en el producto 

final. 
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Introduction 

 

Zinc oxide nanoparticles (ZnO) have found 

diverse applications in the ceramics industry due 

to their unique properties, including enhanced 

mechanical performance, antibacterial activity, 

improved thermal conductivity, and use in 

ceramic coatings, among others. These 

characteristics make ZnO nanoparticles highly 

attractive across various scientific fields 

(Esquivel, 2017; Carreón, 2020). Furthermore, it 

was reported to use different nanoparticles for 

the prevention of bacterial biofilms in titanium-

based implants (Cajiao, 2025). 

 

In particular, the incorporation of ZnO 

nanoparticles into ceramic matrices has 

demonstrated improvements in mechanical 

strength, thermal stability, and added 

functionalities such as ultraviolet (UV) radiation 

protection and antimicrobial capabilities 

(Surichaqui, 2013). The addition of ZnO can 

modify the microstructure of ceramics, enabling 

the development of novel applications in 

electronic devices, sensors, biomedical 

materials, and anticorrosive coatings 

(Bakhsheshi-Rad, 2017; Zhang, 2013; De La 

Rosa, 2022). In 2025, Quintanilla et al worked 

with epoxy compounds reinforced with silica 

nanoparticles (Quintanilla Cherrez, 2025). In 

addition, it was reported the use of silica 

nanoparticles at different filler contents, as a 

result of concentration, they improved stability 

and compressive strength (Conde Alania, 2025). 

 

Moreover, the integration of ZnO 

nanoparticles into ceramics has shown 

significant effects in enhancing sintering 

behavior and reducing processing temperatures, 

thereby enabling more efficient and cost-

effective production of high-performance 

ceramic materials. Research on the interaction 

mechanisms between ZnO nanoparticles and the 

ceramic matrix remains an active area of 

investigation, as precise control over these 

interactions is crucial for optimizing the final 

properties of the resulting materials (De 

la Garza, 2024). 

 

In recent years, the incorporation of 

nanostructured materials into ceramics has 

increased significantly. In particular, zinc oxide 

nanoparticles have drawn considerable attention 

due to their antimicrobial properties. However, 

in other cases, different types of nanoparticles 

have been introduced into ceramic materials to 

enhance specific properties.  

It should be noted that, despite the 

growing interest in nanoparticle-modified 

ceramics, ZnO nanoparticles have not been 

widely recognized for their potential to improve 

mechanical strength. Therefore, this study aims 

to explore the use of ZnO nanoparticles in 

ceramic materials for a purpose different from 

those previously reported. While previous 

studies have demonstrated that the incorporation 

of nanomaterials can enhance the mechanical 

resistance of ceramics, the mechanical 

reinforcement potential of ZnO nanoparticles 

remains underexplored. This work seeks to 

address this gap by investigating their role in 

improving the mechanical properties of ceramic 

composites. 

 

Methodology 

 

The zinc oxide (ZnO) nanoparticles used in this 

study were synthesized via the sol-gel method 

(Martinello, 2012). After synthesis, the ZnO 

nanoparticles were incorporated into a ceramic 

matrix by adding all materials simultaneously. 

Initially, all raw materials in powder form were 

placed into a ball mill crucible in the quantities 

specified in Table 1. The following materials 

were weighed: 

 

Box 1 
 
Table 1 

Materials used in the ceramic formulatión 

 
Feldespar 

Calcium carbonate 

Barium carbonate 

Calcium silicate 

Silica 

Sodium tripolyphosphate 

Zirconium silicate 

Aluminum silicate 

FT-1 

ZnO nanoparticles 

 
Created by the authors 

 

The quantities were adjusted to prepare a 

total of 100 g of sample. The powders were then 

manually mixed using a spatula to achieve 

preliminary homogenization. Subsequently, 

50 mL of deionized water was added to the 

mixture, along with one drop of a dispersant 

(flocculant) to control the suspension of solid 

particles, aiming to obtain a homogeneous and 

stable mixture. The slurry was then transferred 

to a ball mill and milled for 25 minutes to 

complete the homogenization process.  

https://cimav.repositorioinstitucional.mx/jspui/handle/1004/2317
https://infoanalitica-puce.edu.ec/index.php/infoanalitica/article/view/141
https://sedici.unlp.edu.ar/handle/10915/181821
file:///C:/Users/Desktop/Downloads/UNI-Eng.Physic-R.Colonia.pdf
https://doi.org/10.1016/j.ceramint.2017.07.233
10.2174/1566524013666131111130058
https://doi.org/10.29312/remexca.v13i28.3284
https://doi.org/10.29312/remexca.v13i28.3284
https://bibdigital.epn.edu.ec/handle/15000/26581
https://repositorio.continental.edu.pe/item/7060ec0a-8ae8-4386-83e4-08fc6b09f4ee
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The resulting liquid mixture was poured 

into an aluminum dish and placed in a drying 

oven to remove excess moisture. Once 

completely dried, the material was ground into a 

fine powder using a mortar and pestle. The 

powdered sample was then loaded into a pellet 

die and compacted into cylindrical pellets using 

a hydraulic press. 

 

Finally, the green pellets were sintered in 

a muffle furnace at a predetermined temperature 

for 16 hours to obtain the final ceramic product. 

Figure 1 shows photographic images of the 

ceramic fabrication process. 

 

Box 2 
 

 
 
Figure 1 

Images of the ceramic fabrication process 

 

The quantities of the materials added 

were not specified because this is a collaborative 

project currently under development. 

 

Results 

 

X-ray diffraction (XRD) analysis also confirms 

the presence of zinc oxide nanoparticles. As 

shown in Figure 2, the diffraction peak at 37° 

appearing in the modified sample verifies the 

successful incorporation of the nanoparticles, 

consistent with the findings reported by 

Martinello (Martinello, 2012) and Colonia 

(Colonia, 2013). According to Martinello and 

Esquivel, the crystalline structure exhibited by 

the nanoparticles corresponds to the wurtzite 

phase. 

 

 

 

 

Box 3 
 

 
Figure 2 

XRD patterns obtained for the unmodified sample and the 

sample incorporating ZnO nanoparticles       

                     Source: [Origin 2018] 

 

Ceramic product fabrication 

 

The results after the sintering process show good 

densification of the material and adequate 

mechanical strength for ceramic coatings. The 

properties of zinc oxide nanoparticles are 

expected to enable the dispersion and reflection 

of ultraviolet (UV) radiation. 

 

The incorporation of nanomaterials into 

the ceramic matrix was successful. As observed 

in the micrographs, the modified ceramic 

exhibits a surface with finer cracks, indicating a 

reduced grain size. This refinement suggests an 

improvement in mechanical strength. Figure 3 

presents the fabricated ceramic samples, 

comparing the unmodified material (without 

nanoparticle addition) with the modified ceramic 

containing ZnO nanoparticles. 

 

Box 4 
 

 
 
Figure 3 

Ceramic materials fabricated without modification (left 

side) and modified (right side) with the incorporation of 

ZnO nanoparticles using optical microscope 

Created by the authors 

 

 

https://www.qualicer.org/recopilatorio/ponencias/pdfs/2012200.pdf
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(De la Garza, 2024) reports in their study 

that porosity has a direct impact on the properties 

of ceramic tiles, concluding that the addition of 

ceramic oxide nanoparticles significantly 

reduces porosity in ceramic tiles. In another 

study, the incorporation of nanomaterials was 

shown to enhance the physical, mechanical, 

thermal and thermo-mechanical properties of 

refractory materials, depending on the 

concentration range and type of nanomaterial 

used (Carreón, 2020).  

 

The study with other nanoparticles such 

as silica oxide as reinforcement demonstrated 

that they improve mechanical properties, 

therefore it is considered that the use of zinc 

oxide nanoparticles can improve mechanical 

properties in addition to contributing as a 

bacteria inhibitor on surfaces. (Quintanilla 

Cherrez, 2025), (Conde Alania, 2025). 

 

The fabricated ceramic material was 

analyzed via micrographs. As shown in Figure 4, 

three optical microscope images reveal surface 

differences between the samples. In the 

unmodified material, small edge features are 

visible, which may indicate microcracks. In 

contrast, these features are not observed in the 

modified sample.  

 

Although the modified sample appears to 

exhibit scratches that could be mistaken for 

fractures, these are artifacts resulting from 

surface scraping performed to reduce light 

reflection, as the modified material exhibited 

higher whiteness. 

 

Box 5 
 

 
 
Figure 4 

Micrographs of the unmodified ceramic material and the 

ceramic modified with ZnO nanoparticles. Image taken 

from the Quasar Qm 33 Science microscope 

 

Conclusions 

 

The incorporation of ZnO nanoparticles was 

successfully achieved and carried out without 

complications during the mixing process.  

The addition of ZnO nanoparticles has 

the potential to increase the hardness and 

abrasion resistance of the ceramic coating, 

enhancing its durability and resistance to wear 

— findings that are consistent with previous 

literature regarding the influence of nanoparticle 

morphology. As observed in this study, the 

surface appearance of the modified ceramic is 

promising for application in the ceramic 

industry. However, further mechanical strength 

tests are required to confirm the improved 

performance of the modified material, as 

microstructural analysis revealed a reduction in 

crack formation, suggesting enhanced 

mechanical integrity. 
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Abstract  

 

Multi-walls carbon nanotubes (MWCNTs) were modified by 

ultrasound-assisted with citric acid (MWCNTs-citric acid). This 

modification was assisted by ultrasonic irradiation by 4 hours 

and 60°C. MWCNTs-citric acid were characterization by 

spectroscopy FT-IR (ATR) show the characteristics bands of 

carboxylic acids, and RAMAN spectroscopy shows the D and G 

bands to relation to sp2 bonds, showing order and disorder 

structural. MWCNTs-citric acid contact angle value indicates the 

hydrophilic nature of nanostructure. MWCNTs-citric acid 

turbidity assay using different solvents is increase to MWCNTs. 

The measure of percentage of acid groups is 16.5%. The different 

characterizations are a probe of excellent superficial 

modification of MWCNT using ultrasonic energy. 

 

 
 

NTCPM, Ultrasound, Acid citric 

 
 

Resumen  

 
Los nanotubos de carbon de pared multiple (NTCPM) fueron 

modificados emplendo energía ultrasonica y ácido cítrico (NTCPM-

ácido cítrico). Estas modificaciones se llevaron acabo por 4 horas a 

60°C. Los NTCPM-ácido cítrico fueron caracterizados por FT-

IR(ATR) mostrando bandas características del ácido carboxilíco, 

espectroscopia RAMAN mostrando las bandas D y G relacionadas 

con los enlaces sp2, mostrando el orden y el desorden structural. El 

valor de ángulo de contacto indicó la naturaleza hirdrofobíca de las 

nanoestrusturas. Los ensayos de turbidez indicaron que esta 

propiedad incrementa en los NTCPM-ácido cítrico. Las mediciones 

del % de grupos ácido fue del 16.5%. Las diferentes 

caracterizaciones son una prueba de la excelente modificación 

superficial de los NTCPM usando energía de ultrasonido.  
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Introduction 

 

Carbon nanotubes (CNTs) are allotropes of 

carbon such as diamond, graphite and fullerenes; 

which are presents in 1991 by Sumio Iijima, 

when he was worked in electronic microscopic 

showed tubular molecules (Iijima, 1991). CNTs 

have a structure with carbon atoms in hexagons 

and pentagons and sp2 hybridization. Nanotubes 

are classified as simple-walls (SWCNTs) or 

multi-walls carbon nanotubes (MWCNTs), 

formed by single or multiple layers of graphene 

rolled up into a seamless tube. Since discovery 

of these nanostructures, multiple researches are 

focused in different research areas because 

exceptionally high material properties such as 

electrical and thermal conductivity, strength, 

stiffness, and toughness (Maubert et al., 2009).  

 

MWCNTs showed several applications 

and technological solutions in different areas 

like automotive industry, optoelectronic, 

medicine, and water treatment. However, the 

major problem in several applications is the poor 

dispersion and solubility of nanomaterials of 

carbon. MWCNTs superficial modification 

might to help and change the poor dispersion. 

Several ways to performed superficial 

modification by covalent and not covalent bond 

of functional groups and molecules are reported 

(Sujata et al., 2013)  

 

These modifications are accompanied by 

“green” modification methods. In the global 

effort to reduce hazardous waste generated by 

industry, the green chemistry philosophy is 

integrating and re-designed processes. Green 

chemistry bases in 12 fundamental principles. 

These principles are a guide in minimizing the 

use of unsafe reagents and maximizing the 

efficiency of chemical processes. One of the 

most important principles is the sixth, Design for 

Energy Efficiency, which states that the energy 

requirements of chemical processes should be 

acknowledged for their environmental and 

economic impacts and should be minimized. The 

ultrasound is an alternative energy source that 

reduces reaction time, decrease reagents and 

solvents, and contributes to an efficient process 

(Li et al., 2009). 

 

In the search of novel strategies of 

reaction process, the ultrasound is an excellent 

method to MWCNTs dispersion and energy 

activation in the superficial modifications of 

MWCNTs.  

The literature reports several approaches 

to MWCNTs modification using H2SO4/HNO3 

and ultrasound and high temperature. 

Additionally, other oxidizing agents, such as 

stearic acid, H₂SO₄, and KMnO₄, have also been 

employed in ultrasound-assisted modifications 

of CNTs (Chen et al., 2005).  

 

Actually, it´s proposed the use of novel 

methods less aggressive to add functional groups 

on MWCNTs. For example, the Sonochemistry 

in MWCNTs modifications with citric acid; an 

organic acid of natural source, which found it in 

several fruits such as lemon, orange, plum, etc. 

Citric acid is a carboxylic acid used in 

pharmaceutical, food and cosmetics products 

(Wang et al., 2006). 

 

Sonochemistry is used to development 

chemistry bonds in nanometric particles. 

Literature reports showed the use of ultrasound 

to MWCNT dispersion and activation of 

chemistry bonds to promote the superficial 

modification (Xu et al., 2012). In this article, 

present the results about the superficial 

modification of MWCNT’s with citric acid using 

ultrasound like alternative activation. 

 

Methodology 

 

Develop give the meaning of the variables in 

linear writing and important is the comparison of 

the used criteria. 

 

Materials  

 

MWCNTs industrial grade with 90% of purity, 

20-50 nm of diameter, 5-15 µm of length and 

superficial area of 200 m2/g were used. Citric 

acid of analytical grade (Faga Lab) is used. 

 

Superficial modification of MWCNT’s 

 

A saturate solution of citric acid (20 g in 25 mL 

of distillate water) was prepared. Then adding 

MWCNTs (0.04 mg). Placed this mixture into an 

ultrasonic bath (Branson 5510, 20-50 kHz and 

10-60 Kw/m2 of intensity) at 60 °C by 4 hours. 

Finish time of sonication, the mixture was 

filtered and washed with distilled water several 

times. Finally, dried the MWCNTs were dried 

into a stove at 40 ºC for 24 hours. 

