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Table 2. Scope of reaction 

 

 

Table 3. Nuclear magnetic resonance data of benzopyran-5(6H)-ones. 

ompounds 
1H NMR (500 MHz, (CD3)2SO) 

δH (ppm) 

13C NMR (125 MHz, 

(CD3)2SO) 

δC (ppm) 

7.29 (t, J=7.5 Hz, 2H), 7.20 (d, 196.1, 163.0, 159.0, 145.2, 16 
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Compounds 
1H NMR (500 MHz, (CD3)2SO) 

δH (ppm) 

13C NMR (125 MHz, 

(CD3)2SO) 

δC (ppm) 

4a 

7.29 (t, J=7.5 Hz, 2H), 7.20 (d, 

J=7.5 Hz, 1H), 7.17-7.13 (m, 2H), 

6.98 (s, 2H), 4.18 (s, 1H), 2.54-

2.51 (m, 2H), 2.26 (d, J=16.0 Hz, 

1H), 2.11 (d, J=16.0 Hz, 1H), 1.05 

(s, 3H), 0.96 (s, 3H). 

196.1, 163.0, 159.0, 145.2, 

128.8, 127.6, 127.0, 120.2, 

113.2, 58.9, 50.5, 36.1, 32.3, 

28.9, 27.3 
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1. Introduction 
Recently, numerous metaheuristic optimisation 

algorithms have been proposed, yielding promising results 
across various fields. Natural evolution serves as the 
inspiration and foundation for several algorithms, such 
as the Genetic Algorithm (GA) [1], and later, Differential 
Evolution (DE) [2]. Other optimisation algorithms mimic 
natural phenomena, including Particle Swarm Optimisation 
(PSO) [3-5], Ant Colony Optimisation (ACO) [6, 7], 
Elephant Herding Optimisation [8], among others. Unlike 
conventional approaches, all metaheuristic algorithms 
employ an exchange mechanism between local search and 
global exploration (i.e., exploration and exploitation), with 
the solution evolution process commonly governed by 
random motion.

In such intelligent algorithms, local search focuses on 
a limited domain to identify the best solution within that 
domain, while global discovery explores a broader domain 
in search of an improved solution. These search mechanisms 
work in tandem to achieve the best solution, and the 
balance between them significantly impacts the quality 

of optimisation algorithms. The defining characteristic of 
each metaheuristic optimisation algorithm is the method 
used to achieve this balance. Another critical attribute of 
metaheuristic algorithms is the convergence velocity of the 
analysis process, particularly for large-scale problems.

Introduced by T.L. Duc, et al. (2020) [9] with some 
preliminary applications [10], the BCMO is a novel 
optimisation algorithm that focuses on balancing local 
and global motion. The key feature of the algorithm is the 
determination of relative local and global motions, based on 
information extracted from the current population and the 
temporary global optimisation point (serving as a surrogate 
for the true solution of the problem). The BCMO algorithm 
has been tested and demonstrated superior performance 
compared to other algorithms. These features, observed in 
the original study, will be further elaborated upon in this 
study. 

Early application of such algorithm has been applied 
for the practical optimizing problem in [10]. H.T. Duong, 
et al. (2020) [10] applied the algorithm to the axial load 
capacity of a concrete-filled steel tube column. A secondary 
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deep learning model was successfully developed, based on 
the dataset generated from a large-scale implementation of 
BCMO (i.e., 1000 samples), providing a rough estimation 
of the optimisation design results. 

Clearly, the convergence velocity and computational 
expense of the algorithm are crucial factors contributing 
to the success of such complex models, where a large 
number of optimised variables are required. Metaheuristic 
algorithms are well-known for their adaptability, allowing 
for further improvements. It has been observed in the 
literature that original algorithms can be significantly 
enhanced with either minor or major adjustments to 
improve their performance [11-13]. For instance, an 
adjustment was made by incorporating a Greedy Adaptive 
control parameter into DE [11]. In contrast to DE, BCMO 
has the advantage of being parameter-free, requiring only 
the number of individuals and generations to be preset. The 
Elephant Herding Optimization (EHO) [8] was modified 
using feasible rules to solve an optimisation problem 
with constraints [12]. Similarly, G. Liu, et al. (2016) [13] 
proposed an inertia weight update strategy to enhance search 
space coverage and speed for the real-time multiple object 
tracking problem. Numerous other examples of successful 
algorithm enhancements can be found in [14-20].

During the algorithm implementation process, the 
authors observed that BCMO could be adjusted and refined 
to achieve faster convergence and reduce computational 
expense. The adjustment involves supplementing the 
individual selection operator within the procedure and 
emphasising the importance of the terminal condition, which 
was mentioned in the original paper [9] but not included 
in the provided code. This paper is organised as follows: 
Section 2 summarises the fundamentals of the BCMO 
algorithm; Section 3 proposes approaches for improving the 
convergence velocity and speed of the original algorithm. 
Section 4 presents an extensive numerical comparison 
between the original and adjusted algorithms (i.e., BCMO 
versus BCMO_A, respectively). 

2. The original balancing composite motion 
optimisation 

The initial population of the BCMO is generated in 
a manner analogous to other metaheuristic algorithms, 
by randomly selecting design variables with uniform 
distribution within their corresponding bounds, as shown in 
Eq. 1: 
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searches, represented by vj and vi/j, respectively. The global 
search is defined by Eq. 7:
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by Eq. 8: 

 ∝𝑗𝑗=  𝐿𝐿𝐺𝐺𝐺𝐺 ∗ 𝑑𝑑𝑑𝑑𝑗𝑗          (8) 

where, LGS is the length of the global step size of the jth individual, dvj is the direction 

vector with a sign of 0.5:0.5 for positive:negative. LGS and dvj are found by Eq. 9, which 

depends on the random number TVj uniformly distributed within [0, 1]: 
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where, d is the number of dimensions or direction of S space, NP is the size of the 

population, rand (1,d) is a random number within [0, 1], and rj is the distance from the 

jth individual to Oin as in Eq. 11:  

   𝑟𝑟𝑗𝑗 = ‖𝑥𝑥𝑗𝑗 −  𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂‖      (11) 
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dvij is the direction vector of ith and jth individual as in Eq. 10.  

The ith individual may move towards or away from the Oin and jth individual with 
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domain of the jth individual, and vice versa. Similarly vj can move away or towards the 

instant global optimisation point Oin after each generation.  To balance the exploration 

and exploitation of each individual in the solution domain, the proportion of positive 

and negative values for vi/j and vj  should be equal.  
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 (11)

Analogous to vj, vi/j can be found as in Eqs. 12 and 13:  

 

 

With the new location of the individual calculated as in Eqs. 2 and 3, BCMO 

incorporates the local and global searches, represented by vj and vi/j, respectively. The 

global search is defined by Eq. 7: 

 𝑣𝑣𝑗𝑗 = ∝𝑗𝑗 (𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑥𝑥𝑗𝑗)          (7) 

where, αj is the first-order derivative of the movement distance (𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑥𝑥𝑗𝑗) and found 

by Eq. 8: 

 ∝𝑗𝑗=  𝐿𝐿𝐺𝐺𝐺𝐺 ∗ 𝑑𝑑𝑑𝑑𝑗𝑗          (8) 

where, LGS is the length of the global step size of the jth individual, dvj is the direction 

vector with a sign of 0.5:0.5 for positive:negative. LGS and dvj are found by Eq. 9, which 

depends on the random number TVj uniformly distributed within [0, 1]: 

 𝐿𝐿𝐺𝐺𝐺𝐺 = | 𝑒𝑒
1
𝑑𝑑 

𝑗𝑗
𝑁𝑁𝑁𝑁𝑟𝑟𝑗𝑗

2   𝑖𝑖𝑖𝑖 𝑇𝑇𝑇𝑇𝑗𝑗  > 0.5

𝑒𝑒
−1
𝑑𝑑 (1− 𝑗𝑗

𝑁𝑁𝑁𝑁)𝑟𝑟𝑗𝑗
2   𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

        (9) 

 𝑑𝑑𝑑𝑑𝑗𝑗 = |𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(1, 𝑑𝑑)      𝑖𝑖𝑖𝑖 𝑇𝑇𝑇𝑇𝑗𝑗 > 0.5
−𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(1, 𝑑𝑑)   𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒                 (10) 

where, d is the number of dimensions or direction of S space, NP is the size of the 

population, rand (1,d) is a random number within [0, 1], and rj is the distance from the 

jth individual to Oin as in Eq. 11:  

   𝑟𝑟𝑗𝑗 = ‖𝑥𝑥𝑗𝑗 −  𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂‖      (11) 

Analogous to vj, vi/j can be found as in Eqs. 12 and 13:   

  𝑣𝑣𝑖𝑖/𝑗𝑗 = ∝𝑖𝑖𝑖𝑖  (𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑖𝑖)      (12) 

  ∝𝑖𝑖𝑖𝑖= 𝐿𝐿𝐿𝐿𝐿𝐿 × 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖      (13) 

where, LLS is fixed at 1 to balance the exploration and exploitation of the ith individual; 

dvij is the direction vector of ith and jth individual as in Eq. 10.  

The ith individual may move towards or away from the Oin and jth individual with 

better performance. If vi/j is positive, the ith individual moves into the local exploration 

domain of the jth individual, and vice versa. Similarly vj can move away or towards the 

instant global optimisation point Oin after each generation.  To balance the exploration 

and exploitation of each individual in the solution domain, the proportion of positive 

and negative values for vi/j and vj  should be equal.  

 (12)

 

 

With the new location of the individual calculated as in Eqs. 2 and 3, BCMO 

incorporates the local and global searches, represented by vj and vi/j, respectively. The 

global search is defined by Eq. 7: 

 𝑣𝑣𝑗𝑗 = ∝𝑗𝑗 (𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑥𝑥𝑗𝑗)          (7) 

where, αj is the first-order derivative of the movement distance (𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑥𝑥𝑗𝑗) and found 

by Eq. 8: 

 ∝𝑗𝑗=  𝐿𝐿𝐺𝐺𝐺𝐺 ∗ 𝑑𝑑𝑑𝑑𝑗𝑗          (8) 

where, LGS is the length of the global step size of the jth individual, dvj is the direction 

vector with a sign of 0.5:0.5 for positive:negative. LGS and dvj are found by Eq. 9, which 

depends on the random number TVj uniformly distributed within [0, 1]: 

 𝐿𝐿𝐺𝐺𝐺𝐺 = | 𝑒𝑒
1
𝑑𝑑 

𝑗𝑗
𝑁𝑁𝑁𝑁𝑟𝑟𝑗𝑗

2   𝑖𝑖𝑖𝑖 𝑇𝑇𝑇𝑇𝑗𝑗  > 0.5

𝑒𝑒
−1
𝑑𝑑 (1− 𝑗𝑗

𝑁𝑁𝑁𝑁)𝑟𝑟𝑗𝑗
2   𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

        (9) 

 𝑑𝑑𝑑𝑑𝑗𝑗 = |𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(1, 𝑑𝑑)      𝑖𝑖𝑖𝑖 𝑇𝑇𝑇𝑇𝑗𝑗 > 0.5
−𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(1, 𝑑𝑑)   𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒                 (10) 

where, d is the number of dimensions or direction of S space, NP is the size of the 

population, rand (1,d) is a random number within [0, 1], and rj is the distance from the 

jth individual to Oin as in Eq. 11:  

   𝑟𝑟𝑗𝑗 = ‖𝑥𝑥𝑗𝑗 −  𝑥𝑥𝑂𝑂𝑂𝑂𝑂𝑂‖      (11) 

Analogous to vj, vi/j can be found as in Eqs. 12 and 13:   

  𝑣𝑣𝑖𝑖/𝑗𝑗 = ∝𝑖𝑖𝑖𝑖  (𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑖𝑖)      (12) 

  ∝𝑖𝑖𝑖𝑖= 𝐿𝐿𝐿𝐿𝐿𝐿 × 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖      (13) 

where, LLS is fixed at 1 to balance the exploration and exploitation of the ith individual; 

dvij is the direction vector of ith and jth individual as in Eq. 10.  

The ith individual may move towards or away from the Oin and jth individual with 

better performance. If vi/j is positive, the ith individual moves into the local exploration 

domain of the jth individual, and vice versa. Similarly vj can move away or towards the 

instant global optimisation point Oin after each generation.  To balance the exploration 

and exploitation of each individual in the solution domain, the proportion of positive 

and negative values for vi/j and vj  should be equal.  

 (13)

where LLS is fixed at 1 to balance the exploration and 
exploitation of the ith individual; dvij is the direction vector 
of ith and jth individual as in Eq. 10. 

The ith individual may move towards or away from 
the Oin and jth individual with better performance. If vi/j is 
positive, the ith individual moves into the local exploration 
domain of the jth individual, and vice versa. Similarly vj 
can move away or towards the instant global optimisation 
point Oin after each generation. To balance the exploration 
and exploitation of each individual in the solution domain, 
the proportion of positive and negative values for vi/j and vj  
should be equal. 

Figure 1 provides the procedure of the original BCMO 
proposed in [9], along with numerical experiments 
conducted on 23 classical benchmark functions for 
optimisation, the CEC 2014 benchmark functions, and three 
real-life engineering design problems, all of which yielded 
promising results. The key advantages of BCMO can be 
summarised as follows:

(I) The motion of the individual to the new location 
depends on: 

(Ia) information of the best individual at the current 
generation 
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(Ib) the individual considered as the pseudo global point [𝑋𝑋]𝑂𝑂𝑂𝑂𝑂𝑂𝑡𝑡  and  
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searches.  
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of weights is required, and where multiple computationally expensive algorithms are 

involved. 
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3. The adjusted algorithm balancing composite motion 
optimisation_A 

3.1. Clarifying the terminal conditions

As with other metaheuristic algorithms, the original 
BCMO applied 2 terminal conditions simultaneously: a 
maximum number of interactions and an error value, with 
the algorithm terminating upon meeting either condition 
first. However, the code provided with the paper [9] did not 
include the error value condition. Without this condition, 
the calculation process may unnecessarily repeat. This can 
be observed in Eqs. 2 and 3, where the number of vectors vj 
and vi/j depends on the relative locations of ith and jth and Oin 
as in Eqs. 7 and 8. When the algorithm nears convergence at 
a minimum point (whether local or global), the individuals 
move closer to one another, and vi, vi/j will approach zero. In 
such cases, no motion occurs, yet the number of interactions 
increases. 

To address this drawback, the terminal condition from 
[2] is proposed. This condition is based on the best and 
mean objective function values of individuals in the current 
population, as shown in Eq. 14:

 

 

Fig. 1. Flow chart of the original balancing composite motion optimisation. 
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𝑁𝑁𝑁𝑁 | ≤  𝜀𝜀                  (14) 

 3.2. Implementing the selecting operator 

 Metaheuristic algorithms commonly employ a population selection operator 

before proceeding to the next iteration. The original BCMO did not discuss this operator. 

This study proposes incorporating a selection operation during the analysis process to 

improve the algorithm's convergence speed. 

 Due to the random nature of the local and global searches, some individuals may 

have poorer adaptability, affecting the overall population's performance. At the end of 

an iteration, two populations exist simultaneously (i.e., Xt-1 and Xt). Using only one 

population, Xt, for the next iteration results in the loss of valuable information. This 

study proposes extracting that information by selecting the best NP individuals from the 

two populations (i.e., selecting from 2NP individuals).  

  (14)

3.2. Implementing the selecting operator

Metaheuristic algorithms commonly employ a 
population selection operator before proceeding to the next 
iteration. The original BCMO did not discuss this operator. 
This study proposes incorporating a selection operation 
during the analysis process to improve the algorithm’s 
convergence speed.

Due to the random nature of the local and global 
searches, some individuals may have poorer adaptability, 
affecting the overall population’s performance. At the end 
of an iteration, two populations exist simultaneously (i.e., 
Xt-1 and Xt). Using only one population, Xt, for the next 
iteration results in the loss of valuable information. This 
study proposes extracting that information by selecting the 
best NP individuals from the two populations (i.e., selecting 
from 2NP individuals). 

In summary, the flow chart of the adjusted BCMO, 
termed BCMO_A (presented in Fig. 2), will include the 
terminal condition outlined in Eq. 14 and the selection 
operation. The following sections will present the numerical 
experiments.
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Fig. 2. Flowchart of the adjusted algorithm, balancing composite motion 

optimisation_A. 

4. Numerical experiments  

 4.1. The validated optimisation problems 

 To validate the quality of the optimisation algorithm, benchmark functions as 

described in [2, 21-23] are commonly used. In this study, 23 conventional benchmark 

functions were employed, as listed in Table 1. The first group consists of single 

minimum functions, numbered from F01 to F07. Functions F08 to F13 have multiple 

minima, and functions F14 to F23 have fixed design variables.  

Table 1. Benchmark functions. 
ID I.  Functions with single minimum/maximum nd Boundaries Theorical solution 

F0

1 
  Sphere model 30 [-100, 100] Fmin=f (0, 0,…,0)=0 

Fig. 2. Flowchart of the adjusted algorithm, balancing 
composite motion optimisation_A.

4. Numerical experiments 
4.1. The validated optimisation problems

To validate the quality of the optimisation algorithm, 
benchmark functions as described in [2, 21-23] are 
commonly used. In this study, 23 conventional benchmark 
functions were employed, as listed in Table 1. The first group 
consists of single minimum functions, numbered from F01 
to F07. Functions F08 to F13 have multiple minima, and 
functions F14 to F23 have fixed design variables. 

4.2. Establishing code for balancing composite 
motion optimisation and balancing composite motion 
optimisation_A

Based on T.L. Duc, et al. (2020) [9] and the associated 
code provided, the program allows for the use of the 
flowchart in either Fig. 1 or 2. The results generated by 
the present code for the original BCMO are designated as 
BCMO* to differentiate them from the results in [9].  Table 2 
compares the results of 23 selected functions between 
BCMO* and BCMO, using the same flowchart as in Fig. 1. 
Each implementation was conducted with NP=100 and 
Nthmax=1000 as the terminal condition. Such optimisation 
analyses were implemented on a computer with a 
configuration of CPU Intel Core i3, 2.53 GHz, 4 GB RAM.
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F01
Sphere model

 

 

𝑓𝑓1(𝑥𝑥) = ∑ 𝑥𝑥𝑖𝑖
2

𝑛𝑛

𝑖𝑖=1
 

F0

2 

Schewefel’s problem 2.22 

𝑓𝑓2(𝑥𝑥) = ∑ |𝑥𝑥𝑖𝑖| + ∏ |𝑥𝑥𝑖𝑖|
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

30 [-10, 10] Fmin=f (0, 0,…,0)=0 

F0

3 

Schewefel’s problem 1.2 

𝑓𝑓2(𝑥𝑥) = ∑ (∑ 𝑥𝑥𝑗𝑗
2

𝑖𝑖

𝑗𝑗−1
)

𝑛𝑛

𝑖𝑖=1
 

30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

4 

Schewefel’s problem 2.21 

𝑓𝑓4(𝑥𝑥) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖[|𝑥𝑥𝑖𝑖| , 1] ≤ 𝑖𝑖 ≤ 𝑛𝑛  
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

5 

Generalized rosenbrock’s function 

𝑓𝑓1(𝑥𝑥) = ∑ [1000(𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖
2)2 + (𝑥𝑥𝑖𝑖 − 1)2]

𝑛𝑛−1

𝑖𝑖=1
 

30 [-30, 30] Fmin=f (1, 1,…,1)=0 

F0

6 

Step Function 

𝑓𝑓6(𝑥𝑥) = (⌊𝑥𝑥𝑖𝑖 + 0.5⌋)2         [f(x)=floor (xi +0.5)2]] 
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

7 

Quartic function with nose 

𝑓𝑓7(𝑥𝑥) = ∑ 𝑖𝑖
𝑛𝑛

𝑖𝑖=1
𝑥𝑥𝑖𝑖

4 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
30 [-1.28,1.28] Fmin=f (0, 0,…,0)=0 

 II.  Functions with multiple minima/maxima    

F0

8 

Generalized schwefel’s problem 2.26 

𝑓𝑓8(𝑥𝑥) = ∑ −𝑥𝑥𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (√|𝑥𝑥𝑖𝑖|)
𝑛𝑛

𝑖𝑖=1
 

30 [-500, 500] 
Fmin= f(421,…,421) 

=- 12569.5 

F0

9 

Generalized rastrigin function 

𝑓𝑓9(𝑥𝑥) = ∑ [𝑥𝑥𝑖𝑖
2 − 10𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑥𝑥𝑖𝑖) + 10]

𝑛𝑛

𝑖𝑖=1
 

30 [-5.12, 5.12] Fmin=f (0, 0,…,0)=0 

F1

0 

Ackley’s function 

𝑓𝑓10(𝑥𝑥) = −20𝑒𝑒𝑒𝑒𝑒𝑒 (−0.2√1
𝑛𝑛 ∑ 𝑥𝑥𝑖𝑖

2
𝑛𝑛

𝑖𝑖=1
) − 

𝑒𝑒𝑒𝑒𝑒𝑒 (1
𝑛𝑛 ∑ cos(2𝜋𝜋𝑥𝑥𝑖𝑖)

𝑛𝑛

𝑖𝑖=1
) + 20 + 𝑒𝑒 

30 [-32, 32] Fmin=f (0, 0,…,0)=0 

F1

1 

Generalized griewank function 

𝑓𝑓11(𝑥𝑥) = 1
4000 ∑ 𝑥𝑥𝑖𝑖

2 −
𝑛𝑛

𝑖𝑖=1
∏ cos (𝑥𝑥𝑖𝑖

√𝑖𝑖
) + 1

𝑛𝑛

𝑖𝑖=1
 

            

30 [-600, 600] Fmin=f (0, 0,…,0)=0 

F1

2 
Generalized penalized function 30 [-50, 50] Fmin=f(1, 1,…,1)=0 

30 [-100, 100] Fmin=f (0, 0,…,0)=0

F02
Schewefel’s problem 2.22

 

 

 

𝑓𝑓1(𝑥𝑥) = ∑ 𝑥𝑥𝑖𝑖
2

𝑛𝑛

𝑖𝑖=1
 

F0

2 

Schewefel’s problem 2.22 

𝑓𝑓2(𝑥𝑥) = ∑ |𝑥𝑥𝑖𝑖| + ∏ |𝑥𝑥𝑖𝑖|
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

30 [-10, 10] Fmin=f (0, 0,…,0)=0 

F0

3 

Schewefel’s problem 1.2 

𝑓𝑓2(𝑥𝑥) = ∑ (∑ 𝑥𝑥𝑗𝑗
2

𝑖𝑖

𝑗𝑗−1
)

𝑛𝑛

𝑖𝑖=1
 

30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

4 

Schewefel’s problem 2.21 

𝑓𝑓4(𝑥𝑥) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖[|𝑥𝑥𝑖𝑖| , 1] ≤ 𝑖𝑖 ≤ 𝑛𝑛  
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

5 

Generalized rosenbrock’s function 

𝑓𝑓1(𝑥𝑥) = ∑ [1000(𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖
2)2 + (𝑥𝑥𝑖𝑖 − 1)2]

𝑛𝑛−1

𝑖𝑖=1
 

30 [-30, 30] Fmin=f (1, 1,…,1)=0 

F0

6 

Step Function 

𝑓𝑓6(𝑥𝑥) = (⌊𝑥𝑥𝑖𝑖 + 0.5⌋)2         [f(x)=floor (xi +0.5)2]] 
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

7 

Quartic function with nose 

𝑓𝑓7(𝑥𝑥) = ∑ 𝑖𝑖
𝑛𝑛

𝑖𝑖=1
𝑥𝑥𝑖𝑖

4 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
30 [-1.28,1.28] Fmin=f (0, 0,…,0)=0 

 II.  Functions with multiple minima/maxima    

F0

8 

Generalized schwefel’s problem 2.26 

𝑓𝑓8(𝑥𝑥) = ∑ −𝑥𝑥𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (√|𝑥𝑥𝑖𝑖|)
𝑛𝑛

𝑖𝑖=1
 

30 [-500, 500] 
Fmin= f(421,…,421) 

=- 12569.5 

F0

9 

Generalized rastrigin function 

𝑓𝑓9(𝑥𝑥) = ∑ [𝑥𝑥𝑖𝑖
2 − 10𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑥𝑥𝑖𝑖) + 10]

𝑛𝑛

𝑖𝑖=1
 

30 [-5.12, 5.12] Fmin=f (0, 0,…,0)=0 

F1

0 

Ackley’s function 

𝑓𝑓10(𝑥𝑥) = −20𝑒𝑒𝑒𝑒𝑒𝑒 (−0.2√1
𝑛𝑛 ∑ 𝑥𝑥𝑖𝑖

2
𝑛𝑛

𝑖𝑖=1
) − 

𝑒𝑒𝑒𝑒𝑒𝑒 (1
𝑛𝑛 ∑ cos(2𝜋𝜋𝑥𝑥𝑖𝑖)

𝑛𝑛

𝑖𝑖=1
) + 20 + 𝑒𝑒 

30 [-32, 32] Fmin=f (0, 0,…,0)=0 

F1

1 

Generalized griewank function 

𝑓𝑓11(𝑥𝑥) = 1
4000 ∑ 𝑥𝑥𝑖𝑖

2 −
𝑛𝑛

𝑖𝑖=1
∏ cos (𝑥𝑥𝑖𝑖

√𝑖𝑖
) + 1

𝑛𝑛

𝑖𝑖=1
 

            

30 [-600, 600] Fmin=f (0, 0,…,0)=0 

F1

2 
Generalized penalized function 30 [-50, 50] Fmin=f(1, 1,…,1)=0 

30 [-10, 10] Fmin=f (0, 0,…,0)=0

F03
Schewefel’s problem 1.2

 

 

𝑓𝑓1(𝑥𝑥) = ∑ 𝑥𝑥𝑖𝑖
2

𝑛𝑛

𝑖𝑖=1
 

F0

2 

Schewefel’s problem 2.22 

𝑓𝑓2(𝑥𝑥) = ∑ |𝑥𝑥𝑖𝑖| + ∏ |𝑥𝑥𝑖𝑖|
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

30 [-10, 10] Fmin=f (0, 0,…,0)=0 

F0

3 

Schewefel’s problem 1.2 

𝑓𝑓2(𝑥𝑥) = ∑ (∑ 𝑥𝑥𝑗𝑗
2

𝑖𝑖

𝑗𝑗−1
)

𝑛𝑛

𝑖𝑖=1
 

30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

4 

Schewefel’s problem 2.21 

𝑓𝑓4(𝑥𝑥) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖[|𝑥𝑥𝑖𝑖| , 1] ≤ 𝑖𝑖 ≤ 𝑛𝑛  
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

5 

Generalized rosenbrock’s function 

𝑓𝑓1(𝑥𝑥) = ∑ [1000(𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖
2)2 + (𝑥𝑥𝑖𝑖 − 1)2]

𝑛𝑛−1

𝑖𝑖=1
 

30 [-30, 30] Fmin=f (1, 1,…,1)=0 

F0

6 

Step Function 

𝑓𝑓6(𝑥𝑥) = (⌊𝑥𝑥𝑖𝑖 + 0.5⌋)2         [f(x)=floor (xi +0.5)2]] 
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

7 

Quartic function with nose 

𝑓𝑓7(𝑥𝑥) = ∑ 𝑖𝑖
𝑛𝑛

𝑖𝑖=1
𝑥𝑥𝑖𝑖

4 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
30 [-1.28,1.28] Fmin=f (0, 0,…,0)=0 

 II.  Functions with multiple minima/maxima    

F0

8 

Generalized schwefel’s problem 2.26 

𝑓𝑓8(𝑥𝑥) = ∑ −𝑥𝑥𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (√|𝑥𝑥𝑖𝑖|)
𝑛𝑛

𝑖𝑖=1
 

30 [-500, 500] 
Fmin= f(421,…,421) 

=- 12569.5 

F0

9 

Generalized rastrigin function 

𝑓𝑓9(𝑥𝑥) = ∑ [𝑥𝑥𝑖𝑖
2 − 10𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑥𝑥𝑖𝑖) + 10]

𝑛𝑛

𝑖𝑖=1
 

30 [-5.12, 5.12] Fmin=f (0, 0,…,0)=0 

F1

0 

Ackley’s function 

𝑓𝑓10(𝑥𝑥) = −20𝑒𝑒𝑒𝑒𝑒𝑒 (−0.2√1
𝑛𝑛 ∑ 𝑥𝑥𝑖𝑖

2
𝑛𝑛

𝑖𝑖=1
) − 

𝑒𝑒𝑒𝑒𝑒𝑒 (1
𝑛𝑛 ∑ cos(2𝜋𝜋𝑥𝑥𝑖𝑖)

𝑛𝑛

𝑖𝑖=1
) + 20 + 𝑒𝑒 

30 [-32, 32] Fmin=f (0, 0,…,0)=0 

F1

1 

Generalized griewank function 

𝑓𝑓11(𝑥𝑥) = 1
4000 ∑ 𝑥𝑥𝑖𝑖

2 −
𝑛𝑛

𝑖𝑖=1
∏ cos (𝑥𝑥𝑖𝑖

√𝑖𝑖
) + 1

𝑛𝑛

𝑖𝑖=1
 

            

30 [-600, 600] Fmin=f (0, 0,…,0)=0 

F1

2 
Generalized penalized function 30 [-50, 50] Fmin=f(1, 1,…,1)=0 

30 [-100, 100] Fmin=f (0, 0,…,0)=0

F04 Schewefel’s problem 2.21

 

 

𝑓𝑓1(𝑥𝑥) = ∑ 𝑥𝑥𝑖𝑖
2

𝑛𝑛

𝑖𝑖=1
 

F0

2 

Schewefel’s problem 2.22 

𝑓𝑓2(𝑥𝑥) = ∑ |𝑥𝑥𝑖𝑖| + ∏ |𝑥𝑥𝑖𝑖|
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

30 [-10, 10] Fmin=f (0, 0,…,0)=0 

F0

3 

Schewefel’s problem 1.2 

𝑓𝑓2(𝑥𝑥) = ∑ (∑ 𝑥𝑥𝑗𝑗
2

𝑖𝑖

𝑗𝑗−1
)

𝑛𝑛

𝑖𝑖=1
 

30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

4 

Schewefel’s problem 2.21 

𝑓𝑓4(𝑥𝑥) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖[|𝑥𝑥𝑖𝑖| , 1] ≤ 𝑖𝑖 ≤ 𝑛𝑛  
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

5 

Generalized rosenbrock’s function 

𝑓𝑓1(𝑥𝑥) = ∑ [1000(𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖
2)2 + (𝑥𝑥𝑖𝑖 − 1)2]

𝑛𝑛−1

𝑖𝑖=1
 

30 [-30, 30] Fmin=f (1, 1,…,1)=0 

F0

6 

Step Function 

𝑓𝑓6(𝑥𝑥) = (⌊𝑥𝑥𝑖𝑖 + 0.5⌋)2         [f(x)=floor (xi +0.5)2]] 
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

7 

Quartic function with nose 

𝑓𝑓7(𝑥𝑥) = ∑ 𝑖𝑖
𝑛𝑛

𝑖𝑖=1
𝑥𝑥𝑖𝑖

4 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
30 [-1.28,1.28] Fmin=f (0, 0,…,0)=0 

 II.  Functions with multiple minima/maxima    

F0

8 

Generalized schwefel’s problem 2.26 

𝑓𝑓8(𝑥𝑥) = ∑ −𝑥𝑥𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (√|𝑥𝑥𝑖𝑖|)
𝑛𝑛

𝑖𝑖=1
 

30 [-500, 500] 
Fmin= f(421,…,421) 

=- 12569.5 

F0

9 

Generalized rastrigin function 

𝑓𝑓9(𝑥𝑥) = ∑ [𝑥𝑥𝑖𝑖
2 − 10𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑥𝑥𝑖𝑖) + 10]

𝑛𝑛

𝑖𝑖=1
 

30 [-5.12, 5.12] Fmin=f (0, 0,…,0)=0 

F1

0 

Ackley’s function 

𝑓𝑓10(𝑥𝑥) = −20𝑒𝑒𝑒𝑒𝑒𝑒 (−0.2√1
𝑛𝑛 ∑ 𝑥𝑥𝑖𝑖

2
𝑛𝑛

𝑖𝑖=1
) − 

𝑒𝑒𝑒𝑒𝑒𝑒 (1
𝑛𝑛 ∑ cos(2𝜋𝜋𝑥𝑥𝑖𝑖)

𝑛𝑛

𝑖𝑖=1
) + 20 + 𝑒𝑒 

30 [-32, 32] Fmin=f (0, 0,…,0)=0 

F1

1 

Generalized griewank function 

𝑓𝑓11(𝑥𝑥) = 1
4000 ∑ 𝑥𝑥𝑖𝑖

2 −
𝑛𝑛

𝑖𝑖=1
∏ cos (𝑥𝑥𝑖𝑖

√𝑖𝑖
) + 1

𝑛𝑛

𝑖𝑖=1
 

            

30 [-600, 600] Fmin=f (0, 0,…,0)=0 

F1

2 
Generalized penalized function 30 [-50, 50] Fmin=f(1, 1,…,1)=0 

30 [-100, 100] Fmin=f (0, 0,…,0)=0

F05
Generalised rosenbrock’s function

 

 