 

 

 

 

 

https://sedici.unlp.edu.ar/handle/10915/181821
https://www.researchgate.net/publication/40901773_Nanoturbos_de_carbono_La_era_de_la_nanotecnologia
https://pubs.acs.org/doi/10.1021/jp407944j
file:///C:/Users/soria/Downloads/RETORNO%20DE%20PREPRINT-24-12-2025/CIER-153/10.1016/j.ultsonch.2009.03.006
https://doi.org/10.1016/j.carbon.2005.01.044
https://pubs.acs.org/doi/10.1021/ja053003q
https://doi.org/10.1021/ie300989w
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Spectroscopic characterization 

 

Infrared using a spectrophotometer Perkin-

Elmer GX00 with ATR (Attenuated Total 

Reflectance) dispositive and diamond tip 

performed spectroscopic characterization. The 

samples were analyzed in powder form without 

prior treatment, using 32 scans at room 

temperature within the 4000–600 cm⁻¹ range 

(Skoog, 2008). 

 

Raman studies were development in a 

spectrophotometer Micro Raman (RENISHAW), 

Neon laser of 633 nm of length with 40 seconds 

of integrations and 6% of potency. Deposited the 

Samples on holder and stick with double-face 

tape and not previous preparation (Ferrari & 

Robertson, 2000). 

 

Contact angle determination 

 

Samples were compacted to form tablets. Then 

added a drop of 100 to surface of sample and the 

angle contact between the sample tablets and 

measured the water drop. For these experiments, 

a Rame-Hart contact angle gonio meter (model 

100-00) was used. 

 

Turbidity determination 

 

The turbidity was determined in the solvents 

water, ethyl acetate, methanol, and ethanol 

(polar) and hexane and petroleum ether 

(nonpolar). For this determination, 0.02 mg of 

the sample in 8 mL of solvent was used as well 

as a Hach model 2100P turbidimeter for 

determinations. 

 

Determination of percentage of acid groups 

by titration 

 

Acid groups determination was carried out to 

weight 0.00125 mg of sample and then was put 

into a Schlenk flask, added a mixture of 0.01 N 

of NaOH (5 mL) and NaCl (0.01 N). The flask 

was hermetic closed and stirred by 4 hours in 

nitrogen atmosphere. Then the sample is filtered 

and added 2 drops of phenolphthalein like 

indicator and titillated with solution of NaOH 

(0.01 N). Executed the experiments by triplicate 

(Boehm, 1994). 

 

 

 

 

 

 

Results 

 

FTIR (ATR) 

 

The performed MWCNTs modification in mild 

conditions using citric acid under ultrasonic 

irradiation. First, to demonstrate the 

modification, FTIR (ATR) of sample of 

MWCNTs performed the characterization and 

MWCNTs modified with citric acid (MWCNTs-

citric acid). Fig.1 shows FTIR (ATR) spectrum 

of MWCNTs unmodified. The expected 

spectrum of the nanostructure not exhibits 

important bands, which is due to only C-H bond 

present in the structure.  In contrast, Fig. 2 shows 

the FTIR (ATR) of MWCNT-citric acid. 

 

The spectrum of the MWCNTs-citric 

acid exhibits important IR bands. For example, 

the O-H stretching (2900 cm-1), the C=O 

stretching (1700 cm-1) and the O-C-H bending 

(1390 cm-1). These IR bands are an important 

suggestion of the superficial modification of 

MWCNTs and the presence of carboxylic acid 

group of the citric acid. In conforming to 

literature reports, (Chen et al., 2005) reported a 

study about MWCNTs modification with citric 

acid promoted by ultrasound. 

 

Box 1 
 

 
 

Figure 1 

FT-IR (ATR) spectrum of MWCNTs        

Source [in italic] 

 

 

 

 

 

 

 

 

 

https://www.academia.edu/43268766/Principios_de_an%C3%A1lisis_instrumental_Skoog_Douglas_A_Holler_F_James_Crouch_Stanley_R_Sexta_Edici%C3%B3n_Cengage_Learning_Editores_2008_M%C3%A9xico
https://doi.org/10.1103/PhysRevB.61.14095
https://doi.org/10.1103/PhysRevB.61.14095
https://doi.org/10.1016/0008-6223(94)90031-0
https://doi.org/10.1016/j.carbon.2005.01.044
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Box 2 
 

 
 

Figure 2 

FT-IR (ATR) spectrum of MWCNTs-citric acid.  

      Source [in italic] 

 

Raman characterization 

 

In the Fig. 3 is present the Raman spectrum in 

which are observed the characteristic peaks in 

1350 cm-1 (D band) and 1580 cm-1 (G band), to 

assigned to ordered and disordered structured of 

C-C layers respectively. Maiti and col. (2013) 

reported a study in which MWCNTs showed in 

1331 cm-1 and 1604 cm-1 the D and G bands and 

assignation to C-C sp2 hybridization (Maiti et 

al., 2013). 

 

Box 3 
 

 
 

Figure 3 

RAMAN spectra of MWCNTs and MWCNTs-citric acid        

Source [in italic] 

 

 

 

 

 

 

MWCNTs and MWCNTs-citric acid contact 

angle determination 

 

Contact angle characterization determinate the 

hydrophilic or hydrophobic nature sample. In 

this case, the contact angle of MWCNTs and 

MWCNTs-citric acid determination was 

performed using a tablet of MWCNTs and 

MWCNTs-citric acid. The results show that 

MWCNTs formed a 90°C contact angle between 

the sample table and the drop of water. This is 

indicative that not exist interaction between 

MWCNTs and the water because the character 

hydrophobic of the nanostructure. In the other 

hand, the contact angle of MWCNTs-citric acid 

was 0 °C, because the sample tablet and the drop 

of water have an excellent interaction, Fig. 4. 

This behavior indicates that the modification of 

MWCNTs with citric acid was performed 

because the character on superficial 

nanostructure changes of hydrophobic to 

hydrophilic. The hydrophilic MWCNTs-citric 

acid is due to different interactions such as 

hydrogen bonds, Van der Waals and others. 

 

Box 4 
 

 
 

 

Figure 4 

Contact angle of a) MWCNTs and b) MWCNTs-citric 

acid. The photographs show an angle of 90°C and 0°C 

respectively. 

      Source [in italic] 

  

(Ellis & Ingham, 2012) reported that 

MWCNTs are hydrophobic nature, but with the 

superficial modification with acetic acid is 

changed to hydrophilic. This previous report 

shows that the modification of MWCNTs is 

possible using a green organic acid. For instance, 

the results in the contact angle determination are 

according with the literature. 

 

Turbidity determination 

 

Several technological applications of carbon 

nanostructures have not been developed due to 

their poor dispersion in various solvents and 

matrices.  

file:///C:/Users/soria/Downloads/RETORNO%20DE%20PREPRINT-24-12-2025/CIER-153/10.1021/am400658h
file:///C:/Users/soria/Downloads/RETORNO%20DE%20PREPRINT-24-12-2025/CIER-153/10.1021/am400658h
https://doi.org/10.1016/j.jmmm.2005.09.037
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The surface modification of CNTs 

improved their dispersion, potentially 

addressing the issue of poor solubility. Turbidity 

determination is a physical analysis that shows if 

a nanomaterial is modified or unmodified to 

change this property. In the Fig. 5 are show the 

results in the turbidity assay, performed in 

different solvents; the MWCNTs-citric acid 

sample has a good dispersion because the light 

in the determination was not cross the 

MWCNTs-citric acid dispersion. The measure of 

turbidity in the solvents ethanol, pentanol and 

petroleum ether was not determinate because an 

excellent dispersion of the nanoparticles. In 

addition, MWCNTs-citric acid in ethyl acetate is 

different with the MWCNTs. 

 

Box 5 
 

 
 

Figure 5 

Turbidity determination in different solvents.      

 Source [in italic] 

 

Acid groups quantification by titration  

 

The determination of acid groups in MWCNTs-

citric acid treated by titration in an assay by 

triplicate. The amount of acid groups in 

percentage of MWCNTs-citric acid was 16.5%. 

In according to literature, Cabello and col. 

reported a percentage of acid groups to 

MWCNTs-citric acid of 18.57%, using a 

treatment of 8 hours in the ultrasound irradiation 

(Cabello et al., 2014). In contrast, in the present 

work, MWCNT–citric acid composites were 

obtained through ultrasound-assisted treatment, 

requiring only 4 hours of irradiation. 

 

MWCNTs covalent modification is 

possible due to the superficial defects in the 

nanostructure. It is important to mention that the 

percentage of acid groups should not be to high 

value because a total modification of the 

nanostructure may be to affect the MWCNTs 

properties. 

Conclusions 

 

In conclusion, citric acid superficial 

modification of MWCNTs performed by 

ultrasound assisted. FT-IR (ATR), Raman, 

contact angle determination, turbidity and 

measure of percentage of acid groups, 

characterized this modification. FT-IR (ATR) 

results show characteristic bands in MWCNTs-

citric acid. Raman spectroscopy results show 

order and disorder in nanostructures. Turbidity 

results show that the dispersion of MWCNTs is 

poor in contrast with MWCNTs modified in 

different solvents such as ethanol, methanol, and 

petroleum ether. For polar solvents the 

electronegative atoms may be interact with the 

polar groups in MWCNTs-citric acid by 

hydrogen bond principally and the increase the 

dispersion. In the case of nonpolar solvents 

interacts with MWCNTs-citric acid by Van der 

Waals interactions. Contac angle in MWCNTs-

citric acid is decrease in comparison with the 

MWCNTs. Finally, the percentage of acid 

groups is a measure of superficial modification 

of MWCNTs by covalent bond. 
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Abstract 

 

Vibrational analysis in automotive rotodynamic systems faces technical 
limitations that hinder accurate fault diagnosis. This study proposes the use of 

fiber optic Bragg grating (FBG) sensors as an advanced alternative to 

conventional piezoelectric accelerometers, highlighting their electromagnetic 

immunity and distributed sensing capabilities. An experimental test bench was 

designed and instrumented with an FBG sensor array, and its functionality 

was validated through free vibration tests. Results reveal adequate sensitivity 

of the optical sensors in capturing structural deformations, with damping 

factor estimates consistent with those from accelerometers. This work 
constitutes a preliminary step toward comprehensive modal characterization, 

paving the way for industrial applications in predictive maintenance and 

structural monitoring.  

 

Objectives Methodology Contribution 

Evaluate FBG 

sensors as an 

alternative to 

accelerometers for 
vibrational analysis in 

automotive 

rotodynamic systems. 

      
 

Test bench 

instrumented with 

FBG sensors and 

accelerometers. 
Validation through 

free vibration tests 

. 

 

− New technologies 
applied to the 

automotive industry 

− Advances in 
monitoring and 

maintenance 

− Innovation in vehicle 
stability and safety. 

 

  

 

FBG, Capturing Vibrations, Automotive Industry 

 
 
 

Resumen   

 
El análisis vibracional en sistemas rotodinámicos automotrices enfrenta 

limitaciones técnicas que obstaculizan el diagnóstico preciso de fallas. Este estudio 

propone la implementación de sensores ópticos de fibra con rejillas de Bragg (FBG) 

como alternativa avanzada frente a los acelerómetros piezoeléctricos 

convencionales, destacando su inmunidad electromagnética y capacidad de 

monitoreo distribuido. Se diseñó e instrumentó un banco de pruebas experimental 

con un arreglo de sensores FBG, validando su funcionalidad mediante ensayos de 

vibración libre. Los resultados revelan una adecuada sensibilidad de los sensores 

ópticos para capturar deformaciones estructurales, con estimaciones del factor de 

amortiguamiento coherentes respecto a los acelerómetros. Este trabajo representa 

un primer avance hacia la caracterización modal integral del sistema, abriendo 

camino a aplicaciones industriales en mantenimiento predictivo y monitoreo 

estructural. 

 

Objetivos Metodología Contribución 

Evaluar sensores 

FBG como 
alternativa a 

acelerómetros para el 

análisis vibracional 

en sistemas 

rotodinámicos 

automotrices. 

      
 

Banco de pruebas 

instrumentado con 
sensores FBG y 

acelerómetros. 

Validación mediante 

ensayos de 

vibración libre.  
 

 

− Nuevas tecnologías 
aplicadas a la 

industria automotriz 

− Avances en 
monitoreo y 

mantenimiento  

− Innovación en 
estabilidad vehicular 

y seguridad. 

 

  

 

Fibra óptica con rejillas de Bragg, Captura de vibraciones, Industria 

Automotriz 

 

 

 

 

Area: Promotion of frontier research and basic science in all fields of knowledge 

 

Citation: Hernández-González, Josué Iván, Torres-Cedillo, Sergio Guillermo, Hernández-Moreno, Hilario and Cortés-Pérez, 

Jacinto. [2025]. Optical Sensing Technology for Capturing Vibrations in the Automotive Industry. ECORFAN-Journal 

Taiwan. 9 [16]1-11: e4916111. 
 
 

 

 
 

 
 

 

 

 

 

 

ISSN 2524-2121/© 2009 The Author[s]. Published by ECORFAN-Mexico, S.C. for its 

Holding Taiwan on behalf of ECORFAN-Journal Taiwan. This is an open access article under 

the CC BY-NC-ND license [http://creativecommons.org/licenses/by-nc-nd/4.0/] 
 

Peer Review under the responsibility of the Scientific Committee MARVID®- in contribution 

to the scientific, technological and innovation Peer Review Process by training Human 
Resources for the continuity in the Critical Analysis of International Research. 

 

 

https://ror.org/01tmp8f25
https://orcid.org/0009-0003-5489-1611
https://ror.org/01tmp8f25
https://orcid.org/0000-0002-3297-6409
https://ror.org/059sp8j34
https://orcid.org/0000-0002-4055-0037
https://ror.org/01tmp8f25
https://doi.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.marvid.org/
https://crossmark.crossref.org/dialog/?doi=10.35429/EJT.2025.9.16.4.1.11&domain=pdf&date_stamp=2025-12-30


2 

ECORFAN-Journal Taiwan                                                                 9[16]1-11: e4916111 

Article 
 

 ISSN: 2524-2121 

RENIECYT-SECIHTI: 1702902 

ECORFAN® All rights reserved. 

 

Hernández-González, Josué Iván, Torres-Cedillo, Sergio Guillermo, 

Hernández-Moreno, Hilario and Cortés-Pérez, Jacinto. [2025]. Optical 
Sensing Technology for Capturing Vibrations in the Automotive 

Industry. ECORFAN-Journal Taiwan. 9 [16]1-11: e4916111. 

https://doi.org/10.35429/EJT.2025.9.16.4.1.11 
 

1. Introduction 

 

Since ancient times, vibrational analysis has 

been a highly relevant field of study in 

engineering, serving as a fundamental pillar to 

ensure the safety and stability of systems [Au et 

al., 2008]. Such analysis requires the 

development of advanced measurement 

instruments that allow for precise evaluation of 

component performance, enabling timely fault 

detection and design optimization [T. Li et al., 

2017; Xu et al., 2020]. 

 

In the automotive field, innovative 

proposals for the design of mechanical elements 

increasingly incorporate economic criteria in the 

optimization of rotodynamic systems. Currently, 

rotating shafts used in transmission systems and 

tire assemblies feature lighter and more compact 

configurations with reduced damping levels, 

adapting to increasingly restricted structural 

spaces [Emmanuel Augustine Etukudoh et al., 

2024]. During operation, the vehicle chassis 

serves as the primary medium for transmitting 

vibrations to the bodywork, originating from 

both the engine and the tire-surface interaction 

[Lim & Singh, 1991]. These vibrations pose a 

technological challenge for the automotive 

industry, which seeks to minimize their 

propagation to enhance user comfort and reduce 

maintenance costs simultaneously. 

 

In this context, controlling vibration 

levels in rotating systems becomes essential, as 

phenomena such as imbalance and misalignment 

not only compromise the useful life of 

components but also vehicle safety as a whole 

[Hossain et al., 2024]. Poor control of these 

conditions can lead to instability during driving 

and, in extreme cases, to fatal accidents.  

 

Therefore, the study of the dynamic 

behavior of rotodynamic systems represents a 

growing interest both in academia and in the 

generation of practical solutions for the 

automotive industry, particularly in the design of 

new predictive maintenance schemes [Jazar, 

2008]. 

 

Figure 1 illustrates the configuration of a 

suspension system, where key elements—such 

as the constant velocity joint and the steering 

knuckle—are affected by vibratory phenomena 

that induce misalignment and premature wear. 

 

 

 

Among the most common indicators of 

wheel imbalance are perceptible vibrations in the 

steering wheel (which intensify with speed), 

global vibrations in the vehicle body, rear-end 

skidding sensations during cornering maneuvers, 

and abnormal tread wear patterns [Ledesma & 

Shih, 1999]. The causes of such imbalance 

include various manufacturing defects, improper 

tire mounting on the rim, irregularities in brake 

drums or discs, and uneven tire wear [Charles, 

1943]. 

 

Box 1 
 

 
 

Figure 1 

Automotive suspension system. 

      Source: [Jazar, 2008] 

 

Imbalance in rotodynamic systems has 

driven the development of a wide range of 

diagnostic techniques, among which modal 

balancing and influence coefficient methods 

stand out [Jazar, 2008]. However, both 

approaches require the installation of trial 

masses and sensors directly on the rotor, which 

limits their applicability under real operating 

conditions due to space constraints and exposure 

to elevated temperatures [Randall, 2011]. In 

light of these limitations, the need has arisen to 

implement non-invasive inverse procedures for 

imbalance identification. These methods rely on 

prior knowledge of the chassis’s modal 

parameters and the analysis of vibrational 

signals captured at the vehicle body to infer the 

dynamic state of the rotating system [Hossain et 

al., 2024]. 

 

Within this context, an up-and-coming 

alternative lies in the development of 

experimental test benches designed to validate 

methodologies based on nonlinear inverse 

problems applied to automotive rotordynamics. 

These test benches serve as practical tools for the 

precise identification of mechanical faults in 

rotating systems through indirect diagnostic 

techniques [Vance et al., 2010; Yang et al., 

2017].  
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Derived from this need, a representative 

test bench of a rotodynamic system was 

designed, capable of operating at speeds of up to 

60 Hz. This bench is currently located at the 

Aragón Technology Center of the National 

Autonomous University of Mexico, as shown in 

Figure 2. 

 

Box 2 

 
 

Figure 2 

Experimental test bench. 

      Source: Own Elaboration 

 

As background, the test bench was 

initially instrumented with piezoelectric 

accelerometer-type sensors, widely used in 

experimental rotordynamic analysis studies [T. 

Li et al., 2020]. However, such devices present 

inherent limitations in their operating principle: 

since they function with low-voltage signals, 

they are susceptible to environmental 

disturbances due to electromagnetic fields. This 

drawback is compounded by the requirement for 

complex cabling and electrical connections [T. 

Li et al., 2020; Xiong et al., 2021]. 
 

In light of these limitations, an 

alternative was identified in the implementation 

of fiber optic sensors based on Fiber Bragg 

Gratings (FBG), which have garnered increasing 

interest due to their high sensitivity, compact 

dimensions, and immunity to electromagnetic 

interference by virtue of utilizing light energy 

for operation [Hernández-Moreno et al., 2009b; 

Kim et al., 2022; K. Li et al., 2014]. Their 

operating principle, based on wavelength 

modulation, enables their installation at multiple 

sensing points along a single fiber, allowing for 

analysis through wavelength-division 

multiplexing interrogation techniques. This 

approach not only expands monitoring 

capabilities but also optimizes the efficiency of 

the measurement system by requiring only a 

single light source and a unique detection unit, 

thereby significantly reducing costs associated 

with the use of such instruments, known as 

optical interrogators [García et al., 2010; 

Hernández-Moreno et al., 2009a]. 

2. Theoretical Framework 

 

Through a contemporary literature review based 

on primary sources, two particularly relevant 

approaches for the implementation of FBG 

sensors in dynamic applications have been 

identified. The first corresponds to the 

development of optical accelerometer-type 

sensors, as illustrated in Figure 3, whose 

operating principle is based on wavelength 

displacement. The second focuses on the 

construction of experimental setups specifically 

designed for the monitoring of engineering 

systems, as shown in Figure 4 [Hernández-

González et al., 2023]. 

 

Box 3 
 

 
 

Figure 3 

Optical accelerometer-type sensor. 

      Source [T. Li et al., 2017] 

 

Box 4 
 

 
 

Figure 4 

Experimental setup of FBG sensors. 

      Source [Javdani et al., 2016] 

 

The essential distinction between the two 

application approaches lies in the number and 

distribution of analysis points. While an optical 

accelerometer-type sensor serves as a substitute 

for a conventional accelerometer, limiting its 

measurement to a specific point, experimental 

setups permit the installation of multiple sensors 

along a single fiber, thereby enabling the 

distributed characterization of the system under 

study.  
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Thus, due to the sensitive characteristics 

of Bragg gratings, any variation on the 

monitored surface—whether in terms of strain, 

temperature, or hydrostatic pressure—is directly 

reflected in the grating through a change in 

wavelength [García et al., 2010; Kim et al., 

2022]. 

 

The development of optical 

accelerometers remains an active field of 

innovation, aimed at improving sensitivity and 

design through adjustments in materials and 

geometries [K. Li et al., 2014]. In parallel, FBG 

experimental arrays are consolidating as a 

promising alternative for structural monitoring, 

as they allow distributed detection with minimal 

impact on the mechanical integrity of the 

structure since they can be adhered or integrated 

into the material [T. Li et al., 2020]. Both 

approaches present advantages and limitations: 

optical accelerometers stand out for their 

versatility, while arrays offer a more 

comprehensive view, though requiring high 

precision in their installation. 

 

In recent years, interest in FBG arrays 

has grown significantly, driven by advances in 

interrogation systems for monitoring, which has 

expanded their applicability in dynamic studies 

[Tozzetti et al., 2021]. Consequently, the choice 

between the two strategies must be based on the 

nature of the system and on technical, economic, 

and experimental feasibility criteria. 

 

3. Experimental Design 

 

Once the theoretical foundation was established, 

experimental design required determining the 

most suitable strategy for the implementation of 

FBG sensors. In this study, an experimental 

array of three sensors adhered to the surface of 

the test bench casing was chosen, based on the 

premise that phenomena occurring in the 

rotational shaft are transmitted through the 

bearings to the casing. This decision responds to 

the need for multiple analysis points in the 

bearing support zones—front, middle, and 

rear—recognized in the literature as critical 

positions for rotodynamic evaluation [Hou & 

Cao, 2019; Torres Cedillo & Bonello, 2016]. 

 

Although FBG-based optical 

accelerometers represent an up-and-coming 

alternative in vibrational contexts, their 

development entails significant investment of 

time and resources, in addition to being limited 

to instrumentation at a single point per sensor.  

In contrast, arrays take advantage of the 

multiplexing capability of FBGs, facilitating 

simultaneous coverage of several points with a 

single optical interrogator. In this case, the 

choice was supported by the operational 

characteristics of the test bench, which reaches a 

speed of 60 Hz, and the availability of a si425 

optical interrogator with a 250 Hz bandwidth, 

sufficient under the Nyquist-Shannon theorem 

for obtaining efficient data under dynamic 

conditions [Hernández-González et al., 2023; 

Preizler et al., 2017]. Thus, the array proposal 

responds not only to technical and economic 

efficiency but also to the experimental relevance 

of adapting FBG technology to the real context 

of the study. 

 

Subsequently, the formal design of the 

FBG sensor array was carried out, which 

required defining both the materials and 

dimensions for experimental applications. The 

result was a design consisting of single-mode 

optical fiber coated with acrylate and polyamide, 

FC-APC connector, and three Bragg gratings 

with a physical length of 10 mm, staggered in 5 

nm intervals (1535 nm, 1540 nm, and 1545 nm).  

 

This configuration addresses the need to 

instrument critical areas of the test bench—both 

support bearings and the intermediate region 

between them. Due to the technological 

complexity involved in the manufacture of FBG 

arrays, particularly the precise inscription of 

gratings in the fiber, production was delegated to 

a specialized company capable of ensuring 

optical parameters such as reflectivity above 

80%, a bandwidth of 0.20 nm, and a signal-to-

noise ratio greater than 15 dB. 

 

The installation process was carried out 

with maximum precision criteria, ensuring at all 

times the structural and functional integrity of 

the sensors during their installation. Figure 5 

shows a top view of the experimental test bench, 

where the optical fiber sensor array was 

carefully integrated into the surface using epoxy 

adhesive.  

 

To reinforce its protection, fiber sections 

not covered by gratings were coated with a 

transparent PVC layer, which also allowed the 

use of adhesive clips to limit axial displacement 

of the fiber without the need to perforate the test 

bench casing. 
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Box 5 
 

 
 

Figure 5 

Optical fiber with Bragg gratings installed on an 

experimental test bench. 

      Source: Own Elaboration 

 

4. Experimental Study 

 

4.1 Considerations for Rotordynamic Study 

 

In the field of applied rotordynamics, 

mechanical transmission systems and rolling 

assemblies in vehicles incorporate components 

whose vibrational response can be analyzed and 

understood through simplified configurations. 

Based on this premise, the developed 

experimental test bench is conceived as a scaled 

representation of the actual system, in which the 

shaft serves as the principal transmission 

element, the bearings act as supports 

conditioning the dynamic response, and the 

motor operates as the source of mechanical 

excitation [Lim & Singh, 1991].  

 

This reduction to a fundamental shaft–

bearing–motor scheme not only facilitates 

analysis but, from a rotordynamic standpoint, the 

casing enclosing the test bench preserves the 

most relevant phenomena associated with the 

dynamic coupling between the rotating elements 

and their supports [Lim & Singh, 1992; Vance et 

al., 2010]. 

 

Additionally, the experimental bench is 

capable of analogously emulating half of a 

rotating shaft in a real transmission system. This 

approach is justified by the symmetry of 

vibrational phenomena in longer shafts, whereby 

studying a representative section is sufficient to 

extrapolate the overall behavior. Consequently, 

this experimental simplification does not entail a 

loss of analytical rigor; rather, it serves as a 

methodological strategy that enhances the study 

of rotational dynamics while providing an 

suitable framework for the validation of 

analytical and numerical models under 

controlled conditions [Bugaru & Vasile, 2022; 

Zingoni, 2014]. 

 

4.2 Considerations for Vibrational Study 

 

In this context, free vibration analysis constitutes 

the essential first stage in the dynamic 

characterization of a system, as it enables precise 

identification of natural frequencies and inherent 

vibration modes before subjecting the structure 

to external excitation. This procedure provides a 

reliable reference framework for understanding 

the intrinsic behavior of the system. It is 

indispensable for subsequent analysis of forced 

vibration, in which the motor directly imposes 

excitation frequency onto the rotating shaft 

[Feng et al., 1998]. 

 

It is worth noting that the present work 

addresses exclusively the introduction to free 

vibration analysis, to establish the foundation for 

future, more in-depth investigations that include 

the study of forced vibration. 

 

Free vibration manifests when a system, 

after being initially disturbed, oscillates without 

the action of additional external forces [Beards, 

1995]. Its behavior may be classified as stable or 

unstable: in the former, the presence of positive 

damping gradually attenuates the oscillation; in 

the latter, negative damping leads to a self-

excitation phenomenon in which amplitude 

grows progressively until the system’s stability 

is compromised [Lim & Singh, 1991]. In both 

scenarios, the amplificated vibratory response 

occurs at one of the natural frequencies of the 

rotating system, underscoring its close 

relationship with the fundamental modes of 

structural dynamics [Matsushita et al., 2017]. 

 

The parameters that define this 

behavior—principally the natural frequency and 

damping ratio—not only allow for the 

characterization of the vibratory system but also 

enable the anticipation of resonance scenarios 

under forced excitation conditions. In particular, 

the critical speed associated with imbalance-

induced vibration is directly related to the shaft’s 

natural frequency, highlighting the importance 

of precise analysis under free conditions 

[Matsushita et al., 2017]. 

 

The transient response generated by a 

sudden disturbance, such as an impact, 

constitutes another essential aspect of free 

vibration analysis.  
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This stimulus introduces energy into the 

system, triggering vibratory motion whose 

evolution depends solely on the system’s 

intrinsic properties—mass, stiffness, and 

damping—and not on the magnitude of the 

impact [Beards, 1996; Szeidl & Kiss, 2020]. for 

its experimental characterization, techniques 

such as impact hammer testing are employed, 

providing a controlled environment for system 

excitation and enabling the identification of 

multiple vibration modes.  

 

Through the analysis of the resulting 

response, it becomes possible to estimate the 

damping ratio and determine the natural 

frequencies associated with each mode, 

delivering essential information for the 

validation of dynamic models and the prediction 

of critical operational behaviours [Doebling et 

al., 1996]. 

 

4.3 Free Vibration Testing 

 

As a first step, this study aims to establish a 

correlation between the data provided by FBG 

sensors and accelerometers, given that the 

measurements obtained from each technology 

are inherently not directly equivalent. Due to 

their sensitivity characteristics, the Bragg 

gratings installed on the experimental test bench 

are primarily responsive to strain variations, 

neglecting effects from temperature and 

hydrostatic pressure, whereas accelerometers 

quantify acceleration.  

 

Consequently, a comparative framework 

is necessary to verify the consistency and 

reliability of the results obtained from both 

sensing techniques. 

 

In this regard, the present study seeks to 

establish an initial quantitative framework 

concerning the energy dissipation behavior of 

the system through the damping ratio. However, 

this preliminary approach does not exhaust the 

dynamic characterization of the test bench, as the 

precise identification of the natural frequencies 

and the corresponding vibration modes remains 

pending. Such a modal analysis—excluded from 

this work due to temporal constraints—emerges 

as an essential step to complement the damping 

information obtained and to support the 

validation of FBG sensors in rotordynamic. 

 

 

 

 

Box 6 
 

   

 
 

Figure 6 

Data acquisition system for experimental testing. 

      Source: Own Elaboration 

 

To conduct the free vibration study, the 

monitoring instrumentation depicted in Figure 6 

was employed. This setup integrates acquisition 

devices based on accelerometers and FBG 

sensors, installed on the outer casing of the test 

bench. The system includes an optical 

interrogator model si425, a KRYPTON-4xACC 

acquisition module responsible for recording 

both the force exerted by the impact hammer and 

the accelerometer signals, and dedicated 

computing systems for data collection. 