𝑓𝑓1(𝑥𝑥) = ∑ 𝑥𝑥𝑖𝑖
2

𝑛𝑛

𝑖𝑖=1
 

F0

2 

Schewefel’s problem 2.22 

𝑓𝑓2(𝑥𝑥) = ∑ |𝑥𝑥𝑖𝑖| + ∏ |𝑥𝑥𝑖𝑖|
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

30 [-10, 10] Fmin=f (0, 0,…,0)=0 

F0

3 

Schewefel’s problem 1.2 

𝑓𝑓2(𝑥𝑥) = ∑ (∑ 𝑥𝑥𝑗𝑗
2

𝑖𝑖

𝑗𝑗−1
)

𝑛𝑛

𝑖𝑖=1
 

30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

4 

Schewefel’s problem 2.21 

𝑓𝑓4(𝑥𝑥) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖[|𝑥𝑥𝑖𝑖| , 1] ≤ 𝑖𝑖 ≤ 𝑛𝑛  
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

5 

Generalized rosenbrock’s function 

𝑓𝑓1(𝑥𝑥) = ∑ [1000(𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖
2)2 + (𝑥𝑥𝑖𝑖 − 1)2]

𝑛𝑛−1

𝑖𝑖=1
 

30 [-30, 30] Fmin=f (1, 1,…,1)=0 

F0

6 

Step Function 

𝑓𝑓6(𝑥𝑥) = (⌊𝑥𝑥𝑖𝑖 + 0.5⌋)2         [f(x)=floor (xi +0.5)2]] 
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

7 

Quartic function with nose 

𝑓𝑓7(𝑥𝑥) = ∑ 𝑖𝑖
𝑛𝑛

𝑖𝑖=1
𝑥𝑥𝑖𝑖

4 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
30 [-1.28,1.28] Fmin=f (0, 0,…,0)=0 

 II.  Functions with multiple minima/maxima    

F0

8 

Generalized schwefel’s problem 2.26 

𝑓𝑓8(𝑥𝑥) = ∑ −𝑥𝑥𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (√|𝑥𝑥𝑖𝑖|)
𝑛𝑛

𝑖𝑖=1
 

30 [-500, 500] 
Fmin= f(421,…,421) 

=- 12569.5 

F0

9 

Generalized rastrigin function 

𝑓𝑓9(𝑥𝑥) = ∑ [𝑥𝑥𝑖𝑖
2 − 10𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑥𝑥𝑖𝑖) + 10]

𝑛𝑛

𝑖𝑖=1
 

30 [-5.12, 5.12] Fmin=f (0, 0,…,0)=0 

F1

0 

Ackley’s function 

𝑓𝑓10(𝑥𝑥) = −20𝑒𝑒𝑒𝑒𝑒𝑒 (−0.2√1
𝑛𝑛 ∑ 𝑥𝑥𝑖𝑖

2
𝑛𝑛

𝑖𝑖=1
) − 

𝑒𝑒𝑒𝑒𝑒𝑒 (1
𝑛𝑛 ∑ cos(2𝜋𝜋𝑥𝑥𝑖𝑖)

𝑛𝑛

𝑖𝑖=1
) + 20 + 𝑒𝑒 

30 [-32, 32] Fmin=f (0, 0,…,0)=0 

F1

1 

Generalized griewank function 

𝑓𝑓11(𝑥𝑥) = 1
4000 ∑ 𝑥𝑥𝑖𝑖

2 −
𝑛𝑛

𝑖𝑖=1
∏ cos (𝑥𝑥𝑖𝑖

√𝑖𝑖
) + 1

𝑛𝑛

𝑖𝑖=1
 

            

30 [-600, 600] Fmin=f (0, 0,…,0)=0 

F1

2 
Generalized penalized function 30 [-50, 50] Fmin=f(1, 1,…,1)=0 

30 [-30, 30] Fmin=f (1, 1,…,1)=0

F06 Step function
f6 (x)=(⌊xi+0.5⌋)2             [f(x)=floor (xi +0.5)2]] 30 [-100, 100] Fmin=f (0, 0,…,0)=0

F07
Quartic function with nose

 

 

𝑓𝑓1(𝑥𝑥) = ∑ 𝑥𝑥𝑖𝑖
2

𝑛𝑛

𝑖𝑖=1
 

F0

2 

Schewefel’s problem 2.22 

𝑓𝑓2(𝑥𝑥) = ∑ |𝑥𝑥𝑖𝑖| + ∏ |𝑥𝑥𝑖𝑖|
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

30 [-10, 10] Fmin=f (0, 0,…,0)=0 

F0

3 

Schewefel’s problem 1.2 

𝑓𝑓2(𝑥𝑥) = ∑ (∑ 𝑥𝑥𝑗𝑗
2

𝑖𝑖

𝑗𝑗−1
)

𝑛𝑛

𝑖𝑖=1
 

30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

4 

Schewefel’s problem 2.21 

𝑓𝑓4(𝑥𝑥) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖[|𝑥𝑥𝑖𝑖| , 1] ≤ 𝑖𝑖 ≤ 𝑛𝑛  
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

5 

Generalized rosenbrock’s function 

𝑓𝑓1(𝑥𝑥) = ∑ [1000(𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖
2)2 + (𝑥𝑥𝑖𝑖 − 1)2]

𝑛𝑛−1

𝑖𝑖=1
 

30 [-30, 30] Fmin=f (1, 1,…,1)=0 

F0

6 

Step Function 

𝑓𝑓6(𝑥𝑥) = (⌊𝑥𝑥𝑖𝑖 + 0.5⌋)2         [f(x)=floor (xi +0.5)2]] 
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

7 

Quartic function with nose 

𝑓𝑓7(𝑥𝑥) = ∑ 𝑖𝑖
𝑛𝑛

𝑖𝑖=1
𝑥𝑥𝑖𝑖

4 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
30 [-1.28,1.28] Fmin=f (0, 0,…,0)=0 

 II.  Functions with multiple minima/maxima    

F0

8 

Generalized schwefel’s problem 2.26 

𝑓𝑓8(𝑥𝑥) = ∑ −𝑥𝑥𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (√|𝑥𝑥𝑖𝑖|)
𝑛𝑛

𝑖𝑖=1
 

30 [-500, 500] 
Fmin= f(421,…,421) 

=- 12569.5 

F0

9 

Generalized rastrigin function 

𝑓𝑓9(𝑥𝑥) = ∑ [𝑥𝑥𝑖𝑖
2 − 10𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑥𝑥𝑖𝑖) + 10]

𝑛𝑛

𝑖𝑖=1
 

30 [-5.12, 5.12] Fmin=f (0, 0,…,0)=0 

F1

0 

Ackley’s function 

𝑓𝑓10(𝑥𝑥) = −20𝑒𝑒𝑒𝑒𝑒𝑒 (−0.2√1
𝑛𝑛 ∑ 𝑥𝑥𝑖𝑖

2
𝑛𝑛

𝑖𝑖=1
) − 

𝑒𝑒𝑒𝑒𝑒𝑒 (1
𝑛𝑛 ∑ cos(2𝜋𝜋𝑥𝑥𝑖𝑖)

𝑛𝑛

𝑖𝑖=1
) + 20 + 𝑒𝑒 

30 [-32, 32] Fmin=f (0, 0,…,0)=0 

F1

1 

Generalized griewank function 

𝑓𝑓11(𝑥𝑥) = 1
4000 ∑ 𝑥𝑥𝑖𝑖

2 −
𝑛𝑛

𝑖𝑖=1
∏ cos (𝑥𝑥𝑖𝑖

√𝑖𝑖
) + 1

𝑛𝑛

𝑖𝑖=1
 

            

30 [-600, 600] Fmin=f (0, 0,…,0)=0 

F1

2 
Generalized penalized function 30 [-50, 50] Fmin=f(1, 1,…,1)=0 

30 [-1.28,1.28] Fmin=f (0, 0,…,0)=0

II.  Functions with multiple minima/maxima

F08
Generalised schwefel’s problem 2.26

 

 

𝑓𝑓1(𝑥𝑥) = ∑ 𝑥𝑥𝑖𝑖
2

𝑛𝑛

𝑖𝑖=1
 

F0

2 

Schewefel’s problem 2.22 

𝑓𝑓2(𝑥𝑥) = ∑ |𝑥𝑥𝑖𝑖| + ∏ |𝑥𝑥𝑖𝑖|
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

30 [-10, 10] Fmin=f (0, 0,…,0)=0 

F0

3 

Schewefel’s problem 1.2 

𝑓𝑓2(𝑥𝑥) = ∑ (∑ 𝑥𝑥𝑗𝑗
2

𝑖𝑖

𝑗𝑗−1
)

𝑛𝑛

𝑖𝑖=1
 

30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

4 

Schewefel’s problem 2.21 

𝑓𝑓4(𝑥𝑥) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖[|𝑥𝑥𝑖𝑖| , 1] ≤ 𝑖𝑖 ≤ 𝑛𝑛  
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

5 

Generalized rosenbrock’s function 

𝑓𝑓1(𝑥𝑥) = ∑ [1000(𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖
2)2 + (𝑥𝑥𝑖𝑖 − 1)2]

𝑛𝑛−1

𝑖𝑖=1
 

30 [-30, 30] Fmin=f (1, 1,…,1)=0 

F0

6 

Step Function 

𝑓𝑓6(𝑥𝑥) = (⌊𝑥𝑥𝑖𝑖 + 0.5⌋)2         [f(x)=floor (xi +0.5)2]] 
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

7 

Quartic function with nose 

𝑓𝑓7(𝑥𝑥) = ∑ 𝑖𝑖
𝑛𝑛

𝑖𝑖=1
𝑥𝑥𝑖𝑖

4 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
30 [-1.28,1.28] Fmin=f (0, 0,…,0)=0 

 II.  Functions with multiple minima/maxima    

F0

8 

Generalized schwefel’s problem 2.26 

𝑓𝑓8(𝑥𝑥) = ∑ −𝑥𝑥𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (√|𝑥𝑥𝑖𝑖|)
𝑛𝑛

𝑖𝑖=1
 

30 [-500, 500] 
Fmin= f(421,…,421) 

=- 12569.5 

F0

9 

Generalized rastrigin function 

𝑓𝑓9(𝑥𝑥) = ∑ [𝑥𝑥𝑖𝑖
2 − 10𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑥𝑥𝑖𝑖) + 10]

𝑛𝑛

𝑖𝑖=1
 

30 [-5.12, 5.12] Fmin=f (0, 0,…,0)=0 

F1

0 

Ackley’s function 

𝑓𝑓10(𝑥𝑥) = −20𝑒𝑒𝑒𝑒𝑒𝑒 (−0.2√1
𝑛𝑛 ∑ 𝑥𝑥𝑖𝑖

2
𝑛𝑛

𝑖𝑖=1
) − 

𝑒𝑒𝑒𝑒𝑒𝑒 (1
𝑛𝑛 ∑ cos(2𝜋𝜋𝑥𝑥𝑖𝑖)

𝑛𝑛

𝑖𝑖=1
) + 20 + 𝑒𝑒 

30 [-32, 32] Fmin=f (0, 0,…,0)=0 

F1

1 

Generalized griewank function 

𝑓𝑓11(𝑥𝑥) = 1
4000 ∑ 𝑥𝑥𝑖𝑖

2 −
𝑛𝑛

𝑖𝑖=1
∏ cos (𝑥𝑥𝑖𝑖

√𝑖𝑖
) + 1

𝑛𝑛

𝑖𝑖=1
 

            

30 [-600, 600] Fmin=f (0, 0,…,0)=0 

F1

2 
Generalized penalized function 30 [-50, 50] Fmin=f(1, 1,…,1)=0 

30 [-500, 500] Fmin= f(421,…,421)=- 12569.5

F09
Generalised rastrigin function

 

 

𝑓𝑓1(𝑥𝑥) = ∑ 𝑥𝑥𝑖𝑖
2

𝑛𝑛

𝑖𝑖=1
 

F0

2 

Schewefel’s problem 2.22 

𝑓𝑓2(𝑥𝑥) = ∑ |𝑥𝑥𝑖𝑖| + ∏ |𝑥𝑥𝑖𝑖|
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

30 [-10, 10] Fmin=f (0, 0,…,0)=0 

F0

3 

Schewefel’s problem 1.2 

𝑓𝑓2(𝑥𝑥) = ∑ (∑ 𝑥𝑥𝑗𝑗
2

𝑖𝑖

𝑗𝑗−1
)

𝑛𝑛

𝑖𝑖=1
 

30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

4 

Schewefel’s problem 2.21 

𝑓𝑓4(𝑥𝑥) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖[|𝑥𝑥𝑖𝑖| , 1] ≤ 𝑖𝑖 ≤ 𝑛𝑛  
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

5 

Generalized rosenbrock’s function 

𝑓𝑓1(𝑥𝑥) = ∑ [1000(𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖
2)2 + (𝑥𝑥𝑖𝑖 − 1)2]

𝑛𝑛−1

𝑖𝑖=1
 

30 [-30, 30] Fmin=f (1, 1,…,1)=0 

F0

6 

Step Function 

𝑓𝑓6(𝑥𝑥) = (⌊𝑥𝑥𝑖𝑖 + 0.5⌋)2         [f(x)=floor (xi +0.5)2]] 
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

7 

Quartic function with nose 

𝑓𝑓7(𝑥𝑥) = ∑ 𝑖𝑖
𝑛𝑛

𝑖𝑖=1
𝑥𝑥𝑖𝑖

4 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
30 [-1.28,1.28] Fmin=f (0, 0,…,0)=0 

 II.  Functions with multiple minima/maxima    

F0

8 

Generalized schwefel’s problem 2.26 

𝑓𝑓8(𝑥𝑥) = ∑ −𝑥𝑥𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (√|𝑥𝑥𝑖𝑖|)
𝑛𝑛

𝑖𝑖=1
 

30 [-500, 500] 
Fmin= f(421,…,421) 

=- 12569.5 

F0

9 

Generalized rastrigin function 

𝑓𝑓9(𝑥𝑥) = ∑ [𝑥𝑥𝑖𝑖
2 − 10𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑥𝑥𝑖𝑖) + 10]

𝑛𝑛

𝑖𝑖=1
 

30 [-5.12, 5.12] Fmin=f (0, 0,…,0)=0 

F1

0 

Ackley’s function 

𝑓𝑓10(𝑥𝑥) = −20𝑒𝑒𝑒𝑒𝑒𝑒 (−0.2√1
𝑛𝑛 ∑ 𝑥𝑥𝑖𝑖

2
𝑛𝑛

𝑖𝑖=1
) − 

𝑒𝑒𝑒𝑒𝑒𝑒 (1
𝑛𝑛 ∑ cos(2𝜋𝜋𝑥𝑥𝑖𝑖)

𝑛𝑛

𝑖𝑖=1
) + 20 + 𝑒𝑒 

30 [-32, 32] Fmin=f (0, 0,…,0)=0 

F1

1 

Generalized griewank function 

𝑓𝑓11(𝑥𝑥) = 1
4000 ∑ 𝑥𝑥𝑖𝑖

2 −
𝑛𝑛

𝑖𝑖=1
∏ cos (𝑥𝑥𝑖𝑖

√𝑖𝑖
) + 1

𝑛𝑛

𝑖𝑖=1
 

            

30 [-600, 600] Fmin=f (0, 0,…,0)=0 

F1

2 
Generalized penalized function 30 [-50, 50] Fmin=f(1, 1,…,1)=0 

30 [-5.12, 5.12] Fmin=f (0, 0,…,0)=0

F10

Ackley’s function

 

 

𝑓𝑓1(𝑥𝑥) = ∑ 𝑥𝑥𝑖𝑖
2

𝑛𝑛

𝑖𝑖=1
 

F0

2 

Schewefel’s problem 2.22 

𝑓𝑓2(𝑥𝑥) = ∑ |𝑥𝑥𝑖𝑖| + ∏ |𝑥𝑥𝑖𝑖|
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

30 [-10, 10] Fmin=f (0, 0,…,0)=0 

F0

3 

Schewefel’s problem 1.2 

𝑓𝑓2(𝑥𝑥) = ∑ (∑ 𝑥𝑥𝑗𝑗
2

𝑖𝑖

𝑗𝑗−1
)

𝑛𝑛

𝑖𝑖=1
 

30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

4 

Schewefel’s problem 2.21 

𝑓𝑓4(𝑥𝑥) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖[|𝑥𝑥𝑖𝑖| , 1] ≤ 𝑖𝑖 ≤ 𝑛𝑛  
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

5 

Generalized rosenbrock’s function 

𝑓𝑓1(𝑥𝑥) = ∑ [1000(𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖
2)2 + (𝑥𝑥𝑖𝑖 − 1)2]

𝑛𝑛−1

𝑖𝑖=1
 

30 [-30, 30] Fmin=f (1, 1,…,1)=0 

F0

6 

Step Function 

𝑓𝑓6(𝑥𝑥) = (⌊𝑥𝑥𝑖𝑖 + 0.5⌋)2         [f(x)=floor (xi +0.5)2]] 
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

7 

Quartic function with nose 

𝑓𝑓7(𝑥𝑥) = ∑ 𝑖𝑖
𝑛𝑛

𝑖𝑖=1
𝑥𝑥𝑖𝑖

4 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
30 [-1.28,1.28] Fmin=f (0, 0,…,0)=0 

 II.  Functions with multiple minima/maxima    

F0

8 

Generalized schwefel’s problem 2.26 

𝑓𝑓8(𝑥𝑥) = ∑ −𝑥𝑥𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (√|𝑥𝑥𝑖𝑖|)
𝑛𝑛

𝑖𝑖=1
 

30 [-500, 500] 
Fmin= f(421,…,421) 

=- 12569.5 

F0

9 

Generalized rastrigin function 

𝑓𝑓9(𝑥𝑥) = ∑ [𝑥𝑥𝑖𝑖
2 − 10𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑥𝑥𝑖𝑖) + 10]

𝑛𝑛

𝑖𝑖=1
 

30 [-5.12, 5.12] Fmin=f (0, 0,…,0)=0 

F1

0 

Ackley’s function 

𝑓𝑓10(𝑥𝑥) = −20𝑒𝑒𝑒𝑒𝑒𝑒 (−0.2√1
𝑛𝑛 ∑ 𝑥𝑥𝑖𝑖

2
𝑛𝑛

𝑖𝑖=1
) − 

𝑒𝑒𝑒𝑒𝑒𝑒 (1
𝑛𝑛 ∑ cos(2𝜋𝜋𝑥𝑥𝑖𝑖)

𝑛𝑛

𝑖𝑖=1
) + 20 + 𝑒𝑒 

30 [-32, 32] Fmin=f (0, 0,…,0)=0 

F1

1 

Generalized griewank function 

𝑓𝑓11(𝑥𝑥) = 1
4000 ∑ 𝑥𝑥𝑖𝑖

2 −
𝑛𝑛

𝑖𝑖=1
∏ cos (𝑥𝑥𝑖𝑖

√𝑖𝑖
) + 1

𝑛𝑛

𝑖𝑖=1
 

            

30 [-600, 600] Fmin=f (0, 0,…,0)=0 

F1

2 
Generalized penalized function 30 [-50, 50] Fmin=f(1, 1,…,1)=0 

30 [-32, 32] Fmin=f (0, 0,…,0)=0

F11
Generalised griewank function 

 

 

𝑓𝑓1(𝑥𝑥) = ∑ 𝑥𝑥𝑖𝑖
2

𝑛𝑛

𝑖𝑖=1
 

F0

2 

Schewefel’s problem 2.22 

𝑓𝑓2(𝑥𝑥) = ∑ |𝑥𝑥𝑖𝑖| + ∏ |𝑥𝑥𝑖𝑖|
𝑛𝑛

𝑖𝑖=1

𝑛𝑛

𝑖𝑖=1
 

30 [-10, 10] Fmin=f (0, 0,…,0)=0 

F0

3 

Schewefel’s problem 1.2 

𝑓𝑓2(𝑥𝑥) = ∑ (∑ 𝑥𝑥𝑗𝑗
2

𝑖𝑖

𝑗𝑗−1
)

𝑛𝑛

𝑖𝑖=1
 

30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

4 

Schewefel’s problem 2.21 

𝑓𝑓4(𝑥𝑥) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖[|𝑥𝑥𝑖𝑖| , 1] ≤ 𝑖𝑖 ≤ 𝑛𝑛  
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

5 

Generalized rosenbrock’s function 

𝑓𝑓1(𝑥𝑥) = ∑ [1000(𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖
2)2 + (𝑥𝑥𝑖𝑖 − 1)2]

𝑛𝑛−1

𝑖𝑖=1
 

30 [-30, 30] Fmin=f (1, 1,…,1)=0 

F0

6 

Step Function 

𝑓𝑓6(𝑥𝑥) = (⌊𝑥𝑥𝑖𝑖 + 0.5⌋)2         [f(x)=floor (xi +0.5)2]] 
30 [-100, 100] Fmin=f (0, 0,…,0)=0 

F0

7 

Quartic function with nose 

𝑓𝑓7(𝑥𝑥) = ∑ 𝑖𝑖
𝑛𝑛

𝑖𝑖=1
𝑥𝑥𝑖𝑖

4 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
30 [-1.28,1.28] Fmin=f (0, 0,…,0)=0 

 II.  Functions with multiple minima/maxima    

F0

8 

Generalized schwefel’s problem 2.26 

𝑓𝑓8(𝑥𝑥) = ∑ −𝑥𝑥𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠 (√|𝑥𝑥𝑖𝑖|)
𝑛𝑛

𝑖𝑖=1
 

30 [-500, 500] 
Fmin= f(421,…,421) 

=- 12569.5 

F0

9 

Generalized rastrigin function 

𝑓𝑓9(𝑥𝑥) = ∑ [𝑥𝑥𝑖𝑖
2 − 10𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝑥𝑥𝑖𝑖) + 10]

𝑛𝑛

𝑖𝑖=1
 

30 [-5.12, 5.12] Fmin=f (0, 0,…,0)=0 

F1

0 

Ackley’s function 

𝑓𝑓10(𝑥𝑥) = −20𝑒𝑒𝑒𝑒𝑒𝑒 (−0.2√1
𝑛𝑛 ∑ 𝑥𝑥𝑖𝑖

2
𝑛𝑛

𝑖𝑖=1
) − 

𝑒𝑒𝑒𝑒𝑒𝑒 (1
𝑛𝑛 ∑ cos(2𝜋𝜋𝑥𝑥𝑖𝑖)

𝑛𝑛

𝑖𝑖=1
) + 20 + 𝑒𝑒 

30 [-32, 32] Fmin=f (0, 0,…,0)=0 

F1

1 

Generalized griewank function 

𝑓𝑓11(𝑥𝑥) = 1
4000 ∑ 𝑥𝑥𝑖𝑖

2 −
𝑛𝑛

𝑖𝑖=1
∏ cos (𝑥𝑥𝑖𝑖

√𝑖𝑖
) + 1

𝑛𝑛

𝑖𝑖=1
 

            

30 [-600, 600] Fmin=f (0, 0,…,0)=0 

F1

2 
Generalized penalized function 30 [-50, 50] Fmin=f(1, 1,…,1)=0 

      
30 [-600, 600] Fmin=f (0, 0,…,0)=0

F12

Generalised penalised function

 

 

𝑓𝑓12(𝑥𝑥) = 𝜋𝜋
30 [10𝑠𝑠𝑠𝑠𝑠𝑠2(𝜋𝜋𝑦𝑦1)

+ ∑ (𝑦𝑦𝑖𝑖 − 1)2[1
𝑛𝑛−1

1

+ 10𝑠𝑠𝑠𝑠𝑠𝑠2(𝜋𝜋𝑦𝑦𝑖𝑖+1) + (𝑦𝑦𝑛𝑛 − 1)2]]

+ ∑ 𝑢𝑢(𝑥𝑥𝑖𝑖, 10,100,4)
30

𝑖𝑖=1
 

𝑦𝑦𝑖𝑖 = 1 + 𝑥𝑥𝑖𝑖 − 1
4  

𝑢𝑢(𝑥𝑥𝑖𝑖, 𝑎𝑎, 𝑘𝑘, 𝑚𝑚) = |
𝑘𝑘(𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚   𝑖𝑖𝑖𝑖  𝑥𝑥𝑖𝑖 > 𝑎𝑎
0       𝑖𝑖𝑖𝑖 − 𝑎𝑎 < 𝑥𝑥𝑖𝑖 < 𝑎𝑎

𝑘𝑘(−𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚
 

F1

3 

𝑓𝑓13(𝑥𝑥) = 0.1[𝑠𝑠𝑠𝑠𝑠𝑠2(3𝜋𝜋𝑥𝑥1)

+ ∑ (𝑥𝑥𝑖𝑖 − 1)2[1
𝑛𝑛

𝑖𝑖=1

+ 𝑠𝑠𝑠𝑠𝑠𝑠2(3𝜋𝜋𝑥𝑥𝑖𝑖 + 1)]
+ (𝑥𝑥𝑛𝑛 − 1)2[𝑠𝑠𝑠𝑠𝑠𝑠2(2𝜋𝜋𝑥𝑥𝑛𝑛)]]

+ ∑ 𝑢𝑢(𝑥𝑥𝑖𝑖, 5,100,4)
𝑛𝑛

𝑖𝑖=1
 

        

𝑢𝑢(𝑥𝑥𝑖𝑖, 𝑎𝑎, 𝑘𝑘, 𝑚𝑚) = |
𝑘𝑘(𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚   𝑖𝑖𝑖𝑖  𝑥𝑥𝑖𝑖 > 𝑎𝑎
0       𝑖𝑖𝑖𝑖 − 𝑎𝑎 < 𝑥𝑥𝑖𝑖 < 𝑎𝑎

𝑘𝑘(−𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚
 

 

30 [-50, 50] Fmin=f(1, 1,…,1)=0 

 III.  Functions with multiple minima/maxima and fixed design variables 

F1

4 

Shekel’s foxholes function 

𝑓𝑓14(𝑥𝑥) = [ 1
500 + ∑ 1

𝑗𝑗 + ∑ (𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖𝑖𝑖)62
𝑖𝑖=1

25

𝑗𝑗=1
]

−1

 

𝑎𝑎𝑖𝑖𝑖𝑖

= [ −32, −16, 0, 16,32, −32 … 0,16,32
−32, −32, −32, −32, −32, −16 … 32,32,32] 

               

2 [-65, 65] 
 Fmin=f(-32, -32)= 

0,998004; 

F1

5 

Kowalik’s function 

𝑓𝑓15(𝑥𝑥) = ∑ [𝑎𝑎𝑖𝑖 − 𝑥𝑥1(𝑏𝑏𝑖𝑖
2 + 𝑏𝑏𝑖𝑖𝑥𝑥2)

𝑏𝑏𝑖𝑖
2 + 𝑏𝑏𝑖𝑖𝑥𝑥3 + 𝑥𝑥4

]
211

𝑖𝑖=1
 

a=[0.1957 0.1947 0.1735 0.1600 0.0844 0.0627 

0.0456 0.0342 0.0323 0.0235 0.0246]; 

b=[4 2 1 1/2 1/4 1/6 1/8 1/10 1/12 1/14 1/16];  

4 [-5, 5] 

Fmin= 

f(0.1928, 0.1908, 

0.1231, 0.1358)= 

0.0003075; 

30 [-50, 50] Fmin=f(1, 1,…,1)=0

F13

 

 

 

𝑓𝑓12(𝑥𝑥) = 𝜋𝜋
30 [10𝑠𝑠𝑠𝑠𝑠𝑠2(𝜋𝜋𝑦𝑦1)

+ ∑ (𝑦𝑦𝑖𝑖 − 1)2[1
𝑛𝑛−1

1

+ 10𝑠𝑠𝑠𝑠𝑠𝑠2(𝜋𝜋𝑦𝑦𝑖𝑖+1) + (𝑦𝑦𝑛𝑛 − 1)2]]

+ ∑ 𝑢𝑢(𝑥𝑥𝑖𝑖, 10,100,4)
30

𝑖𝑖=1
 

𝑦𝑦𝑖𝑖 = 1 + 𝑥𝑥𝑖𝑖 − 1
4  

𝑢𝑢(𝑥𝑥𝑖𝑖, 𝑎𝑎, 𝑘𝑘, 𝑚𝑚) = |
𝑘𝑘(𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚   𝑖𝑖𝑖𝑖  𝑥𝑥𝑖𝑖 > 𝑎𝑎
0       𝑖𝑖𝑖𝑖 − 𝑎𝑎 < 𝑥𝑥𝑖𝑖 < 𝑎𝑎

𝑘𝑘(−𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚
 

F1

3 

𝑓𝑓13(𝑥𝑥) = 0.1[𝑠𝑠𝑠𝑠𝑠𝑠2(3𝜋𝜋𝑥𝑥1)

+ ∑ (𝑥𝑥𝑖𝑖 − 1)2[1
𝑛𝑛

𝑖𝑖=1

+ 𝑠𝑠𝑠𝑠𝑠𝑠2(3𝜋𝜋𝑥𝑥𝑖𝑖 + 1)]
+ (𝑥𝑥𝑛𝑛 − 1)2[𝑠𝑠𝑠𝑠𝑠𝑠2(2𝜋𝜋𝑥𝑥𝑛𝑛)]]

+ ∑ 𝑢𝑢(𝑥𝑥𝑖𝑖, 5,100,4)
𝑛𝑛

𝑖𝑖=1
 

        

𝑢𝑢(𝑥𝑥𝑖𝑖, 𝑎𝑎, 𝑘𝑘, 𝑚𝑚) = |
𝑘𝑘(𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚   𝑖𝑖𝑖𝑖  𝑥𝑥𝑖𝑖 > 𝑎𝑎
0       𝑖𝑖𝑖𝑖 − 𝑎𝑎 < 𝑥𝑥𝑖𝑖 < 𝑎𝑎

𝑘𝑘(−𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚
 

 

30 [-50, 50] Fmin=f(1, 1,…,1)=0 

 III.  Functions with multiple minima/maxima and fixed design variables 

F1

4 

Shekel’s foxholes function 

𝑓𝑓14(𝑥𝑥) = [ 1
500 + ∑ 1

𝑗𝑗 + ∑ (𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖𝑖𝑖)62
𝑖𝑖=1

25

𝑗𝑗=1
]

−1

 

𝑎𝑎𝑖𝑖𝑖𝑖

= [ −32, −16, 0, 16,32, −32 … 0,16,32
−32, −32, −32, −32, −32, −16 … 32,32,32] 

               

2 [-65, 65] 
 Fmin=f(-32, -32)= 

0,998004; 

F1

5 

Kowalik’s function 

𝑓𝑓15(𝑥𝑥) = ∑ [𝑎𝑎𝑖𝑖 − 𝑥𝑥1(𝑏𝑏𝑖𝑖
2 + 𝑏𝑏𝑖𝑖𝑥𝑥2)

𝑏𝑏𝑖𝑖
2 + 𝑏𝑏𝑖𝑖𝑥𝑥3 + 𝑥𝑥4

]
211

𝑖𝑖=1
 

a=[0.1957 0.1947 0.1735 0.1600 0.0844 0.0627 

0.0456 0.0342 0.0323 0.0235 0.0246]; 

b=[4 2 1 1/2 1/4 1/6 1/8 1/10 1/12 1/14 1/16];  

4 [-5, 5] 

Fmin= 

f(0.1928, 0.1908, 

0.1231, 0.1358)= 

0.0003075; 

 

 

𝑓𝑓12(𝑥𝑥) = 𝜋𝜋
30 [10𝑠𝑠𝑠𝑠𝑠𝑠2(𝜋𝜋𝑦𝑦1)

+ ∑ (𝑦𝑦𝑖𝑖 − 1)2[1
𝑛𝑛−1

1

+ 10𝑠𝑠𝑠𝑠𝑠𝑠2(𝜋𝜋𝑦𝑦𝑖𝑖+1) + (𝑦𝑦𝑛𝑛 − 1)2]]

+ ∑ 𝑢𝑢(𝑥𝑥𝑖𝑖, 10,100,4)
30

𝑖𝑖=1
 

𝑦𝑦𝑖𝑖 = 1 + 𝑥𝑥𝑖𝑖 − 1
4  

𝑢𝑢(𝑥𝑥𝑖𝑖, 𝑎𝑎, 𝑘𝑘, 𝑚𝑚) = |
𝑘𝑘(𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚   𝑖𝑖𝑖𝑖  𝑥𝑥𝑖𝑖 > 𝑎𝑎
0       𝑖𝑖𝑖𝑖 − 𝑎𝑎 < 𝑥𝑥𝑖𝑖 < 𝑎𝑎

𝑘𝑘(−𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚
 

F1

3 

𝑓𝑓13(𝑥𝑥) = 0.1[𝑠𝑠𝑠𝑠𝑠𝑠2(3𝜋𝜋𝑥𝑥1)

+ ∑ (𝑥𝑥𝑖𝑖 − 1)2[1
𝑛𝑛

𝑖𝑖=1

+ 𝑠𝑠𝑠𝑠𝑠𝑠2(3𝜋𝜋𝑥𝑥𝑖𝑖 + 1)]
+ (𝑥𝑥𝑛𝑛 − 1)2[𝑠𝑠𝑠𝑠𝑠𝑠2(2𝜋𝜋𝑥𝑥𝑛𝑛)]]