 

Although this study does not evaluate 

reproducibility or impact accuracy, its 

exploratory approach is valuable in early 

research stages, allowing the collection of 

preliminary results to formulate hypotheses, 

identify limitations, and establish 

methodological guidelines for future 

investigations. Practically, each test involved 

three impacts on the test bench casing near 

predefined monitoring points (Figure 7), 

strategically chosen to maximize vibratory 

response capture in key areas. 

 

https://doi.org/10.1016/B978-0-340-64580-2.X5000-5
https://doi.org/10.1007/978-3-030-45074-8
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Box 7 
 

 
 

Figure 7 

Impact points for free vibration tests. 

      Source: Own Elaboration 

 

5. Results 

 

As a representative example of the results 

obtained, Figures 8 and 9 present the 

experimental records. These include both the 

force exerted by the impact hammer [N] and the 

responses of the optical FBG sensors and the 

accelerometers, expressed in their original 

acquisition units—wavelength and acceleration, 

respectively. This test enables a morphological 

comparison between the responses of both types 

of sensors to the same dynamic stimulus, 

offering a reference framework for the 

comprehensive characterization of free vibration 

behavior in the system. 

 

Box 8 
 

 
 

Figure 8 

Behavior of the impact hammer. 

      Source: Own Elaboration 

 

 

 

 

 

 

 

Box 9 
 

 

 
 

Figure 9 

Behavior of the sensors during the free vibration test. 

      Source: Own Elaboration 
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To enhance the analytical approach to the 

study of FBG, the strain captured by each grating 

is first determined using Equation 1, which is 

expressed as a function of the relative 

wavelength shift Δ𝜆𝐵/𝜆𝐵 —where 𝜆𝐵  is the 

central wavelength of the Bragg grating and Δ𝜆𝐵 

is the wavelength variation induced by 

mechanical strain—and the photoelastic 

coefficient of the optical fiber core material, 

𝑝𝑒 = 0.219355  (an estimated value for silica 

fibers) [Hernández-Moreno et al., 2009b].  

 

Thus, for practical purposes in data 

processing, the responses of the FBG optical 

sensors and accelerometers will be considered in 

terms of strain and acceleration, respectively. 

 

𝜀 =  
1

(1−𝑝𝑒)

𝛥𝜆𝐵

𝜆𝐵
                                                            [1] 

 
The data processing applied to the free 

vibration study was based on the use of the 

logarithmic decrement and the damping ratio, 

calculated through Equations 2 and 3 

[Matsushita et al., 2017]. The former allows the 

logarithmic decrement 𝛿 to be determined from 

the amplitude ratio 𝑎𝑛 over a defined number of 

complete cycles 𝑁𝑐 , while the latter yields the 

corresponding damping ratio 𝜁. 

 

𝛿 =
1

𝑁𝑐
𝑙𝑛 (

𝑎𝑛

𝑎𝑛+𝑁
)                                                                   [2] 

 

𝜁 =
𝛿

√(2𝜋)2+𝛿2
                                                                             [3] 

 

Based on the impact responses recorded 

by both the FBG sensors and the accelerometers 

on the experimental bench, the maximum 

amplitudes of each signal in the time domain 

were identified, and the cycles used in the 

calculation were determined. This made it 

possible to accurately estimate the logarithmic 

decrement and, consequently, the damping ratio. 

 

Figure 10 illustrates, as an example, the 

response of the FBG sensors and accelerometers 

to an impact applied at point 2 (center) of the test 

bench, highlighting the initial amplitude (𝑃𝑀𝑎𝑥) 

and final amplitude (𝑃𝐹𝑛) used in the calculation 

over a total of 10 cycles. 

 

 

 

 

 

 

Box 10 
 

 
 

 
Figure 10 

Sensor response at each analysis point. 

      Source: Own Elaboration 

 

Based on the results obtained from a total 

of 27 experimental trials—individualized by 

sensor type and impact location—the equivalent 

damping ratio for an average force at each 

analyzed point, along with the corresponding 

value of the logarithmic decrement, is 

summarized in Table 1. 

 

 

 

 

 

 

https://doi.org/10.1007/s10443-009-9088-4
https://doi.org/10.1007/978-4-431-55456-1


9 

ECORFAN-Journal Taiwan                                                                 9[16]1-11: e4916111 

Article 
 

 ISSN: 2524-2121 

RENIECYT-SECIHTI: 1702902 

ECORFAN® All rights reserved. 

 

Hernández-González, Josué Iván, Torres-Cedillo, Sergio Guillermo, 

Hernández-Moreno, Hilario and Cortés-Pérez, Jacinto. [2025]. Optical 
Sensing Technology for Capturing Vibrations in the Automotive 

Industry. ECORFAN-Journal Taiwan. 9 [16]1-11: e4916111. 

https://doi.org/10.35429/EJT.2025.9.16.4.1.11 
 

Box 11 
 

Table 1 

Equivalent damping factors 
 

Test Sensor Average 

impact 

force 

𝜹 𝜻 

Impact on 

analysis point 

1 

Bragg grating 1 

37.8006 

0.2042 0.0325 

Accelerometer 1 0.2981 0.0474 

Impact on 

analysis point 

2 

Bragg grating 2 

34.2359 

0.2095 0.0334 

Accelerometer 2 0.4279 0.0679 

Impact on 

analysis point 

3 

Bragg grating 3 

40.1864 

0.2119 0.0337 

Accelerometer 3 0.2809 0.0446 

 

  Source: Own Elaboration 

 

5.1 Discussion of results 

 

The Bragg grating sensors recorded consistent 

vibration patterns among themselves, with slight 

variations in amplitude and frequency 

attributable to their relative position with respect 

to the impact point. In contrast, the 

accelerometers exhibited a more uniform and 

stable response, likely associated with their 

higher sensitivity and greater precision in 

measuring accelerations compared to strain 

detection. These differences are reflected in the 

estimation of the damping ratio, as summarized 

in Table 1. 

 

A more pronounced attenuation was 

observed in the signals from the Bragg gratings, 

an effect attributable both to a combination of 

structural damping factors and to potential 

interferences resulting from their direct 

installation on the surface of the test bench. In 

the comparison between the two sensing systems, 

the accelerometers systematically reported 

higher damping ratios at each analysis point. 

 

Globally, the estimated damping ratios 

confirm that the rotodynamic system under study 

exhibits low energy dissipation, characteristic of 

configurations with high stiffness and minimal 

damping. This behavior is consistent with 

structures designed to ensure vibratory stability 

and minimize energy losses per cycle [Beards, 

1996]. 

 

6. Conclusion 

 

The results confirm that Bragg grating sensors 

represent a viable alternative for detecting 

vibrational responses in rotodynamic systems, 

showing overall agreement with accelerometers, 

albeit with variations inherent to the nature of 

each sensing technique.  

Nonetheless, the estimation of the 

damping ratio constitutes only a preliminary step; 

a precise determination of the natural 

frequencies associated with the vibration modes 

of the experimental bench remains pending. This 

future modal analysis will enable a more 

comprehensive characterization of structural 

dynamics. It will consolidate the implementation 

of FBG sensors as a robust tool in rotodynamic 

instrumentation, with strong potential for 

specialized scientific and industrial applications. 

 

Industrial implications include structural 

health monitoring, performance optimization, 

and enhanced operational safety. At the same 

time, in the academic domain, the integration of 

optical technologies promotes the development 

of lighter, more compact, and more reliable 

systems. Furthermore, this technology paves the 

way toward intelligent diagnostics in predictive 

maintenance, reinforcing its relevance in sectors 

such as the automotive industry. 
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Abstract  

 

Saturated fatty acids (SFA) are endogenously synthesized and necessary for some 

physiological and structural functions, while trans fatty acids (TFA) are almost 

always derived from the ingestion of hydrogenated foods and have no health 

benefits. The alteration of the lipid profile is a risk factor for cardiocerebrovascular 

diseases. Reducing their consumption may present a protective effect for 

cardiovascular events (Cabezas et al., 2015). The concern in Mexico is alarming 

because more than 50% of the population does not consume vegetables daily, while 

20% reported not consuming plain water every day; 80% of the population reported 

consuming sweetened beverages and about 60% of the population under 20 years 

of age reported consuming snacks among which corn chips (58%), potato chips 

(29%), wheat flour snacks and cracklings (4%) highly rich in fat and sodium. With 

these figures, we can be classified as a country of snackers, since the population 

consumes at least 90 grams of fried foods per week (Gaona, 2022). Therefore, it 

was proposed to evaluate the effect of different thermal treatments for frying pork 

crackling for low-fat snacks. Three formulations were developed to evaluate the 

heat treatment, dehydration method, penetrability, composition and sensory tests. 

The results showed that there were no significant differences between the 

parameters evaluated, showing a preference for the microwave oven chicharrón 

with a significant decrease in fat according to the analyses performed. 
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Resumen  

 
Los ácidos grasos saturados (AGS) son de síntesis endógena, necesarios para algunas 

funciones fisiológicas y estructurales, mientras que los ácidos grasos trans (AGT) 

provienen casi siempre de la ingesta de alimentos hidrogenados y no tienen beneficios en 

la salud. La alteración del perfil lipídico es un factor de riesgo para sufrir enfermedades 

cardiocerebrovasculares. La reducción del consumo de los mismos puede presentar un 

efecto protector para eventos cardiovasculares (Cabezas et al., 2015). La preocupación en 

México es alarmante debido a que más del 50% de la población no consume verduras 

diariamente, mientras que el 20% reportó no consumir agua sola todos los días; el 80% de 

la población reportó el consumo de bebidas endulzadas y cerca del 60% de la población 

menor de 20 años reportó consumir botanas entre las que destacan frituras de maíz (58%), 

papas fritas (29%), botanas de harina de trigo y chicharrón (4%) altamente ricas en grasas 

y sodio. Con estas cifras bien podemos clasificarnos como un país botanero, ya que la 

población consume por lo menos 90 gramos de frituras por semana (Gaona, 2022). Por lo 

anterior, se planteó evaluar el efecto de diferentes tratamientos térmicos de freído del 

chicharrón de cerdo para snack bajo en grasa. Se desarrollaron 3 formulaciones para 

evaluar el tratamiento térmico, método de deshidratado, penetrabilidad, composición y 

pruebas sensoriales. Los resultados mostraron que no presentan diferencias significativas 

entre los parámetros evaluados, mostrando una preferencia por el chicharrón para horno 

de microondas con una disminución significativa de grasa de acuerdo a los análisis 

realizados. 
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Introduction 

 

The popularity of snacks is due to various 

advantages such as easy access (they are sold 

everywhere), relatively low cost, and attractive 

presentation and packaging. Hence, we find a 

wide variety of salty products, mainly made 

from cereal flours (corn and wheat) or tubers 

(potatoes and taro) obtained by extrusion; sweet 

snacks made from fried plantains; flour and pork 

cracklings; popcorn; natural or dehydrated nuts 

with salt or sugar (blueberries, raisins, figs, 

walnuts), among the best known. 

 

With regard to consumption statistics, it 

is difficult to estimate figures, as there are few 

measurements for each type of snack and, above 

all, because a large part of sales are made by 

street vendors. However, in 2020, per capita 

consumption of fried snacks was 4.7 kilograms, 

equivalent to $31.4 per capita. The most 

commonly consumed salty snacks in Mexico are 

fried corn (58%), potato chips (29%), and wheat 

flour and pork rind snacks (4%). With these 

figures, we can certainly classify ourselves as a 

snacking country, as the population consumes at 

least 90 grams of fried snacks per week (Estrada 

et al., 2022).  

   

About pork rinds 

 

Snacks in Mexico are an industry that spans 

various markets and continues to grow rapidly. 

Pork rinds, made from pork skin that has been 

cleaned and fried in animal fat, are foods that 

provide a large amount of calories (699 kcal per 

30 g serving), which come mainly from lipids, 

due to the lack of control in the frying of the skin. 

In some countries, chicharron is made by 

melting pork fat, while in others, the fat is used 

to fry the skin, with or without meat.  

 

The Pork Rinds can also be made from 

other animals such as cows, chickens, fish, or 

lambs, although they are generally considered to 

be of lower sensory quality. In Mexico, 

“chicharron” refers to clean pork skin, which is 

fried almost whole in animal fat (lard) until it 

becomes fluffy and crispy. The main objective 

of frying pork rinds is to achieve a specific 

texture and color on their surface, as well as a 

characteristic aroma. The crispy texture is 

associated with changes that occur in proteins, 

fats, and carbohydrates (Pérez et al., 2016). 

 

 

 

Crispiness in fried foods 

 

Frying food is one of the oldest culinary 

processes on record, probably dating back to the 

6th century BC, and was likely one of the first 

technical culinary processes that allowed food to 

be preserved for longer. 

 

Technically, frying refers to methods of 

cooking food by immersing it in edible oil 

(mainly vegetable oil) or hot fat (mostly 

vegetable or animal fat) above the boiling point 

of water (160-180°C) (3,4). The oil acts as a heat 

transfer medium, producing rapid and uniform 

heating of the product. 

  

The high temperatures during the frying 

process cause the water to evaporate, 

transferring it from the food to the surrounding 

oil. The oil absorbed by the food partially 

replaces the water released, constituting up to 

40% of the final product and thus influencing all 

its organoleptic properties, especially flavor, 

color, crispness, and aroma (Montes et al., 

2016). 

 

Effect of moisture on pork rinds  

 

The moisture content of the product definitely 

influences the number of pellets that pop and 

also their expansion rate. The pellet pops when 

heated to around 200°C, as the water inside it is 

superheated and turns into steam. The steam 

pressure breaks in an explosion, resulting in 

expansion and a product with a moisture content 

of less than 4%. Although popping is usually 

achieved using lard or oil, the use of radiant heat 

may be more feasible for a quick snack.   

 

That is why during the dehydration 

process, the aim is to have a moisture content in 

the product below 4%, as this way it is quicker 

for the small amount of water to turn into steam 

when subjected to high temperatures, which 

generates a quick and uniform bursting of the 

pellets.  

 

In addition to the above, as it is a product 

with relatively low moisture content, it has a 

long shelf life of up to 60 days. Furthermore, as 

it does not contain a significant amount of water, 

it is almost certain to be free of microorganisms 

that accelerate its deterioration, as they cannot 

find a medium in which to live (Espinel, 2010). 
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Dehydration  

 

This is one of the most widely used techniques 

for food preservation throughout history. Mesh 

trays are used for dehydration to allow heat to 

circulate, facilitating the process. The pieces of 

skin, cut and cooked in butter or oil and 

seasoned, are spread evenly on the tray and 

placed in a hot air oven at 50°C for 8 hours or 

three days in the sun so that they lose as much 

water as possible (Espinel, 2010). 

 

Materials and methods 

 

Through experimental research, a new product 

was developed (low-fat pork rind snack) whose 

main ingredient was pork skin fried using 

different heat treatments to evaluate the impact 

of fat reduction. The project was therefore 

developed in the following stages. 

 

Process for making pork rinds 

 

To begin processing instant pork rinds, the most 

suitable skin for this type of product was 

selected, which in this case was American pork 

skin due to its lower fat content and colour, in 

order to facilitate the process. After that, all 

excess fat was removed from the pork rinds to 

facilitate the next step. Once the skin was clean, 

it was cut into 5x5 cm pieces, adding 2% iodized 

salt per kilogram of skin.  

 

Two methods were selected for heat 

treatment of the skin (frying in oil and lard) in 

order to evaluate which, heat treatment is most 

viable for the process. The skin is subjected to a 

temperature of 200°C for 50 seconds. Once the 

pork rind has been boiled, it is dehydrated using 

two methods: drying in an oven for 8 hours at a 

temperature of 65°C, and drying in the sun for an 

indefinite period of time until it reaches a 

moisture content of less than 4%, in order to 

prevent the development of pathogenic 

microorganisms.  

 

Three heat treatments were used to pop 

the dehydrated pork pellets (frying in lard, frying 

in oil, and popping in a microwave oven) to 

verify whether there were significant differences 

between treatments. 

 

 

 

 

 

 

Physicochemical analyses 

 

Physicochemical analyses were performed on 

the final product. These included determining 

the carbohydrate, fat, protein, moisture, and 

mineral content in accordance with the methods 

recommended by the AOAC (Association of 

Official Analytical Chemists). These analyses 

were performed at each critical point in the 

process (boiling, dehydration, and cracking). 

The results obtained were expressed as averages. 

The results obtained were compared with those 

of a commercial Pork Rind (CPR). The aim was 

to develop a snack with the typical 

characteristics of commercial pork rinds with a 

low level of saturated fat and to determine 

whether there is a difference between the boiling 

and dehydration heat treatments. 

 

To determine the differences between 

pork rinds popped in the microwave, oil, and lard 

(MPR, OPR, LPR) and CPR, the results were 

analyzed using a randomized block design with 

a significance level of α=0.5, with three 

replicates; CPR was considered the control, so a 

Dunnet's test with α=0.5 was performed. Minitab 

version 19 was used for statistical analysis. 

 

Determination of drying curve 

 

For this process, two formulations of instant 

pork rinds, fried in oil and fried in lard, were 

analysed. For the dehydrated method of instant 

pork rinds, two methods were used: oven drying 

and sun drying. For the oven drying method, a 

temperature of 65°C was maintained for 8 hours, 

obtaining a product with a moisture content of 

4%. On the other hand, using the sun drying 

method, the product took a week and a half to 

reach the desired moisture content of 4%, due to 

the fact that changes in atmospheric temperature 

can delay the dehydration process. 

 

Determination of penetrability 

 

A penetrometer was used to determine the 

penetrability of pork rinds. 

 

A completely randomized design was 

used for this, with five replicates, in order to 

verify whether there was a significant difference 

in the hardness of instant pork rinds and 

commercial brands. 
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Results and discussion 

 

To obtain the final formulation for instant 

microwave pork rinds, it was necessary to 

conduct various tests to ensure that the product 

matched the sensory characteristics of 

commercial pork rinds. Table 1 shows the 

formulation, which features a lower sodium 

content. 

 

Box 1 
 
Table 1 

Formulation for pork pellets 

 
Ingredient Amount (%) 

Pork rind 97  
Salt 2 
Lard 1 

 
Source: own elaboration, 2025 

 

Once the product formulation was 

obtained, standardization was carried out 

considering the different formulations of interest 

to observe possible changes, as described in 

Figure 1. It is important to mention that during 

the manufacturing process, it was observed that 

the main control point that affects product 

quality is dehydration, which allows the protein 

to burst in the microwave. 

 

Drying curves  

 

According to Heldman and Lund (2007), drying 

is defined as the removal of moisture due to the 

simultaneous transfer of heat and mass. Sharma 

et al. (2003) point out that food drying kinetics 

is a complex phenomenon and requires reliable 

models to predict this process. These models are 

useful tools for estimating the time needed to 

reduce the water content of the product under 

different conditions and the ideal temperature, 

thus improving the efficiency of the process 

(Iglesias et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

Box 2 
 

 
 
Figure 1 

Standardization of the pork rind production process 

Source: own elaboration (2025) 

 

Once the product was obtained, the 

dehydration process was evaluated in order to 

observe whether there was a difference between 

the blanching time when dehydrating the pellets 

in the sun or in an oven (DS and DO). The results 

are shown in Figures 2 and 3. 

 

Box 3 
 

 
Figure 1 

Drying curve in an oven at 65°C 

Source: own elaboration, 2025 

 

Looking at both graphs, it was found that 

temperature control (65°C) reduces drying time 

to 8 hours by obtaining the required moisture 

content for cooking the pork pellets, compared 

to sun drying, which does not achieve the 

required water content after 13 hours. 
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Box 4 
 

 
Figure 2 

Sun drying curve 

Source: Own Elaboration, 2025 

 

Drying is one of the oldest techniques 

used for food preservation since the dawn of 

humanity, as it provides the possibility of 

subsistence in times of scarcity. Although 

natural drying is the most economical, it has 

some limitations. Under normal conditions, it 

takes two to three days; however, in times of low 

solar radiation and rainfall, the drying time is 

extended to five days or more, and the product 

can be negatively affected by biological agents. 

Due mainly to these disadvantages, it is 

advisable to consider the use of solar dryers and 

not just expose the product to the sun (Iglesias et 

al., 2018). 

 

Bromatological tests 

 

Once the product was standardized, its moisture, 

ash, protein, fat, and carbohydrate content were 

evaluated in the boiled in oil and lard (BO, BL) 

process, finding no significant difference 

between the parameters evaluated, as shown in 

Table 2. 

 

Box 5 
 
Table 2 

Bromatological evaluation of boiled in oil (BO) and boiled 

in lard (SM) 

 
Parameter BO BL 

Moisture 30.49 A 29.40 A 

Minerals 1.42 A 1.79 A 

Fats 8.84 A 6.28 A 

Protein 58.68 A 61.63 A 

Carbohydrates 0.8 A 0.9 A 

 
Source: Own Elaboration, 2025 

 

Note: Different letters for each parameter 

evaluated indicate a significant difference 

(p<0.05). 

Bromatological analyses were performed 

on oven-dried (OD) and sun-dried (SD) 

sancochos in order to evaluate whether there is a 

difference between the two methods (Table 3). 

 

Box 6 
 
Table 3 

Bromatological evaluation between oven-dried and sun-

dried products 
 

Parameter BO BL 

Moisture 4.57A 5.54 A 

Minerals 2.66 A 3.29 A 

Fats 26.69 A 23.44 A 

Protein 62.29 A 61.72 A 

Carbohydrates 3.78 A 5.50 A 

 
Source: Own Elaboration (2025) 

 

Note: Different letters for each parameter 

evaluated indicate a significant difference 

(p<0.05). 

 

Finally, it was decided to conduct a 

bromatological evaluation of the different pork 

rinds: pork rinds fried in oil (PRFO), pork rinds 

fried in lard (PRFL), and pork rinds fried in a 

microwave oven (PRFM), comparing them with 

a commercial brand. 

 

According to the results of the proximate 

chemical analysis presented in Table 4, it can be 

observed that microwave pork rinds have a 

higher protein content and lower fat content, 

with percentages of 71.79% and 20.88%, 

respectively. These differences are statistically 

significant (α=0.5) compared to the control 

(CPR). This is explained by the fact that 

microwave pork rinds have a 133.43% increase 

in protein content and a 43.31% decrease in fat 

content compared to the control sample. 

 

Box 7 
 
Table 4 

Bromatological evaluation of different types of popcorn 

vs. commercial brand 

 
Parameter PRFO PRFL PRFM CPR 
Moisture 4.10A 4.07 A 4.19A 3.63A 
Minerals 2.81A 3.80 A 2.16 A 1.86A 
Fats 35.35A 34.1 A 20.88B 46.20A 
Protein 56.71A 57.80A 71.79B 53.8 A 
Carbohydrates 1C 0.2B 0.9C 0A 

 
Source: Own Elaboration (2025) 
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Note: Different letters for each parameter 

evaluated indicate a significant difference 

(p<0.05). 
 

Once the standardization process was 

complete, a completely randomized design was 

developed, as shown in Table 5, to observe 

whether there was a significant difference 

between the penetrability of the formulations 

developed compared to two commercial brands. 

 

Box 8 
 
Table 5 

Evaluation of the penetrability of different formulations 

compared to commercial brands 

 
Product Penetrability (mm) 

PRFO 13.32A 

PRFL 12.72AB 

PRFM 13.46A 

CPR1 11.96 B 

CPR2 10.18B 

 
Source: Own Elaboration (2023) 

 

Note: Different letters for each parameter 

evaluated indicate a significant difference 

(p<0.05). 

 

The results shown in the table above 

demonstrate that the formulations developed 

have greater penetrability; this suggests that they 

are firmer and therefore do not crumble easily, 

which may be related to the fact that they are 

crunchier than commercially available brands. 

 

Sensory tests  

 

The study was conducted using a discriminatory 

(triangular) test in which, once the instant pork 

rind process had been standardized, a sensory 

evaluation was carried out. This consisted of 

forming a group of 30 consumer panelists who 

were selected through an exam or test in which 

they demonstrated their ability to detect basic 

flavors (sweet, salty, sour, and bitter) in order to 

evaluate and compare whether there were 

significant differences between the formulations 

developed and a commercial brand. sour, and 

bitter) in order to evaluate and compare whether 

there were significant differences between the 

formulations developed and a commercial brand. 

The results obtained from the sensory analysis 

can be interpreted using Table 3 from Pedrero 

and Pangborn, 1989.  

 

 

Depending on the number of judges and 

the level of significance chosen, the (minimum) 

thresholds necessary to determine whether there 

are significant differences are obtained. This 

analytical differentiation test was performed to 

determine the participants' ability to discriminate 

between similar samples. For this test, three 

samples were used for evaluation by trained 

panelists. The test consists of a triad, where two 

samples are the same and one is different.  

 

Based on the problem posed to determine 

the discriminating ability of the judges, whose 

test questions have dichotomous YES or NO 

answers, they distinguish the different sample. It 

was determined that the most suitable statistical 

hypothesis test was to use the binomial test 

resulting from several Bernoulli-type trials 

according to Infante and Zárate (2000). In the 

Binomial probability model, the sample space 

consists of the sequences of successes and 

failures resulting from n independent repetitions 

of an experiment whose probability model is 

Bernoulli with a constant probability p of 

success. 

 

Therefore, the following set of 

hypotheses was established: H0: p > 1/3 vs. Ha: 

p ≤ 1/3 Where: Ho: The judge does not 

distinguish the sample as different from the 

instant pork rind test triad. Vs. Ha: The judge 

does distinguish the different sample from the 

instant pork rind test triad. p= 1/3 is the constant 

probability of success that the judge will 

distinguish the different sample from the triad. 

The decision rule is to reject H0 if: X ≤ c”, where 

c is such that P (X ≤ c |p = 1/3) ≤ α Where X 

represents the minimum number of judges 

required to discriminate between samples and c 

is the number of judges who discriminated 

between samples in the test with a significance 

level of α=0.05 error. 

 

Based on the above, when conducting the 

analysis with 30 panelists, only 17 detected the 

different sample of instant pork rinds in oil and 

15 in lard, so it is concluded that there is no 

significant difference between the instant pork 

rinds formulation and the commercial brand 

because a minimum of 20 of them must detect 

the different sample to say that there is a 

significant difference, as shown in the following 

tables of results. 
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Box 9 
 

Table 7 

Results of the triangular test of the sensory evaluation 

 

Sample Panelists 

Noticed a 

difference 

Did not notice any 

differences 

In oil 17 13 

In Lard 15 15 

 
Source: Own Elaboration, 2023 

 

Box 10 
 

 
 
Figure 2 

Final product (microwave pork rinds) 

Source: Own Elaboration, 2025 

 

Conclusions 

 

In conclusion, the evaluation of heat treatments 

and parameters for instant pork rinds 

demonstrates that it is feasible to develop instant 

pork rinds for microwave ovens. A key 

advantage of the developed product is its high 

protein content and low-fat content, which gives 

it a competitive edge over other commercial 

brands.   

 

Another advantage of this product is that 

it is considered safe in terms of microorganism 

development, since it uses a heat treatment of 

boiling at a temperature of 200°C and then 

dehydrates to 4% moisture to prevent the 

development of microorganisms.  Similarly, the 

product is crunchier than commercial brands, 

which is an advantage as this is the main appeal 

of this type of snack on the market. 
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AOAC: Association of Official Analytical 

Chemists. 

CPR: Commercial Pork Rind 

BL: Boiled in Lard 

BO: Boiled in Oil 

LPR: Lard Pork Rinds 

MPR: Microwave Pork Rinds 

OD: Oven Dried 

OPR: Oil Pork Rinds 

PRFL: Pork Rinds Fried in Lard 

PRFM: Pork Rinds Fried in Microwave 

PRFO: Pork Rinds Fried in Oil 

SFA: Satured Fatty Acids 

SD: Sun dried 

TFA: Trans Fatty Acids 
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Abstract 

 

In this work, a differentiator-based PID control scheme was developed 
and applied to a robot manipulator. It was considered that the system 

contains uncertainties in the payload; also, exogenous forces, such as 

bounded disturbances in the force torques acting on the robot joints and 
affecting the action of the actuators; and noise in the measurements. The 

control scheme was tested at the simulation level, to verify its versatility 

in following different three-dimensional trajectories, two curves were 
used in 3D space, the first a cardioid and the second a lemniscate. The 

differentiator used, which works in conjunction with the PID, aims to 

obtain a good position estimate, despite the presence of noise in the 
measurements. The convergence of the differentiator used is guaranteed 

and is referenced in this work. 
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Resumen  

 
En este trabajo se desarrolló un esquema de control PID basado en un 

diferenciador y aplicado a un Robot Manipulador. Se consideró que en el 

sistema existe la presencia de incertidumbres en la carga útil; asimismo la 
presencia de fuerzas exógenas, tales como, perturbaciones acotadas en los 

torques que actúan en las articulaciones del robot y afectan la acción de los 

actuadores; y también ruido en las mediciones. El esquema de control se probó 

a nivel de simulación; para verificar su versatilidad de seguimiento de 

trayectorias tridimensionales distintas, se utilizaron 2 curvas en el espacio 3D, 

la primera un cardioide y la segunda una lemniscata. El diferenciador utilizado 

y que trabaja en conjunto con el PID tiene como objetivo realizar una buena 

estimación de la posición, a pesar de la presencia de ruido en las mediciones. 
La convergencia del diferenciador empleado está garantizada y es 

referenciada en el presente trabajo. 
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Introduction 

 

The great importance that robotic manipulators 

have had in industries and in various application 

areas is based mainly on the core points 

mentioned below: efficient increase in 

productivity; improvement in the quality of 

products and processes, since precision and 

repeatability are a characteristic of robotic 

manipulators; reduction in production costs; 

versatility, since their programming algorithm 

can be changed and they can be adapted to this 

change to perform other tasks; safety, since they 

can perform highly dangerous tasks, such as 

transporting heavy loads or handling hazardous 

or contaminated materials, thus reducing the risk 

of occupational accidents (Álvarez et. al, 2024; 

Pérez, Castro, Alonso, Castillo, & Salichs, 2017).  