+ ∑ 𝑢𝑢(𝑥𝑥𝑖𝑖, 5,100,4)
𝑛𝑛

𝑖𝑖=1
 

        

𝑢𝑢(𝑥𝑥𝑖𝑖, 𝑎𝑎, 𝑘𝑘, 𝑚𝑚) = |
𝑘𝑘(𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚   𝑖𝑖𝑖𝑖  𝑥𝑥𝑖𝑖 > 𝑎𝑎
0       𝑖𝑖𝑖𝑖 − 𝑎𝑎 < 𝑥𝑥𝑖𝑖 < 𝑎𝑎

𝑘𝑘(−𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚
 

 

30 [-50, 50] Fmin=f(1, 1,…,1)=0 

 III.  Functions with multiple minima/maxima and fixed design variables 

F1

4 

Shekel’s foxholes function 

𝑓𝑓14(𝑥𝑥) = [ 1
500 + ∑ 1

𝑗𝑗 + ∑ (𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖𝑖𝑖)62
𝑖𝑖=1

25

𝑗𝑗=1
]

−1

 

𝑎𝑎𝑖𝑖𝑖𝑖

= [ −32, −16, 0, 16,32, −32 … 0,16,32
−32, −32, −32, −32, −32, −16 … 32,32,32] 

               

2 [-65, 65] 
 Fmin=f(-32, -32)= 

0,998004; 

F1

5 

Kowalik’s function 

𝑓𝑓15(𝑥𝑥) = ∑ [𝑎𝑎𝑖𝑖 − 𝑥𝑥1(𝑏𝑏𝑖𝑖
2 + 𝑏𝑏𝑖𝑖𝑥𝑥2)

𝑏𝑏𝑖𝑖
2 + 𝑏𝑏𝑖𝑖𝑥𝑥3 + 𝑥𝑥4

]
211

𝑖𝑖=1
 

a=[0.1957 0.1947 0.1735 0.1600 0.0844 0.0627 

0.0456 0.0342 0.0323 0.0235 0.0246]; 

b=[4 2 1 1/2 1/4 1/6 1/8 1/10 1/12 1/14 1/16];  

4 [-5, 5] 

Fmin= 

f(0.1928, 0.1908, 

0.1231, 0.1358)= 

0.0003075; 

    

30 [-50, 50] Fmin=f(1, 1,…,1)=0

III.  Functions with multiple minima/maxima and fixed design variables

F14

Shekel’s foxholes function 

 

 

𝑓𝑓12(𝑥𝑥) = 𝜋𝜋
30 [10𝑠𝑠𝑠𝑠𝑠𝑠2(𝜋𝜋𝑦𝑦1)

+ ∑ (𝑦𝑦𝑖𝑖 − 1)2[1
𝑛𝑛−1

1

+ 10𝑠𝑠𝑠𝑠𝑠𝑠2(𝜋𝜋𝑦𝑦𝑖𝑖+1) + (𝑦𝑦𝑛𝑛 − 1)2]]

+ ∑ 𝑢𝑢(𝑥𝑥𝑖𝑖, 10,100,4)
30

𝑖𝑖=1
 

𝑦𝑦𝑖𝑖 = 1 + 𝑥𝑥𝑖𝑖 − 1
4  

𝑢𝑢(𝑥𝑥𝑖𝑖, 𝑎𝑎, 𝑘𝑘, 𝑚𝑚) = |
𝑘𝑘(𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚   𝑖𝑖𝑖𝑖  𝑥𝑥𝑖𝑖 > 𝑎𝑎
0       𝑖𝑖𝑖𝑖 − 𝑎𝑎 < 𝑥𝑥𝑖𝑖 < 𝑎𝑎

𝑘𝑘(−𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚
 

F1

3 

𝑓𝑓13(𝑥𝑥) = 0.1[𝑠𝑠𝑠𝑠𝑠𝑠2(3𝜋𝜋𝑥𝑥1)

+ ∑ (𝑥𝑥𝑖𝑖 − 1)2[1
𝑛𝑛

𝑖𝑖=1

+ 𝑠𝑠𝑠𝑠𝑠𝑠2(3𝜋𝜋𝑥𝑥𝑖𝑖 + 1)]
+ (𝑥𝑥𝑛𝑛 − 1)2[𝑠𝑠𝑠𝑠𝑠𝑠2(2𝜋𝜋𝑥𝑥𝑛𝑛)]]

+ ∑ 𝑢𝑢(𝑥𝑥𝑖𝑖, 5,100,4)
𝑛𝑛

𝑖𝑖=1
 

        

𝑢𝑢(𝑥𝑥𝑖𝑖, 𝑎𝑎, 𝑘𝑘, 𝑚𝑚) = |
𝑘𝑘(𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚   𝑖𝑖𝑖𝑖  𝑥𝑥𝑖𝑖 > 𝑎𝑎
0       𝑖𝑖𝑖𝑖 − 𝑎𝑎 < 𝑥𝑥𝑖𝑖 < 𝑎𝑎

𝑘𝑘(−𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚
 

 

30 [-50, 50] Fmin=f(1, 1,…,1)=0 

 III.  Functions with multiple minima/maxima and fixed design variables 

F1

4 

Shekel’s foxholes function 

𝑓𝑓14(𝑥𝑥) = [ 1
500 + ∑ 1

𝑗𝑗 + ∑ (𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖𝑖𝑖)62
𝑖𝑖=1

25

𝑗𝑗=1
]

−1

 

𝑎𝑎𝑖𝑖𝑖𝑖

= [ −32, −16, 0, 16,32, −32 … 0,16,32
−32, −32, −32, −32, −32, −16 … 32,32,32] 

               

2 [-65, 65] 
 Fmin=f(-32, -32)= 

0,998004; 

F1

5 

Kowalik’s function 

𝑓𝑓15(𝑥𝑥) = ∑ [𝑎𝑎𝑖𝑖 − 𝑥𝑥1(𝑏𝑏𝑖𝑖
2 + 𝑏𝑏𝑖𝑖𝑥𝑥2)

𝑏𝑏𝑖𝑖
2 + 𝑏𝑏𝑖𝑖𝑥𝑥3 + 𝑥𝑥4

]
211

𝑖𝑖=1
 

a=[0.1957 0.1947 0.1735 0.1600 0.0844 0.0627 

0.0456 0.0342 0.0323 0.0235 0.0246]; 

b=[4 2 1 1/2 1/4 1/6 1/8 1/10 1/12 1/14 1/16];  

4 [-5, 5] 

Fmin= 

f(0.1928, 0.1908, 

0.1231, 0.1358)= 

0.0003075; 

Shekel’s foxholes function 

𝑓𝑓14(𝑥𝑥) = [ 1
500 +∑ 1

𝑗𝑗 + ∑ (𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖𝑖𝑖)
62

𝑖𝑖=1

25

𝑗𝑗=1
]
−1

 

𝑎𝑎𝑖𝑖𝑖𝑖 = [ −32,−16, 0, 16,32,−32…0, 16, 32
−32,−32,−32,−32,−32,−16…32, 32, 32]      

 

             

2 [-65, 65] Fmin=f(-32, -32)= 0,998004
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F15

Kowalik’s function

 

 

𝑓𝑓12(𝑥𝑥) = 𝜋𝜋
30 [10𝑠𝑠𝑠𝑠𝑠𝑠2(𝜋𝜋𝑦𝑦1)

+ ∑ (𝑦𝑦𝑖𝑖 − 1)2[1
𝑛𝑛−1

1

+ 10𝑠𝑠𝑠𝑠𝑠𝑠2(𝜋𝜋𝑦𝑦𝑖𝑖+1) + (𝑦𝑦𝑛𝑛 − 1)2]]

+ ∑ 𝑢𝑢(𝑥𝑥𝑖𝑖, 10,100,4)
30

𝑖𝑖=1
 

𝑦𝑦𝑖𝑖 = 1 + 𝑥𝑥𝑖𝑖 − 1
4  

𝑢𝑢(𝑥𝑥𝑖𝑖, 𝑎𝑎, 𝑘𝑘, 𝑚𝑚) = |
𝑘𝑘(𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚   𝑖𝑖𝑖𝑖  𝑥𝑥𝑖𝑖 > 𝑎𝑎
0       𝑖𝑖𝑖𝑖 − 𝑎𝑎 < 𝑥𝑥𝑖𝑖 < 𝑎𝑎

𝑘𝑘(−𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚
 

F1

3 

𝑓𝑓13(𝑥𝑥) = 0.1[𝑠𝑠𝑠𝑠𝑠𝑠2(3𝜋𝜋𝑥𝑥1)

+ ∑ (𝑥𝑥𝑖𝑖 − 1)2[1
𝑛𝑛

𝑖𝑖=1

+ 𝑠𝑠𝑠𝑠𝑠𝑠2(3𝜋𝜋𝑥𝑥𝑖𝑖 + 1)]
+ (𝑥𝑥𝑛𝑛 − 1)2[𝑠𝑠𝑠𝑠𝑠𝑠2(2𝜋𝜋𝑥𝑥𝑛𝑛)]]

+ ∑ 𝑢𝑢(𝑥𝑥𝑖𝑖, 5,100,4)
𝑛𝑛

𝑖𝑖=1
 

        

𝑢𝑢(𝑥𝑥𝑖𝑖, 𝑎𝑎, 𝑘𝑘, 𝑚𝑚) = |
𝑘𝑘(𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚   𝑖𝑖𝑖𝑖  𝑥𝑥𝑖𝑖 > 𝑎𝑎
0       𝑖𝑖𝑖𝑖 − 𝑎𝑎 < 𝑥𝑥𝑖𝑖 < 𝑎𝑎

𝑘𝑘(−𝑥𝑥𝑖𝑖 − 𝑎𝑎)𝑚𝑚
 

 

30 [-50, 50] Fmin=f(1, 1,…,1)=0 

 III.  Functions with multiple minima/maxima and fixed design variables 

F1

4 

Shekel’s foxholes function 

𝑓𝑓14(𝑥𝑥) = [ 1
500 + ∑ 1

𝑗𝑗 + ∑ (𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖𝑖𝑖)62
𝑖𝑖=1

25

𝑗𝑗=1
]

−1

 

𝑎𝑎𝑖𝑖𝑖𝑖

= [ −32, −16, 0, 16,32, −32 … 0,16,32
−32, −32, −32, −32, −32, −16 … 32,32,32] 

               

2 [-65, 65] 
 Fmin=f(-32, -32)= 

0,998004; 

F1

5 

Kowalik’s function 

𝑓𝑓15(𝑥𝑥) = ∑ [𝑎𝑎𝑖𝑖 − 𝑥𝑥1(𝑏𝑏𝑖𝑖
2 + 𝑏𝑏𝑖𝑖𝑥𝑥2)

𝑏𝑏𝑖𝑖
2 + 𝑏𝑏𝑖𝑖𝑥𝑥3 + 𝑥𝑥4

]
211

𝑖𝑖=1
 

a=[0.1957 0.1947 0.1735 0.1600 0.0844 0.0627 

0.0456 0.0342 0.0323 0.0235 0.0246]; 

b=[4 2 1 1/2 1/4 1/6 1/8 1/10 1/12 1/14 1/16];  

4 [-5, 5] 

Fmin= 

f(0.1928, 0.1908, 

0.1231, 0.1358)= 

0.0003075; 

4 [-5, 5] Fmin=f(0.1928, 0.1908, 0.1231, 0.1358)= 0.0003075

F16
Six-hump camel-back function

 

 

F1

6 

Six-hump camel-back function 

𝑓𝑓16(𝑥𝑥) = 4𝑥𝑥1
2 − 2.1𝑥𝑥1

4 + 1
3 𝑥𝑥1

6 + 𝑥𝑥1𝑥𝑥2 − 4𝑥𝑥2
2 + 4𝑥𝑥2

4 
2 [-5, 5] 

Fmin=f(0.08983, -

0.7126)=f(-0.08983, 

0.7126)=-1.0316285 

F1

7 

Branin function 

𝑓𝑓17(𝑥𝑥) = (𝑥𝑥2 − 5.1
4𝜋𝜋2 𝑥𝑥1

2 + 5
𝜋𝜋 𝑥𝑥1 − 6)

2

+ 10 (1 − 1
8𝜋𝜋) 𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥1 + 10 

    

2 [-5, 5] 

Fmin=f(-3.142, 

12.275);(3.142, 

2.275);(9.425,2.275) 

=0.397887; 

F1

8 

Goldstein-price function 

𝑓𝑓18(𝑥𝑥) = [1 + (𝑥𝑥1 + 𝑥𝑥2 + 1)2(19 − 14𝑥𝑥1 + 3𝑥𝑥1
2 −

14𝑥𝑥2 + 6𝑥𝑥1𝑥𝑥2 + 3𝑥𝑥2
2)] × [30(2𝑥𝑥1 − 3𝑥𝑥2)2(18 −

32𝑥𝑥1 + 12𝑥𝑥1
2 + 48𝑥𝑥2 − 36𝑥𝑥1𝑥𝑥2 + 27𝑥𝑥2

2)]                    

2 [-2,2] Fmin=f (0, -1)=3. 

F1

9 

Hartman’s family 

𝑓𝑓19(𝑥𝑥) = − ∑ 𝑐𝑐𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 [− ∑ 𝑎𝑎𝑖𝑖𝑖𝑖(𝑥𝑥𝑗𝑗 − 𝑝𝑝𝑖𝑖𝑖𝑖)2𝑛𝑛
𝑗𝑗=1 ]4

𝑖𝑖=1             

𝑎𝑎 = [
3 10 30

0.1 10 35
3 10 30

0.1 10 35
] ; p=[

0.3689 0.1170 0.2673
0.4699 0.4387 0.7470
0.1091 0.8732 0.5547

0.03815 0.5743 0.8828
] ;  

c=[1;  1.2;  3;  3.2]𝑇𝑇 

3 [0.1] 
Fmin=f(0:114; 0:556; 

0:852)=-3.86 

F2

0 

𝑓𝑓20(𝑥𝑥) = − ∑ 𝑐𝑐𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 [− ∑ 𝑎𝑎𝑖𝑖𝑖𝑖(𝑥𝑥𝑗𝑗 − 𝑝𝑝𝑖𝑖𝑖𝑖)2𝑛𝑛
𝑗𝑗=1 ]4

𝑖𝑖=1           

𝑎𝑎 = [
10     3  17  3.5  1.7  8
0.05 10 17  0.1  8  14
3  3.5  1.7  10  17  8
17 8  0.05 10 0.1 14

] ;  ;  c=[1;  1.2;  3;  3.2]𝑇𝑇 

p=

[
0.1312  0.1696  0.5569  0.0124  0.8283  0.5886
0.2329  0.4135  0.8307  0.3736  0.1004  0.9991
0.2348  0.1451  0.3522  0.2883  0.3047  0.6650
 0.4047  0.8828  0.8732  0.5743  0.1091  0.0381

] 

 

 

6 [0, 1] 

Fmin=f(0.201; 0.150; 

0.477; 0.275; 0.311; 

0.657)=-3.32 

 

21 
Shekel’s family 

𝑓𝑓(21)(𝑥𝑥) = − ∑ [(𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖)(𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖)𝑇𝑇 + 𝑐𝑐𝑖𝑖]−1
5

𝑖𝑖=1
 

4 [0, 10] 

Fmin,21=f(4.00004, 

4.00013, 4.00004, 

4.00013)= -10.1532; 

2 [-5, 5] Fmin=f(0.08983, -0.7126)=f(-0.08983, 0.7126)=-1.0316285

F17

Branin function

 

 

F1

6 

Six-hump camel-back function 

𝑓𝑓16(𝑥𝑥) = 4𝑥𝑥1
2 − 2.1𝑥𝑥1

4 + 1
3 𝑥𝑥1

6 + 𝑥𝑥1𝑥𝑥2 − 4𝑥𝑥2
2 + 4𝑥𝑥2

4 
2 [-5, 5] 

Fmin=f(0.08983, -

0.7126)=f(-0.08983, 

0.7126)=-1.0316285 

F1

7 

Branin function 

𝑓𝑓17(𝑥𝑥) = (𝑥𝑥2 − 5.1
4𝜋𝜋2 𝑥𝑥1

2 + 5
𝜋𝜋 𝑥𝑥1 − 6)

2

+ 10 (1 − 1
8𝜋𝜋) 𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥1 + 10 

    

2 [-5, 5] 

Fmin=f(-3.142, 

12.275);(3.142, 

2.275);(9.425,2.275) 

=0.397887; 

F1

8 

Goldstein-price function 

𝑓𝑓18(𝑥𝑥) = [1 + (𝑥𝑥1 + 𝑥𝑥2 + 1)2(19 − 14𝑥𝑥1 + 3𝑥𝑥1
2 −

14𝑥𝑥2 + 6𝑥𝑥1𝑥𝑥2 + 3𝑥𝑥2
2)] × [30(2𝑥𝑥1 − 3𝑥𝑥2)2(18 −

32𝑥𝑥1 + 12𝑥𝑥1
2 + 48𝑥𝑥2 − 36𝑥𝑥1𝑥𝑥2 + 27𝑥𝑥2

2)]                    

2 [-2,2] Fmin=f (0, -1)=3. 

F1

9 

Hartman’s family 

𝑓𝑓19(𝑥𝑥) = − ∑ 𝑐𝑐𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 [− ∑ 𝑎𝑎𝑖𝑖𝑖𝑖(𝑥𝑥𝑗𝑗 − 𝑝𝑝𝑖𝑖𝑖𝑖)2𝑛𝑛
𝑗𝑗=1 ]4

𝑖𝑖=1             

𝑎𝑎 = [
3 10 30

0.1 10 35
3 10 30

0.1 10 35
] ; p=[

0.3689 0.1170 0.2673
0.4699 0.4387 0.7470
0.1091 0.8732 0.5547

0.03815 0.5743 0.8828
] ;  

c=[1;  1.2;  3;  3.2]𝑇𝑇 

3 [0.1] 
Fmin=f(0:114; 0:556; 

0:852)=-3.86 

F2

0 

𝑓𝑓20(𝑥𝑥) = − ∑ 𝑐𝑐𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 [− ∑ 𝑎𝑎𝑖𝑖𝑖𝑖(𝑥𝑥𝑗𝑗 − 𝑝𝑝𝑖𝑖𝑖𝑖)2𝑛𝑛
𝑗𝑗=1 ]4

𝑖𝑖=1           

𝑎𝑎 = [
10     3  17  3.5  1.7  8
0.05 10 17  0.1  8  14
3  3.5  1.7  10  17  8
17 8  0.05 10 0.1 14

] ;  ;  c=[1;  1.2;  3;  3.2]𝑇𝑇 

p=

[
0.1312  0.1696  0.5569  0.0124  0.8283  0.5886
0.2329  0.4135  0.8307  0.3736  0.1004  0.9991
0.2348  0.1451  0.3522  0.2883  0.3047  0.6650
 0.4047  0.8828  0.8732  0.5743  0.1091  0.0381

] 

 

 

6 [0, 1] 

Fmin=f(0.201; 0.150; 

0.477; 0.275; 0.311; 

0.657)=-3.32 

 

21 
Shekel’s family 

𝑓𝑓(21)(𝑥𝑥) = − ∑ [(𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖)(𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖)𝑇𝑇 + 𝑐𝑐𝑖𝑖]−1
5

𝑖𝑖=1
 

4 [0, 10] 

Fmin,21=f(4.00004, 

4.00013, 4.00004, 

4.00013)= -10.1532; 

2 [-5, 5] Fmin=f(-3.142, 12.275);(3.142, 2.275);(9.425,2.275)=0.397887

F18

Goldstein-price function 

 

 

 

F1

6 

Six-hump camel-back function 

𝑓𝑓16(𝑥𝑥) = 4𝑥𝑥1
2 − 2.1𝑥𝑥1

4 + 1
3 𝑥𝑥1

6 + 𝑥𝑥1𝑥𝑥2 − 4𝑥𝑥2
2 + 4𝑥𝑥2

4 
2 [-5, 5] 

Fmin=f(0.08983, -

0.7126)=f(-0.08983, 

0.7126)=-1.0316285 

F1

7 

Branin function 

𝑓𝑓17(𝑥𝑥) = (𝑥𝑥2 − 5.1
4𝜋𝜋2 𝑥𝑥1

2 + 5
𝜋𝜋 𝑥𝑥1 − 6)

2

+ 10 (1 − 1
8𝜋𝜋) 𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥1 + 10 

    

2 [-5, 5] 

Fmin=f(-3.142, 

12.275);(3.142, 

2.275);(9.425,2.275) 

=0.397887; 

F1

8 

Goldstein-price function 

𝑓𝑓18(𝑥𝑥) = [1 + (𝑥𝑥1 + 𝑥𝑥2 + 1)2(19 − 14𝑥𝑥1 + 3𝑥𝑥1
2 −

14𝑥𝑥2 + 6𝑥𝑥1𝑥𝑥2 + 3𝑥𝑥2
2)] × [30(2𝑥𝑥1 − 3𝑥𝑥2)2(18 −

32𝑥𝑥1 + 12𝑥𝑥1
2 + 48𝑥𝑥2 − 36𝑥𝑥1𝑥𝑥2 + 27𝑥𝑥2

2)]                    

2 [-2,2] Fmin=f (0, -1)=3. 

F1

9 

Hartman’s family 

𝑓𝑓19(𝑥𝑥) = − ∑ 𝑐𝑐𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 [− ∑ 𝑎𝑎𝑖𝑖𝑖𝑖(𝑥𝑥𝑗𝑗 − 𝑝𝑝𝑖𝑖𝑖𝑖)2𝑛𝑛
𝑗𝑗=1 ]4

𝑖𝑖=1             

𝑎𝑎 = [
3 10 30

0.1 10 35
3 10 30

0.1 10 35
] ; p=[

0.3689 0.1170 0.2673
0.4699 0.4387 0.7470
0.1091 0.8732 0.5547

0.03815 0.5743 0.8828
] ;  

c=[1;  1.2;  3;  3.2]𝑇𝑇 

3 [0.1] 
Fmin=f(0:114; 0:556; 

0:852)=-3.86 

F2

0 

𝑓𝑓20(𝑥𝑥) = − ∑ 𝑐𝑐𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 [− ∑ 𝑎𝑎𝑖𝑖𝑖𝑖(𝑥𝑥𝑗𝑗 − 𝑝𝑝𝑖𝑖𝑖𝑖)2𝑛𝑛
𝑗𝑗=1 ]4

𝑖𝑖=1           

𝑎𝑎 = [
10     3  17  3.5  1.7  8
0.05 10 17  0.1  8  14
3  3.5  1.7  10  17  8
17 8  0.05 10 0.1 14

] ;  ;  c=[1;  1.2;  3;  3.2]𝑇𝑇 

p=

[
0.1312  0.1696  0.5569  0.0124  0.8283  0.5886
0.2329  0.4135  0.8307  0.3736  0.1004  0.9991
0.2348  0.1451  0.3522  0.2883  0.3047  0.6650
 0.4047  0.8828  0.8732  0.5743  0.1091  0.0381

] 

 

 

6 [0, 1] 

Fmin=f(0.201; 0.150; 

0.477; 0.275; 0.311; 

0.657)=-3.32 

 

21 
Shekel’s family 

𝑓𝑓(21)(𝑥𝑥) = − ∑ [(𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖)(𝑥𝑥𝑖𝑖 − 𝑎𝑎𝑖𝑖)𝑇𝑇 + 𝑐𝑐𝑖𝑖]−1
5

𝑖𝑖=1
 

4 [0, 10] 

Fmin,21=f(4.00004, 

4.00013, 4.00004, 

4.00013)= -10.1532; 

                 

2 [-2,2] Fmin=f (0, -1)=3

F19

Hartman’s family

 

 

F1

6 

Six-hump camel-back function 

𝑓𝑓16(𝑥𝑥) = 4𝑥𝑥1
2 − 2.1𝑥𝑥1

4 + 1
3 𝑥𝑥1

6 + 𝑥𝑥1𝑥𝑥2 − 4𝑥𝑥2
2 + 4𝑥𝑥2

4 
2 [-5, 5] 

Fmin=f(0.08983, -

0.7126)=f(-0.08983, 

0.7126)=-1.0316285 

F1

7 

Branin function 

𝑓𝑓17(𝑥𝑥) = (𝑥𝑥2 − 5.1
4𝜋𝜋2 𝑥𝑥1

2 + 5
𝜋𝜋 𝑥𝑥1 − 6)

2

+ 10 (1 − 1
8𝜋𝜋) 𝑐𝑐𝑐𝑐𝑐𝑐𝑥𝑥1 + 10 

    

2 [-5, 5] 

Fmin=f(-3.142, 

12.275);(3.142, 

2.275);(9.425,2.275) 

=0.397887; 

F1

8 

Goldstein-price function 

𝑓𝑓18(𝑥𝑥) = [1 + (𝑥𝑥1 + 𝑥𝑥2 + 1)2(19 − 14𝑥𝑥1 + 3𝑥𝑥1
2 −

14𝑥𝑥2 + 6𝑥𝑥1𝑥𝑥2 + 3𝑥𝑥2
2)] × [30(2𝑥𝑥1 − 3𝑥𝑥2)2(18 −

32𝑥𝑥1 + 12𝑥𝑥1
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Table 2. Validating results of the present code.

No. F BCMO1 BCMO* No. F BCMO BCMO*

F01 2.180E-42 1.240E-39 F13 5.100E-03 5.126E-03

F02 3.172E-24 3.977E-25 F14 9.980E-01 9.980E-01

F03 2.937E-30 9.636E-73 F15 3.991E-04 4.601E-04

F04 1.686E-15 3.035E-123 F16 -1.032E+00 -1.032E+00

F05 2.749E+01 2.748E+01 F17 3.979E-01 3.979E-01

F06 2.284E-06 0.000E+00 F18 3.000E+00 3.000E+00

F07 1.960E-02 2.235E-04 F19 -3.863E+00 -3.863E+00

F08 -9.256E+03 -9.242E+03 F20 -3.274E+00 -3.259E+00

F09 0.000E+00 0.000E+00 F21 -7.740E+00 -7.475E+00

F10 8.882E-16 4.441E-16 F22 -9.474E+00 -7.455E+00

F11 0.000E+00 0.000E+00 F23 -9.684E+00 -8.653E+00

F12 1.040E-02 1.037E-02  

1: results from [9]. BCMO: balancing composite motion 
optimisations. BCMO*: the results generated by the present code 
for the original BCMO to differentiate them from the results.

For statistically testing the difference between results 
from T.L. Duc, et al. (2020) [9] and those of our present 
code, the Wilcoxon test was conducted, as shown in Table 
3. With a p-value of 0.792, the null hypothesis “there is no 
difference between the results of the two coding programs” 
- cannot be rejected.

Table 3. Wilcoxon test on the original and adjusted 
balancing composite motion optimisations.

Methods Sign test Wilcoxon test

Parameter R- R+ R0 R- R-avg R+ R+avg p_value

BCMO* - BCMO 9 8 6 60 6.67 93 11.63 0.792

BCMO*: are the results generated by the present code for the 
original BCMO to differentiate them from the results. 

4.3. Options of the selection operation

As discussed earlier, at the end of each interaction, two 
populations, [X]t-1 and [X]t, are generated and there are three 
potential options that can be used as the selection operator 
to obtain [X]t+1. They are:

- Option 1: From the 2×NP individuals in [X]t and [X]t-1 
at the beginning of an iteration, the NP best individuals are 
selected for the next iteration [X]t+1;

- Option 2: Pairs of NP 2 individuals, each from [X]t 

and [X]t-1, are compared, and the individual with better 
performance is selected for [X]t+1;

- Option 3: From the 2×NP individuals, the best NP/2 
individuals from each population are selected for the next 
iteration, [X]t+1.

The chosen option is determined based on statistical 
analyses for the 23 benchmark functions (Table 4). Three 
metrics are used to assess each option in determining the 
final choice:

Table 4. Statistical features of options for selection 
operator.

F Fopt*
Option 1 Option 2 Option 3

Fopt_mean Nopt Time Fopt_mean Nopt Time Fopt_mean Nopt Time

F1 0.000E+00 4.430E-10 13 0.294 5.398E-14 0 240.0 0.000E+00 30 0.357

F2 0.000E+00 2.313E-09 16 0.380 2.304E-11 0 292.0 0.000E+00 30 0.536

F3 0.000E+00 3.193E-11 7 0.337 8.230E-19 0 203.0 0.000E+00 30 0.432

F4 0.000E+00 2.737E-11 7 0.096 6.976E-19 0 106.0 0.000E+00 30 0.312

F5 0.000E+00 2.674E+01 0 3.633 2.736E+01 0 1000.0 2.898E+01 0 0.610

F6 0.000E+00 0.000E+00 30 0.967 0.000E+00 30 438.0 0.000E+00 30 0.210

F7 0.000E+00 2.673E-04 0 5.785 3.939E-03 0 5.97 5.943E-04 0 6.549

F8 -1.043E+04 -6.474E+03 0 3.275 -8.272E+03 0 1000.0 -3.277E+03 0 0.793

F9 0.000E+00 4.184E-10 12 0.284 8.911E-14 16 212.0 0.000E+00 30 0.359

F10 0.000E+00 2.710E-09 0 0.514 5.375E-11 0 318.0 4.441E-16 0 0.639

F11 0.000E+00 6.621E-10 10 0.379 3.962E-14 6 212.0 0.000E+00 30 0.527

F12 0.000E+00 1.381E-05 0 3.680 1.037E-02 0 984.0 1.621E+00 0 0.813

F13 0.000E+00 4.324E-01 0 4.494 1.080E-01 0 1000.0 5.399E+00 0 0.812

F14 9.980E-01 3.016E+00 10 0.265 1.197E+00 24 168.0 8.105E+00 0 0.335

F15 3.075E-04 1.457E-03 0 2.645 6.247E-04 2 912.0 2.410E-02 0 0.279

F16 -1.032E+00 -1.032E+00 30 0.093 -1.032E+00 30 100.0 -9.192E-01 0 0.283

F17 3.979E-01 3.979E-01 29 0.097 3.979E-01 30 102.0 5.498E-01 0 0.264

F18 3.000E+00 3.000E+00 30 0.088 3.000E+00 30 106.0 7.773E+00 0 0.276

F19 -3.863E+00 -3.863E+00 30 0.118 -3.863E+00 30 105.0 -3.793E+00 0 0.301

F20 -3.322E+00 -3.233E+00 11 0.259 -3.251E+00 12 190.0 -2.601E+00 0 0.334

F21 -1.015E+01 -7.984E+00 20 0.199 -8.560E+00 22 176.0 -1.581E+00 0 0.381

F22 -1.040E+01 -7.826E+00 19 0.191 -9.207E+00 25 163.0 -1.622E+00 0 0.337

F23 -1.054E+01 -9.245E+00 25 0.025 -9.353E+00 25 190.0 -1.846E+00 0 0.374

Fopt*: represents the theoretical results for the corresponding 
benchmark function.
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1. The mean of optimised results after 30 analyses on the 
same benchmark function, Fopt_mean.

2. The number of times the adjusted BCMO algorithm 
reaches the theoretical results, Nopt. 

3. The mean computational time. Fopt* represents 
the theoretical results for the corresponding benchmark 
function. Statistical results of the three options, after running 
each benchmark function 30 times, are presented in Table 4, 
with a maximum number of generations set to 1000 and an 
error value ε is 1.e-8. Paired statistical tests with options 
1-2 and 1-3 are given in Table 5. The adjusted BCMO with 
chosen options is designated as BCMO_A. 

Table 5. Statistical tests of the difference between Option 1 
to Options 2 and 3.

Method Parametric
Option 1 - Option 2 Option 1 - Option 3

Fmean Nopt Time Fmean Nopt Time

Sign test

R- 4 6 22 15 6 17

R+ 14 6 1 7 10 6

R0 5 11 0 1 7 0

Wilcoxon test

R- 42 34 275 225 46 154

Mean(R-) 10.5 5.67 12.5 15 7.67 9.06

R+ 129 44 1 28 90 122

Mean(R-) 9.21 7.33 1.0 4 9 20.33

P_Value 0.606 0.693 0.004 0.974 0.105 0.317

It can be seen in Table 5 that Fmean of Option 1 versus 
Option 2 and Option 1 versus Option 3 are statistically 
similar, with the corresponding p-values consistently 
greater than the critical value of 0.05 (i.e., 0.606 and 0.974, 
respectively). Likewise, for Nopt, no significant differences 
are seen, although the p-value of Option 1 versus Option 
3 is somewhat lower at 0.105 but still exceeds the critical 
p-value threshold. The only noticeable difference arises 
in the computation time for Option 1 compared to Option 
2, with a p-value of 0.004. In the case of Option 1 versus 
Option 3, no statistically significant difference in time is 
observed. Therefore, Option 1 was selected for the selection 
operation in this study. 

4.4. Comparing original and adjusted balancing 
composite motion optimisation

The results comparing the original and adjusted BCMO 
algorithms are presented in Table 6. For each benchmark 
function, both the original algorithm (BCMO) and the 
adjusted algorithm (BCMO_A) were run 30 times. The 
recorded data include: the mean value of optimised 
objective functions (i.e., Fmean and Fmean_A for BCMO and 
BCMO_A respectively), the best of optimised objective 
functions (i.e., Fbest and Fbest_A for BCMO and BCMO_A 
respectively), the number of times the algorithm reach 
the theoretical optimised value (i.e., Nopt and Nopt_A for 
BCMO and BCMO_A, respectively, maximum=30), and 
the computational time required for the algorithm on the 
same computer configuration as mention in Section 4.2 
(i.e., T and TA for BCMO and BCMO_A, respectively). 
The TA/T ratio is also provided to offer a quick overview of 
the improvement in computation time due to the selection 
operator. 

It can be seen that in most cases (except for F7), the 
additional operations successfully reduced computation 
time, from 0.8739 (F15) to 0.0266 (F23). 

For functions with a single minimum or maximum (i.e., 
F1 to F7), Fmean​ values of BCMO are superior to those of 
BCMO_A. However, the probability of converging to the 
theoretical optimised value is higher for BCMO_A than for 
BCMO. For functions with multiple minima or maxima, the 
selection operation does not significantly affect the capacity 
of the algorithm to find the global minimum or maximum. 
The most significant observation in Table 6 is the difference in 
computation time between the two algorithms. The adjusted 
BCMO_A, with the added selection operation, converges 
faster than the original algorithm. The only exception in 
computation time occurs with F7, where both BCMO and 
BCMO_A stop due to reaching the maximum number of 
generations. Formal statistical tests on the differences 
between the two algorithms are presented in Table 7. The 
results indicate that: (1) there is no statistical difference 
in the solution-searching capacity or the ability to reach 
the theoretical solutions between BCMO and BCMO_A, 
and (2) BCMO_A significantly reduces computation time 
compared to the original BCMO. Thus, while preserving 
the quality of solution searching, BCMO_A demonstrates 
improved convergence speed. 
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Table 7. Statistical tests on the performance of balancing 
composite motion optimisation versus balancing 
composite motion optimisation_A.

Test method

Metric

Sign test Wilcoxon test

R- R+ R0 R- R-
avg R+ R+

avg p-value

Fmean_A/ Fmean 6 13 4 77 12.83 113 12.83 0.606

Fbest_A / Fbest 10 1 12 55 5.5 11 11 0.659

TA / T 21 2 0 273 13 3 1.5 0.0017

5. Conclusions 

The original BCMO, which balances global and local 
searches, is a promising optimisation algorithm, particularly 
for optimising functions with large design variables. Its 
major advantage is its parameter-free nature, which makes it 
both practical and convenient for users. This study proposed 
a modification to the original BCMO by adding a selection 
operation to improve the algorithm. The effectiveness of 
three candidate selection methods for choosing the new 

Table 6. Comparison of balancing composite motion optimisation and balancing composite motion optimisation_A 
(NP=100; Nthmax=1000; ε=1.0E-8).

Function Fopt*
BCMO_A BCMO

TA/T
Fmean_A Fbest_A Nopt TA (s) Fmean Fbest Nopt T (s)

F1 0.000E+00 4.430E-10 0.000E+00 13 0.294 6.641E-18 4.419E-28 0 1.737 0.1693

F2 0.000E+00 2.313E-09 0.000E+00 16 0.380 7.306E-13 3.208E-17 0 2.142 0.1774

F3 0.000E+00 4.966E-11 0.000E+00 5 0.337 6.334E-21 5.835E-55 0 0.600 0.5617

F4 0.000E+00 4.806E-11 0.000E+00 5 0.096 2.141E-20 8.155E-31 0 0.632 0.1519

F5 0.000E+00 2.674E+01 2.625E+01 0 3.633 2.745E+01 2.732E+01 0 4.227 0.8595

F6 0.000E+00 0.000E+00 0.000E+00 30 0.967 0.000E+00 0.000E+00 30 2.580 0.3748

F7 0.000E+00 2.673E-04 6.980E-07 0 5.785 1.244E-02 1.560E-03 0 5.623 1.0288

F8 -1.043E+04 -6.474E+03 -9.012E+03 0 3.275 -9.353E+03 -1.067E+04 0 5.778 0.5668

F9 0.000E+00 4.184E-10 0.000E+00 12 0.284 0.000E+00 0.000E+00 30 1.890 0.1503

F10 4.441E-16 2.710E-09 4.441E-16 0 0.514 1.244E-12 4.441E-16 0 3.060 0.1680

F11 0.000E+00 6.621E-10 0.000E+00 10 0.379 6.291E-17 0.000E+00 29 2.664 0.1423

F12 0.000E+00 1.982E-06 2.894E-08 0 3.680 6.911E-03 3.313E-03 0 7.483 0.4918

F13 0.000E+00 4.324E-01 2.412E-08 0 4.494 5.502E-03 3.495E-07 0 7.726 0.5817

F14 9.980E-01 3.016E+00 9.980E-01 10 0.265 9.980E-01 9.980E-01 30 0.900 0.2944

F15 3.075E-04 5.658E-04 3.075E-04 4 3.090 5.211E-04 3.075E-04 19 3.536 0.8739

F16 -1.032E+00 -1.032E+00 -1.032E+00 30 0.093 6.282E-13 -1.032E+00 0 2.150 0.0433

F17 3.979E-01 3.979E-01 3.979E-01 29 0.097 3.979E-01 3.979E-01 30 0.485 0.2000

F18 3.000E+00 3.000E+00 3.000E+00 30 0.088 3.000E+00 3.000E+00 30 0.516 0.1705

F19 -3.863E+00 -3.863E+00 -3.863E+00 30 0.118 -3.863E+00 -3.863E+00 30 0.601 0.1963

F20 -3.322E+00 -3.233E+00 -3.322E+00 11 0.259 -3.255E+00 -3.322E+00 13 1.061 0.2441

F21 -1.015E+01 -7.984E+00 -1.015E+01 20 0.199 -7.483E+00 -1.015E+01 18 0.85 0.2341

F22 -1.040E+01 -7.184E+00 -1.040E+01 16 0.191 -8.330E+00 -1.040E+01 21 0.88 0.2170

F23 -1.054E+01 -9.245E+00 -1.054E+01 25 0.025 -8.391E+00 -1.054E+01 21 0.94 0.0266

BCMO: balancing composite motion optimisations. Fopt*: represents the theoretical results for the corresponding benchmark 
function.
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population from the 2×NP individuals was investigated. 
Numerical experiments comparing the performance of 
BCMO and BCMO_A show that while maintaining the 
original algorithm’s quality, the proposed adjustment 
significantly improves convergence speed.  
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1. Introduction 
The labour force is of paramount importance in the 

development of the market economy and international 
economic integration. Prioritising workplace safety and 
workers’ health has significant implications for human 
resource development, enhances the quality of labour 
within companies, and fosters a sustainable economy 
within the Vietnamese construction industry [1]. There 
have been notable improvements in ensuring labour safety 
in Vietnam, with increasing awareness and responsibility 
among organisations and agencies yielding positive results 
[2]. However, it remains essential to establish robust labour 
protection measures alongside productive labour activities. 
Moreover, occupational accident statistics reveal complex 
patterns in workers’ adherence to safety regulations [3].

The construction industry plays a critical role in the 
national economy but faces significant challenges in 
ensuring labour safety, characterised by distinct difficulties 
[2]. Workers in this sector often contend with unpredictable 
conditions, such as exposure to harsh weather, heavy 
physical labour, and remote worksite locations [4]. These 

factors, coupled with the absence of fixed workplaces, 
contribute to an increased risk of accidents and health 
hazards, including occupational diseases [1]. Notably, 
the construction sector accounts for 14% of all labour 
accidents, attributable to factors such as a lack of emphasis 
on establishing safe working procedures, inadequate safety 
solutions by companies, and insufficient or poor-quality 
safety training for workers [5].

Previous study identified the primary causes of accidents 
that negatively impact labour productivity in construction 
[6]. These include low safety awareness among workers, 
inadequate training, insufficient provision of protective 
equipment, the use of outdated equipment, and engagement 
in unsafe practices. Furthermore, another study assessed 
how management characteristics and methodologies 
influence workers’ safety performance [7].

The above discussion highlights the critical role of 
construction workers in occupational accidents. However, 
previous studies have not comprehensively evaluated the 
factors affecting construction workers’ safety behaviour and 
awareness. It is thus increasingly important to investigate 
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workers’ behaviour, attitudes, and practices. This study 
aims to explore the impact of various factors on workers’ 
safety behaviour and examine differences in the assessment 
of these factors’ influence on safety behaviour across 
respondent groups differentiated by job roles, project 
stakeholders, and years of experience. The specific research 
objectives are as follows:

- To identify the factors that impact workers’ safety 
behaviour in the workplace.

- To determine the extent of each factor’s impact on 
workers’ safety behaviour.

- To investigate any variations and their significance in 
assessing each factor’s effect on workers’ safety behaviour 
across different respondent groups.

- To develop a model of the principal factors influencing 
workers’ safety behaviour.

- To provide recommendations based on the findings to 
improve safety behaviour in the workplace.

2. Literature review
2.1. Typical domestic research

Previous study examined the persistently high rate 
of workplace safety incidents, which result in substantial 
human and economic losses [8]. The study identified various 
factors influencing workers’ behaviour and adherence to 
occupational safety measures, with particular emphasis 
on the pivotal roles of individual employee characteristics 
and managerial influence. It quantified the time lost due 
to work-related incidents and highlighted common causes 
of accidents. These issues underscore the crucial role of 
labour safety management officials, emphasising the need 
for clearly defined responsibilities and the importance of 
fostering a safety-oriented work culture among employees.

Other studies  focused on organisational factors, including 
hygiene practices and occupational safety protocols, such 
as site organisation, worker selection, and safety training 
procedures [9]. The study proposed technical measures for 
the appropriate arrangement of equipment and materials to 
prevent accidents during construction, with a primary focus 
on fall prevention and working at heights. These measures 
were suggested to mitigate the risk of accidents and improve 
overall site safety.

T.K. Trang (2017) [10] explored the relationship 
between safety culture and organisational performance 
at the Northern power corporation (NPC). By employing 
a combination of document synthesis, analysis, and 

questionnaires distributed to NPC employees, the study 
clarified the concept and content of safety culture and 
assessed its impact on organisational efficiency. The 
findings revealed a positive correlation between safety 
culture and the company’s productivity, as improved safety 
practices contributed to reducing accidents, minimising 
costs, enhancing employee performance, and increasing 
company profits. The questionnaire results were categorised 
into four sections: the current state of safety culture at 
NPC, its impact on employee efficiency, its influence on 
NPC’s overall effectiveness, and the relationship between 
employee efficiency and the company’s overall performance 
in relation to safety culture.

B.T. Tung (2016) [11] addressed the issue of poor 
compliance with labour safety practices at construction 
sites in Ho Chi Minh City, Vietnam. The study presented 
a model consisting of four groups of variables associated 
with inadequate occupational safety practices at these sites. 
These variables included deficiencies in organisational 
management, the implementation and inspection of safety 
measures, irregular maintenance, and a lack of proper 
labour protection equipment. The study also highlighted 
insufficient tools and electrical safety measures, as well as 
a lack of awareness and compliance with safety practices 
among both management and construction workers. Tung 
emphasised the urgent need to raise safety awareness among 
workers to improve compliance with safety protocols.

2.2. Typical abroad research

M. Shin, et al. (2014) [12] investigated the use of System 
Dynamics to model workers’ safety attitudes and behaviours. 
Their study examined the effects of three conditions aimed at 
improving safety: first, providing workers with information 
on safe work behaviours to foster habits conducive to safety, 
thereby preventing desensitisation to accident risks; second, 
sharing accident information across job roles to reduce 
incidents by addressing workers’ tendency to overestimate 
their ability to control risks; and third, increasing workers’ 
concern about accidents, leading to a more accurate 
assessment of accident likelihood.

D. Fang, et al. (2015) [13] explored the impact of 
supervisory influence on worker safety behaviour in 
construction projects, aiming to identify managerial 
behaviours that affect safety. Supervisors, being the most 
frequent interactors with construction workers among 
management levels, were studied in terms of two aspects: 
coaching and preventive actions, and reactive and supportive 
actions. A 3-month questionnaire survey conducted in Hong 
Kong’s construction industry was used to gather data. 
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Results from confirmatory factor analysis and structural 
equation modelling revealed both direct and indirect effects 
of supervisory behaviour on worker safety behaviour, with 
responsive and supportive actions found to have a direct 
impact.

B.H. Guo, et al. (2016) [14] focused on predicting 
occupational safety behaviour in the construction industry 
through the development and testing of an integrated model. 
Data from 215 construction workers in New Zealand were 
collected via questionnaire, and eight competing models 
were tested using structural equation modelling (SEM). The 
results indicated significant relationships, with management 
safety commitment positively linked to social support and 
production pressure. Production pressure emerged as a key 
factor directly impacting safety behaviour and compliance, 
while social support also influenced safety behaviour, along 
with safety knowledge and motivation.

B. Choi, et al. (2017) [15] examined group norms and 
individual standards of construction workers regarding safe 
behaviour from a social identity perspective. The study 
aimed to determine the influence of group norms on workers’ 
standards for safety behaviour and the moderating role of 
social identity in this relationship. Empirical data were 
collected from 82 construction workers and nine project 
managers across three sites and analysed using correlation 
and regression analyses. The findings highlighted varying 
levels of social identity among construction workers, 
associated with different groups (e.g., workgroup, company, 
project), with social identity moderating the effect of group 
norms on personal safety standards.

K.P. Cigularov, et al. (2010) [16] investigated the role 
of error management and communication environments in 
workplace safety, gathering data from 235 union construction 
workers employed by 15 contractors across the Midwest 
and Northwest regions of the United States. The study 
underscored the importance of positive occupational safety 
communication and management in improving workplace 
safety, with the implications discussed for organisational 
safety research and practice.

S.L. Morrow, et al. (2010) [17] examined the relationship 
between psychological safety climate dimensions and 
safety behaviour in the railway industry. The study aimed 
to confirm the correlation between workers’ perceptions 
of occupational safety psychology and safety behaviour, 
exploring aspects such as work safety management, 
colleague influence on safety behaviour, and the impact of 
pressure on safety compliance.

I. Hansez, et al. (2010) [18] explored safety behaviour 
by examining the effects of job demands, job pressure, 
and perceived management commitment to safety. Their 
research highlighted the influence of job demands and 
resources on safety behaviour, emphasising the impact of 
work-related stress and the significance of management’s 
perceived commitment to safety.

L. Zhang, et al. (2016) [19] studied the interactive 
perceptions of construction safety behaviour from workers’ 
perspectives, employing SEM and exploratory factor 
analysis (EFA) to elucidate the cause-and-effect relationships 
between factors influencing worker safety. Their findings 
underscored the positive influence of management- and 
system-oriented supervision and leadership on construction 
workers’ psychological well-being and safety behaviour.

S. Clarke (2012) [20] explored the effects of pressure 
factors on construction worker safety behaviour through 
meta-analysis, examining the relationships between 
stressors, safety behaviours, and outcomes. The findings 
revealed that hindering factors negatively impacted safety 
compliance and outcomes, while certain pressurising factors 
had a positive influence on safety performance.

I. Mohammadfam, et al. (2017) [21] developed a Bayesian 
network model to enhance worker safety behaviour based 
on research conducted in power plant construction projects 
in Iran. The study identified several factors influencing 
safety behaviour, including management commitment, a 
supportive environment, the safety management system, 
employee participation, safety knowledge, attitude, 
motivation, resource allocation, and work pressure.

R.M. Choudhry (2014) [22] investigated construction 
site safety based on workers’ behaviour, proposing a 
management method to improve occupational safety. The 
approach involved supervisors recognising and praising 
safe behaviours, engaging observers in discussions with 
workers, distributing training materials, providing feedback 
to management, and displaying safety performance charts. 
The study demonstrated significant improvements in 
safety performance across various categories, highlighting 
the effectiveness of the proposed approach in enhancing 
workplace safety.

2.3. Research gaps

Previous studies have provided valuable insights into 
the factors affecting construction workers’ safety behaviour, 
significantly improving project stakeholders’ understanding 
of workplace safety. However, most of these studies focus 
on individual-level factors, such as attitudes, beliefs, 
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and perceptions, while there is a paucity of research into 
broader contextual factors, including organisational culture, 
project demands, and societal influences. Furthermore, 
existing research predominantly examines top-down safety 
management approaches, with limited attention given to 
the role of worker involvement in safety decision-making 
processes. Additionally, psychosocial factors, such as 
job stress, job satisfaction, and social support, which can 
profoundly influence safety behaviour, have not been 
extensively studied. Consequently, there is currently no 
comprehensive model that evaluates the impact of these 
broader contextual and psychosocial factors on construction 
workers’ safety behaviour.

2.4. Summary and description of influential factors

Twenty-one factors were identified through a 
comprehensive literature review. Additionally, interviews 
with three experts were conducted for two main purposes: 
first, to evaluate the factors identified from the literature, and 
second, to solicit additional factors based on their practical 
experience. The results indicated unanimous agreement 
among the experts on the twenty-one factors from the 
literature, and they collectively proposed eleven additional 
factors. Table 1 summarises the thirty-two potential factors 
influencing construction workers’ safety behaviour and 
awareness. These factors are categorised into three clusters: 
worker-related, management capacity-related, and working 
conditions-related aspects.

Factor A2 “Experience”: Experience is crucial for 
construction workers. Those with extensive project 
involvement and training are well-versed in labour safety 
regulations. Experienced workers, having encountered 
various construction scenarios, possess a deeper 
understanding of how subjective judgments, lack of 
awareness, and inexperience can compromise safety. In 
team environments, experienced workers play a pivotal 
role, often staying with companies long-term and receiving 
further training to enhance their skills. Their accumulated 
experience gives them a heightened awareness of behaviours 
impacting workplace safety.

Factor A6 “Tenure with the company”: Tenure is vital 
in evaluating workers’ adherence to safety principles and 
regulations. Human resources departments assess employees 
who consistently demonstrate exemplary compliance 
and safety practices. Additionally, competitive wages and 
incentive packages contribute to workers’ material and 
psychological well-being, fostering long-term commitment 
to the company.

Table 1.  Factors affecting construction worker’s safety 

behaviour and awareness.

Group Factors References

A. Workers themselves-related

A1 Age [23]

A2 Experience Proposed by experts

A3 Health status during work [23]

A4 Marital status [24]

A5 Education level [11]

A6 Tenure with the company Proposed by experts

A7 Gender [24]

A8 Knowledge of labour safety [11, 12, 21, 24]

A9 Trust in management effectiveness Proposed by experts

A10 Smoking or alcohol consumption habits Proposed by experts

A11 History of violating labour safety regulations [11]

A12 Level of risk tolerance Proposed by experts

B. Management capacity-related

B1 Sanctions for labour safety violations [18-20]

B2 Failure to enforce working and rest hours strictly Proposed by experts

B3 Awareness of labour safety supervision and management [9]

B4 Manager’s experience [19]

B5 Regular inspection of labour safety conditions and risks on 
construction sites [10, 14]

B6 Absence of commitment to occupational safety in construction 
sites [9, 10]

B7 Policy for safety activities [21, 22]

B8 Lack of strict supervision of tool usage [14, 17]

B9 Unreasonable worker arrangement [13]

B10 Inefficient labour safety training programs [9, 10, 13, 22, 25]

C. Working conditions-related

C1 Lack of innovation in safety and construction techniques [9-11]

C2 Challenging construction site conditions Proposed by experts

C3 Polluted environment (dust, noise, toxic gases) Proposed by experts

C4 Unfavourable organization of construction sites [9]

C5 Absence of signs, instructions, rules on safety techniques, and 
protective equipment for workers [14, 17]

C6 Poor quality of safety equipment [26]

C7 Failure to meet workers’ daily needs and personal hygiene Proposed by experts

C8 Negative working conditions [14, 19, 21]

C9 Natural disasters and epidemics Proposed by experts

C10 Extreme weather conditions Proposed by experts
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Factor A9 “Trust in management effectiveness”: Worker 
trust in management’s ability to enforce safety regulations 
directly influences compliance rates. Disagreement with 
safety regulations, such as the necessity of safety straps and 
helmets when working at heights, can arise from perceived 
inconvenience on construction sites, affecting workers’ 
adherence to safety protocols.

Factor A10 “Smoking or alcohol consumption habits”: 
Workers who frequently use stimulants, cigarettes, or alcohol 
experience deteriorating health and decreased alertness over 
time, which impacts their awareness during construction 
work. For example, habitual alcohol consumption after work 
hours can lead to liver and kidney health issues, physical 
exhaustion, and insufficient sleep, subsequently affecting 
mental acuity the following morning. This lack of alertness 
can hinder adherence to safety regulations. A worker driven 
by a smoking habit may disregard safety protocols to satisfy 
personal needs, creating potential hazards such as careless 
cigarette disposal, which poses significant risks of fire, 
explosion, and other occupational safety concerns.

Factor A12 “Level of risk tolerance”: Risk tolerance 
significantly influences workers’ awareness and adherence to 
occupational safety protocols. When employees understand 
the potential hazards of workplace accidents, they are more 
inclined to follow safety guidelines strictly. For instance, 
when working at heights, using protective belts and safety 
locks is essential to reduce the risk of falls and fatalities. 
Recognising these risks compels workers to prioritise 
safety measures to protect themselves, their families, and 
mitigate the financial burdens associated with accidents. 
This study underscores the importance of risk awareness 
and acceptance in promoting occupational safety.

Factor B2 “Failure to enforce working and rest hours 
strictly”: Companies that fail to enforce regulations on 
working hours, rest breaks, and internal procedures often 
exhibit negligence towards labour safety regulations, 
significantly reducing overall compliance levels.

Factor C2 “Challenging construction site conditions”: 
High-altitude and confined construction sites can impede 
workers’ movements, leading to frustration and decreased 
awareness of safety behaviours.

Factor C3 “Polluted environment (dust, noise, and 
toxic gases)”: A polluted work environment negatively 
affects workers’ physical and mental well-being, which in 
turn impacts their compliance with safety regulations. For 
example, inadequate control of dust and toxic gas emissions 
during construction projects can cause respiratory issues, 
diminishing workers’ health and cognitive function, thus 
impairing their ability to follow safety protocols. Similarly, 
prolonged exposure to loud machinery noises can disrupt 

concentration and awareness, compromising safety 
behaviour.

Factor C7 “Failure to meet workers’ daily needs and 
personal hygiene”: Failing to meet workers’ basic needs, such 
as access to personal hygiene and adequate accommodation, 
can lead to health issues and dissatisfaction, which in turn 
affect their psychological state and adherence to safety 
protocols. For instance, unsanitary living conditions and 
insufficient access to clean water in construction camps 
can compromise workers’ health and well-being, leading 
to psychological distress and reducing their commitment to 
safety behaviours.

Factor C9 “Natural disasters and epidemics”: Natural 
disasters and epidemics contribute to health concerns 
and negative outlooks, reducing workers’ concentration 
and awareness of safety protocols. For example, during 
the COVID-19 pandemic, restrictions on movement and 
uncertainties about personal safety negatively impacted 
workers’ mental health, leading to decreased vigilance in 
implementing safety measures on construction sites.

Factor C10 “Extreme weather conditions”: Adverse 
weather conditions, such as intense sunlight or 
thunderstorms, can negatively impact workers’ health, 
morale, and compliance with safety regulations. For 
example, prolonged exposure to intense sunlight may cause 
dizziness and fatigue, prompting workers to overlook safety 
measures.

3. Methodology
Selecting an appropriate methodology is essential 

for addressing research problems effectively. This study 
employed a structured questionnaire and expert surveys 
to collect data. A five-point Likert scale was used, ranging 
from 1, representing “no,” to 5, representing “extremely.” 
The questionnaire comprised two sections. The first section 
collected the personal information of the respondents, while 
the second section evaluated the impact of the thirty-two 
factors (as listed in Table 1) on workers’ safety behaviour. 

This approach leveraged the expertise and insights of 
qualified professionals in construction management. The 
purpose was to gather scientific data, record feedback, and 
evaluate factors, which served as the basis for refining the 
research problem. Survey participants were selected from 
project stakeholders, including investors, consultants, and 
contractors, all of whom possess extensive work experience 
and hold senior positions. The surveys were conducted from 
March to May 2023.
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A previous study provided the following formula for 
determining an appropriate sample size [27]:

( )2

2
XZ S

N
E
×

=
				     (1)

where N: sample size; Sx: standard error of the samples; E: 
reliability of the samples; Z: value obtained from the normal 
distribution.

In this study, with an error range of E≤10% and a 
confidence level of 90%, the minimum required number of 
samples is 96.

The literature review provided the theoretical foundation 
for the research problem and synthesised information from 
previous studies. The research hypotheses were as follows:

• The null hypothesis: H0=There are no differences in 
assessing the effect of the proposed factors on worker safety 
behaviour between respondent groups in terms of working 
conditions, project stakeholders, and experience years.

• The alternative hypothesis: HA=There are differences in 
assessing the effect of the proposed factors on worker safety 
behaviour between respondent groups in terms of working 
conditions, project stakeholders, and experience years.

Processing and analysing research data is a crucial step 
in any scientific study. This involves several key stages: (1) 
identifying the research problem; (2) collecting, processing, 
and analysing data; and (3) reporting the analysis results. 
Clearly defining the research problem facilitates faster and 
more accurate data collection. At the heart of data analysis 
lies statistical inference, which entails extrapolating 
understanding from a random sample to comprehend the 
entire population, a process known as inductive inference. 
Data must undergo analysis via statistical tests to ensure 
the reliability of the conclusions drawn. Initially, data 
are raw; through analytical processing, they transform 
into information and eventually knowledge, which is the 
ultimate goal of all research endeavours. 

In this study, survey data was cleaned and coded using 
Excel. They were then analysed using SPSS software by 
descriptive analysis, reliability testing using Cronbach’s 
alpha (α>0.7), hypothesis testing using analysis of variance 
(ANOVA), and exploratory factor analysis (EFA).

4. Results and discussion
4.1. Respondent’s characteristics

Table 2 presents the statistics regarding 320 participants 
involved in the mass survey. This survey aimed to include a 
diverse range of respondents with characteristics relevant to 
the research topic.

Table 2. Descriptive statistics of survey respondents.

Type Characteristics Frequency %

Work positions

1. Managers 63 19.7

2. Site engineers 192 60.0

3. Others 65 20.3

Project 
stakeholders

1. Investors 52 16.2

2. Supervisors 79 24.7

3. Contractors 150 46.9

4. Others 39 12.2

Experience 
years

1. Less than 3 68 21.2

2. Between 3-5 111 34.7

3. Between 5-10 87 27.2

4. Greater than 10 54 16.9

Regarding work positions, the primary survey 
participants included 63 managers (project managers, site 
managers, and team managers), representing 19.7% of the 
total; 192 site engineers, accounting for 60%; and 65 others 
(foremen and board of directors), representing 20.3%. 
Among the respondents, construction contractors formed 
the largest group, with 150 individuals making up 46.9% 
of the participants, followed by supervision consultants 
(79 individuals, 24.7%), investors (52 individuals, 16.2%), 
and others (state agencies and management consultants) 
(39 individuals, 12.2%). Most survey participants (78.7%) 
had three or more years of experience in the construction 
industry. These results demonstrate that the characteristics 
of the respondents were appropriate to address the research 
questions effectively.

4.2. Reliability test

The results of the Cronbach’s alpha (α) analysis are 
shown in Table 3. The analysis indicates that all factors 
have α coefficients greater than 0.7. However, nine factors 
were excluded due to having a total variable correlation 
coefficient of less than 0.3. The excluded variables are A1, 
A2, A4, A6, and A7 from the worker-related group, B2 and 
B6 from the management capacity group, and C7 and C8 
from the working conditions group.

Table 3. The coefficients of Cronbach’s alpha.

Group α

Workers themselves 0.786

Management capacity 0.848

Working conditions 0.828
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4.3. Hypothesis test

An ANOVA test was conducted to examine the differences 
in the assessment of respondent groups regarding the effect 
of the proposed factors on construction workers’ safety 
behaviours. The test results show that for most factors, 
the significance value is greater than 0.05, indicating that 
the null hypothesis is accepted. However, in nine cases, 
the null hypothesis was rejected due to significance values 
lower than 0.05. These cases include A10 (sig.=0.040), B10 
(sig.=0.033), C2 (sig.=0.017), and C10 (sig.=0.011) for the 
working position group; A3 (sig.=0.001), A10 (sig.=0.019), 
B3 (sig.=0.015), B7 (sig.=0.001), B9 (sig.=0.048) for the 
project stakeholder group; and B8 (sig.=0.035) for the 
experience year group. 

Table 4. The post hoc test results for working position 
groups.

Respondent
Subsets for A10 Subsets for B10 Subsets for C2 Subsets for C10

1 2 1 2 1 2 1 2

Managers 3.077 - 3.127 - 3.349 - 3.175 -

Site engineers 3.343 3.343 3.464 3.464 3.600 3.600 - 3.599

Others - 3.556 - 3.662 - 3.776 - 3.677

Sig. 0.244 0.410 0.135 0.497 0.267 0.520 1.000 0.883

Table 5. The post hoc test results for project stakeholder 
groups.

Respondent
Subsets for A3 Subsets for A10 Subsets for B3 Subsets for B7 Subsets for B9

1 2 1 2 1 2 1 2 1

Investors 2.942 - 3.115 3.115 3.462 3.462 3.269 3.269 3.481

Supervisors 3.304 3.304 - 3.494 3.101 - 3.165 - 3.266

Contractors - 3.633 3.420 3.420 3.560 3.560 - 3.693 3.693

Others 3.154 3.154 2.949 - - 3.667 - 3.667 3.564

Sig. 0.220 0.054 0.065 0.194 0.102 0.735 0.943 0.104 0.134

Table 6. The post hoc test results for experience year 
groups.

Respondent
Subsets for B8

1

Less than 3 3.441

Between 3-5 3.667

Between 5-10 3.287

Greater than 10 3.259

Sig. 0.082

Since respondents assessed these nine cases differently, 
a post hoc Tukey HSD test was conducted to examine the 
significant differences within each homogeneous subset. 
The results of the Tukey HSD test are presented in Tables 
4, 5, and 6. These results indicate that all significance 
values exceed 0.05. However, differences were observed in 
only a few factors between the two subsets of respondent 
groups. Therefore, there is a relative consensus among the 
respondents’ assessments for each factor, allowing the data 
to be used for further analysis.

4.4. Exploratory factor analysis (EFA)

Given the excellent reliability and differentiation test 
results, an EFA was conducted. Table 7 presents the analysis 
of factors influencing awareness and implementation of 
occupational safety. The Kaiser-Meyer-Olkin (KMO) 
measure is 0.879, exceeding the acceptable threshold of 0.5, 
and the Bartlett test yields a significance level of less than 
0.05. Furthermore, the factor loading coefficients exceed 
0.5, the extracted variance index is 4.480 (>1), and the 
total extracted variance is 60.007% (>50%). These results 
confirm that the scales and variables used to measure factors 
influencing awareness and implementation of occupational 
safety are suitable within the EFA model.

Table 7. Condition check results of exploratory factor 
analysis.

Variance extraction 
breakpoint

Total variance 
extracted

Kaiser-Meyer-Olkin 
coefficient Sig.

4.789 20.823

0.879 0.0004.533 40.530

4.480 60.007

4.5. Discussion on each grouped factor

The rotated matrix results reveal that the factors 
influencing awareness and implementation of occupational 
safety are categorised into three distinct groups, and no 
new concepts emerged during the analysis, indicating 
consistency with the research data (Table 8).

Factor C1 demonstrates the highest loading factor 
of 0.892 among the working conditions-related factors, 
indicating a strong influence on the variables. Conversely, 
C9 shows the lowest loading factor of 0.581, suggesting 
a less pronounced impact. In the context of occupational 
safety performance among construction workers, the 
absence of innovation in safety techniques and construction 
methods (C1) has a more direct influence than factors 
related to natural disasters and diseases, such as C9, which 
are relatively infrequent occurrences.
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Table 8. Factor loading through Varimax rotation.

Factor

Loading

Component 1 
‘Working 
conditions’

Component 2 
‘Management 
capacity’

Component 3 
‘Workers 
themselves’

C1 0.892

C2 0.892

C3 0.770

C4 0.769

C5 0.768

C6 0.740

C10 0.591

C9 0.581

B5 0.806

B1 0.790

B3 0.775

B4 0.771

B9 0.715

B8 0.701

B10 0.651

B7 0.649

A12 0.861

A11 0.835

A10 0.808

A9 0.761

A8 0.757

A5 0.752

A3 0.727

Factor C10, relating to geographical conditions, reflects 
a specific climate with two distinct seasons and relatively 
comfortable conditions for construction workers accustomed 
to the local climate. Factors C3, C4, C5, and C6 have an 
average loading coefficient of approximately 0.7, indicating 
a notable influence, though not as pronounced as C1 and 
C2. These factors, which are frequently encountered on 
construction sites, include hazardous noise and dust, which 
persist due to asynchronous urbanisation and incomplete 
infrastructure development.

Factor B5, with the highest loading coefficient of 0.806 
within the organisational work-related factors, highlights 
the importance of managing occupational safety through 
regular inspections and hazard identification. Effective 
safety management requires consistent monitoring and 
discipline to address unsafe practices, particularly during 
elevated work tasks.

Factors B10 and B7, concerning “Policy for safety 
activities” and “Occupational safety training programmes,” 
receive relatively lower ratings, which can be attributed to 

varying reward structures across companies and irregularity 
in the organisation of safety training programmes.