 

To realize these advantages and avoid 

poor system performance and instability, the 

control algorithms designed and applied to 

manipulator robots must command the robotic 

arm to follow pre-established trajectories with a 

high degree of precision and speed. These 

characteristics must be preserved even when 

there are uncertainties in the mathematical 

model and/or perturbations in the robot's 

environment, such as those typically 

encountered in the links, the payload (Reboucas, 

Da Silva, Praxedes, Hemanth, & De 

Albuquerque, 2019) or the force torques acting 

on the actuator joints. It is worth mentioning that 

no work has been reported so far in the state-of-

the-art review that considers perturbations in the 

force torques mentioned above. 

 

Trajectory tracking work has been 

carried out with various control techniques, for 

example, in the area of intelligent control, work 

has been presented using fuzzy logic (Yilmaz, 

Tatlicioglu, Savran, & Alci, 2021; Urrea, & 

Alvarado, 2020; Bae et. al, 2017), which is 

useful when there is no adequate mathematical 

model of the system, however, some knowledge 

of the system dynamics is required to generate 

the fuzzy rules, and it is also necessary to have a 

large capacity of computational resources to 

train fuzzy or neuro-fuzzy networks (NFN), 

another drawback of fuzzy systems is low 

efficiency when the systems present 

uncertainties and are exposed to external 

disturbances; a similar thing happens in the field 

of neural networks (NN),  

 

 

Although they have proven to be very 

good when there is no mathematical model of the 

system (Huang, Cheng, & Huang, 2023; Zhang, 

Zheng, Yu, Li, & Yu, 2017), they have the 

drawback that they require a large number of 

input-output data from the system to train this 

type of networks, which produces two other 

disadvantages, which are, having a large 

computing equipment and time to train said 

network; another type of intelligent control are 

those that use genetic algorithms (Lin, Sie, Chu, 

Yau, & Ding, 2021), but likewise, these require 

a powerful computing system, which entails an 

increase in the cost of the system and is 

sometimes not profitable; further intelligent 

control technique that has been used in 

manipulator robots is predictive control, which 

is based on the system model, however (Klančar, 

& Škrjanc 2007), this technique requires an 

accurate model of the system because it is 

sensitive to the uncertainty that arises when 

changes occur in the model parameters, an 

additional drawback is that it requires a 

computer to carry out the algorithm optimization 

process, which increases the cost of the control 

system. 

 

For linear systems, or systems that are 

nonlinear but can be linearized around the 

operating point, PID controllers can be used 

(Božek, & Nikitin, 2021). It should be noted that 

its control action is only efficient in a region 

close to the operating point, and its efficiency 

decreases as it moves away from this region. PID 

controllers lack robustness to external 

disturbances that directly affect the system, and 

due to the uncertainties, that arise when the 

mathematical model does not faithfully 

represent the system to be controlled. 

 

Having an exact mathematical model of 

the system improves the performance of most 

control systems. Normally, mathematical 

models do not fully represent the dynamics of 

systems and uncertainties are generated, and 

they may not be reliable in the presence of 

disturbances. A good option to overcome this 

problem would be to measure the variables 

required by the control algorithm; thus, ensuring 

that the control does not require a very exact 

model of the system.  
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In order not to increase the cost of the 

control system, instead of using sensors to 

measure the variables, observers (Sariyildiz & 

Ohnishi, 2014; Li, Yang, Chen, & Chen, 2016; 

Liu, Chen, Mei, & Wu, 2022; Dao, Nguyen, & 

Ahn, 2023) or differentiators can be used. For 

example, numerical differentiation (Loria, 2015; 

Brunot, 2019; Cao, Gan & Dai, 2019; Vo, 

Truong & Kang, 2021) could be useful in certain 

situations where the variables do not change 

very quickly and a high sampling rate is not 

required; high gain observers are another option 

as long as there is no high frequency noise 

present, since the overshoots grow greatly 

during transients (Stotsky, & Kolmanovsky, 

2001). 

 

There is also a type of observers that 

require a good mathematical model, however, 

precisely what is intended is not to depend too 

much on the model, furthermore they do not 

guarantee convergence in finite time (Levant, 

1998); on the other hand, with the Levante 

differentiator the convergence in finite time can 

be guaranteed (Levant, 2003), when overshoots 

occur, they can be attenuated by means of a 

convenient tuning of the gains defined in its 

structure, furthermore they show satisfactory 

conditions in the case of the presence of 

measurement noise, and/or disturbances, and do 

not require large computing resources (Shtessel, 

Edwards, Fridman, & Levant, 2014; Na, 2019). 

 

The Thermo CRS CataLyst 5-DOF 

robotic arm will track a 3-dimensional reference 

trajectory using a PID control scheme based on 

a Sliding Mode differentiator (SMD), which will 

allow the robot state variables required by the 

control algorithm to be estimated and will help 

eliminate the need for a highly accurate model of 

the system. The advantages of this differentiator 

structure will be leveraged to minimize 

undesirable effects caused by model 

uncertainties, as well as by the bounded 

perturbations that can occur at the robot 

manipulator joints and directly affect the torques 

applied to the actuators. In this way, the PID 

controller, working in conjunction with the 

aforementioned differentiator, will meet the 

established requirements.  

 

The mathematical model used in this 

article is based on the Euler-Lagrange equations 

of motion. 

 

The following sections of this work are 

organized as follows:  

Section II mentions the methodology 

applied in this article; Section III describes the 

mathematical model used in this paper; Section 

IV presents the problem statement, describing 

SMD-based PID control algorithm, as well as 

mentioning the stability of the SMD; Section V 

presents the results obtained in this work as a 

result of using the aforementioned control 

scheme in the tracking of the 2 three-

dimensional trajectories, the cardioid and the 

lemniscate.; Section VI describes the 

conclusions of this work. 

 

Methodology 

 

The methodology applied in this article was the 

following:  

 

1. The objective, viability and scope of the 

research of this work were defined.  

2. A exhaustive review of the state of the art 

was carried out. 

3. The proposed control algorithm scheme 

was designed, as well as its differentiator. 

4. The robot's tracking trajectories were 

proposed and designed. 

5. Testing and validation of the control 

algorithm were carried out. 

 

Model of the manipulator robot 

 

A schematic drawing of the 5-DOF Thermo CRS 

CataLyst Robot Manipulator is presented in 

Figure 1, where the angles of action of each of 

its joints can be seen (CRS Catalyst-5Articulated 

Robot, n.d.), this robot has the following 

mathematical model (Okubanjo, Oyetola, 

Osifeko, Olaluwoye, & Alo, 2017; Lavín, Solís, 

Gómez, & Escobar, 2020): 

 

𝑀𝑖𝛼̈ + 𝑀𝑐𝛼̇ + 𝑣𝑔 = 𝜏(𝑡)                          [1] 

 

In this mathematical expression: 

 

𝛼 ∈ ℝ5𝑥1,  𝛼̇ ∈ ℝ5𝑥1,  𝛼̈ ∈ ℝ5𝑥1 

 

are vectors representing respectively the 

position state, the velocity state and the 

acceleration of the joint angles; 𝜏(𝑡) ∈ ℝ5𝑥1 is 

the vector of torques applied at the input of the 

system 𝑀𝑖 ∈ ℝ5𝑥5; is the inertia matrix, which is 

symmetrical and positive definite, and depends 

on the manufacturer parameters “𝑚, 𝐼, 𝑙, 𝑙𝑐” and 

𝛼, which can be expressed as follows: 

 

𝑀𝑖 = 𝐹𝑀𝑖
([𝑚, 𝐼, 𝑙, 𝑙𝑐], 𝛼 ) 
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𝑀𝑐 ∈ ℝ5𝑥5 is the centripetal and Coriolis 

force matrix, which depends on the 

manufacturer parameters "𝑚, 𝑙, 𝑙𝑐" as well as on 

𝛼 and 𝛼̇, which can be written as follows:  

 

𝑀𝑐 = 𝐹𝑀𝑐
([𝑚, 𝑙, 𝑙𝑐], 𝛼, 𝛼̇ ) 

 

𝑣𝑔 ∈ ℝ5𝑥1  is the vector of gravitational 

torques, which depends on the manufacturer 

parameters “ 𝑔, 𝑚, 𝑙, 𝑙𝑐 ” and 𝛼 , which can be 

written as follows: 

 

𝑣𝑔 = 𝐹𝑣𝑔
([𝑔, 𝑚, 𝑙, 𝑙𝑐], 𝛼 ) 

 

𝑔 is the gravitational constant; the values 

of the manufacturer's parameters just mentioned 

are given in Table 1 and represent, “𝐼" the inertia 

of the links, 𝑙"  the length of the links, 𝑙𝑐  the 

length from the axis to the center of mass and 𝑚" 

the mass of the links. 

 

It is considered that there is the presence 

of bounded uncertainty in the mass of the end-

effector link, then the matrices  𝑀𝑖, 𝑀𝑐 and the 

vector 𝑣𝑔 of Eq. 1, will be affected, since they 

depend on the mass of the links. If it is 

considered that: 

 

∆𝑀𝑖

𝑢 ,  ∆𝑀𝑐

𝑢 ,  ∆𝑣𝑣𝑔
𝑢   

 

represent the increases in: 

 

𝑀𝑖,  𝑀𝑐,  𝑣𝑔 

 

due to the uncertainties in the masses of 

the links, it can be written: 

 

𝑀𝑖
𝑢 = 𝑀𝑖 + ∆𝑀𝑖

𝑢 ,  

 

𝑀𝑐
𝑢 = 𝑀𝑐 + ∆𝑀𝑐

𝑢 , 

 

𝑣𝑔
𝑢 = 𝑣𝑔 + ∆𝑣𝑣𝑔

𝑢 , 

 

representing in this same order, the 

inertia matrix, the Coriolis matrix and centripetal 

forces and the gravitational force vector but 

already modified by the effects of the 

uncertainties in the masses of the links. The 

presence of bounded perturbations in the force 

torques applied to the joints of the manipulator 

robot will also be considered. If 𝜏𝑑 is considered 

to represent the presence of bounded 

disturbances in the force pairs applied to the 

joints, the mathematical model expressed in Eq. 

1 is modified by the following expression: 

𝑀𝑖
𝑢𝛼̈ + 𝑀𝑐

𝑢𝛼̇ + 𝑣𝑔
𝑢 + 𝜏𝑑 = 𝜏(𝑡)                     [2] 

 

The parameters and working angles of 

the joints provided by the manufacturer of the 

Thermo CRS CataLyst 5 DOF robotic 

manipulator are presented in Table 1 and Table 

2 respectively. 

 

Box 1 
 

Table 1 

Parameters provided by the manufacturer of the Robot 

Manipulator 

 

Link Mass 

(kg) 
Link Length 

(m) 
Link Inertia 

(kg-m2) 

Axis length 

to center of 

mass (m) 

m1=5.47 l1=0.254 I1=88.22𝑥10−3 lc1=0.127 

m2=2.09 l2=0.254 I2=33.70𝑥10−3 lc2=0.127 

m3=1.36 l3=0.254 I3=21.93𝑥10−3 lc3=0.127 

m4=0.006 l4=0.0508 I4=21.93𝑥10−3 lc4=0.0254 

m5=0.6 l5=0.01 I5=39𝑥10−8 lc5=0.005 
 

Source: CRS Catalyst-5Articulated Robot, n.d. 

https://www.equipx.net 

 

Box 2 
 

Table 2 

Working angles of the joints provided by the 

manufacturer of the Robot Manipulator 

 
 

values associated with the joint: 

J1 J2 J3 J4 J5 
+180°/-

180° 
+110°/0° +90°/-35° 

+110°/-

110° 

+180°/-

180° 
 

Source: CRS Catalyst-5Articulated Robot, n.d. 

https://www.equipx.net 

 

Box 3 

 
Figure 1 

Manipulator Robot: Thermo CRS CataLyst 5 DOF 

Source: CRS Catalyst-5Articulated Robot, n.d. 

https://www.equipx.net 

 

https://www.equipx.net/
https://www.equipx.net/
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4. Problem statement 

 

To achieve satisfactory results with a robotic 

manipulator designed to perform trajectory 

tracking tasks in 3D space, the control algorithm 

used in the robot must be able to command the 

robotic arm's actuators to execute rapid and 

precise movements, even in the face of possible 

uncertainties in the mathematical model, such as 

unexpected variations in the payload of the end 

effector, which would directly affect the mass of 

the last link; as well as the presence of 

exogenous forces, i.e. bounded disturbances that 

affect the action of the actuators; noise in the 

force torques acting on the joints; and noise in 

the measurements of each of the joint angles. It 

is worth mentioning that the works presented 

with manipulator robots consider certain 

perturbations, but not those occurring to the 

force torques acting on the joints.  

 

To address this problem, a PID control 

scheme will be designed in the Manipulator 

Robot: Thermo CRS CataLyst 5 DOF, acting in 

collaboration with a SMD, which will allow the 

system states to be estimated and at the same 

time its good qualities will be taken advantage 

of, that is, the values of the state variables will 

be obtained from the SMD and a high-precision 

mathematical model will not be necessary, its 

effective characteristics will also be taken 

advantage of when noise is present in the 

measurements. Figure 2 illustrates a block 

diagram of the proposed control scheme, and the 

considerations made. 

 

Box 4 

 
 

Figure 2 

Block diagram of SMD-based PID control scheme. 

Source: Own design and elaboration 

From the following mathematical 

structures of the SMD Eq. 3 and Eq. 4, the 

position and velocity of the joint angles will be 

estimated: 

 

𝛼0̂̇ = −𝜆1√𝐿√|𝛼0̂ − 𝛼|𝑠𝑖𝑔𝑛(𝛼0̂ − 𝛼) + 𝛼1̂̇   [3] 

 

𝛼1̂̈ = −𝜆0 𝐿 𝑠𝑖𝑔𝑛(𝛼1̂̇ − 𝛼0̂̇)                             [4] 

 

In these expressions, 𝛼0̂̇  and 𝛼1̂̈ ∈ ℝ5𝑥1 

represent the estimates of the velocity and 

acceleration, respectively, of the joint angles. 

Therefore, by integrating these equations, the 

position and velocity of the joint angles are 

obtained; 𝜆1 > 0  and 𝜆0 > 0  are parameters 

used to adjust the estimation of the variables; and 

𝐿 > 0 is a Lipschitz constant.  

 

The position errors of the joint angles are 

obtained from Eq. 5. 

 

𝑒 = 𝛼𝑑 − 𝛼0̂ = 𝑥1
𝑑 − 𝑥̂1

0                                     [5] 

 

In this expression, 𝛼𝑑  and 𝑥1
𝑑  represent 

the desired position, of the joint angles; 𝛼0̂ and 

𝑥̂1
0  represent the position estimation. The 

position estimation errors derived from the SMD 

are obtained from Eq. 6. 