Loading coefficients ranging from 0.790 to 0.701 are 
considered appropriate for the remaining factors related 
to organisational work safety management capacity. In the 
employee-related factors group, A10, A11, and A12 exhibit 
the highest loading coefficients, indicating poor discipline, 
stimulant consumption, and risk tolerance among workers. 
Factors with lower loadings, such as A3, A5, A8, and A9, 
reflect workers’ education levels, trust in management, and 
their impact on safety compliance.

5. Conclusions and recommendations
Construction workers operate in environments heavily 

influenced by working conditions, many of which pose 
significant risks to their health and safety. Without proper 
preventive measures, these conditions can lead to accidents 
on construction sites. Presently, the issue of occupational 
accidents on such sites remains complex, largely due to 
workers’ behaviour and awareness regarding compliance 
with labour safety laws. Therefore, there is an urgent need 
for solutions to address these challenges and enhance the 
safety performance of construction workers.

This study provides a comprehensive overview of 
occupational safety and examines the factors impacting 
construction workers’ awareness and compliance with 
safety protocols. The study identifies 23 factors categorised 
into three groups: worker-related factors (7 factors), 
organisational safety management factors (8 factors), 
and working conditions-related factors (8 factors). These 
factors are deemed influential in shaping construction 
workers’ safety awareness and practices in projects. 
Based on the ANOVA test, the study found that most 
respondents assessed the effect of each factor on workers’ 
safety behaviour similarly, with only a few cases showing 
significant differences at the 0.05 level. Additionally, based 
on the EFA, the extracted factor model accounts for over 
60% of the original factors’ variance, indicating that the 
model is highly representative.

Furthermore, the study delves into the role and 
significance of these identified factors within the context of 
the Vietnamese construction industry. This analysis serves 
as a crucial foundation for proposing recommendations 
and strategies to enhance the effectiveness of safety 
measures among construction workers. However, the study 
acknowledges certain limitations, including subjectivity 
among survey participants, the need for further validation 
of factor grouping, and the explanation for eliminating 
variables due to systematic factors. Additionally, the study 
notes that some total variable correlations require further 
explanation, which necessitates additional scrutiny. Future 
research can address these shortcomings to advance the 
field.
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1. Introduction
Chronic obstructive pulmonary disease is a major cause 

of morbidity and mortality worldwide [1, 2]. COPD is the 
third leading cause of death globally, causing 3.23 million 
deaths in 2019 [3]. Most detailed information regarding 
its prevalence, morbidity, and mortality comes from high-
income countries, yet 90% of COPD-related deaths occur 
in low- and middle-income countries [4]. In Vietnam, the 
prevalence of COPD was 7.1% in 2010, with 10.9% in 
men and 3.9% in women [5]. COPD imposes a significant 
burden on the healthcare system, not only due to mortality 
and disability but also due to substantial economic costs. In 
the United States, the estimated direct costs of COPD were 
$32.1 billion in 2010, expected to reach $49.0 billion by 
2020 [6]. In China, the direct medical cost of COPD ranged 
from 72 to 3,565 USD per capita per year, accounting for 
33.33 to 118.09% of the local average annual income [7]. 
In Vietnam, research at Bach Mai Hospital showed mean 
hospitalisation costs for COPD and acute exacerbations of 
COPD were 14.36 and 18.3 million VND, respectively [8]. 
However, most COPD patients are managed at grassroots 
hospitals, with limited research on its economic impact in 
Vietnam. This study aimed to (1) explore the demographic 

and clinical characteristics of the COPD patient population, 
(2) examine the direct cost of COPD hospitalisation, and (3) 
identify factors potentially associated with these costs.

2. Methods
2.1. Study design

A retrospective cross-sectional study was designed to 
estimate the hospitalisation cost of COPD treatment in a 
grassroots hospital. Medical records of patients with a code 
of J44 (ICD-10 version) admitted to Vinh Phuc General 
Hospital between 2015 and 2019 were reviewed. Data 
on medical costs for COPD were collected for five years 
following the primary diagnosis. Unit costs during the study 
period were provided by the hospital’s financial department. 
The direct hospitalisation cost was analysed from the 
perspective of the healthcare system as the health insurance 
provider, including costs of medications and materials used 
in clinical practice for COPD patients covered by NHI. 
Direct non-medical costs (e.g. travel, accommodation, time) 
and indirect costs (e.g. lost income or premature death due 
to the disease) were not included.
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2.2. Subject population

Eligibility criteria included: (1) diagnosed with COPD 
(ICD-10 code J44), (2) treated at Vinh Phuc General 
Hospital, and (3) covered by NHI from 1st January 2015 to 
31st December 2019. 

2.3. Data collection

All hospital discharge papers involved in the analysis 
were extracted from the hospital management system 
database. Data collected included sociodemographic 
features (age, gender, living location), clinical characteristics 
(treated department, cause of hospitalisation, comorbidities, 
and duration of hospitalisation), and direct cost components 
(costs of bed-day, tests, imaging diagnosis, procedures, 
medication, equipment, and supplies).

2.4. Statical analysis

Data were analysed using R-base software version 4.0.2 
and R Studio version 1.3.1073. Descriptive statistics (mean 
(SD), median (min, max) for numerical variables; and 
frequency, percent for categorical variables) were used to 
assess sociodemographic and clinical variables. Inferential 
statistics assessed differences between patients with 
and without comorbidities on these variables, including 
department, cause of hospitalisation, days of treatment, 
days of treatment for exacerbation, and direct cost with 
covariance of days of treatment. Chi-square tests were 
used for department and cause of hospitalisation variables; 
Wilcoxon tests for days of treatment and days of treatment 
for exacerbation; and a Gamma regression model with 
“days of treatment” covariance was selected for the direct 
hospitalisation cost variable, with results reported with 95% 
CI.

Direct hospitalisation cost was separated into three 
phases according to Circular No. 37/TT-BYT (phase 1: 
before 1/3/2016; phase 2: from 1/3/2016 to 1/7/2016; 
and phase 3: after 1/7/2016). The Kruskal-Wallis test 
and the Wilcoxon test (post hoc, using the Bonferroni 
method to adjust p-values) examined differences in direct 
hospitalisation cost between the three phases. Statistical 
significance was set at 0.05.

A multivariate generalised linear regression model, with 
Gaussian family and log-link function, identified factors 
associated with the COPD hospitalisation cost.  Based on 
the purpose of selecting a model to find factors related to the 
direct cost of treatment and while transforming the “direct 
treatment costs” variable to log “direct treatment costs,” 
the graph shape of the log variable followed a Gaussian 
distribution. Therefore, the generalised linear model 
with the log association function for the output variable 
following a Gaussian distribution was applied and validated 

using the normality test of residuals method and statistical 
significance was acknowledged based on the exponential of 
coefficients and its 95% CI. 

2.5. Ethical approval

The study protocol was reviewed and approved by the 
Science Committee of Vinh Phuc General Hospital.

3. Results
3.1. Sociodemographic characteristics 

A total of 1,629 patients were diagnosed with COPD 
from 2015 to 2019 at the hospital. The mean age was 
71.4 years (SD=11.1), with most patients aged over 40. 
The majority were male (78.1%) and lived in rural areas 
(77.3%). More than half of the patients had comorbidities 
(59.6%, N=971), with hypertension being the most common 
(44.2%), followed by pneumonia (31.7%), heart failure 
(18.6%), diabetes (13.3%), and coronary artery disease 
(4.1%) (Table 1).

Table 1. Demographic and clinical characteristics (N=1,629).

Characteristics N

Age

<40 years old 3

≥40 years old 1626

Gender

Male 1,272 (78.1%)

Female 357 (21.9%)

Place of residence

Rural 1260 (77.3%)

Urban 369 (22.7%)

Days of treatment

Mean (SD) 9.57 (5.39)

Median [min; max] 9.00 [0.7; 50.0]

Comorbidity

No comorbidity 658 (40.4%)

Have 1 comorbidity 638 (39.1%)

Have 2 comorbidities 247 (15.2%)

Have ≥3 comorbidities 86 (5.3%)

Comorbidities (n=971)

Hypertension 429 (44.2%)

Pneumonia 308 (31.7%)

Heart failure 181 (18.6%)

Diabetes 129 (13.3%)

Coronary artery disease 40 (4.1%)
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The majority of patients were treated in the internal 
medicine department (87.4%), with exacerbation being 
the primary cause of hospitalisation (90.9%). The average 
duration of treatment was 9.57 days (SD=5.39). The average 
number of exacerbations per patient with and without 
comorbidities was 1.47 and 1.41, respectively. The average 
number of ICU admissions per patient with and without 
comorbidities was 1.08 and 1.07, respectively (Table 2). 

Table 2. Clinical characteristics of the research sample.

With comorbidity
(N=971)

Without 
comorbidity
(N=658)

Absolute 
difference
95%CI

Department

ICU 12.6% 13.7% -1.1%
-5.1-2.8%

Internal 87.4% 86.3%

Cause of hospitalisation

Exacerbation 90.9% 94.5% -3.6%
-6.6-(-0.6)%

Others 9.1% 5.5%

Days of treatment

Mean (SD) 10.1(5.51) 8.84(5.14) 1.00
1.00-2.00

Median 
[min; max]

9.00 
[0.747; 50.0]

8.00 
[0.990; 41.0]

Days of exacerbation treatment

Mean (SD) 10.1(5.54) 8.76(5.08) 1.00
1.00-2.00

Median 
[min; max]

9.00 
[1.00; 50.0]

8.00 
[0.990; 41.0]

3.2. Average hospitalisation cost

The mean total cost for patients with COPD is illustrated 
in Table 3. The total cost was 430.74 USD (SD=618.39). 
The mean cost for patients with comorbidities (494.71 
USD (SD=742.07)) was higher than for those without 
comorbidities (342.46 USD (SD=349.71)). The average 
duration of treatment for these two groups was 10.10 
days and 8.84 days, respectively. After accounting for the 
effect of the “days of treatment” variable, the mean cost 
for the group without comorbidities was 0.847 times that 
of the group with comorbidities, a statistically significant 
difference (95% CI: 0.796-0.905). The mean cost of an ICU 
admission was 1138.69 USD (SD=1394.58), higher than 
the average cost for exacerbation treatment at 435.01 USD 
(SD=622.65). The mean costs for patients with 1, 2, and more 
than 3 comorbidities were 426.48, 558.68, and 780.45 USD, 
respectively. The highest average cost of treatment among 
patients with comorbidities was for pneumonia, at 699.42 
USD per treatment, followed by diabetes, hypertension, 
heart failure, and coronary artery disease with averages of 
580.01, 498.98, 481.92, and 398.33 USD, respectively.

Table 3. Direct cost of chronic obstructive pulmonary 
disease treatment. 

Unit: USD*

Mean SD Median Min Max

Mean total of patient

Population (N=1629) 430.74 618.39 285.31 11.73 9254.53

With comorbidity (N=971) 494.71 742.07 310.47 22.90 9254.53

Without comorbidity (N=658) 342.46 349.71 252.47 11.73 3441.66

Ratio between 2 groups: with and without comorbidity 0.847 with 95%CI 
0.796-0.905

Mean cost per ICU admission

Population (N=212) 1138.69 1394.58 720.74 26.19 9254.53

With comorbidity (N=122) 1484.14 1641.93 1074.72 26.19 9254.53

Without comorbidity (N=90) 665.30 754.86 303.65 30.32 3441.66

Mean cost per exacerbation treatment

Population (N=1505) 435.01 622.65 290.00 11.73 9254.53

With comorbidity (N=883) 503.24 754.86 315.17 22.90 9254.53

Without comorbidity (N=622) 341.18 343.31 259.72 11.73 3441.66

Cost for group of patient with comorbidity

1 comorbidity (N=638) 426.48 533.09 305.36 22.90 5288.30

2 comorbidities (N=247) 558.68 908.39 307.49 43.07 9254.53

More than 3 comorbidities (N=86) 780.45 1300.75 385.53 81.88 8273.63

Hypertension (N=429) 498.98 784.72 302.80 23.16 8273.63

Pneumonia (N=308) 699.42 1108.84 361.23 26.87 9254.53

Heart failure (N=181) 481.92 742.07 308.34 43.07 7676.57

Diabetes  (N=129) 580.01 908.39 321.14 75.91 7676.57

Coronary artery disease (N=40) 398.33 631.18 263.99 61.84 4200.79

*The currency used was the US dollar (US dollar exchange rate 
on January 2020; 1 USD=23,193 VND.

3.3. Cost categories

In general, the percentages of bed-day cost, procedures, 
imaging diagnosis, and functional tests all increased from 
phase 1 to phase 3. The differences in direct cost between 
phase 1 vs phase 2 and phase 1 vs phase 3 were statistically 
significant (p<0.05). Medication costs accounted for the 
highest proportion of hospitalisation costs (over 50%) 
in all phases. The highest rate of medication cost was 
for antibiotics, with a mean of 99.37 USD (SD=126.24). 
Equipment and supplies costs had the lowest percentage, at 
less than 1% (Table 4, Fig. 1). 
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3.4. Associated factors with chronic obstructive 
pulmonary disease hospitalisation cost

In the multivariate regression model (Table 5), female 
patients had a mean hospitalisation cost 0.823 times that of 
male patients (95% CI: 0.766-0.884). Urban patients had 
hospitalisation costs 0.845 times that of rural patients (95% 
CI: 0.797-0.897). Patients treated in the internal medicine 
department had treatment costs 0.400 times that of patients 
admitted to ICU (95% CI: 0.377-0.425). Patients without 
comorbidity had an average cost 0.840 times that of patients 
with coexisting conditions (95% CI: 0.778-0.996). With 

each year’s increase in age, the mean cost increased by 1.001 
times (95% CI: 0.998-1.003), and with each additional day 
of treatment, the average cost of treatment increased by 
1.061 times (95% CI: 1.059-1.063).

Approximately 95% CI of the variables “gender”, 
“place of residence”, “department classification”, “days 
of treatment”, and “comorbidity” did not contain value 
1, indicating these variables correlate with the total 
cost of treatment. There was no correlation between the 
variables “age”, “cause of hospitalisation” and total cost 
of treatment.

Fig. 1. Distribution of cost components according to phases.

Table 4. Medication cost categories. 
Unit: USD.

Average medication cost

Mean SD Median Min Max

Patients hospitalised due to exacerbation

Bronchodilators 17.95 22.94 11.86 0 344.17

Antibiotic 99.37 126.24 63.12 0 1313.55

Corticosteroid 23.16 15.05 21.66 0 102.78

Other drugs 37.66 66.96 20.21 0 955.31

Patients hospitalised due to other causes

Bronchodilators 13.73 20.26 3.75 0 73.78

Antibiotic 107.47 207.27 49.04 0 1223.99

Corticosteroid 21.11 16.42 18.21 0 81.03

Other drugs 55.02 102.35 22.90 0 528.83

Total population

Bronchodilators 17.70 22.82 11.43 0 344.17

Antibiotic 99.80 131.78 62.69 0 1313.55

Corticosteroid 23.07 15.14 21.45 0 102.78

Other drugs 38.60 69.52 20.26 0 955.31
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Table 5. Results from multivariate regression analysis.

Independent variables Exp (regression 
coefficient) 95%CI

Gender (Female vs male) 0.823 0.766-0.884

Place of residence (Urban vs rural) 0.845 0.797-0.897

Age 1.001 0.998-1.003

Cause of hospitalisation (Others vs 
exacerbation) 1.071 0.979-1.172

Department classification (Internal vs 
ICU) 0.400 0.377-0.425

Days of treatment 1.061 1.059-1.063

Comorbidity (without vs with) 0.840 0.778-0.906

Diabetes 0.801 0.747-0.858

Hypertension 0.783 0.743-0.825

Heart failure 0.999 0.930-1.074

Coronary artery disease 0.890 0.772-1.026

Pneumonia 0.721 0.680-0.764

4. Discussion

The study was conducted at Vinh Phuc General Hospital 
from 2015 to 2019. The results showed that the mean age 
of patients covered by NHI was 71.4 (SD=11.1), with 
most patients over 40 years old (99.8%). This result was 
consistent with previous studies conducted at Dong Nai 
and Bach Mai Hospitals in Vietnam [8, 9]. COPD is thus a 
chronic and progressive disease with symptoms commonly 
expressed in those aged over 40. 

Our study indicated a higher prevalence of male patients 
(78.1%) compared to females, consistent with prior research. 
L. Ekerljung, et al. (2014)’s study [5] in northern Vietnam 
showed that among individuals aged >50 years, 23.5% of 
men and 6.8% of women had COPD [5]. According to T.Q.  
Vo, et al. (2018) [9], COPD prevalence is higher among 
males, with samples predominantly male (86.0-92.2%). 
This aligns with the fact that smoking, a major COPD risk 
factor, is more prevalent among men in Vietnam. Although 
gender is not a direct factor of disease, which is instead 
related to smoking habits, the distribution of the disease is 
indirectly affected by gender.

Most COPD patients had at least one comorbidity 
(59.6%). Hypertension was the most common (26.3%), 
followed by pneumonia (18.9%), heart failure (11.1%), 
diabetes (7.9%), and coronary artery disease (2.5%). Similar 

findings were reported in studies at Bach Mai Hospital with 
the rates of hypertension, diabetes mellitus, congestive 
heart failure, coronary artery diseases, cor pulmonale, and 
gastroesophageal reflux disease (GERD) being 19.3, 12.3, 
15.8, 5.3, 22.8, and 7.0%, respectively [8]. These results 
correspond to reality, as COPD patients are of advanced age 
which is associated with these comorbidities due to impaired 
functioning, especially in cardiovascular and metabolisms.

The mean duration of treatment was 9.57 days 
(SD=5.39), higher for patients with comorbidities. This 
aligns with a study at E Hospital, showing a mean duration 
of 10.77 days [10]. COPD patients had longer treatment 
durations compared to the overall hospital average of 6 days. 
The average number of exacerbations per patient was 1.44 
(SD=1.11), with a maximum of 10 hospitalisations. ICU 
admissions averaged 1.08 times (SD=0.266), highlighting 
the severe burden of COPD, particularly exacerbation 
management.

Circular No. 37/2015/TTLT-BYT-BTC led to fluctuating 
treatment costs from 2015 to 2019. The mean direct 
hospitalisation cost per treatment course was 430.74 USD 
(SD=618.39), equivalent to 10.01 (SD=14.5) million VND, 
with minimum and maximum costs of 11.73 and 9254.53 
USD (0.28 million and 217 million VND). This cost aligns 
with another study at 74 Central Hospital, Vietnam (2014), 
reporting a mean hospitalisation cost of 8.3 million VND 
[11]. Our mean cost per day was more than 45 USD, about 
1 million VND was roughly twofold higher than the cost 
of COPD at the National Lung Hospital in 2019 (about 
0.5 million VND) [12]. The reason for this could be due to 
many factors such as the difference in prices of medication, 
changing supplies each year, different service techniques 
fees, the difference in hospital levels, and disease status of 
the population. Generally, the hospitalisation cost of COPD 
is quite incredible, nearly 2.5 times as high as the minimum 
wage in Vinh Phuc province.

The mean direct hospitalisation cost for exacerbation was 
10.2 (SD=17.7) million VND with a duration of treatment 
of 9.54 (SD=5.34) days. This result was nearly 2 times 
higher than the mean cost per day of treatment in a study 
at the National Lung Hospital (0.507 million VND/day) 
[12] while 2 times lower than that of the study conducted at 
Bach Mai Hospital (the mean cost was 18.3 million VND at 
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2.1 million VND/day) [8]. Meanwhile, our figure was quite 
similar to another study at E Hospital, which showed that 
the average direct treatment cost for exacerbation of COPD 
was 9.1 million VND [10]. The differences between health 
systems and rates among hospitals and countries made it 
difficult to directly compare our results and those from other 
hospitals. However, collectively, the hospitalisation cost for 
exacerbation could cause an economic burden for patients 
and their families as well as for society. COPD exacerbation 
requires effective disease control and management, as well 
as prevention to reduce hospitalisation costs.

Medication costs accounted for the highest proportion 
of hospitalisation costs (over 50%) in all phases according 
to Circular No. 37/2015/TTLT-BYT-BTC. Our research 
result was similar to the research conducted in Bach Mai 
Hospital, which showed that the medication cost accounted 
for the highest proportion (53.9% of total cost) [8]. Another 
study showed that the spending on medications, blood, 
and infusion was the highest, accounting for 75% [12]. In 
addition, in the current study, our results showed that the 
medication often used for patients with COPD at Vinh Phuc 
General Hospital included antibiotics, bronchodilators, 
and corticosteroids. The spending on antibiotics of these 
medications was the highest with 99.37 USD per course 
of treatment. Our research result was similar to a previous 
study at two provincial facilities showing that antibiotic 
costs accounted for the highest proportion (54.5% of 
inpatient drug costs) [9]. This could be explained by the 
most common cause of an exacerbation being an infection 
in the lungs or airways, and treatment of infection for 
moderate to severe exacerbations is a top priority along with 
maintaining the patient’s ventilation function.

The cost components differed significantly between 
phase 1 and phases 2 and 3. This indicates that specific 
allowances and salaries significantly impact medical 
expenses. Our study used generalised linear models with 
a log-link function, validated using the normality test of 
residuals. While not perfect, this method is acceptable. 
According to J.L. Moran, et al. (2007) [13], the GLM using 
the inverse Gaussian distribution may be advantageous 
for cost data analysis. Our results found that gender, place 
of residence, department classification, comorbidity, and 
treatment duration correlated with higher hospitalisation 
costs, consistent with other studies. For example, a study 

in Turkey found that the number of co-morbidities and the 
duration of hospitalisation increased the cost significantly 
[14]. Results from a 2008 Chinese study found that cost 
positively correlated to the duration of hospitalisation and 
the number of hospitalisation co-morbidities [15]. 

The study’s strength lies in the analysis of COPD 
patients’ expenses using real data from a large sample size of 
1,629 patients, allowing the results to inform policymaking 
and lay the foundation for future research on economic 
evaluation. Our study was conducted on patients at Vinh 
Phuc General Hospital, a provincial grade 1 general hospital. 
To our knowledge, no similar study has been published 
from a provincial hospital in Vietnam, making our research 
a valuable representation of direct medical treatment costs 
for COPD in such settings and laying the groundwork for 
larger-scale studies with broader applicability. 

However, this study has certain limitations. Firstly, it 
only measured direct medical costs and did not assess the 
burden of indirect costs. Secondly, the retrospective data 
collection method limited the research team’s ability to 
obtain information on the treatment efficacy of each patient. 
Consequently, the study could not classify the severity of 
COPD for each patient according to the GOLD criteria, a 
crucial factor impacting the direct cost of COPD treatment. 
Furthermore, potential bias may have arisen due to the 
inclusion of patients with multiple comorbidities. The ICD 
code for COPD may not accurately capture all exacerbations 
of COPD, and certain diseases not yet assigned ICD codes 
but similar in condition to COPD could be misclassified in 
the insurance payment software under code J44.

5. Conclusions

This analysis not only provides epidemiological evidence 
of COPD but also estimates the economic burden of COPD 
on the patient population at Vinh Phuc General Hospital. 
This is a critical first step for future pharmacoeconomic 
studies of COPD treatment regimens. The hospitalisation 
cost was significantly high among patients with COPD, 
especially males, those with longer treatment durations, and 
those with comorbidities. The study suggests that strategies 
to prevent COPD and mitigate its effects should be widely 
implemented in the community to reduce the economic 
impact of COPD and improve the quality of life for affected 
individuals.
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1. Introduction 
Aluminium alloys are highly desirable for structural 

applications due to their high strength-to-weight ratio, ease 
of machining and extrusion, excellent corrosion resistance, 
thermal and electrical conductivity, and recyclability. It is 
estimated that 78% of all extracted aluminium remains in 
use today, and recycling aluminium requires only 5% of the 
energy used in its original extraction [1]. These properties 
have driven the increased use of aluminium in the automotive 
industry. The two most commonly used aluminium alloys, 
6005 and 6063, are alloyed with magnesium and silicon. As 
heat-treatable alloys, they can undergo post-extrusion heat 
treatments to increase strength via precipitation hardening. 
Alloy 6005 is a benchmark structural alloy known for its 
high strength, toughness, and ease of anodisation and 
machining. While 6063 alloy is not as tough or strong as 
6005, it offers superior surface appearance and formability 
[2]. Although 7xxx series alloys are another option for 
structural aluminium, their poor extrudability makes them 
cost-prohibitive for many applications [1].

Due to their excellent extrusion performance, good 
welding characteristics, high corrosion resistance, and 
moderate strength, the 6063 and 6005 aluminium alloys 

are widely used across industries such as machinery 
manufacturing, aerospace, aviation, and transportation, 
including in high-speed trains, subways, and urban railways 
[2, 3]. These alloys can be extruded to produce complex 
sectional shapes with thin walls and quenched via air or 
water mist cooling, making them one of the most commonly 
used materials for vehicle body construction [4-6]. However, 
6005 alloy exhibits high quench sensitivity, requiring ageing 
treatments post-extrusion to achieve stable microstructures 
and mechanical properties [7-9]. To quickly achieve high-
strength extrusions, artificial ageing is commonly employed 
in industrial production.

The appropriate ageing process and microstructure 
are key to achieving superior comprehensive mechanical 
properties in extruded 6063 and 6005 alloys. These alloys 
belong to the excess Si-strengthened Al-Mg-Si series. In 
the ternary Al-Mg-Si system, Mg2Si particles form via a 
ternary peritectic reaction. However, in the pseudo-binary 
Al-Mg2Si system, obtained from a vertical section of the 
Al-Mg-Si ternary system at a fixed Mg:Si atomic ratio of 
2:1 (equivalent to 1.73:1 when the same ratio is expressed 
as a quotient of weights [10], Mg2Si particles form as 
equilibrium reaction products from a eutectic reaction [11]:
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LE(13.9 wt%) → α-Al (1.85 wt%) + Mg2Si (TE = 595oC)     (1)

where the concentrations are expressed in weight percent 
of Mg2Si. Given that the Mg limits the solubility of Mg2Si 
in α-Al, while the Si has no effect on it, a weight ratio of 
Mg:Si≤1.73 is desirable when designing industrial alloys 
in order to ensure the maximum amount of this compound 
in solution [12]. Assuming that all the Mg is present in 
the Mg2Si form, the amount of Si needed to form Mg2Si 
precipitates for the compositional range of Mg in 6xxx 
alloys is given by [10]:

fixed Mg:Si atomic ratio of 2:1 (equivalent to 1.73:1 when the same ratio is expressed 

as a quotient of weights [10], Mg2Si particles form as equilibrium reaction products 

from a eutectic reaction [11]: 

LE(13.9 wt%) → α-Al (1.85 wt%) + Mg2Si (TE = 595oC)    (1) 

where, the concentrations are expressed in weight percent of Mg2Si. Given that the Mg 

limits the solubility of Mg2Si in α-Al, while the Si has no effect on it, a weight ratio of 

Mg:Si≤1.73 is desirable when designing industrial alloys in order to ensure the 

maximum amount of this compound in solution [12]. Assuming that all the Mg is 

present in the Mg2Si form, the amount of Si needed to form Mg2Si precipitates for the 

compositional range of Mg in 6xxx alloys is given by [10]: 

[Si]Mg2Si = [Mg]total x 𝐴𝐴𝑆𝑆𝑆𝑆
2𝑥𝑥𝑥𝑥𝑀𝑀𝑀𝑀

      (wt%)      (2) 

where, [Si]Mg2Si is the amount of Si expressed in wt% present in the Mg2Si compound; 

[Mg]total corresponds to Mg interval values for 6xxx alloys; and ASi and AMg are the 

atomic weights of Si and Mg, respectively. 

The Mg2Si concentration, [Mg2Si], can be calculated according to: 

[Mg2Si] = [Si]Mg2Si + [Mg]total      (wt%)       (3) 

As far as alloying is concerned, it appears that the amount of the so-called excess 

Si (Siex) is important as it affects the precipitation kinetics in Al-Mg-Si alloys. Siex 

leads to finer and denser precipitates by enhancing the nucleation kinetics of GP zones. 

It has been reported [13] that the excess Si in the alloy enhances the nucleation of the 

hexagonal β-Mg2Si on Si atom grids, which are composed of hexagonal sub cells with 

lattice parameters a=b=4.05 Å and c=4.05 Å. For a given Mg and Fe content, the amount 

of Siex depends on which intermetallic (α-AlFeSi or β-AlFeSi) is present [10]: 

[Si]xs = [Si]alloy – [Si]α-AlFeMnSi – [Si]Mg2Si       (4) 

[Si]α-AlFeMnSi = [Fe+Mn]alloy x 𝐴𝐴𝑆𝑆𝑆𝑆
3𝑥𝑥(𝐴𝐴𝑀𝑀𝑀𝑀+𝐴𝐴𝑀𝑀𝑀𝑀)

 = 0.0664 [Fe+Mn]alloy   (5) 

As a heat-treatable aluminium alloy, precipitation strengthening is the primary 

strengthening mechanism in these alloys [14]. The precipitation phases vary with 

different ageing temperatures and times. At low temperatures and short times, solute 
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 = 0.0664 [Fe+Mn]alloy (5)

As a heat-treatable aluminium alloy, precipitation 
strengthening is the primary strengthening mechanism in 
these alloys [14]. The precipitation phases vary with different 
ageing temperatures and times. At low temperatures and 
short times, solute atom clusters (GP zones) are difficult to 
form, resulting in low post-ageing strength (under-ageing). 
Conversely, at high temperatures and extended times, the 
critical nucleus size increases, leading to low strength after 
ageing (over-ageing). 

Prior to the ageing process, the alloy undergoes solution 
treatment at elevated temperatures to dissolve the second-
phase particles and maintain the elements in a single-phase 
(𝛼) region. This is followed by quenching, which prevents 
the precipitation of the second phase, trapping the alloying 
elements in the 𝛼 phase and producing a supersaturated solid 
solution (SSSS). During the ageing process, these alloying 
elements diffuse from the SSSS to form strengthening 
precipitates [15]. This nucleation is driven by the reduction 

in Gibbs free energy as the thermodynamically unstable 
SSSS transforms into a more stable two-phase state. For 
6xxx aluminium alloys, the artificial ageing temperature/
time range is typically between 165 and 205oC for 2 to 
16 hours, which is considered optimal for mechanical 
properties across a variety of applications [16]. 

While several types of precipitates can form during 
ageing, three main categories are typically considered, 
depending on the nature of the interface between the 
precipitates and the matrix. Coherent precipitates form 
when the atomic lattice of the precipitate aligns perfectly 
with the matrix lattice across the interface. Semi-coherent 
precipitates occur when the majority of the lattices match 
across the interface, though the mismatch is sufficient to 
accommodate dislocations. Lastly, incoherent precipitates 
do not align with the matrix at all [17].

Smaller precipitates with narrow inter-particle spacing 
generally provide optimal strengthening by creating strain 
fields that interact with dislocations, thereby hindering their 
motion. As precipitate size increases, the energy required 
for dislocation cutting also increases, leading to dislocation 
bowing around the precipitates. Additionally, as the inter-
particle spacing grows, dislocations can more easily bow 
around the precipitates, forming a dislocation loop that 
obstructs other dislocations and favours the dislocation-
cutting mechanism. To achieve optimal alloy strength, 
the aim is to determine the ageing time and temperature 
at which the cutting and bowing mechanisms result in 
equivalent strength. At this point, the alloy reaches its 
maximum strength [18].

Previous studies primarily focused on optimising 
composition, the extrusion process, quenching sensitivity, 
and welding in 6063 and 6005 alloys [6, 7, 19-23]. However, 
limited research has been conducted on the ageing process 
[22-29], particularly regarding short-term, single-stage 
ageing, which is advantageous in reducing production 
cycles and costs. To enhance the mechanical properties 
of extrusions while minimising energy consumption, the 
short-term ageing process can be optimised to achieve 
the best age-hardening effect in extruded 6063 and 6005 
alloys. In this study, the influences of ageing temperature 
and time on the microstructure and mechanical properties 
of extruded 6063 and 6005 alloys were investigated under 
various short-term, single-stage ageing conditions.

2. Materials and methods
The 6063 and 6005 aluminium alloys in the form of 

extruded profiles with a thickness of 18 mm and a width 
of 80 mm were supplied by VietY Aluminium Company 
Limited. The chemical compositions of the experimental 
alloys, compared with the standard 6063 and 6005 alloys, 
are presented in Table 1. 
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Table 1. Chemical composition of 6063 and 6005 aluminium 
alloys.

Alloy Si Fe Cu Mn Mg Cr Zn Ti Al

6063 0.486 0.236 0.028 0.023 0.547 0.012 0.022 0.023 Remain

6005 0.853 0.235 0.036 0.024 0.675 0.014 0.027 0.023 Remain

The extruded profiles were produced following the 
online solid solution and quenching process. The extrusion 
coefficient ranged between 18 and 20, with an extrusion 
speed of 5 mm/s and an extrusion temperature of 510-
540oC. Online air cooling quenching was applied for the 
6063 alloys, while water cooling quenching was employed 
for the 6005 alloys during the extrusion process.