 

𝑒𝑥1
= 𝑥1 − 𝑥̂1

0                                                   [6] 

 

The convergence of this differentiator is 

demonstrated in (Levant, 1998). It can be 

observed how the phase trajectories of the 

differentiator converge. Likewise, in (Levant, 

2003; Levant, 2005), the convergence of the 

differentiator structure is demonstrated through 

homogeneity properties. 

 

The control law used, that is, the 

proposed PID scheme that works in conjunction 

with the SMD, is described below in Eq. 7: 

 

𝜏(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡 + 𝐾𝑑
𝑑𝑒(𝑡)

𝑑𝑡
        [7] 

 

In this expression 𝐾𝑝 , 𝐾𝑖,  & 𝐾𝑑 ,  ∈

ℝ5𝑥1 represent the proportional, integral and 

derivative gains of the PID controller 

respectively, and 𝑒 ∈ ℝ5𝑥1, is the tracking error, 

which is calculated from the estimated output 

position provided by the SMD, as indicated in 

Eq. 5. 
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5. Results 

 

In this section, the results obtained from the use 

of a PID control scheme based on a SMD in the 

robotic manipulator are presented. The results 

shown correspond to simulations performed 

with MATLAB software and its Simulink 

Toolbox. To verify its versatility in following 

different three-dimensional trajectories, two 

curves were used in 3D space, the first a cardioid 

and the second a lemniscate. The tracking of the 

proposed trajectories will be performed with the 

first 4 joints of the robot, the fifth joint or end 

effector is used for the working angle with the 

payload, therefore, it is not part of the trajectory 

and will be proposed arbitrarily within its 

operating range. 

 

The tuned gains for the PID that are 

expressed in Eq. 7, as well as the parameters 

expressed in Eq. 3, and Eq. 4 that correspond to 

the SMD, which were obtained to track the 

trajectories are shown in Table 3 and Table 4 

respectively. 

 

Box 5 
 

Table 3 

Tuned PID gains 

 

 values associated with the joint: 

1 2 3 4 5 

𝐾𝑝 675 600 600 600 8x10-4 

𝐾𝑖 7.5 7.5 7.5 7.5 5x10-6 

𝐾𝑑 57.75 66 40 20 4x10-5 

 

Source: Own design and elaboration 

 

The graphs obtained from the simulation 

results of testing the SMD-based PID control 

algorithm on the 5-DOF Thermo CRS CataLyst 

robot manipulator model while tracking the 3D 

reference trajectories are presented below. 

 

In the test performed with the 

aforementioned control scheme, the following 

conditions are considered:  

 

a) Unknown, sudden, and bounded 

variations in the end-effector load. 

 

b) The presence of noise in the 

measurements of the five joints. 

 

c) Presence of external and bounded 

disturbances in the actuators that act on 

the first four joints of the robot. 

d) Presence of noise in the force torques 

acting on the joints. 

 

Box 6 
 

Table 4 

Tuned parameters corresponding to the SMD. 

 

 
values associated with the joint: 

1 2 3 4 5 

𝜆1 3.06 1.836 1.836 1.224 1.652 

𝜆0 0.94 1.81 1.81 18.1 0.073 

𝐿 1250 1500 1375 1000 1000 

 

Source: Own design and elaboration 

 

Figure 3 shows the bounded uncertainty 

applied to the mass of the end-effector, or 

payload. The uncertainty was limited to 1 kg, as 

this is the maximum working load indicated in 

the manufacturer's specifications. 

 

Box 7 
 

 
 

Figure 3 

Graph of the bounded uncertainty applied to the mass 

of the 5th link or end effector 

Source: Own design and elaboration. 

 

Figure 4 shows the noises that were 

present in the angle measurements of the five 

joints. 

 

Figure 5 shows the disturbances present 

in the actuators that operate on the joints of the 

robotic manipulator. These perturbations, as 

mentioned above, are external and bounded. 
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Box 8 

 
Figure 4 

Graphs of the noises present at the time of joint angle 

measurements. 

Source: Own design and elaboration. 

 

Box 9 

 
Figure 5 

Graphs of the external and bounded disturbances 

affecting the torques of the first 4 joints of the 

manipulator robot 

Source: Own design and elaboration 

 

Figure 6 shows the graphs of the 

presence of noise in the five joints of the 

manipulator robot. 

 

Box 10 

 
Figure 6 

Graph of the presence of noise in the five joints of the 

manipulator robot 

Source: Own design and elaboration 

 

A) Simulations with the 3D cardioid 

 

Figures 7 show an ideal reference trajectory for 

the cardioid, but they do not consider the 

intrinsic limitations of the manipulator robot, so 

it should not be used as shown. Therefore, an 

adjustment was made so that the manipulator 

robot can track said trajectory optimally without 

having to suffer mechanical overstress and at the 

same time excessive overshoots do not occur 

(Feng, Dai, Zhou, Xu & Wang, 2024; Haselirad 

& Neubert, 2014). Figure 8 shows the reference 

trajectory to be used, and Figure 9 shows the 

reference angles for each joint that form the 3D 

reference trajectory in Figure 8. 
 

Figure 10 shows the graph describing the 

robotic manipulator as it tracks the trajectory 

presented in Figure 8. 
 

Figure 11 shows the tracking of the 5 

joint angles that describe the trajectory of the 3D 

cardioid represented in Figure 8. The angles of 

the desired trajectory are shown as dashed 

segments, and the corresponding tracking with 

solid segments. This graph shows that, after 

approximately 0.6s, accurate tracking of the 

reference angles for all 5 joints is achieved. A 

slight overshoot in the angle of the fifth joint is 

also observed when there is a sudden change in 

the reference angle of the first. 
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Box 11 

 
Figure 7 

Ideal 3D reference trajectory of the cardioid. 

Source: Own design and elaboration. 

 

Box 12 

 
Figure 8 

3D reference trajectory used for the cardioid. 

Source: Own design and elaboration 

 

Figure 12 shows the tracking error graphs 

for each of the angles corresponding to the 5 

joints of the robotic manipulator. The errors are 

expressed in radians. In these graphs, it is 

observed that the tracking errors for each of the 

5 angles always converge to zero, even though 

the system is permanently subject to noise in the 

force torques, as well as to noise in the 

measurements and the presence of disturbances 

in said torques.  

It is also observed that the convergence 

remains towards zero when a sudden change in 

the trajectory of the first joint occurs, this arises 

in at 7.5 and 8.5 seconds. The percentage 

tracking error at steady state for each angle of the 

five joints is shown in Table 5. 

 

Box 13 

 
Figure 9 

Graphs of the reference angles of each joint for the 

cardioid. 

Source: Own design and elaboration 

 

Box 14 

 
Figure 10 

3D cardioid reference trajectory tracking. 

Source: Own design and elaboration 
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Box 15 

 
Figure 11 

Graphs of the angles of the desired trajectory of the 

cardioid and its tracking for each joint. 

Source: Own design and elaboration 

 

Box 16 

 
Figure 12 

Graphs of the cardioid tracking errors for each of the 5 

joint angles. 

Source: Own design and elaboration 

 

The percentage of steady-state tracking 

error for each angle of the five joints is shown in 

Table 5. Figure 13 shows the graphs of the 

estimated errors in the angles of the 5 joints 

using the SMD. 

  

Box 17 
 

Table 5 

Percentage of tracking error in steady state for 

each angle of the 5 joints that make up the cardioid 

 
 

values associated with the joint (%): 

J1 J2 J3 J4 J5 

0.6614 0.1435 0.621 0.1974 0.3245 

 

Source: Own design and elaboration. 

 

Box 18 

 
Figure 13 

Graphs of the position measurement errors resulting 

from the estimate made by the SMD when tracking the 

cardioid. 

Source: Own design and elaboration 

 

The percentage error in the estimation of 

each of the 5 angles is shown in Table 6. 

 

Box 19 
Table 6 

Percentage error of position measurement made by 

the estimator. 
 

values associated with the joint (%): 

J1 J2 J3 J4 J5 

305.5 ×
10-3 

4.986 ×
10-3 

63.96 ×
10-3 

6.04 ×
10-3 

97.41 ×
10-3 

 

Source: Own design and elaboration. 

 

 

Figure 14 shows the control signal, that 

is, the force torques applied in tracking the 

trajectory of the robotic manipulator. 
 



10 

ECORFAN-Journal Taiwan                                                                 9[16]1-15: e6916115 

Article 
 

 ISSN: 2524-2121 

RENIECYT-SECIHTI: 1702902 

ECORFAN® All rights reserved 

 

Pacheco, Jorge, Cortés-Vega, David, Sanchez-Lara, Rafael, Alazki, 

Hussain. [2025]. PID control for tracking A 5 DOF robotic manipulator 
subjected to exogenous forces. ECORFAN-Journal Taiwan. 9 [16]1-15: 

e6916115. 

https://doi.org/10.35429/EJT.2025.9.16.6.1.15 
 

Box 20 

 
Figure 14 

Graphs of the control signal applied to each joint in 

cardioid tracking. 

Source: Own design and elaboration. 

 

B) Simulations with the 3D lemniscate. 

 

Figure 15 shows an ideal reference trajectory for 

the lemniscate, but it does not consider the 

intrinsic limitations of the manipulator robot. 

Therefore, an adjustment was made so that the 

manipulator robot could optimally follow this 

trajectory without suffering mechanical 

overexertion and, at the same time, avoid 

excessive overshoots. 

 

Figure 16 shows the reference trajectory 

to be used, and Figure 17 shows the reference 

angles for each joint that form the 3D reference 

trajectory in Figure 16. 

 

Figure 18 shows the graph describing the 

robotic manipulator as it tracks the trajectory 

presented in Figure 16. 

 

Figure 19 shows the tracking of the five 

joint angles that describe the 3D lemniscate 

trajectory represented in Figure 16. The desired 

trajectory angles are shown as dashed segments, 

and the corresponding tracking angles are shown 

as solid segments. This graph shows that, after 

approximately 0.65s, accurate tracking of the 

reference angles for all five joints is achieved. A 

slight overshoot in the angle of the fifth joint is 

also observed when there is a sudden change in 

the reference angle of the first. 

Box 21 

 
Figure 15 

Ideal 3D reference trajectory of the lemniscate. 

Source: Own design and elaboration 

 

Box 22 

 
Figure 16 

3D reference trajectory used for the lemniscate. 

Source: Own design and elaboration. 

 

Figure 20 shows the tracking error graphs 

for each of the angles corresponding to the 5 

joints of the robotic manipulator. In these graphs, 

it is observed that the tracking errors for each of 

the 5 angles always converge to zero, even 

though the system is permanently subject to 

noise in the force torques, as well as to noise in 

the measurements and the presence of 

disturbances in said torques. It is also observed 

that convergence remains towards zero when a 

sudden change occurs in the trajectory of the first 

joint, this arises at 5 seconds and 6 seconds. 
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Box 23 

 
Figure 17 

Graphs of the reference angles of each joint for the 

lemniscate. 

Source: Own design and elaboration 

 

Box 24 

 
Figure 18 

Tracking the reference trajectory of the 3D lemniscate. 

Source: Own design and elaboration 

 

 

 

 

 

 

 

 

Box 25 

 
Figure 19 

Graphs of the angles of the desired trajectory of the 

lemniscate and its tracking for each joint 

Source: Own design and elaboration 

 

Box 26 

 
Figure 20 

Graphs of the lemniscate tracking errors for each of the 

5 joint angles. 

Source: Own design and elaboration 

 

The percentage of steady-state tracking 

error for each angle of the five joints is shown in 

Table 7. 
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Box 27 

 

Table 7 

Percentage of tracking error in steady state for each 

angle of the 5 joints that form the lemniscate. 
 

 
Source: Own design and elaboration 

 

Figure 21 shows the graphs of the 

estimated errors in the angles of the 5 joints 

using the SMD. The percentage error in the 

estimation of each of the 5 angles is shown in 

Table 8. 
 

Box 28 

 
Figure 21 

Graphs of the position measurement errors resulting 

from the estimation made by the SMD when tracking 

the lemniscate. 

Source: Own design and elaboration 

 

Box 29 
 

Table 8 

Percentage error of position measurement made by 

the SMD 
 

 

Source: Own design and elaboration 

 

 

Figure 22 shows the control signal, that 

is, the force torques applied in tracking the 

trajectory of the robotic manipulator. 

 

Box 30 

 
Figure 22 

Graphs of the control signal applied to each joint in the 

tracking of the lemniscate. 

Source: Own design and elaboration 

 

6. Conclusions 

 

A SMD-based PID control scheme was 

applied at the simulation level to the Thermo 

CRS CataLyst 5-degree-of-freedom robotic 

manipulator. To verify the tracking versatility 

of the control scheme, two three-dimensional 

trajectories were employed: the first a cardioid 

and the second a lemniscate. 

 

Simulation tests were performed 

considering the following: Uncertainties in 

end-effector payload; the presence of noise in 

the measurements of the five joints; presence 

of exogenous forces, i.e. bounded 

disturbances in the actuators acting on the first 

4 joints of the robot and noise in the torques 

acting on the joints. 

 

It was verified that the SMD performed 

an excellent estimation of the states while the 

system tracked the proposed trajectories. The 

stability of SMD is guaranteed and was 

mentioned in this work. 

 

 

values associated with the joint (%): 

J1 J2 J3 J4 J5 

0.5379 0.1693 0.6350 0.0742 1.1310 

values associated with the joint (%): 

J1 J2 J3 J4 J5 

228× 10 -

3 

5.076 ×
10-3 

64.36 ×
10-3 

2.173 ×
10-3 

393.5 ×
10-3 
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Furthermore, the percentage tracking 

errors were found to be very small. It was also 

observed that the control signals obtained for 

tracking did not exhibit excessive overshoots. 

After testing and validating the control 

scheme, it can be determined that the 

development proposed in this work offers a 

solution to the needs previously expressed in 

the problem statement. 
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Abstract 

 

This paper presents the development of a robust discontinuous controller 
based on the super twisting algorithm and a simultaneous state and 

disturbance estimation scheme to regulate efficiently output voltage of a 

DC-DC converter in buck topology under load and input voltage 
variations. Such changes are handled by an appropriate rearranging of the 

system and the use of an Extended State Observer scheme to estimate the 

disturbance of the new model. This observer scheme also allows the 
estimation of the system states which permits the elimination of the 

current sensor reducing the overall system cost. The stability of the 

proposed robust discontinuous controller based on disturbance and state 
estimations is ensured using Lyapunov stability concepts. Simulation 

tests of the proposal in contrast to classic control techniques are presented 

to verify its adequate performance 
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Resumen 

 
En este artículo se presenta el desarrollo de un controlador discontinuo 
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voltaje de salida de un convertidor CD-CD en topología reductora bajo cargas 

y voltajes de entrada variantes. Tales cambios son incluidos en el modelo 

mediante una reestructuración del sistema y el uso posterior de un Observador 

de Estados Extendido que permita estimar la perturbación acoplada del nuevo 

modelo. Este esquema de estimación tambien permite la estimación de estados 

lo cual permite la eliminación de un sensor de corriente reduciendo con esto 

el costo total del sistema. La estabilidad del controlador robusto discontinuo 

basado en estimaciones de estado es asegurada mediante conceptos de 
estabilidad de Lyapunov. Se presentan pruebas de simulación del control 

propuesto en comparación con técnicas de control clásicas para verificar su 

efectividad. 
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1. Introduction 

 

Nowadays, with the great advance and 

development that has been carried out globally 

in the field of renewable energies, the use of DC-

DC converters in their different topologies has 

become an essential part of the processes of 

generation and conversion of energy based in 

renewable sources. A known example of this can 

be found in photovoltaic systems, which require 

of these types of converters to guarantee 

operation in optimal conditions that ensure 

maximum extraction of the available energy at 

every moment, through the use of maximum 

power point tracking algorithms as shown in 

[13].  