The ageing treatments for the 6063 and 6005 aluminium 
alloys are illustrated in Figs. 1 and 2. The 6063 alloys were 
aged at 190, 205, and 220oC for 90, 150, and 210 minutes, 
respectively. Meanwhile, the 6005 alloys were aged at 150, 
175, and 200oC for 4, 8, and 12 hours, respectively.

Fig. 1. Aging conditions of 6063 aluminium alloy.

Fig. 2. Aging conditions of 6005 aluminium alloy.

The extruded profiles were sectioned transversely 
for microstructure observation and longitudinally for 
mechanical properties testing. The final tensile strength 
values were averaged from three tests, conducted at a 
strain rate of 1/20 mm/s using a YMM-5 testing apparatus. 
The tensile specimens were prepared according to ASTM 
E557M standards [2].

Hardness was measured at room temperature using a 
Brinell hardness testing machine with a 62.5 N load. The 
final hardness value was the average of five tests performed 
at various points evenly distributed from the outermost 
point to the centre of the specimen.

The microstructure of the samples was examined using 
both optical and scanning electron microscopes (SEM) with 
an energy-dispersive X-ray spectroscopy (EDS) detector. The 
samples were initially polished with 1200-grit paper and then 
polished using an alumina-containing colloidal suspension. 
Following polishing, the samples were inspected under both 
pre- and post-etching conditions. The etching process was 
conducted using Keller’s solution (85 ml H2O, 10 ml HNO3, 
and 5 ml HF) for 30 seconds. The samples were then rinsed 
with deionised water and alcohol, dried, and examined under 
optical and scanning electron microscopes.

3. Results and discussion
Figure 3 presents optical microscopy images of the 

6063 and 6005 aluminium alloys. Specifically, the former 
was aged at 205oC for 150 minutes, while the latter was 
aged at 175°C for 8 hours. The particle sizes in both alloys 
were inhomogeneous, with the largest particles measuring 
approximately 100 µm. Overall, altering the ageing 
temperature and time for either aluminium alloy did not 
significantly affect grain size. 

Fig. 3. (A, B) Optical microscope images of 6063 aluminium 
alloy aged at 205oC and held for 150 minutes, before and after 
etching, respectively; (C, D) 6005 aluminium alloy aged at 175oC 
and held for 8 hours, before and after etching, respectively.
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During the high-temperature ageing process, precipitates 
developed at an accelerated rate. Through SEM and EDS 
analyses (Figs. 4 and 5) of the 6063 alloy, it was observed 
that precipitates formed spherical structures containing Cr 
and Fe at lower ageing temperatures, as shown in the EDS 
analysis in Fig. 4. These precipitates were identified as 
AlFeSi and AlCrSi particles, with a size of approximately 1 
µm. However, increasing the ageing temperature altered the 
precipitate form, with AlFeSi particles observed as rod-like 
structures, and some spherical precipitates containing Ni, 
Cr, and Mn, as shown in Fig. 5.

SEM images and EDS analysis of the 6005 aluminium 
alloy, which was aged at 175 and 200oC, are presented in 
Figs. 6 and 7. The results show that, when aged at lower 
temperatures, precipitates formed in relatively small sizes, 
with Mg2Si particles as spherical structures or AlFeSi as 
bar-like forms (Fig. 6). As the ageing temperature increased, 
the precipitate size increased slightly, while their shape 
remained unchanged (Fig. 7). The spherical precipitates 
contained Mn, Mg, or Cr, and their sizes ranged from 0.5 
to 1 µm. AlFeSi particles were also observed as rod-like 
structures, similar to those in the 6063 aluminium alloy.

Fig. 4. SEM image of 6063 aluminium alloy aged at 190oC and held for 150 minutes, before etching (A) low magnification, 
(B) high magnification and EDS analysis for each spectrum.

Fig. 5. SEM image of 6063 aluminium alloy aged at 205oC and held for 150 minutes, before etching (A) low magnification, 
(B) high magnification and EDS analysis for each spectrum.

(B)(A)

(B)(A)
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The precipitates described above had a 
direct influence on the mechanical properties 
of the 6063 and 6005 aluminium alloys. 
Their formation during the ageing process 
enhanced the strength of the alloys due to the 
interaction between dislocation motion and 
the precipitates.

Peak ageing is one of the ageing treatment 
methods extensively used in current industrial 
applications. It produces the highest density of 
precipitates in the matrix, thereby maximising 
the strength of the alloys. The kinetics of 
ageing is controlled by the diffusion of 
solute atoms, which is strongly dependent on 
the temperature and duration of the ageing 
process. Precipitates clearly play a crucial 
role in determining the mechanical properties 
of the 6005 and 6063 aluminium alloys. The 
strengthening effect is closely related to the 
type, interface, morphology, density, and size 
of the precipitates. Coarse particles larger than 
3 µm are typically formed during the extrusion 
process, comprising Fe-containing inclusions 
such as AlFeSi and Al(Fe,Cr)Si [8, 30]. As 

Fig. 6. SEM images and EDS analysis of 6005 aluminium alloy aged at 175oC and held for 8 hours, (A, B) before etching 
and (C, D) after etching.

Fig. 7. SEM images of 6005 aluminium alloy aged at 200oC and held for 8 
hours (A, B) before etching and (C, D) after etching.
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shown in Figs. 2 to 7, increasing the time and temperature 
during ageing caused slight changes in the size and 
morphology of the coarse particles due to thermal diffusion 
at the phase interface. Submicron precipitates are expected 
to form during the ageing process [31]. Under short-term, 
single-stage ageing, the quantity and size of the submicron 
precipitates depended on the temperature and duration of 
the process.

Figures 8 and 9 illustrate the influence of temperature 
and holding time during the ageing process on the hardness 
of the 6063 and 6005 aluminium alloys. For the 6063 alloy (Fig. 
8), hardness gradually increased with extended ageing time. 
After 2.5 hours of ageing, the hardness remained unchanged 
regardless of the temperature. In contrast, the hardness of the 
6005 alloy decreased as the ageing time increased, with a more 
pronounced decline at lower temperatures compared to higher 
temperatures (Fig. 9). The hardness values obtained for the 
6005 and 6063 alloys through this ageing process aligned with 
commercial standards. 

Fig. 8.  The dependence of 6063 aluminium alloy hardness 
on temperature and hold time of ageing.

Fig. 9.  The dependence of 6005 aluminium alloy hardness 
on temperature and hold time of ageing.

The rapid age-hardening response observed after 1.5 
hours of ageing at 190oC for the 6063 alloy (Fig. 8) and 4 
hours at 175oC for the 6005 alloy (Fig. 9) reflects the initial 
fast formation of GP zones and Mg-Si co-clusters, which 
were trapped during water-mist cooling. This precedes the 
formation of needle-shaped 𝛽′′-strengthening precipitates, 
which are partially or fully coherent with the matrix, 
significantly improving the mechanical properties as seen 
in the ageing curves. The participation of Mg and Si solute 
atoms in these precipitation events reduces the availability 
of solute atoms for further precipitation, leading to a 
reduction in strengthening over time. Additionally, the slow 
increase in hardness between 2.5 to 3.5 hours for the 6063 
alloy and 8 to 12 hours for the 6005 alloy could be attributed 
to the formation of incoherent and larger, less effective rod-
shaped 𝛽′ and 𝛽 precipitates. The lower hardness values 
observed after ageing, as shown in Figs. 8 and 9, could be 
attributed to supersaturation or low vacancy concentrations 
during the extrusion process, which may have impeded the 
formation of significant strengthening phases during ageing 
[32-35].

Figures 10 and 11 show the tensile strength of the 
6063 and 6005 aluminium alloys as a function of ageing 
parameters. As ageing time increased, tensile strengths of 
both alloys increased at the lowest temperature (190oC) 
but decreased at higher temperatures. Notably, the tensile 
strength of the 6063 alloy aged at 205oC reached a peak of 
248.02 MPa at 2.5 hours before declining. In the case of 
the 6005 alloy, despite initial differences, tensile strengths 
converged at values above 250 MPa after 12 hours of ageing, 
irrespective of temperature (Fig. 11). The highest tensile 
strength for the 6005 alloy, 268.53 MPa, was achieved by 
ageing at 175oC for 4 hours.

Fig. 10.  The tensile strength of the 6063 aluminium alloy as 
a function of ageing temperature and holding time.
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Fig. 11. Tensile strength of the 6005 aluminium alloy as a 
function of ageing temperature and holding time.

Fig. 12.  Elongation of the 6063 aluminium alloy as a 
function of ageing time and temperature. 

Fig. 13.  Elongation of the 6005 aluminium alloy as a 
function of ageing time and temperature.

Figures 12 and 13 show the influence of time and 
temperature on the elongation of the 6063 and 6005 alloys. 
Both alloys exhibited increased elongation with longer 
ageing times and higher temperatures. The 6063 alloy 
achieved its maximum elongation of 12% after 3.5 hours 
of ageing at 220oC. Similarly, the 6005 alloy attained the 
highest elongation (12%) after 8 hours at any of the tested 
ageing temperatures, with a slight reduction after 12 hours 
of ageing.

The results above indicate that the mechanical properties 
of the aluminium alloys are closely linked to their 
microstructure. Increasing the temperature and ageing time 
led to grain growth, promoted the formation of precipitates, 
and had a significant effect on the material’s mechanical 
properties. The small size of the ageing precipitates allowed 
dislocations to easily cut through them, which facilitated 
dislocation movement along the channel and reduced the 
ductility of the alloy [7]. The evolution of coarse Al(Fe,Cr)
Si precipitates from granular to rod-like particles is likely 
to cause stress concentrations, particularly when AlFeSi 
particles form at grain boundaries during high-temperature 
ageing. These particles can further reduce the strength of the 
extruded alloys [36].

4. Conclusions
This study investigated the effects of temperature 

and ageing time on the microstructure and mechanical 
properties of extruded 6063 and 6005 alloys. Precipitates 
formed rapidly during the high-temperature ageing process 
in both alloys. These precipitates included rod-like AlFeSi 
particles, while spherical precipitates consisted of fine 
Mg2Si particles and Cr-, Ni-, and Mn-containing particles, 
with sizes ranging from 0.5 to 1 µm. The presence of 
these precipitates in the matrix significantly enhanced the 
mechanical properties of the extruded 6063 and 6005 alloys.

The mechanical properties of the extruded 6063 alloy 
at room temperature were highly sensitive to the ageing 
temperature and duration. Optimal and stable mechanical 
properties were achieved with an ageing process of 190oC 
for 2.5 hours for the 6063 alloy, and 175oC for 8 hours for the 
6005 alloy. The hardness, tensile strength, and elongation 
values of the 6063 alloy aged at 190oC for 2.5 hours were 
87.5 HV, 247.6 MPa, and 9%, respectively. Meanwhile, the 
6005 alloy aged at 175oC for 8 hours achieved a hardness of 
93.2 HV, a tensile strength of 257.8 MPa, and an elongation 
of 11.6%.
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 1. Introduction

The paint industry is developing in an environmentally 
friendly direction. Vegetable oils extracted from nuts are a 
useful source of raw materials for the paint industry [1, 2]. 
Polyester resins modified with vegetable oils form alkyd 
resins. Thus, alkyd resins are easier to biodegrade and more 
environmentally friendly than other synthetic polymers [3, 
4]. Drying oils and semi-drying oils such as sunflower oil, 
castor oil, soybean oil, and linseed oil are often used to 
modify polyester resins for paint [5, 6].

Solvent-based alkyd resins have a high content of 
volatile organic compounds (VOCs). These compounds 
pollute the environment. Consequently, paint manufacturers 
have reduced the VOC content in paints [7, 8].

In one study, the authors prepared water-based acrylic 
alkyd resins. These resin systems are stable, with a dispersion 
of 32 compared to a conventional resin of 8 [9]. Many factors 
affecting the stability of water-based acrylic alkyd resins 
were examined [10].

The properties of surfactants in water-based acrylic alkyd 
emulsion resins were also studied [11].

In another study, the authors synthesised alkyd resins 
from soybean oil and glycerol using a Zirconium Octoate 
catalyst [12].

In other studies, the authors have also studied the use 
of aqueous solvents as substitutes for organic solvents in 
paints [13-15].

The stability of alkyd emulsion resin depends on the 
emulsifier and emulsification conditions. Water-based alkyd 
emulsion paints are environmentally friendly. However, 
previous results showed that the stability of the emulsion 
system needs to be improved, and efforts must continue to 
enhance the durability and corrosion resistance of emulsion 
alkyd paints.

This study presents the effects of the NP9 nonionic 
emulsifier and the LAS/SLS anionic emulsifier on the 
stability of alkyd emulsion resins and water-based alkyd 
emulsion paint.
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2. Materials and methods
2.1. Materials

Glycerol is a liquid with a density at 25°C of 1.261 
g/cm³; its boiling point is 290°C; its purity is 99.5% (Duc 
Giang Chemical, Vietnam). Phthalic anhydride is a white 
crystal with a density at 25°C of 1.53 g/cm³; a melting 
point is 131.6°C, a boiling point is 295°C, purity is 99.5% 
(Shandong Hongxin Chemical, China). Soybean oil is 
liquid, iodine index (Wijs) is 124-139 (Tuong An, Vietnam). 
Lead oxide (PbO) is a red crystal with a density of 9.53 
g/cm³, a melting point is 888°C, purity is 98% (Jiangsu 
Tianpeng, China). Xylene (99.5% purity, China), methanol 
(99.5% purity, China), acetone (99.5% purity, China), and 
phenolphthalein (99.5% purity, China). 

Emulsifiers include NP9 nonionic surfactant. NP9 is 
a liquid with a density of 1.055 g/cm³ (at 20°C), boiling 
point is 293-297°C, purity is under 99% (Tergitol, Dow, 
Indonesia). Anionic surfactant is SLS. SLS is a white solid, 
melting point is 206°C (99% purity, Disponil SLS 103, 
China). Anionic surfactant is LAS, density is 1.06 g/cm³, 
boiling point is 315°C. LAS is a thick liquid with a dark 
brown colour, soluble in water (99.8% purity, Henan 
Surface Chemical Industry, China). 

Dispersing additive is CFC-690H, (Cheongwoo CFC, 
Korea). Titanium dioxide powder (Tiona 595, China), 
talcum powder (Talc 1250, Taiwan), calcium carbonate 
filler (China). Defoamer is BYK024 (Germany). Octa-
Soligen 144 aqua drying agent is a purple viscous liquid 
with metal content in the mixture: Co²⁺: 0.95-1.05%, Zn²⁺: 
3.10-3.30%, Zr²⁺: 7.00-7.40% (Borchers GmbH, Germany). 
Acrysol thickener RM-825 (Dow, USA).

2.2. Preparation of samples 

Alkyd resin synthesis:

Alkyd resin (A0) reaction consists of three stages [16, 
17]:

1. Oil triglycerides will react with glycerol at 220-240°C 
with Pb²⁺ (PbO) catalyst to form monoglycerides.

2. Monoglycerides react with phthalic anhydride at 
170°C to form monoester.

3. The monoester condensation reaction continues at a 
temperature of 220-240°C to form alkyd resins.

Using xylene solvent attracts water to increase the 
performance of the reaction. The ratio of xylene/water is 
4/1 (wt/wt). The stopping time of the reaction is when the 
acid index (AI) of the mixture is less than 30.

The alkyd resin reaction is presented in Fig. 1.
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Fig 1. Alkyd resin reaction from glycerol and phthalic 
anhydride (AP).

Soybean oil (50.00 g) and glycerol (16.02 g) were placed 
in a 500-ml glass reaction tank. The reaction was heated 
to 170oC and afterwards, 0.2 g of PbO catalyst was added. 
The temperature of the reaction was raised to 220°C to 
continue with the reaction of converting triglycerides into 
monoglycerides. After a reaction time of 1 h, the solubility 
of the mixture in ethanol prepared according to an ethanol/
mixture ratio of 3/1 (v/v). The reaction temperature was 
reduced to 170oC and phthalic anhydride (AP) (38.67g) 
was added to the reaction mixture to conduct a monoester 
reaction for a period of 1.5 h. Then, the reaction was heated 
to 220oC to continue the condensation reaction. The xylene 
solvent (18.81 g) was slowly added to the mixture to 
separate the water. The reaction ended when the acid index 
was less than 30 mg KOH/g. 

Synthetic method of alkyd emulsion resin: 

Emulsification method (phase reversal method): The 
emulsifiers used are a nonionic mixture of NP9 and the 
anionic LAS/SLS.

Alkyd resin is placed in a 250 ml glass beaker and heated 
to 70°C. LAS/SLS and NP9 emulsifiers are added, and the 
mixture is stirred at 500 rpm for 10 minutes. Water is added 
slowly at a ratio of 50:50 (v/v) to the emulsifier. The mixture 
temperature is increased to 90°C, and the stirring speed is 
increased to 2000 rpm for 45 minutes. Then, the mixture 
temperature is reduced by 30°C to stabilise and store.
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Effect of surfactant content on the stability of emulsion 
alkyd resins: The surfactant content affects the emulsification 
ability and properties of the emulsion system. The suitable 
surfactant content ranges from 10 to 16 wt% [9-12]. After 
the emulsification process was completed, the samples were 
left to stabilise at room temperature for 24 h and evaluated 
for the stability of the alkyd emulsion resin (Table 1).

Table 1. Effect of surfactant content on stability of alkyd 
emulsion resin.

Specifications
Samples

S1 S2 S3 S4 S5 S6 S7

Surfactant content (wt%) 10 11 12 13 14 15 16

Ingredients

Alkyd resins (g) 40.00 39.00 38.00 37.00 36.00 35.00 34.00

SLS anionic 
surfactant (g) 3.33 3.67 4 4.33 4.67 5.00 5.33

NP9 nonionic 
surfactant (g) 6.67 7.33 8 8.67 9.33 10.00 10.67

Water (g) 50.00 50.00 50.00 50.00 50.00 50.00 50.00

Parameters for evaluating the 
stability of the emulsion

- Ability to create an emulsion system
- Solid content 
- pH
- Room temperature storage

Effect of surfactant type on the stability of alkyd 
emulsion resin: Anionic surfactants provide the ability 
to emulsify but do not support the storage process of the 
product. Nonionic surfactants, however, participate in 
both the emulsification process and the storage. Therefore, 
choosing the correct surfactant ratio is essential for both the 
emulsification process and the properties of the emulsion 
system. The results of the study showed that if the surfactant 
content was 13 wt%, the alkyd emulsion resin had the best 
stability (Tables 1 and 5).

The content of the emulsifier is 13 wt%. The ratio of 
emulsifiers SLS:NP9 is 1:2 (wt/wt) (AE1 emulsion alkyd 
resin sample) and LAS:NP9 is 1:2 (wt/wt) (AE2 emulsion 
alkyd resin sample) with the following preparation menu 
(Table 2).

Table 2. Samples of alkyd emulsion resin.

Ingredients
Weight (g)

Alkyd emulsion 
resin (AE1)

Alkyd emulsion resin 
(AE2)

Alkyd resin (A0) 37.00 37.00

SLS anionic surfactant 4.33 -

LAS anionic surfactant - 4.33

NP9 nonionic surfactant 8.67 8.67

Water 50.00 50.00

Water-based alkyd emulsion paints:

Water-based alkyd emulsion paints are presented in Table 3.

Table 3. Water-based alkyd emulsion paints.

Ingredients White alkyd emulsion paint weight (g) 

Water 32.56

CFC-690H dispersing additive 0.72

Tiona 595 titanium dioxide powder 45.66

CaCO3 filler 13.50

Talc powder 7.02

BYK024 deformer 0.54

Total of base part 100

Alkyd emulsion resin (AE1) 68.87

Base part 26.67

Soligen 144  Aqua drying agent 1.85

BYK024 deformer 0.75

RM825 thickener 0.75

Water 1.11

Total 100

The composition of water-based alkyd emulsion paint 
includes alkyd emulsion resins, emulsifier systems, aqueous 
solvents, pigments, fillers, additives, and drying agents. 
These ingredients were crushed in a ball machine for 4 h to 
reach the fineness required for the paint.

2.3. Analytical devices and methods for the analysis 

The acid index of the resin is determined according to 
ASTM D1639-90. The solid content of the resin is measured 
according to ASTM D2369-98. The molecular mass of the 
resin is determined using GPC gel chromatography (Cirrus 
GPC version 3.0). The physicochemical properties of 
the resin and the mechanical properties of polymer films 
are assessed according to ASTM and TCVN standards. 
Functional groups in alkyd resins are identified using 
FTIR infrared spectroscopy. The stability of the emulsion 
system is evaluated according to the warm temperature 
storage method and room temperature according to the JIS 
K 5400 standard. Particle size and particle size distribution 
in suspensions are measured by dynamic light scattering 
(DLS). The anti-corrosion properties of paint films are 
evaluated electrochemically according to ASTM G5-94, 
G102-189, and G106-89 (Biologic model VMP3B-5).



PHYSICAL SCIENCES | PHYSICS, CHEMISTRY, ENGINEERING

40 DECEMBER 2024 • VOLUME 66 NUMBER 4

3. Results and discussion
3.1. Synthesis of alkyd soybean oil resin

Determination of the acid index of soybean oil alkyd resins:

Alkyd resins are synthesised with a content of 50 wt% 
soybean oil (sample A0). The results of determining the 
acid index (AI) of the alkyd resin are presented in Fig. 2. 
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Fig 2. Acid index of soybean oil alkyd resin (sample A0).

From Fig. 2, the acid index rapidly decreased during the 
reaction phase from 89.6 to 52.1 mg KOH/g after 2 h. After 
7 h of reaction, the acid index dropped from 45.9 to 28.46 
mg KOH/g. The acid index is the number of mg of KOH 
used to neutralise all the acid in the sample. A low acid 
index indicates a low amount of residual acid in the resin, 
showing that the alkyd resin reaction has occurred with 
high efficiency and all the acid has reacted. The alkyd resin 
reaction follows the mechanism of polymerisation, where 
functional groups react with each other, and the reaction 
occurs over a long period [1-4].

The results of FTIR analysis of soybean oil-modified 
alkyd resins (A0 sample) are presented in Fig. 3.

Fig 3. Fourier transform infrared spectrum of soybean oil 
alkyd resin (sample A0).

The results of infrared analysis from Fig. 3 show that 
alkyd resins have characteristic peaks. The strong absorption 
valence oscillation peak at 3455.36 cm-1 is characteristic of 
the free hydroxyl group (-OH group) in the glycerol molecule 
of unsaturated fatty acids in soybean oil. The absorption 
peak at 3010.45 cm-1 is characteristic of the double bond 
of the -C=C- group without conjugation of linoleic acid in 
soybean oil. The oscillation peak at 1732.85 cm-1 with strong 
absorption intensity is characteristic of the C=O group. The 
oscillation peak at 1122.61 cm-1 is characteristic of the -CO 
group attached to the phenyl radical. The oscillation peak 
at 1582.56 cm-1 is characteristic of the -C=C- group in the 
aromatic ring of phthalic anhydride. The absorption peak at 
1270 cm-1 characterises the ester group (-COO-).

Thus, from FTIR spectroscopy, it is shown that the 
soybean oil alkyd resin (A0 sample) has fully demonstrated 
characteristic functional groups.

The physical chemistry properties of synthetic soybean 
oil alkyd resins are presented in Table 4.

Table 4. Properties of soybean oil alkyd resin.

Specifications Alkyd resin (sample A0)

Solid content (%) 98.2

Viscosity (25°C, seconds)
Acid index (mgKOH/g)

83
28.46

Molecular mass (g/mol)
Mn 1.9144e3

Mw 6.2033e3

Polydispersity (PDI=Mw/Mn) PDI=3.24

The results from Table 4 showed that the soybean 
oil alkyd resin (A0 sample) had a low acid index (28.46 
mgKOH/g), showing a high efficiency of the reaction and 
that the reaction occurred completely. If the acid index 
of alkyd resins is less than 30, then they can be applied 
to make paint [1, 5, 10]. Alkyd resin A0 has an average 
molecular mass of Mn=1.9144.e3 g/mol, a molecular weight 
of Mw=6.2033.e3 g/mol, and a polydispersion index of 
(PDI=Mw/Mn)=3.24. According to another study [10], the 
polydispersion of alkyd resins appropriate for making paint 
is under 8. The polydispersion index indicates the uniform 
molecular mass level of polymers. Soybean oil alkyd resin 
A0 is suitable for paint application [2, 5, 7, 9, 10].

3.2. Properties of alkyd emulsion resins

Effect of surfactant content on the stability of alkyd 
emulsion resins: 

The effect of surfactant content on the properties of the 
emulsion system is presented in Table 5.
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Table 5. Effect of surfactant content on the stability of alkyd 
emulsion resins.

Sample
Surfactant 
content, 
wt%

Parameter

Solid content, 
wt% Pre-storage Post-storage

S1 10 53.1 pH=3

pH=2
The emulsion system is unstable.  The 
system is separated into resin and 
water after 1 day

S2 11 51.7 pH=4

pH=3
The emulsion system is unstable. The 
system is separated into 2 layers: water 
and emulsion, homogeneous when 
stirred. The system is separated into 
resin and water after 1 week

S3 12 52.8 pH=4

pH=4
The emulsion system is unstable. The 
system is separated into 2 layers: water 
and emulsion, homogeneous when 
stirred. The system is separated into 
resin and water after 2 weeks

S4 13 52.6 pH=4
pH=4
The emulsion system remained stable 
after 3 weeks

S5 14 49.7 pH=4

The emulsion system is unstable. The 
system is separated into 2 layers: water 
and emulsion, homogeneous when 
stirred. The system is separated into 
resin and water after 3 weeks

S6 15 48.3 pH=4

pH=4
The emulsion system is unstable. The 
system is separated into 2 layers: water 
and emulsion, homogeneous when 
stirred. The system is separated into 
resin and water after 2 weeks

S7 16 - pH=5

pH=3
The emulsion system is unstable. The 
system is separated into resin and 
water after 3 days

The results from Table 5 show that all samples were 
capable of producing alkyd emulsion resins. When stirring 
ceased, the samples were foamy, the mixture was milky 
white, and the emulsion alkyd resin could form films. Upon 
starting storage at room temperature, the samples began to 
show instability; the system separated the resin from the 
mixture. Samples S1, S2, and S3 had an unstable emulsion 
system, with resin separation appearing after 1 day to 2 
weeks. Samples S5, S6, and S7 had a storage time of more 
than 2 weeks but still showed instability. Sample S4 had 
a storage time of about 3 weeks, and the system remained 
stable with no separation phenomenon observed.

Therefore, the S4 alkyd emulsion resin sample 
demonstrated the best stability with a suitable surfactant 
content of 13 wt%.

The stability of the emulsion alkyd resin based on 
emulsifiers:

The stability of emulsion alkyd resins based on 
emulsifiers is presented in Table 6.

Table 6.  The stability of alkyd emulsion resins.

Specifications Alkyd emulsion resin AE1 Alkyd emulsion resin AE2

Solid content 52.6 wt % 48.35 wt%

Stage The mixture is milky white The mixture is milky white

Pre-store 
at room 
temperature

pH=4 pH=4

After storage 
at room 
temperature in 
3 weeks

pH=2

After 1 week, the mixture is 
homogeneous when stirring.

After 3 weeks, the mixture is 
homogeneous when stirring.

pH=3

The mixture is separated into 2 layers of 
water and emulsion after 1 week. The 
mixture is homogeneous when stirring. 

After 2 weeks, the mixture begins to 
separate the resin and water, settling the 
resin.

After 3 weeks, the mixture completely 
separates alkyd resin and water.

The results from Table 6 showed that the AE2 alkyd 
emulsion resin (mixture of LAS and NP9 surfactants) 
began to show the phenomenon of separation after 2 weeks. 
After 3 weeks of storage at room temperature, the AE1 
sample (mixture of SLS and NP9 surfactants) remained 
homogeneous and stable in the emulsion system.

Among the anionic surfactants, LAS and SLS, SLS 
emulsifiers naturally have Na+ ions that are well soluble 
in water, making them more stable with water than LAS. 
Using SLS, the stability of the emulsion is improved. The 
separation time of the mixture when using LAS is faster and 
less stable than when using the SLS emulsifier. Thus, the 
AE1 sample has better stability than the AE2 sample with 
the nonionic emulsifier NP9 and anionic SLS.

Stability of emulsion alkyd resin AE1 (SLS and NP9 
surfactants mixture):

The stability of the emulsion alkyd resin was investigated 
by a storage method at room temperature (28±2°C), cold 
temperature (-5±2°C), and warm temperature (60±2°C). 
The stability of the alkyd emulsion resin AE1 is presented 
in Table 7 and Fig. 4.
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Table 7. Stability of alkyd emulsion resin AE1.

Specifications Alkyd emulsion resin AE1

State of the resin mixture The mixture is liquid, milky white, 
stable, and homogeneous 

Store at room temperature (28±2oC) 
for 21 days 

The mixture is homogeneous and 
stable

Store at warm temperature (60±2oC) 
for 2 days  

The mixture is homogeneous and 
stable 

Cold storage at cold temperature 
(-5±2oC) for 01 day 

The mixture is separated into 2 
phases resin and water

Solid content (wt%) 52.8

Pre-storage pH 4

Post-storage pH 4

Ability to make coating films Resin has ability to form coating 
films

Coating films Coating films are thin, glossy, and 
smooth 

Dried time (hard dried time) 48 h

Particle size at room temperature for 
21 days and polydispersion (PI) 3601.1 nm and 0.834

Particle size stored at warm 
temperatures for 2 days and 
polydispersion (PI)

2771.4 nm and 0.926

Viscosity (25oC, seconds) 108

The results from Table 7 and Fig. 4 show the stability of 
alkyd emulsion resin AE1. After storing at room temperature 
for 21 days, the measured particle size was 3601.1 nm 
and the polydispersity index (PI) was 0.834 (Fig. 4A). 
Although the particle size of AE1 resin is quite large, the 
low dispersion indicates it is still stable [8]. After storage at 
warm temperatures, the AE1 resin size decreased to 2771.4 
nm, and the dispersion increased to 0.926 (Fig. 4B). The 
mixture separated into two phases, resin and water, after 
storage at cold temperatures.

The decrease in particle size and increase in dispersion 
after warm storage can be explained as follows: micelles 
exist in the alkyd emulsion resin, meaning that alkyd resins 
are surrounded by two layers of surfactant. During the 
warm storage test, prolonged elevated temperatures cause 
the emulsifier to decompose from the surface and dissolve 
into the dispersed phase, thereby losing the emulsification 
effect. Consequently, the micelle size decreases when 
moisture is stored.

Alkyd emulsion resin AE1 remains in a liquid resin state 
and is suitable for application as water-based alkyd paint.

3.3. The physical chemistry properties and mechanical 
properties of water-based alkyd emulsion paint

The physicochemical properties and mechanical 
properties of water-based alkyd emulsion paint are presented 
in Table 8.

Table 8. Specifications of white alkyd emulsion paint.

Specifications Standards
White alkyd 
emulsion paint 
(AEP)

Alkyd paint 
according to 
TCVN 5730-1993 
standard

Fineness (μm) TCVN 2091:2015 20 <23

Viscosity (s) TCVN 2092:2013 130 >60

Coverage (g/m2) TCVN 2095:1993 56.9 <85

Adhesion TCVN 2097:2015 1 <2

Flexibility (mm) TCVN 2099:2013 1 <1

Pendulum hardness TCVN 2098:2007 0.09 >0.15

Dried time (h) TCVN 2096-3:2015 3.3 <22

Optical gloss (600) TCVN 2101:2016 48.1 >75

Impact strength (kg.cm) TCVN 2100-2:2013 55 >45

Non-volatile content (%) TCVN 10519:2014 65.5 >50

(A) (B)

Fig 4. Particle size of emulsion alkyd resin AE1 with room temperature storage (A) and warm storage (B).
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The results from Table 6 show that AEP emulsion alkyd 
paint meets most of the characteristics of the paint in terms 
of fineness, coverage, viscosity, adhesion, flexibility, and 
impact strength according to TCVN 5730-1993 for alkyd 
paints. However, AEP alkyd emulsion paints with a water 
solvent will reduce the gloss and hardness of the paint film 
compared to solvent-based alkyd paints. However, using 
water as a solvent will significantly reduce the content of 
toxic volatiles.

3.4. Anti-corrosion properties of alkyd emulsion paints 

The coating sample on steel was tested for electrochemical 
corrosion over a period of 28 days in a 3.5% NaCl solution. 
The results of the determination of Nyquist resistance and 
corrosion current density of the white emulsion alkyd paint 
sample are shown in Figs. 5 A and B, respectively.

From Fig. 5A, the Nyquist resistance spectrum of 
the AEP paint sample appears as a semicircle over time 
immersion in a 3.5% NaCl solution, which is characteristic 
of electrolyte immersion and steel corrosion. The coating 
corrodes rapidly over time. The polarization measurement 
from Fig. 5B also shows that the coating corrodes rapidly 
over time. This result is consistent with the Nyquist schema 
result in Fig. 5A.

AEP coating has good mechanical and physical 
properties. However, the corrosion resistance of the coating 
is still limited. Using aqueous solvents is an advantage of 
the paint, reducing the adverse environmental impact of 

paints using organic solvents. However, alkyd emulsion 
paints need enhanced corrosion inhibitors and additives 
to increase shielding ability and improve the corrosion 
resistance of the paint film.  