 

Therefore, it is a necessity to have control 

schemes that allow operating DC-DC converters 

in an efficient way under various situations 

specific of each particular application. A typical 

operation scenario of a system fed by DC-DC 

converters is the load change, which may affect 

the voltage regulation of the converter output 

deteriorating the overall system performance. 

For such scenario, various proposals can be 

found in the literature. In [18] a scheme model-

based predictive control (MPC) is proposed for 

systems subject to disturbances, where a 

disturbance observer (DO) is developed for 

estimating disturbances value and using it in the 

output prediction to correct errors caused by 

disturbances and uncertainties. A fuzzy sliding 

control scheme is presented in [3], obtaining a 

better performance in comparison to 

conventional schemes based on Proportional 

Integral (PI) controllers.  

 

A passivity-based controller with PI 

complementary control was developed in [19], 

guaranteeing a proper output voltage regulation, 

stability and fast response against load changes. 

Some other control schemes for output voltage 

regulation under load changes can be found in 

[15], [14], [4], [8]. Nevertheless, the previous 

control strategies show an efficient operation, 

most of them are complex techniques that entail 

a high computational burden   which can limit its 

application, especially in low cost applications. 

In order to cope with this limitation a common 

robust control approach used for power 

converters control is sliding modes control 

theory [16].  

 

 

 

Several proposals based on sliding 

modes can be found in the literature as the ones 

shown in [12], [17], [10], [9] achieving an 

efficient output power regulation even under 

disturbances along with easy implementation.  

Although sliding modes controllers have proved 

to be an excellent alternative to DC-DC 

converters, its major drawback is the high 

frequency commutation generated in the control 

signal, known as chattering, which can 

deteriorate severely the actuators. The Super 

Twisting control is a sliding modes technique 

that reduces chattering while keeping the 

robustness against disturbances [7]. To reduce 

the overall cost of the system it is a common 

practice the use of observation schemes that 

allow us to dispense of physical sensors to make 

measurements of the variables of interest, 

particularly for the buck converter the desired 

variables to estimate are the inductor current and 

the disturbances.   

 

To estimate inductor current, several 

methods have been developed, in [1] and [11] 

such estimation is performed by means of 

observer schemes but this approach require 

additional measurements of load current, 

inductor voltage and output voltage. In [2] a 

method based on estimation of inductor’s 

resistance and inductance parameters is 

proposed. Disturbance observers (DO) based 

methods only performs the estimation of 

disturbance without considering system states 

[6], [5] so it is required to carry out a scheme 

which estimates simultaneously both parts. 

 

This work proposes the design of a 

simultaneous estimation scheme for states and 

disturbances that allows the elimination of 

sensors and at the same time operates efficiently 

under disturbance scenarios related to load and 

input voltage changes. To this end, the load and 

input voltage changes are modeled into a 

coupled term which can be estimated by an ESO, 

and use such estimation to attenuate disturbance 

effects. State and disturbance estimations are 

used to design a ST controller that ensures output 

voltage regulation in desired values. To 

guarantee system stability a Lyapunov analysis 

is performed. The remainder of the paper is 

organized as follows: Section II presents the 

mathematical model of the buck converter, 

Section III analyzes the design conditions for the 

ESO estimation scheme, Section IV describes 

the ESO based ST controller, Section V shows 

the results of simulation tests and finally Section 

VI states the main conclusions of the work 
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2. Mathematical model of the buck converter 

 

A step-down converter, also called buck 

converter, is a DC-DC converter topology that, 

as its name indicates, allows you to reduce the 

input voltage. A typical buck converter 

configuration is shown in Figure 1, where 

𝑣𝑖 ,  𝑖𝐿 , 𝑣𝑜 are input voltage, inductor current and 

output voltage respectively. The converter 

components are denoted by 𝑅, 𝐿, 𝐶 . This basic 

structure is affected mainly by two uncertainty 

sources, namely, input voltage variations and 

load changes. 

 

Box 1 
 

 
 

Figure 1 

Buck converter topology 

       

 

Depending on the Switch state the 

converter can be analyzed as two different 

circuits. 

 

When S=ON (switch is closed), the 

current will increase, the inductor generates an 

opposing voltage in response to the change of 

current. This reduces the voltage across the load. 

The equations describing this scenario are: 

 
𝑑𝑖𝐿

𝑑𝑡
=

(𝑣𝑖−𝑣𝑜)

𝐿
     [1] 

 
𝑑𝑣𝑜

𝑑𝑡
=

𝑖𝐿

𝐶
−

𝑣𝑜

𝑅𝐶
     [2] 

 

When S=OFF (switch is open), the 

voltage source will be removed from the circuit, 

and the current will decrease. The equations for 

this case are: 

 
𝑑𝑖𝐿

𝑑𝑡
=

−𝑣𝑜

𝐿
  

    
𝑑𝑣𝑜

𝑑𝑡
=

𝑖𝐿

𝐶
−

𝑣𝑜

𝑅𝐶
      

 

Using the state–space averaging method 

[20], [21], the dynamic model of the buck 

converter can be written as: 

 

𝑑𝑖𝐿

𝑑𝑡
=

−𝑣𝑜

𝐿
+

𝑣𝑖

𝐿
𝑢     [3] 

 
𝑑𝑣𝑜

𝑑𝑡
=

𝑖𝐿

𝐶
−

𝑣𝑜

𝑅𝐶
                  [4]

  

where 𝑢 is the duty ratio of the converter. 

 

3. ESO estimation scheme 

 

The model described by (3-4) can be 

transformed to include the load and input voltage 

changes as 

 

𝑧̇1 = 𝑧2     [5] 

 

𝑧̇2 = −𝑛11𝑛21𝑧1 − 𝑛23𝑧2 + 𝑛11𝑛21𝑣𝑖(𝑢 + 𝑤) [6] 

 

with 

 

𝑛11 = 1
𝐿⁄  , 𝑛21 = 1

𝐶⁄    

𝑛22 = 1
𝑅𝐶⁄ − 1

𝑅∗𝐶⁄  , 𝑛23 = 1
𝑅∗𝐶⁄   

𝑤 =
1

𝑛11𝑛21𝑣𝑖
[−𝑛11𝑛21𝑣𝑟𝑒𝑓  + 𝑛11𝑛21(𝑣𝑖 −

𝑣∗)𝑢 − 𝑛23𝑣̇𝑟𝑒𝑓 − 𝑛22(𝑧2 + 𝑣̇𝑟𝑒𝑓) − 𝑣̈𝑟𝑒𝑓]  

 

where 𝑧1 = 𝑣𝑜 − 𝑣𝑟𝑒𝑓   and  𝑅∗, 𝑣∗ 

describe the load nominal value and input 

voltage nominal value respectively. System (5-6) 

can be rewritten in matrix form as 

 

𝑧̇ = 𝐴𝑧 + 𝐵𝑢 + 𝐵𝑤𝑤       [7] 

     

with 

 

 𝑧̇ = [𝑧1 𝑧2]𝑇 , 𝐴 = [
0 1

−𝑛11𝑛21 −𝑛23
] 

 

𝐵 =  [
0

𝑛11𝑛21𝑣𝑖
] , 𝐵𝑤 = 𝐵  

 

An extended variable 𝑧𝑛+1 = 𝑤 is added 

to linearize system (7), so the extended system is 

described as [22] 

 

{
𝑧̅̇ = 𝐴𝑒𝑧̅ + 𝐵𝑒𝑢 + 𝐷ℎ

𝑦 = 𝐶𝑧̅
  

 

where 

 

𝑧̅ = [
𝑧

𝑧𝑛+1
] , ℎ = 𝑤̇  

 

𝐴𝑒 = [
0 1 0

−𝑛11𝑛21 −𝑛23 𝑛11𝑛21𝑣𝑖

0 0 0
]  
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𝐵𝑒 = [
0

𝑛11𝑛22𝑣𝑖

0
] , 𝐷 = [

0
0
1

] , 𝐶𝑒 = [
1
0
0

]

𝑇

  

 

An ESO scheme for system (8) can be 

designed as 

 

{
𝑧̅̂̇ = 𝐴𝑒𝑧̅̂ + 𝐵𝑒𝑢 + 𝐿(𝑦 − 𝑦̂)

𝑦̂ = 𝐶𝑒𝑧̅̂
     [9] 

 

where 𝑧̅̂ is the vector of estimations of 𝑧̅ 
and 𝐿 = [𝐿1 𝐿2 𝐿3]𝑇 is the observer gain matrix. 

 

4. Controller design 
 

For the discontinuous control scheme design, the 

ST algorithm is selected considering the 

following surface  
 

𝑠 = 𝑐1𝑧̅̂1 + 𝑐2𝑧̅̂2     [10] 

 

where 𝑐1, 𝑐2 > 0. The surface dynamics 

is described as 

 

𝑠̇ = 𝑐1𝑧̅̂̇̇1 + 𝑐2𝑧̅̂̇̇2  

 

𝑠̇ = 𝑐1𝑧̅̂2 + 𝐿1(𝑧1̅ − 𝑧̅̂1)𝑐1 + 𝑐2[−𝑛11𝑛21𝑧̅̂1 −
𝑛23𝑧̅̂2 + 𝑛11𝑛21𝑣𝑖(𝑢 + 𝑤̂) + 𝐿2(𝑧1̅ − 𝑧̅̂1)] [11] 

 

Considering a quadratic Lyapunov 

function  

 

𝑉(𝑠) =
1

2
𝑠2  

 

the condition 𝑉̇ = 𝑠𝑠̇ ≤ 0  must be 

fulfilled to guarantee system stability. Therefore, 

the proposed discontinuous control has the form 

 

𝑢 =
1

𝑛11𝑛21𝑣𝑖
(−

𝑐1

𝑐2
𝑧̅̂2 − 𝐿1𝑐1(𝑧1̅ − 𝑧̅̂1) +

𝑛11𝑛21𝑧̅̂1 + 𝑛22𝑧̅̂2 − 𝐿2(𝑧1̅ − 𝑧̅̂1) −

𝑛11𝑛21𝑣𝑖𝑤̂ + 𝑣)     [12] 

 

where 𝑣 is the ST algorithm defined as 

 

𝑣 = −𝛼‖𝑠‖1 2⁄ 𝑠𝑖𝑔𝑛(𝑠) − 𝛽 ∫ 𝑠𝑖𝑔𝑛(𝑠) 𝑑𝑡  [13] 

 

Finally, by using (12) in (11), the surface 

dynamics results in 

 

𝑠̇ = 𝑣  

 

then 

 

𝑉̇ = 𝑠[−𝛼‖𝑠‖1 2⁄ 𝑠𝑖𝑔𝑛(𝑠) − 𝛽 ∫ 𝑠𝑖𝑔𝑛(𝑠) 𝑑𝑡] [14] 

and by using the relation ‖𝑠‖ =
𝑠𝑖𝑔𝑛(𝑠)𝑠 , the last equation can be transformed 

as 

 

𝑉̇ ≤ −𝛼‖𝑠‖1 2⁄ ‖𝑠‖ − 𝛽 ∫‖𝑠‖ 𝑑𝑡   [15] 

 

which ensures that 𝑉̇ < 0 if 𝛼 + 𝛽 > 0. 

 

5. Results 

 

To verify the performance of the proposed 

control scheme, simulation tests have been 

developed using Simulink and the 

Simscape/Power Systems libraries. The selected 

parameters of the buck converter are shown in 

Table 1. The proposed controller parameters are 

presented in Table 2 which were selected 

empirically based on the condition (15). The 

proposed controller performance is compared 

with a PI control scheme and a first order sliding 

mode controller. The simulated scenario consists 

of an input voltage signal that changes from 

20V-24V at 𝑡 = 6𝑠  and has small sinusoidal 

variation as shown in Figure 2. The desired 

output voltage is selected as 10V and a load 

change is presented at 𝑡 = 1𝑠  from 25Ω  to 

9.75Ω. 

 

Box 2 
 

 
 

Figure 2 

Input voltage signal 

       

The output voltage regulation is 

illustrated in Figure 3. It can be seen that the 3 

schemes perform an adequate regulation around 

the 10V reference but the proposed scheme 

shows an oscillation of lower magnitude. The 

load change at 1𝑠 generates a greater oscillation 

from the current increment, which is better 

handled by the proposed controller. The other 

disturbance effects produced by the input 

voltage change is also attenuated in a more 

accurate way by the proposed controller than the 

other schemes. 
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Box 3 
 

 
 

Figure 3 

Output voltage 

       

Figure 4 depicts the inductor current 

behaviour, which shows similar characteristics 

to the one seen for the output voltage case with 

a more accurate response for the proposed 

controller. 

 

Box 4 
 

 
 

Figure 4 

Inductor current 

       

The control signal is shown in Figure 5. 

The three control signals keep his values in the 

desired range from 0 to 1. 

 

Box 5 
 

 
 

Figure 5 

Control signal 

       

The estimation error of the first state 

corresponding to the output voltage error 

(𝑣𝑜 − 𝑣𝑟𝑒𝑓) is presented in Figure 6, a very low 

error is generated which contributes to the 

proper performance of the proposed controller. 

 

Box 6 
 

 
 

Figure 6 

Estimation error of state 𝑧̅̂1  

       

6. Conclusions 

 

The proposed robust discontinuous control 

scheme using a ST controller based on ESO is 

able to effectively regulate the output voltage of 

the selected DC-DC buck converter under load 

changes and input voltage variations. The ESO 

scheme for simultaneous estimation of states and 

disturbances operates with low estimation errors 

contributing to an adequate voltage regulation. It 

was demonstrated system stability of the 

proposed controller by means of Lyapunov 

analysis. Simulation tests shown that the 

proposed controller has a better performance that 

conventional PID based schemes and is capable 

of handle disturbances generated from load 

changes and input voltage variations. It is 

possible to enhance the controller response in a 

future work by implementing an appropriate 

gain selection method which allows a more 

precise control of the desired variables. 

 

Annexes 

 

Box 7 
 

Table 1 

Buck converter parameters 
 

Parameter Value 

Nominal load (R*) 

Inductance (L) 

Capacitance (C) 

Input voltage (𝑉𝑖) 

11 Ω 

200 µH 

220 µF 

20V 

 

Box 8 
 

Table 2 

Proposed controller parameters 
 

Parameter Value 

α 

β 

𝐿1  

𝐿2  

𝐿3  

21 

15 

5000 

1000 

1000 
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