4. Conclusions

Alkyd resin was modified from soybean oil with a content 
of 50 wt%. The alkyd resin emulsion is stabilised with a 
mixture of SLS and NP9 with a suitable ratio of SLS:NP9 
as 1:2 (wt/wt). The content of the emulsifier is 13 wt%. The 
ratio of alkyd resin to water is 50:50 (wt/wt), suitable for 
the alkyd resin emulsion process. Emulsion alkyd paint film 
has good mechanical properties that meet the standards for 
paint. However, the corrosion resistance of the paint film is 
limited and needs to be improved. The use of water solvents, 
gradually replacing organic solvents, holds great promise 
for environmentally friendly applications.
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1. Introduction

Concrete  printing,  also  known  as  additive  
manufacturing, constructs 3D models layer by layer [1]. 
This  technology,  extensively  researched,  developed,  
and applied worldwide, is emerging as a transformative 
trend  in  the  construction  industry.  It  enables  the  
production  of  building  structures  or  components  
of  various  complexities,  offering  the  advantages  of  
reduced  costs  and  accelerated  construction  times  [2-6].  
Moreover,  automation  and  software  technology  have  
made 3D printing more effective. This technology is also 
considered  environmentally  sustainable  because  it  can  
utilise  various  materials,  including  recycled  materials  
and zero-waste additives, in the construction process [7].

This  research  begins  with  a  3D  CAD  model  of  the  
object,  saved  in  “.STL”  format.  Then,  Simplify3D  
software  [8]  was  used  to  slice  layers  of  the  model  and  

save it as a “.Gcode” file. Finally, 3D concrete printers 
controlled  by Mach3 software  [9]  to  print  components.  
Fig. 1 illustrates this process. 
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Fig. 1. Steps of the printing process [10]. 
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Printing components or entire buildings with 3D 
printers can be implemented by gantry systems or robot 
systems, as shown in Fig. 2. 

Similarly to traditional constructions, construction 
works with concrete printers can be done by printing 
whole buildings or assembling components. An entire 
project would require a large printer to print everything 
as per the designed model. However, outdoor conditions 
pose challenges in controlling the properties of the 
concrete, transporting and installing printers according 
to the project’s location and dimensions, and other issues 
[13, 14]. It is worth mentioning that on-site printing 
of structures provides flexibility in terms of design for 
projects and leverages the remarkable benefits of 3D 
concrete printing technology from design to construction 
and labour [15]. In developed countries, printing the 
whole building is often preferred over assembling 
methods [16-18].

Dividing large projects into smaller components 
for printing is a promising solution for overcoming 
the limitations of large-sized printers. However, some 
potential issues arise when using this method as opposed 
to on-site printing:

- Determining the location of the project’s subdivisions.

- Design and construction details of joints.

Nonetheless, printing components and assembling 
them, known as the inside printing method, also has 
some significant advantages:

- Printer size does not depend on project size.

- Laboratory construction conditions help better 
control the properties of the printed concrete.

- Databases of printed concrete component types can 
be created for projects (sections, joints, working, etc.)

To understand the overall workings of a project, it 
is crucial to start by examining its parts. In traditional 
construction projects, the classification of structural 
systems and the study of their components have been the 
basis for standards for centuries. The last decade has seen 
significant research into the performance of components 
and projects for concrete printing, making it an excellent 
starting point for understanding their workings.

Numerous projects worldwide have been successfully 
printed and assembled using 3D technology [19, 20]. 
One of the most notable examples is the world’s tallest 
tower in the Swiss village of Mulegns, set to be built in 
spring 2024. The 5-storey tower is primarily constructed 
of printed white concrete columns, with a total of 124 
3D-printed components and 4,000 concrete layers as 
presented in Fig. 3. This innovative construction approach 
demonstrates the vast potential of 3D printing technology 
in building design and construction.

The level of research and application of components 
for printed concrete projects is necessary but quite 
complicated due to the diversity of cross-section types 
and component shapes. To suit the research conditions 
at Hai Phong University, the research team chose to 

   

(A) Robot system [11].                                                                            (B) Gantry system [12]. 

Fig. 2. Types of concrete printers.
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study the bending behaviour of printed concrete beam 
components. This is also the most essential component 
in the load-bearing structural system in a building, and 
the bending problem is considered a fundamental issue 
in general construction design.

Researching and applying components for printed 
concrete projects can be complex due to the diversity 
of cross-section types and component shapes. Based 
on the research conditions, this study focused on the 
flexural behaviour of printed concrete components. 
This is the most fundamental component in a building’s 
load-bearing structural system, and the bending problem 
is a primary issue in general construction design. By 
studying this fundamental problem, the results provide 
valuable insights into the behaviour of printed concrete 
components in construction projects.

2. Behaviours of flexural reinforced concrete 
components in general

A flexural member is a structural component subjected 
to lateral loads, resulting in perpendicular loads to its axis. 
This causes the internal force components of bending 
moment and shear force. Consequently, the structure 
operates under the impact of moment and shear force. 
Based on the internal force components, the working 
states can be categorised as follows:

- Pure bending: Internal force components include 
only one moment.

- Flat bending: Internal force components include 
both moment and shear force.

In reality, the components in a project typically 
function in a flat-bending state. Depending on the load 
application diagram, the pure bending state only appears 

 

            (A) Printing components. 

 

            (B) Transportation and erection.

Fig. 3. The world’s tallest tower in Switzerland [19].
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in specific parts of the structure, resulting in an internal 
force component of zero shear force. Therefore, studying 
the behaviour of a bending member’s strength involves 
analysing the simultaneous bending and shearing 
behaviour of the sections along the axis of the member. 
To better understand the bending member’s behaviour, 
a simple beam subjected to gradually increasing loads 
can be tested. When the load is small, the beam is intact 
with no cracks. As the load increases, cracks appear 
perpendicular to the beam axis in areas with a significant 
moment and inclined cracks in the area near the support 
where there is a sizeable shear force, as shown in Fig. 4.
In the final stage, the beam can be damaged in the 

section with perpendicular cracks 
or the section with inclined cracks, 
depending on the reinforcement 
content in the beam.

Calculating beams based on 
strength is crucial to ensure they 
are not damaged on perpendicular 
or inclined sections. Strength 
calculations for perpendicular sections 
help prevent damage from bending 
forces, while strength calculations for 
inclined sections help avoid damage 
from shear forces. By considering 
both types of calculations, engineers 
can ensure that beams are designed to 
withstand all kinds of forces they may 
encounter in their intended use. The 
behaviour of bending members on 
perpendicular sections is considered 
under stress-strain development. On a 
perpendicular section, we can see that 
the tension cross-sectional area will 
gradually grow as the load increases, 
while the compression cross-
sectional area will gradually narrow 
until the cross-section is considered 
destructive, as presented in Fig. 5.

In beam sections with large shear force, the normal 
stress due to moment and the tangential stress due to 
shear force may cause cracks to appear at an angle α 
to the beam axis, as shown in Fig. 6. Longitudinal and 
stirrup reinforcement passing through inclined cracks 
can resist failure along the inclined section. The failure is 
due to the moment tending to rotate the two parts of the 
beam around the compression zone while the shear force 
tends to pull them apart in a direction perpendicular to the 
beam axis. Despite this, design standards still separate 
the stirrups and diagonal reinforcement calculation 
according to shear force from the strength calculation on 
inclined sections.

Fig. 4. Typical cracks in a bending test [21].

Fig. 5. Development of stress on the perpendicular section.
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Fig. 6. Failure pattern by shear force.

When considering a bending concrete member as 
a frame element, moment and shear force control the 
behaviour of both traditional and printed components. 
However, the approach to studying printed concrete 
members will differ from that of conventional reinforced 
concrete members when examining the behaviour of 
perpendicular and inclined sections. The degree of 
difference in performance will depend on the section 
along the member axis. Therefore, developing new 
research for design calculations or building upon existing 
knowledge when working with printed components may 
be necessary.

3. Flexural components made by 3D concrete printers

Design principles for flexural components made of 
printed concrete depend on both cross-sectional geometry 
and reinforced methods. This research will propose a 
classification based on these principles (Fig. 7). 

It is crucial to approach design principles by taking into 
account the following factors with utmost importance: 
the bending plane coincides with the printing plane and 
the bending plane is perpendicular to the printing plane.

It is common for structures with reinforcement, 
whether prestressed or not, to have an initial structural 
cross-section similar to traditional structural members 
with rectangular, I-shaped, or T-shaped shapes. 
This helps to ensure stability and strength in the 
overall structure. Design calculation theory used for 
conventional reinforced concrete bending components 
can confidently be applied to prestressed reinforcement 
in printed concrete structures, as the adhesion force is 
not a significant factor (Figs. 8A, 8B). However, the 
adhesion factor between the printed and poured concrete 
must be considered if voids are left when placing the 
reinforcement. Inheriting the traditional method of 
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Reinforcement 
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Fig. 7. Proposed categorisation of concrete printed 
components.

(A) Prestressed with non-uniform cross-section [22].

(B) Prestressed with uniform cross-section [22].

(C) Hollow cross-section [16].

Fig. 8. Printed components with rebar reinforcement.
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calculating and designing reinforced concrete structures 
for printed concrete structures requires the addition of a 
safety factor or adjusting the section size based on the 
ratio of the void portion filled with concrete later (Fig. 
8C). This approach ensures that the final structure is safe.

Research has shown that both forms of component 
printing can approach design principles without 
significantly affecting the results for printed components 
with reinforcement. This is because the reinforcement is 
placed in the tensile region of the structure, allowing for 
more flexibility in the printing process. However, further 
theoretical and experimental research must provide 
convincing results and recommendations.

The second method to reinforce 
materials is to use dispersed fibre. 
The popular fibres are glass, steel, and 
polyethylene, thanks to their positive 
effects on mechanical properties [23-
25]. Dispersed fibre reinforcement can 
be introduced into printed concrete 
in two forms. The first form involves 
mixing the dispersed fibres with 
concrete and randomly dispersing them 
in the structure with a designed content. 
The second form strips the fibres into 
layers according to each layer of printed 
concrete, as shown in Fig. 9. This second 
form, as shown in Fig. 10, can be used 
for solid and hollow cross-sectional 
structures, but solid cross-sections are 
preferred. The layer cross-section must 
be large enough to ensure the fibres 
spread on the printed layers, usually 
a few millimetres long and randomly 
distributed. While the second form has its 
advantages, the first form is researched 
and applied more widely due to several 
outstanding benefits:

- No need to arrange two print heads 
for the same printer. 

- Uniform printed concrete blocks for 
the entire structure. 

- No separation of printed layers because the fibres 
create separate layers.

In addition to the advantages mentioned earlier, 
controlling the fibre content and length in dispersed fibre 
reinforcement is crucial to avoid clogging during printing.

In cases where reinforcement is not arranged in the 
structure, the printing plane is usually selected to coincide 
with the bending plane. The reasons are as follows:

- The connection of fibres dispersed in each printed 
layer will work better in the tensile region.

- The influence of the printed layers’ adhesive force 
on the structure’s working results is best limited.

 

       (A) Crystal lattice struts [26].

   

		   (B) Stress lattice struts [22, 27].

Fig. 10. Hollow cross-section printed components. 

Fig. 9. Printed components reinforced with rebar [22].
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When reinforcement is not arranged in a printed 
concrete structure, the printing plane is often selected to 
coincide with the bending plane. This is because: 

- The connection among fibres dispersed in each 
printed layer works better in the tensile region. 

- The designed model and printing process are more 
convenient. 

4. Proposed design approaches 

4.1. Solid cross-sections

For both the case of mixed fibres or fibres spread 
in layers, the principle of designing flexural members 
made of printed concrete is proposed according to the 
following assumptions:

- The material is non-homogeneous and anisotropic. 

-cCalculation principles designed according to 
material strength theory.

The non-homogeneous and anisotropic assumption 
is based on the different strengths of samples when 
subjected to loads in different directions induced by the 
layer interface [28-30]. Researchers conducted a series 
of tests, such as a tensile test, compression test, splitting 
test, and flexural test [13], which confirmed that 3DPC 
has apparent anisotropic behaviour compared to ordinary 
concrete. Its mechanical properties will be affected by 
the loading direction, printing direction, and printing 
parameters [31].

Strength conditions:

- Perpendicular section [32]:
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𝜎𝜎𝑘𝑘 =
𝑀𝑀
𝑊𝑊 ≤ [𝜎𝜎𝑘𝑘]                 (1) 

where: 𝜎𝜎𝑘𝑘 is the maximum tensile stress at the most dangerous section; 𝑀𝑀 is the 

moment value at the dangerous section; 𝑊𝑊 is the section modulus; [𝜎𝜎𝑘𝑘] is the 

allowable stress corresponding to the failure state of the component determined from 

the experiment (sample bending test according to Vietnam Technical 

StandardsTCVN 3119:2022 [33]). 

- Inclined section [32]:  

 
(1)

where σk is the maximum tensile stress at the most 
dangerous section; M is the moment value at the 
dangerous section; W is the section modulus; [σk] is  the 
allowable stress corresponding to the failure state of the 

component determined from the experiment (sample 
bending test according to Vietnam Technical Standards 
(TCVN) 3119:2022 [33]).

- Inclined section [32]: 
 

15 
 

𝜏𝜏 = |𝑄𝑄𝑦𝑦|. 𝑆𝑆𝑥𝑥𝑐𝑐
𝐼𝐼𝑥𝑥. 𝑏𝑏𝑐𝑐

≤ [𝜏𝜏]                  (2) 

where: 𝑄𝑄𝑦𝑦 is the shear force acting on the bar; 𝑏𝑏𝑐𝑐 is the actual width of the surface 

area at the point calculated by the tangential stress distribution; 𝑆𝑆𝑥𝑥𝑐𝑐 is the static 

moment of the section limited by the actual width; 𝐼𝐼𝑥𝑥 is the moment of inertia of the 

section; [τ] is the allowable shear stress. 
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where: f is the member's deflection due to the load, calculated depending on the 

member's working diagram using methods in material strength, structural 

mechanics, or structural analysis applications such as SAP or ETABS; [𝑓𝑓] is the 

allowable deflection of bending members according to Vietnam Technical Standards 

TCVN 5575:2012 [34] or other national codes. 

4.2. Hollow cross-sections 

Bending components with hollow cross-sections are becoming a popular design 

trend in concrete printing (Fig. 11). Digital manufacturing technology makes it 

technically and economically feasible to create structurally optimised components 

designed according to the principle of "shape contributed with stress contribution," 

also known as stress-based design [35]. This approach allows for the creation of 

structures that save materials, reduce the weight of components, and ultimately 

lower the weight of the entire building. Designing components with customised 

shapes, such as bending structures with hollow cross-sections, can be complex, and 

specific but complex-shaped structures can suffer from severe stress and strain 
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where Qy is the shear force acting on the bar; bc is the 
actual width of the surface area at the point calculated by 
the tangential stress distribution;  is the static moment 
of the section limited by the actual width; Ix is the moment 
of inertia of the section; [τ] is the allowable shear stress.

Deformation condition:

 

15 
 

𝜏𝜏 = |𝑄𝑄𝑦𝑦|. 𝑆𝑆𝑥𝑥𝑐𝑐
𝐼𝐼𝑥𝑥. 𝑏𝑏𝑐𝑐

≤ [𝜏𝜏]                  (2) 

where: 𝑄𝑄𝑦𝑦 is the shear force acting on the bar; 𝑏𝑏𝑐𝑐 is the actual width of the surface 

area at the point calculated by the tangential stress distribution; 𝑆𝑆𝑥𝑥𝑐𝑐 is the static 

moment of the section limited by the actual width; 𝐼𝐼𝑥𝑥 is the moment of inertia of the 

section; [τ] is the allowable shear stress. 

Deformation condition: 

𝑓𝑓 ≤ [𝑓𝑓]                 (3) 

where: f is the member's deflection due to the load, calculated depending on the 

member's working diagram using methods in material strength, structural 

mechanics, or structural analysis applications such as SAP or ETABS; [𝑓𝑓] is the 

allowable deflection of bending members according to Vietnam Technical Standards 

TCVN 5575:2012 [34] or other national codes. 

4.2. Hollow cross-sections 

Bending components with hollow cross-sections are becoming a popular design 

trend in concrete printing (Fig. 11). Digital manufacturing technology makes it 

technically and economically feasible to create structurally optimised components 

designed according to the principle of "shape contributed with stress contribution," 

also known as stress-based design [35]. This approach allows for the creation of 

structures that save materials, reduce the weight of components, and ultimately 

lower the weight of the entire building. Designing components with customised 

shapes, such as bending structures with hollow cross-sections, can be complex, and 

specific but complex-shaped structures can suffer from severe stress and strain 

 (3)

where f is the member’s deflection due to the load, 
calculated depending on the member’s working 
diagram using methods in material strength, structural 
mechanics, or structural analysis applications such as 
SAP or ETABS; [f ] is the allowable deflection of bending 
members according to (TCVN) 5575:2012 [34] or other 
national codes.

4.2. Hollow cross-sections

Bending components with hollow cross-sections 
are becoming a popular design trend in concrete 
printing (Fig. 11). Digital manufacturing technology 
makes it technically and economically feasible to 
create structurally optimised components designed 
according to the principle of “shape contributed with 
stress contribution”, also known as stress-based design 
[35]. This approach allows for the creation of structures 
that save materials, reduce the weight of components, 
and ultimately lower the weight of the entire building. 
Designing components with customised shapes, such as 
bending structures with hollow cross-sections, can be 
complex, and specific but complex-shaped structures 
can suffer from severe stress and strain localisation 
problems beyond the scope of current structural design 
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standards [36]. While many components and structures 
have been printed, the commercial application of 
3D printing in construction has been slow due to its 
insufficient structural safety [37]. Moreover, modelling 
such components requires technical and analytical skills 
from the designer and software supporting structural 
analysis. However, with increasing computing power, 
there has been a significant increase in the number of 
numerical models available to predict and improve the 
structural performance of concrete structures. Despite the 
challenges involved, this has made it easier to calculate 
and design components with complex shapes.

Depending on the shape, printers can make two hollow 
cross-section components: crystal lattice and stress 
lattice, according to the author’s suggestion. Within the 
scope of the study, the crystal lattice is understood to have 
representative units that are repeated according to rules. 
In studying printed concrete structures, a crystal lattice 
is a repeating pattern of representative units that follow 
specific rules. These units can come in various shapes 
and sizes, such as cubes, stars, hexagons, diamonds, etc. 
By combining these shapes, designers can create specific 

lattice structures for their systems. The size of the 
lattice unit is determined by adjusting the thickness and 
length of the components and connecting nodes. Higher 
repetition density leads to smaller and more complex 
crystal lattices. While larger cells can be easily printed, 
the geometrical uniformity across any component cross-
section will be lower.

To design crystal lattice structures, it is essential to 
follow a preliminary approach proposed through the 
process presented in Fig. 12. 

Analysing the numerical model of the behaviour 
of printed concrete components is an important and 
complex step (Steps 3 and 4). The design principle for 
perpendicular or inclined sections for traditional solid or 
hollow members will be challenging because the material 
distribution on perpendicular or inclined sections varies 
with location. The design of crystalline printed concrete 
components will depend on stress analysis of each cross-
section at each different material distribution area to 
check the conditions in Step 5. Equations (1), (2), and 
(3) give the conditions of strength and deformation. The 

difference is that these checking 
conditions apply to each crystal 
lattice member. By following 
this approach, you can design 
crystal lattice structures that 
are visually appealing and 
structurally sound.

A component printed in 
the form of a stress lattice is 
a structure printed according 
to the tensile and compressive 
stress fields distributed in the 
structure when subjected to 
load. The lattices forming 
the components are printed 
according to the stress isostatic 
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curves, which are the orthogonal pairs of curves 
representing the trajectory of internal forces in each load 
impact diagram. These curves indicate the directions 
in space where the stress is purely axial, and sections 
oriented along the principal stress direction are not 
subjected to any shear or bending stresses. This printing 
method is used to reduce the weight of structural elements 
and increase structural efficiency. Fig. 13 illustrates the 
number of flexural members printed according to the 
stress lattices.

The analysis of structural behaviour and the process 
of designing and manufacturing stress lattice components 
is a highly elaborate and complex task that requires 
advanced techniques. This process is more intricate 

than the problem of designing crystal components, as 
it involves analysing the distribution of tensile and 
compressive stresses in the structure when subjected 
to force. The design and manufacturing process of 
stress lattice components involves printing lattice lines 
according to the stress isostatic curves, which requires 
high precision and expertise. This is necessary to 
ensure the resulting structure is structurally sound and 
can withstand potential stress. To design stress lattice 
structures, a preliminary approach can be proposed in the 
following process, as shown in Fig. 14. 

For such structures, numerical models will be 
analysed two times. The first time, the distribution of 
stress of the behaviour of printed concrete components 
with solid cross-sections will be found (Step 2). Then, 
the filament details of the longitudinal section will be 
designed using experience. A numerical model of stress 
lattice components will be carried out (Step 3) to get the 
results of stress and internal forces (Step 4). Equations 
(1), (2), and (3) also give the conditions of strength 
and deformation. The difference is that these checking 
conditions apply to each stress lattice filament.

In addition to the previously mentioned approaches 
to designing flexural printed concrete members, the 
study utilises an experimental design approach known as 
“Design by testing” [40, 41]. This approach is becoming 
increasingly popular for printed concrete structures as 
design calculation theory is still forming. The author 
has conducted experimental investigations, as shown in 
Fig. 15, on the flexural behaviours with triangle lattice 
structures [10, 26]. 

The failure pattern and cracked surfaces of all printed 
triangle lattice components indicate that the adhesion 
force between the printed layers ensures the overall 
working of the structure. The results prove good capacity 
by considering the flexural strength, bending stiffness, 
ductility, and compressive strength of concrete reinforced 

(A) Uniform cross-section [27].

(B) Non-uniform cross-section [39].

Fig. 13. Stress distribution inside the bending components.
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with fibres. By conducting experiments and analysing 
the resulting data, researchers can gain valuable insights 
into the behaviour of printed concrete components and 
use this information to refine and improve the design 
methods.

5. Conclusions

After analysing the behaviour of bending members in 
general, as well as printed members, it can be concluded 
that 3D concrete printing is a promising technology 
for the production of complex concrete structures. This 
technology has the potential to reduce the use of formwork, 
increase the accuracy of concrete placement, and enable 
the fabrication of structures with intricate geometries. 
However, further research is needed to fully understand 

the behaviour of 3D-printed concrete 
components under different loading 
conditions and to optimise the printing 
process for various applications. 
Overall, 3D concrete printing has 
the potential to revolutionise the 
construction industry and offer new 
opportunities for architects, engineers, 
and designers. 

Research on the structural 
behaviour of 3D-printed components 
is crucial for their successful 
application in building structures. In 
particular, the category of bending 
printed components can be chosen 
for efficient designing methods. The 
printing plane is often selected to 
coincide with the bending plane to 
take advantage of the connection 
among fibres dispersed in each printed 
layer, the convenient printing process, 
and the designed model. When 
designing the solid cross-section 
of a bending component, material 
strength theory can be used based on 

homogeneous and anisotropic assumptions. The design 
process for struts crystal lattice components can be 
followed by the approach proposed, which consists of 
four steps. Similarly, the design process for struts stress 
lattice components can be followed by the approach 
proposed, which consists of five steps. In the formation 
stage, the design approach known as “Design by testing” 
is popular. This approach involves testing the printed 
components and adjusting the design based on the results 
to ensure that the final structure meets the required safety 
standards. Overall, research on the structural behaviour 
of 3D-printed components is vital for their successful 
application in building structures, and careful design and 
testing are necessary to ensure their safety and efficiency.

Fig. 15. Flexural test of  triangle lattice model.

Fig. 14. Design process proposed for stress lattice structures.
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1. Introduction
Vortex-wall interaction is widely observed in engineering 

applications as well as natural processes, such as wingtip 
vortices near the ground in aerospace engineering, the 
conning tower of submarines in naval engineering, computer 
chips mounted on electrical circuit boards in the electronics 
industry, and flow around buildings in civil engineering [1]. 
A comprehensive understanding of this flow phenomenon 
is essential for improving the design and control of related 
devices. Consequently, this has attracted the interest of 
many numerical and experimental researchers over several 
decades. The vortex ring has frequently been employed 
to examine the characteristics of vortex-wall interaction 
because it has a simple prototype structure and is relatively 
easy to produce. However, it can cause various flow 
phenomena when colliding with a wall. When a vortex ring 
moves towards a wall, it induces a boundary layer on the wall. 
The wall geometry strongly influences this boundary layer’s 

distribution, intensity, and separation. These characteristics 
lead to different phenomena of vortex dynamics (formation, 
deformation, merging, breakdown, and reconnection) when 
a distinctive wall geometry is applied.

The wall geometries often employed to investigate 
vortex flow, vortex instability, and vortex interaction 
include flat plates [2, 3], V-walls [4], round cylinders [5], 
and spheres [6, 7]. When a vortex ring collides with a flat 
wall at a low Reynolds number (Re), the ring dissipates 
without generating a secondary vortex ring. At a moderate 
Re and some low angles of incidence of the wall, the 
collision produces a secondary vortex ring, or even a 
tertiary one [2]. This secondary ring develops azimuthal 
instability and may even form hairpin-like small vortices. 
As the angle of incidence increases beyond a critical value, 
depending on the Reynolds number, the primary vortex 
ring generates only the secondary ring, which then evolves 
into a helical structure [3]. When a vortex ring collides 
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with a V-wall, leapfrogging of the secondary and tertiary 
rings past the primary ring occurs. The upstream separated 
boundary layers interact with these rings to produce small 
daisy-chained vortex dipoles [4]. T.H. New, et al. (2017) [5] 
reported that the behaviour of the collision of a vortex ring 
on a round cylinder differs from that on a flat plate, in which 
the disconnection and reconnection of the primary and 
secondary vortex rings produce small-scale vortex ringlets. 
These vortex ringlets may even collide to form vortex 
dipoles further. These vortex ringlets even collide to form 
vortex dipoles further. V.L Nguyen, et al. (2019) [6] pointed 
out that when a vortex ring collides coaxially with a sphere, 
the deformation of the primary ring and its interaction 
with the secondary and tertiary rings are similar to the flat 
plate, and the collision is two-dimensional. However, the 
non-coaxial collision of a vortex ring with a sphere forms 
a three-dimensional vortex without the formation of a 
secondary vortex ring. T.H. New, et al. (2024) [7] further 
explained the recurring formation of the tertiary vortex 
ring due to the slowdown of the primary vortex ring. This 
slowdown leads to the entrainment of the tertiary ring into 
the primary ring and renders it incoherent. The primary ring 
then continues to induce another tertiary ring. The primary 
ring then continues to induce another tertiary ring. 

Some specific wall geometries have also been explored 
due to their potential engineering applications and to 
extend the fundamental knowledge of vortex dynamics. 
T. Ahmed, et al. (2023) [8] investigated the collision of a 
vortex ring with a hemispherical cavity and found loop-like 
instabilities in the secondary vortex ring. Moreover, another 
ring is formed on the lip/edge of the cavity, and this ring 
disrupts the separation of the wall-bounded boundary layer, 
which forms the secondary ring. H. Ren, et al. (2014) [9] 
employed a large-eddy simulation to study the collision of 
a vortex ring with a bump at a Reynolds number of 4×10^4. 
They discovered that the bump height greatly influences 
the induced vortex shapes and turbulent flow. They also 
revealed that wrapping and hairpin vortices are vital in 
the flow’s transition from laminar to turbulent. Wrapping 
vortices are related to azimuthal instability in the vortex 
rings, whereas the primary vortex ring causes the hairpin 
vortex formation. These hairpin vortices impinge on the 
bump’s surface, breaking into smaller ones. H. Ren, et al. 
(2015) [10] discovered that when a thin or thick vortex 
ring collides with a flat wall, the large-scale wrapping 
and hairpin vortices break down into smaller ones. This 
breakdown obeys the - 5/3 power law, suggesting a fully 
developed turbulent flow. Moreover, they also found that 
thin and thick vortex rings suffer from instabilities with 
modes of 11 and 16, respectively. M. Cheng, et al. (2014) 
[11] numerically investigated the impact of a three-
dimensional vortex ring on a permeable wall for a range 
of physical and flow parameters, including wall open-area 
ratio, structural dimension, wall thickness, and Reynolds 

number. They found that these parameters affect flow 
characteristics upstream and downstream of a permeable 
wall. Increasing the wall open-area ratio or Reynolds 
number improves vorticity transport over the porous 
wall, resulting in a regenerated vortex ring. Conversely, 
increasing wall thickness hinders vorticity transport and 
the development of regenerated vortex rings. A. Pirnia, et 
al. (2017) [12] investigated the vortex dynamics and flow-
induced vibrations of a flexible plate arising from a vortex 
ring passing tangentially over it. When the centreline of the 
vortex ring is positioned greater than approximately twice 
the vortex ring radii away from the plate, it can be considered 
as the far field, and the resulting vibrations are well predicted 
through the potential flow model. As the offset distance of 
the vortex ring decreases, the diffusion of induced vorticity 
on the plate into the flow field significantly alters the fluid 
dynamics, pressure loading, and resultant plate dynamics, 
dramatically increasing the strain energy compared to the 
potential flow model.

Previous research has provided fundamental knowledge 
on vortex dynamics resulting from the collision of a 
vortex ring with a solid wall. However, a comprehensive 
understanding of vortex dynamics has not yet been 
elucidated, and expanding the scope of knowledge on flow 
dynamics remains of interest. It is clear that vortex dynamics 
depend strongly on the geometry of the solid wall, and 
several solid wall models with potential applications in heat 
transfer engineering have yet to be examined. In this study, 
we will focus on clarifying the characteristics of the vortex 
dynamics caused by the collision of a vortex ring with a 
wavy sphere of various wavenumbers. To our knowledge, 
prior researchers have not yet conducted flow dynamics 
investigations with this type of wall. We will demonstrate 
that the mechanisms of vortex dynamics, such as vortex 
formation, interaction, and reconnection, induced by the 
collision of a vortex ring with a solid wavy sphere, strongly 
depend on the wall’s wavenumber. The remainder of this 
article is organised as follows: the numerical method and its 
validation are discussed in Section 2, the simulation results 
are analysed in Section 3, and the conclusions are presented 
in Section 4. 

2. Numerical method and its validation
The mass and momentum Navier-Stokes equations for 

the flow of an incompressible viscous fluid around a solid 
body are written in the velocity-pressure form as:

= 0∇ ⋅ u  (1)

( ) ( )21= Sp
t

υ λ
ρ

∂
+ ⋅∇ ∇ + ∇ + + −−

∂
u u u u g u u  (2)

where ∇ is the gradient operator; ( ) ( )21= Sp
t

υ λ
ρ

∂
+ ⋅∇ ∇ + ∇ + + −−

∂
u u u u g u u is the derivative of u 

with respect to t, t is the time; u is flow velocity; p is pressure; 
ρ is the fluid density; υ  is the kinematic viscosity of the fluid;
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∇2 is the Laplace operator; g is gravitational acceleration; 
Su  is solid velocity; and λ  is penalisation parameter. The 

last term in Eq. (2) expresses the appearance of the solid 
body in fluid flow, where the no-slip condition of flow 
is imposed on this body surface using the penalisation 
technique. When taking the curl operation on both sides of 
Eq. (2), the momentum equation is expressed in the velocity 
- vorticity form as
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where the vorticity is defined as =ω u . The fluid is discretized into vortex particles p at 
position xp carrying the vorticity field  pω x  with the flow velocity u(xp). Therefore, the 

 
(3)

where the vorticity is defined as ω = ∇ ×ù u. The fluid is 
discretized into vortex particles p at position xp carrying the 
vorticity field ω(xp) with the flow velocity u(xp). Therefore, 
the transport momentum equation, Eq. (2), can be rewritten 
in the Lagrangian reference frame of vortex particles p as

( )p
p

d
dt
x

= u x
 

(4)
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numerical method described above is known as a remeshed-vortex particle method. A further 

explanation of the current numerical method is found in the previous research by V.L. Nguyen, 

et al. (2021) [13]. 
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The vorticity field of the vortex particles is updated 
on the grid using Eq. (5). These particles move at their 
velocity u(xp) using Eq. (4). Their velocity on the grid is 
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. The 
numerical method described above is known as a remeshed-
vortex particle method. A further explanation of the current 
numerical method is found in the previous research by V.L. 
Nguyen, et al. (2021) [13].

The current numerical method is verified using the 
benchmark problem of the collision of a vortex ring upon 
a flat solid wall at the Reynolds number of ReΓ = 1743, 
where the ring at the outset is modelled using a Gaussian 
distribution function as
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where ( ) ( ) ( )( ) ( )
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0 0 0 0, ,r x y z r x x y y z z= − − + − + − , 

( ) ( )0 0 0 0, , 0,0,3x y z r==(0,0,3r0) is the initial position of the vortex ring, 
r0=1 is the ring radius, and σ=0.21r0 is the initial core radius. 
The Reynolds number of the vortex ring is defined as 
ReΓ=Γ/v, where Γ=1 is the initial ring circulation. The 
distance between the ring and the plane surface at the outset 
is set as 3r0. The computational domain of (−4r0, 4r0)×(−4r0, 
4r0)×(-2r0, 6r0) is discretized into 3203 cubic grid cells, and 
the time step (∆t*=∆tΓ/* 2

0t t rΓ∆ = ∆ ) is set as 0.002. Using the r0 and 
Γ, the flow quantities are rewritten in the nondimensional 
form as follows: x*=x/r0, t*=t/Γ 2

0* /t t rΓ= , u*=ur0/Γ, ω*=ω* 2
0 /r Γ=ù ù /Γ,

ω* 2
0 /y yù ù r Γ==ωy

* 2
0 /r Γ=ù ù /Γ. The total enstrophy and kinetic energy are 

respectively defined as
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       21( *) , *
2 V

Ens t t dV ω* x*  (7) 

 21( *) , *
2 V

Ek t t dV u* x*  (8)  (8)

where V indicates the whole computational domain.

Figure 1 shows the time evolution of the collision of a 
vortex ring with a flat plane at ReΓ = 1743. The creation of 
the boundary layer and the secondary ring, their interaction 
with the primary ring, and the primary ring’s rebound 
phenomenon are visible. From the figure, the present 
simulation results agree well with the experimental ones 
provided by C.C. Chu, et al. (1993) [2]. Fig. 2 describes the 
time variation of the primary vortex ring center. The primary 
ring’s rebound phenomenon develops due to the secondary 
ring pushing it upward. The current simulation results also 
agree with the experimental data [2]. Thus, the present 
numerical method adequately captures the vortex dynamics 
induced by the collision of a vortex with a solid wall.

Figure 3 shows the time variation of the total enstrophy 
and kinetic energy of the flow caused by the collision of a 
vortex ring with a flat plate at ReΓ =1743 using four grid 
resolutions. The total enstrophy of the flow slightly reduces 
from the outset to t*=8 due to vortex diffusion effects. 
This diffusion spreads the vorticity field to neighbouring 
locations, but it reduces the overall intensity of vorticity. 
The total enstrophy dramatically increases from t*=8 to 16 
because of the formation of the boundary layer as the primary 
ring approaches the wall. The enstrophy is maximal at 
t*=16 when the secondary vortex ring is formed. During the 
final stage of the flow, the total enstrophy strongly decreases 
because the diffusion of existing vortices plays a vital role 
in the flow. The total kinetic energy of the flow slightly 
reduces in the early stage of the flow from the beginning 
to t*=12 before a drastic decrease for the remaining period. 
This is explained by dissipation happening throughout the 
flow period, and its rate is faster after the secondary vortex 
ring is formed. From the figure, we observe that the results 
of total enstrophy are convergent as the grid resolution 
increases, and the difference in enstrophy between two 
resolutions using 2803 and 3203 grid cells  is insignificant. 
The results of the total kinetic energy of the flow almost 
overlap as the grid resolution varies. Therefore, we will use 
the grid resolution of 3203 grid cells for later simulations.
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3. Results and discussion

The collision of a vortex ring with a wavy sphere is 

numerically investigated at ReΓ =1000, where the vortex 

ring at the outset is modelled using the Gaussian distribution 

function, as described above. The vortex ring has a radius 

of 0 1r = , core radius of 0.21σ = r0 at the position of (0, 0, 

4r0). The wavy sphere surface is modelled as

( )( )
2 2 2

2 2 1
sin

x y z
RR a nθ

+
+ =

+

 
(9)

where R=2r0; n = 0, 5, 9 is the wavenumber; a=0.05r0 is 
the wave amplitude; and ( )1 2 2sin /y x yθ −= + . The 
computational domain is set as (−4r0, 4r0) × (−4r0, 4r0) × 
(−4r0, 6r0). The grid resolution and the time step are the 
same as those used for the above simulation of the collision 
of a vortex ring on a flat plane.
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Fig. 3. Time evolution of the total enstrophy (Ens) and total kinetic energy (Ek) of the flow induced by the collision of a 
vortex ring with a flat plate at ReΓ=1743.

Fig. 1. Time evolution of the vortex structures induced by 
the collision of a vortex ring upon a flat plane at ReΓ= 1743. 
The first column is experimental data given by C.C. Chu, et al. 
(1993) [2]. The second and third columns present simulation 
results plotted using the vorticity contour of ω*

yù  on the x-z plane 
and the vorticity magnitude |ω*|=1.
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Figures 4 and 5 show the time evolution of the collision 
of a vortex ring upon a sphere (n=0) at ReΓ =1000, where the 
vortex structures are expressed using plots of the vorticity 
contour and the iso-surface of Q-criteria, with the colour 
range from blue to red representing the enstrophy values 
from -1 to 1. The boundary layer is generated on the sphere 
surface as the primary vortex ring moves toward the sphere 
at t*=2 and 4. This boundary layer separates from the sphere 
surface at t*=6 and rolls up to form the secondary vortex 
ring at t*=8. This vortex moves around the primary vortex 
ring while the boundary layer separates from the sphere at 
t*=10. The shear layer rolls up to create the tertiary vortex 
ring at t*=12. During the last stage of the flow, the secondary 
and tertiary vortex rings gradually decay with time, and 
they disappear at t*=20. The behaviour of the primary ring, 
the formation of the secondary ring, and their interaction are 
similar to those observed in the case of a flat wall.

Fig. 4. Time evolution of the collision of a vortex ring 
upon a sphere with n=0 at ReΓ= 1000, in which the vortex 
structures are represented using the vorticity contour of 
ω  on the x-z plane.

Fig. 5. Time evolution of the collision of a vortex ring upon 
a sphere with n=0 at ReΓ =1000, where the vortex structures 
are represented using the iso-surface of Q-criteria and the 

enstrophy.

Fig. 6. Time evolution of the collision of a vortex ring 
upon a wavy sphere with n=5 at ReΓ=1000, where the 
vortex structures are represented using the iso-surface of 
Q-criteria and the enstrophy.

Figure 6 describes the time variation of the collision of 
a vortex ring with a wavy sphere with n=5 at ReΓ=1000, 
in which the vortex structures are represented using the 
iso-surface Q-criteria with the colour range representing 
the enstrophy. The boundary layer is also formed as the 
vortex ring advances closer to the wall, as seen at t*=4. 
The boundary layer on the hills (the peaks of the wave) 
first separates from the wall, followed by that at the valleys 
(the bottoms of the wave), and they roll up to produce the 
secondary vortex at t*=6. The portion of the secondary 
vortex near the hills moves around the primary vortex at 
t*=8, while the rest of the secondary vortex ring remains 
behind. At this moment, the boundary layer continues to 
separate from the wall. During the last stage of the flow, 
the secondary vortex near the hills decays, while that near 
the valleys rises upward into incomplete vortex loops. 
Furthermore, the tertiary vortices generated at the valleys 
move around the primary vortex, as shown at t*=15 and 
20. The primary vortex is significantly deformed due to 
its interaction with the secondary and tertiary vortices. 
The reconnection of the secondary and tertiary vortices is 
incomplete before they dissipate over time.

Figure 7 illustrates the time evolution of the vortex 
structures induced by the collision of a vortex ring with 
a wavy sphere at n=9 and ReΓ=1000. We observe that the 
boundary layer first separates at the hills and subsequently at 
the valleys, leading to the formation of the secondary vortex 
at t*=6. The portion of this vortex originating from the wall 
hills rapidly moves around the primary vortex, while the part 
from the valleys ascends at t*=8. At this stage, the boundary 
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layer separates from the wall, forming tertiary vortex loops. 
By t*=10, the part of the secondary vortex detached from 
the hills deforms the primary vortex significantly, while 
the remainder from the valleys reconnects, forming small-
scale vortex rings that ascend. A portion of the secondary 
vortex continues to move around the primary vortex at 
t*=12 before decaying at t*=15 and 20. In contrast to the 
scenario with n=5, the reconnection of the secondary vortex 
that separated from the valleys is more complete, resulting 
in a chain of smaller vortex rings. Additionally, the tertiary 
vortex from the valleys successfully reconnects, producing 
vortex loops. These findings indicate that the reconnection 
of the secondary and tertiary vortices occurs over a greater 
number of wavelengths.

Figure 8 illustrates the temporal 
evolution of the total enstrophy and 
kinetic energy of the flow induced by 
the collision of a vortex ring with a 
wavy sphere at various wavelengths. 
The total enstrophy gradually decreases 
during the initial stages of the flow as 
the vortex ring diffuses. Enstrophy then 
increases significantly between t*=2.5 
due to the formation of a boundary 
layer on the wall as the ring approaches, 
which generates a vorticity field 
near the wall. After t∗=5, enstrophy 
decreases sharply as the boundary 
layer formation completes, and the 
diffusion of the primary and secondary 
vortices becomes prominent during 
the final stages of the flow. The peaks 
of the wave cause a higher enstrophy 
throughout the interval t*=5. There is a 
slight change in enstrophy at t*=10 as 
the boundary layer separates, leading 
to the formation of tertiary vortices. 
In the concluding phase of the flow, 
from t*=14, the enstrophy for the wavy 
wall with a higher number of peaks is 
reduced, which is attributed to the wavy 
wall dissipating vortices at a greater 
rate compared to a smooth wall.

4. Conclusions

Numerical simulations of the collision of a vortex 
ring with a wavy sphere at various wavenumbers (n)  and 
ReΓ=1000 are performed for the first time using the vortex 
particle method. The numerical method is validated against 
the benchmark simulation of a vortex ring impinging on a 
flat plate at ReΓ=1743. The simulation results indicate that 
the current numerical method successfully captures the 
vortex dynamics induced by the collision of a vortex with a 
solid wall. The key findings for the collision of a vortex ring 
with a wavy sphere are summarised as follows:

When a vortex ring collides with a smooth sphere (n=0), 
secondary and tertiary vortex rings are formed due to the 
separation and rolling up of the boundary layer on the wall. 
Their interaction with the primary vortex ring is similar to 

Fig. 8. Time evolution of the total enstrophy (En(t*)) and kinetic energy (Ek(t*)) 
of the flow induced by the collision of a vortex ring with a wavy sphere at 
ReΓ =1000, where n stands for number of wavelengths.

Fig. 7. Time evolution of the collision of a vortex ring upon a wavy sphere with 
n=9 at ReΓ = 1000, where the vortex structures are represented using the iso-
surface of Q-criteria and the enstrophy.
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that observed in the flat plate case, where they move around 
the primary ring, resulting in the rebound phenomenon, 
before dissipating over time. The difference here is the 
tendency for the boundary layer to separate more easily 
from the sphere than from the flat plate.

For the collision of a vortex ring with a wavy wall, the 
behaviour of the secondary and tertiary vortices is highly 
dependent on the wavenumber (n) of the wall. The boundary 
layer on the hills (wave crests) separates first, followed by 
the valleys (wave troughs), leading to the formation of a 
secondary vortex ring in a wavy pattern. This vortex near 
the hills moves around the primary vortex ring, while the 
remainder near the valleys ascends. At n=9, these parts 
reconnect to form small-scale vortex rings, whereas at n=5, 
the reconnection does not occur, resulting in incomplete 
vortex loops. Tertiary vortices are generated in the valleys 
as the secondary vortex ring ascends. These vortices also 
reconnect to form vortex loops at n=9, while reconnection 
does not take place at n=5.
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1. Introduction
Cancer remains the leading cause of mortality in 

both developed and developing nations [1]. Among the 
primary causes of cancer-related deaths is lung cancer [2]. 
Currently, lung cancer diagnosis predominantly relies on a 
combination of medical imaging and invasive biopsies for 
histopathological confirmation [3]. However, these methods 
possess several drawbacks, such as requiring highly trained 
personnel, confirmation times of approximately 48 hours per 
sample, and a lack of ongoing monitoring [4]. Additionally, 
these modalities often have limited capability to assess 
phenotypic changes associated with chemoresistance 
and biomarkers. Cancer progression is closely linked to 
changes in the number of cancer cells present in the blood, 
particularly in cases of metastasis, which necessitates the 
development of mobile cancer cell counting systems that 
enable rapid, low-cost testing, requiring minimal sample 
sizes and analysis time. 

In recent decades, impedance flow cytometry (IFC) has 
emerged as an efficient method for single-cell analysis [5-
8]. This technique also provides additional cell information 
through non-invasive, label-free impedance measurements, 
offering applications ranging from single-cell counting to 
point-of-care diagnosis [9-13]. However, one of its main 
limitations is the variability of the signal impedance with the 
cell’s position in the sensing region. This method has also 
been applied to analyse single cells in controlled oxygen 
microenvironments to study cellular responses to hypoxia 
[14-16]. The position-dependent impedance signal poses a 
challenge to the accuracy of IFC. Furthermore, the electrode 
configuration influences both the electric field distribution 
and impedance, considering shape and size. Variations in 
impedance signals as cells pass through the sensing area 
allow for the extraction of data about the size, shape, and 
dielectric properties of these cells [17]. The dimensions 
of the channel and micro-electrodes are typically selected 
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based on experimental correlation with the micro-object of 
interest. Several previous studies have employed impedance 
analysis to investigate parameter influence and optimise 
channel structure [18-23]. However, the analysis of both 
resistance and reactance components has not been widely 
explored recently. Additionally, most studies of single-cell 
analysis using the IFC method have focused on single-
frequency analyses, neglecting the reactance component 
and excitation frequency optimisation.

A previous study introduced a novel impedance analysis 
technique, which includes the assessment of both resistance 
and reactance [24]. This study presents an effective 
methodology for the detection and quantification of human 
lung cells (A549) using complex impedance analysis 
within an impedance-based microfluidic (IFC) device. This 
approach provides additional insights into the electrical 
characteristics of cells within the microfluidic channel, 
facilitating the differentiation of various cell types in the 
fluidic system. The detection and quantification capabilities 
were simulated using COMSOL Multiphysics. This 
model is optimised to identify the most effective structure 
and stimulation frequency for biological cell sizes. The 
numerical analysis enhances the accuracy, improving the 
specificity and sensitivity of conventional impedance sensing 
structures. This innovative approach lays the groundwork for 
developing Lab-on-a-Chip (LoC) devices, poised for future 
biomedical applications. By harnessing the capabilities of 
complex impedance analysis in microfluidic systems, these 
devices hold the potential to revolutionise diagnostics, 
research, and biomedical applications by offering advanced 
tools for detecting and analysing specific cell types. 

2. Materials and methods
2.1. Sensor design

Figure 1 presents the proposed complex impedance-
based biosensor structure. The microfluidic chip consists of 
a symmetrical channel structure with a length of 1,000 µm, 
a width of 50 µm, a height of 50 µm, and a sensing electrode 
area of 50 µm in length and 30 µm in width. 

Fig. 1.  3D visualisation of the proposed complex impedance 
analysis sensor structure.

The selection of the microfluidic chip size is critical, 
as clogging may occur if the channel is too small, while a 
significant decrease in sensitivity could result if the channel 
is too large. The dimensions chosen in this manuscript are 
based on commonly used sizes in recent experimental studies 
within the biomicrofluidics field, and are deemed suitable to 
meet these requirements. Similar channel dimensions have 
been utilised in previous studies for cancer cell detection 
experiments [25, 26].

2.2. Single sphere modelling

For cell impedance evaluation, a frequency-dependent 
voltage is applied to the system containing the cell in 
suspension, and the electrical current response of the system 
is measured. The electrical impedance of the system 
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of the voltage Ũ(jω) and current response Ĩ(jω).  
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of the voltage Ũ(jω) and current response Ĩ(jω).  
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 and ω is the frequency. The biological 
impedance is a complex number with resistance (R) as 
the real part and reactance (X) as the imaginary part, both 
expressed in Ω, respectively.

Impedance signals indicate which cells are collected 
when an A549 cell passes through the electrode sensing 
area. In this simulation, an alternating current signal is 
applied, and a single-sphere spherical suspension cell model 
is used for cell modelling to collect detailed information 
about the cell. The modelled A549 cell was assumed as a 
single sphere of 7.5-μm radius, with dielectric permittivity 
(εr)  of 60ε0 and electrical conductivity (σr) of 1.05 S/m 
[27, 28], and was suspended in a sucrose solution medium 
(εr=78; σ=1.76×10-3 S/m). Sucrose plays a vital role in 
maintaining the osmotic potential and preserving water 
within cells. Furthermore, it has been utilized as a buffer 
solution in microchannels, with some studies employing an 
8.6% sucrose solution for this purpose [29]. 

Regarding the influence of cell membranes, certain 
studies have demonstrated that the cell membrane acts as a 
strong electrical insulator, with cells behaving like insulating 
particles at low frequencies [30-32]. However, research 
findings indicate that minor membrane conductivities 
exert little influence on impedance data, while larger 
conductivities lead to the dominance of the cell’s dielectric 
properties by internal factors, notably those linked to the 
nucleus [33]. Consequently, this study employs a single-
sphere model for analysis. For a simplified system analysis, 
an equivalent circuit model is often utilised, with such an 
approach developed by K.R. Foster, et al. (1989) [34].  
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3. Numerical simulation
To explore the electric field and determine the 

conductance of specific biological entities, a three-
dimensional model employing the finite element method 
(FEM) was developed. This model was designed and 
analysed using COMSOL Multiphysics 6.0 software from 
COMSOL Inc., headquartered in Stockholm, Sweden. 
The software excels in simulating electrical components, 
including conductivity and permittivity, as well as devices 
used in electrostatic, magnetic static, and electromagnetic 
quasistatic applications. Special attention is given to 
capturing the influence of various physical characteristics. 
In this study, the biological cell, assumed to have no 
deformation, is represented as a single-sphere model within 
the simulation [35]. 

Biological cells in the fluid stream are identified based 
on changes in impedance between two sensing electrodes. 
Impedance values for the stimulating and sensing electrodes 
were assessed according to the specific position of the 
moving cell within the microchannel, and the differences 
between these values were evaluated. In this simulation, 
the stimulating electrode is consistently maintained at 
a voltage of 1 V, while the sensing electrode remains at 
0 V. Consequently, the relative impedance of the electrode 
structure can be modulated by the current flowing between 
the electrode pairs. 

In the steady state, the electrostatic current in the 
conductive medium is regulated by the static continuity 
equation as follows:

∇∙J=Q(j,v)	  (2)

In a static scenario, the potential relationship V is 
established as follows:

E=-∇V (V/m)	 (3)

Here, E represents the gradient of the electric potential V, 
analogous to the classical gravitational field. The electric 
isolation node serves as the default boundary condition, 
implying that no current enters the boundary.

n∙J=0	  (4)

At this boundary, the absence of current flow is enforced. This 
condition is particularly relevant at symmetric boundaries 
where the potential is recognised to exhibit symmetry about 
the boundary. Importantly, the default insulation condition is 
not imposed on the internal boundary.

The outside environment was filled with air. Table 1 lists 
the material properties used in the numerical calculation [36]. 
Fig. 2 shows the mesh of the proposed complex impedance 
sensing structure, which is denser in the important elements, 
including cells and electrodes while remaining less dense in 
other areas to optimize the resources. 

Table 1. Parameters of materials used in simulations [36].

Material Permittivity Conductivity (S/m)

Air 1 10-15

Polydimethylsiloxane (PDMS) 2.75 4×10-15

Glass 5.5 10-15

A549 cell 60 1.05

8.6% sucrose solution 78 1.76×10-3

Fig. 2.  Simulated A549 cells.

4. Results and discussion
4.1. The electric field distribution of the sensor

Figure 3 illustrates the electric field distribution within 
the sensor structure, depicting the electric field intensity that 
extends beyond the air, encompassing the space between the 
stimulating and sensing electrodes. 

The visualisation demonstrates the reach and coverage 
of the electric field, highlighting its presence and influence 
over the specified region within the sensor structure. This 
comprehensive depiction provides insights into the spatial 
characteristics and extent of the electric field, offering a 

Fig. 3.  Electric potential distribution.
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better understanding of how it interacts with the surrounding 
environment and potential targets, such as biological cells 
within the fluid stream.

4.2. Detection of A549 cells inside the microfluidic 
channel

The impedance change ∆Z is given by the difference 
between the impedance ZA received when the A549 cell 
passes through the sensing structure in the sucrose 8.6% 
solution and the impedance ZB obtained in the absence of 
the A549 cell in the Sucrose 8.6% solution channel:

|∆Z|=|ZA-ZB| (5)

The impedance change due to the passage of the A549 cell 
through the sensing area in the real part is ∆R, also known 
as resistance change, while the change in the imaginary part 
∆X is known as reactance change. The simulation results 
illustrate the correlation between the impedance change 
and the position of the A549 cell within the sucrose 8.6% 
solution channel (Fig. 4). Notably, the impedance signal 
shows distinct peaks as the A549 cell enters the region 
between the two electrodes. 

Fig. 4.  Simulation results: A typical signal with a 7.5 µm 
radius A549 cell moves through the sensing area in the 
8.6% Sucrose solution channel.

In this analysis, the frequency domain of the electric 
current module in a simulation model was employed to 
scrutinise the complex impedance of the sensor under an 
excitation signal frequency of 100 kHz. As depicted in 
Fig. 4, the simulation results reveal maximum changes in 
resistance and reactance of approximately 1,000 kΩ and 
325 kΩ, respectively. These variations are observed as the 
simulated A549 cell, with a radius of 7.5 µm, traverses the 
sensing electrode structure within the 8.6% sucrose solution 
channel.

This simulation provides valuable insights into the 
dynamic response of the sensor under specific frequency 
conditions, demonstrating substantial changes in both 
resistance and reactance parameters. Understanding 
these impedance variations, particularly in response to 

cell movement, contributes to a more comprehensive 
understanding of the sensor’s behaviour and aids in refining 
the design for optimal performance. The observed changes 
underscore the sensor’s sensitivity to the presence of cells, 
further emphasising the potential utility of this technology 
for precise cell detection applications within microfluidic 
environments.

4.3. Impact of A549 cell size on impedance signal

Figure 5 illustrates the relationship between impedance 
change and the radius of cells passing through the sensing 
area. In order to examine impedance changes concerning 
A549 cells of different radii moving through the sensor 
channel, simulations were conducted with cell radii ranging 
from 2 to 10 μm.  Notably, the impedance change becomes 
more pronounced as larger A549 cells pass through the 
sensing region. At the 0 mm position, located between the 
two electrodes, the most significant impedance change 
corresponds to a cell radius of 7.5 μm, is evident. These 
results were obtained by varying the excitation frequency 
from 10 kHz to 10 MHz. Numerical calculations reveal a 
proportional relationship between the change in impedance 
and the increase in cell radius.

(A)

(B)  

Fig. 5. The dependence of (A) resistance change and (B) 
reactance change on A549 cell size in fluidic channel 
structure.
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Moreover, only marginal impedance changes are 
observed as the cell size decreases. The inset demonstrates 
the simulation results for cell radii ranging from 2 to 4 
µm to explore impedance variations in instances where 
the cell size is small. The results show that the change in 
resistance varies up to approximately 150 KΩ while the 
reactance exhibits a maximum change of about 22.6 KΩ. 
Additionally, the simulation results show that the change in 
impedance and reactance due to cell size is negligible at low 
frequencies. However, significant changes are observed at 
higher frequencies (10 MHz). This marked variation may be 
associated with changes in the cell membrane and electrical 
double layer, which behave like a capacitor. As a result, 
the capacitance of Cmem and Cdl change depending on the 
applied AC frequency (ω). 

In the lower frequency range (ω<1 MHz), the electrical 
double layer primarily influences the system impedance, 
resulting in low sensitivity for cell detection. As the 
frequency increases (1<ω<10 MHz), the capacitance of the 
electrical double layer gradually diminishes, and the system 
impedance is determined by the size of the cell. T. Sun, 
et al. (2010) [27] introduced a comprehensive equivalent 
circuit model for a cell, incorporating membrane resistance 
and cytoplasmic capacitance. Their previous research [27] 
extensively discussed the methodology for calculating the 
values of Ri, Ci, Rmem, and Cmem in this model.

Hence, the results demonstrate that the impedance 
undergoes a notable change in both the resistance and 
reactance components when large A549 cells pass 
through. Moreover, variations in cell sizes and electrical 
characteristics across different cell types make it possible 
to distinguish between them by analysing changes in 
impedance, encompassing both resistance and reactance.

 However, Fig. 5 in this study depicts the relationship 
between changes in resistance and reactance relative to the 
cell’s radius, rather than focusing on impedance variation. 
This research specifically examined the relationship between 
impedance changes and cell radius, as shown in Fig. 6. The 
results indicate that the sensitivity of electrical impedance 
to particle size tends to be more pronounced at lower 
frequencies compared to higher frequencies, consistent with 
theoretical expectations. Moreover, the relationship between 
frequency and changes in resistance and impedance. 
Importantly, the results highlight that reactance alterations 
do not follow the same trend as resistance. This approach 
offers a more comprehensive understanding of the electrical 
properties unique to each cell.

Fig. 6. The dependence of impedance change on A549 cell 
size in fluidic channel structure.

4.4. Influence of cell vertical position on impedance 
signal

In recent years, various impedance flow cytometry 
methods have been developed for biomedical applications, 
ranging from blood cell quantification for disease diagnosis 
to microbiological studies and monitoring cell phenotype 
changes. 

However, a significant challenge to the accuracy of 
impedance sensing technology is its dependency on the 
position of objects within the channel. As a result, acquired 
impedance signals can vary, affecting the sensor’s sensitivity 
when objects pass through the sensor area along different 
trajectories. Numerous technical advancements have been 
introduced to improve the precision of impedance-based 
tests. These include approaches such as controlling cell 
positions in microfluidic channels [37], signal processing 
[38], and designing specific electrode configurations [39].

Fig. 7. Simulated impedance changes according to the 
vertical position.
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To further investigate these phenomena, this study 
conducted an analysis of impedance signals by varying 
the position of the A549 cell within the channel, ranging 
from 8 to 20 µm away from the electrode plane. The survey 
frequency was held constant at 100 kHz, and an 8.6% 
sucrose solution was used. Fig. 7 visually illustrates the 
dependency of impedance changes on the cell’s location in 
the sensing region. The resistance exhibited an approximate 
change of 2,000 KΩ, while the reactance shifted by around 
610 KΩ. Importantly, the impedance changes in impedance 
sensing demonstrate an inverse relationship with the 
distance between the simulated cell and the electrode plane. 
Therefore, to enhance the sensitivity of the microsensor, 
reducing the cell-to-electrode surface height to match 
typical cell sizes becomes crucial.

4.5. Influence of electrode size, the distance between 
two electrodes on impedance signal

This study examines the impact of coplanar electrode 
dimensions to enhance the sensitivity of impedance flow 
cytometry. The standard setup includes two coplanar 
electrodes with a width equal to the spacing between them.

In this research, numerical calculations were performed 
using electrodes of uniform size, with distances ranging from 
5 to 50 μm. The cell-to-surface distance was consistently set 
at 11 μm, with the cell positioned between two electrodes. 
Fig. 8 depicts the impedance values obtained as a simulated 
cell traversed between the excitation and sensing electrodes 
in an 8.6% sucrose solution. The results indicate that 
the most significant impedance change occurs when the 
electrode size and spacing are within the 10 to 15 μm range, 
resulting in a resistance change of 1,000 KΩ and a reactance 
change of 340 KΩ.

Fig. 8. The impedance variation of the simulated cell 
depends on the electrode size.

These findings underscore the importance of optimizing 
electrode size and the spacing between electrodes, 
suggesting that within the 10 to 15 μm range, the impedance 
changes are most pronounced. Optimising these parameters 
can potentially enhance the sensitivity of impedance flow 
cytometry measurements. Further exploration of these 
optimised parameters holds promise for advancing studies 
in impedance-based cell detection and characterisation in 
microfluidic environments, contributing to the development 
of more effective methodologies for future research.

4.6. The influence of the frequency of excitation on the 
impedance signal

The frequency of excitation directly affects the complex 
impedance between electrodes. This study investigated the 
influence of excitation frequency on the performance of 
the proposed method. Under varying frequency conditions, 
both the resistive and reactive components of impedance 
were computed using the FEM model.

Building on the investigation of impedance variation 
in the proposed sensor structure, including both resistance 
and reactance, a detailed analysis was conducted across 
a frequency spectrum ranging from 1 kHz to 10 MHz. The 
Fig. 9 revealed substantial variations in resistance at distinct 
frequencies, with a significant reduction in resistance change 
as the frequency exceeded 90 kHz. Additionally, a marked 
alteration in reactance was observed, peaking between 500 and 
600 kHz, followed by a gradual decrease beyond this range.

Based on the simulation findings, it is recommended to 
select an excitation frequency within the 500 to 600 kHz 
range for experimental purposes. This frequency range 
shows significant variations in both resistance and reactance 
components, providing an optimal balance between 

Fig. 9. The impact of frequency on the variations in 
resistance and reactance of the proposed sensing 
structure for detecting A549 cells.
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sensitivity and precision. Moreover, the choice of excitation 
frequency should consider the performance of the integrated 
circuit, with careful attention to cost implications, especially 
at higher frequencies, in future experiments.

Beyond the technical aspects, this frequency range is 
ideal for cell detection in microchannels, extending to low-
cost, portable devices used in biomedical settings. The 
optimised characteristics within this range enhance the 
microsensor’s performance, making it suitable for practical 
and resource-efficient applications in biomedical fields. 
This highlights the multifaceted advantages of the proposed 
sensor structure, not only in its technical capabilities but 
also in its potential real-world applications.

5. Conclusions
This study investigated and structurally optimised a 

microfluidic chip featuring embedded coplanar electrodes 
to detect cells within a microfluidic channel using a 
complex impedance approach. A novel impedance analysis 
technique, which includes assessments of both resistance 
and reactance, was applied. The functionality of the sensing 
structure was validated through the FEM using COMSOL 
Multiphysics, with the Electric Current module defining 
scalar electric potential in a 3D model. The analysis results 
indicate that the sensitivity of the coplanar electrode design 
for detecting A549 cells is optimised when the electrode 
structure size falls within the 10 to 15 µm range. The 
simulation further explored the impact of cell size and 
position within the channel on impedance changes. This 
study not only validates the efficiency and feasibility of 
the proposed analysis method but also establishes a solid 
foundation for future experimental endeavours focused on 
detecting and enumerating biological cells for biomedical 
applications. The integration of coplanar electrodes in a 
microfluidic chip, as examined in this work, holds promise 
for enhanced cell detection sensitivity and sets the stage for 
advancing research in microfluidic-based cell analysis.
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1. Introduction 
Limnophila aromatica (Lamk.) Merr., commonly 

known as rice paddy herb, is a tropical plant from the 
Scrophulariaceae family, belonging to the genus Limnophila, 
and can be taxonomically classified as follows [1]: 

Kingdom	     Plantae

Sub-kingdom	    Tracheobionta

Division	     Magnoliophyta

Class	     Magnoliopsida

Sub-class	     Asteridae

Order	     Scrophulariales

Family	     Scrophulariaceae

Genus	     Limnophila

Species	     L. aromatica

Binomial name  Limnophila aromatica (Lamk.) Merr. [1]

This plant originates from Southeast Asia and was 
introduced to North America in the 1970s [1]. It thrives in 
aquatic or semi-aquatic environments such as rivers, lakes, 
ponds, and marshy areas [2, 3]. The plant can be harvested 
approximately 40 days after planting [3]. Limnophila 

aromatica (Lamk.) Merr. is a staple vegetable in Laotian, Thai, 
Cambodian, and Vietnamese cuisines, valued for the fragrance 
it adds to sour soups, noodle soups, and sauces [1-3]. 

In traditional medicine, Limnophila aromatica (Lamk.) 
Merr. is used for its antispasmodic, antiseptic, anthelmintic, 
anti-inflammatory, and diuretic properties. Its leaves are 
also used in treatments for fever and kidney stones [1-3]. 
The plant’s beneficial effects are thought to be due to its 
essential oil (EO), flavonoids, and phenolic compounds [3]. 
There have been several studies on the EO of Limnophila 
aromatica cultivated in Thailand, Malaysia, and Bangladesh 
[2-5]. However, limited research has been conducted on the 
EO of Limnophila aromatica (Lamk.) Merr. in Vietnam. 

This study aims to investigate the chemical composition, 
antioxidant activity, and antimicrobial properties of the EO of 
Limnophila aromatica (Lamk.) Merr. in Vietnam, contributing 
to the scientific understanding of the plant’s potential 
applications in the economic, pharmaceutical, and culinary 
fields.

2. Materials and methods
2.1. Distillation of essential oil

The Limnophila aromatica (Lamk.) Merr. plant was 
harvested in the urban area of Can Tho city, Vietnam. After 
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harvesting, the plant (without roots) was washed, drained, 
and stored at 5oC. The fresh samples (approximately 90% 
moisture) underwent EO extraction via hydrodistillation 
using a Clevenger apparatus. Several parameters 
influencing EO yield were investigated, including material 
size (5 and 0.5 mm), the ratio of material to water (1:2 to 
1:4, g/ml), and distillation time (1.5-3.5 hours). After the 
distillation process, the essential oil was dehydrated using 
anhydrous sodium sulphate and subsequently analysed for 
physicochemical properties, chemical composition, and 
biological activities.

The EO yield was calculated as shown below:
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 2.2. Physicochemical index analysis 
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The chemical composition of Limnophila aromatica 
(Lamk.) Merr. EO was determined using GC-MS with 
a Thermo Fisher Scientific system equipped with a TG 
SQC column (15 m x 0.25 mm x 0.25 μm). The following 
conditions were applied: injection volume (1 µl), carrier 
gas (helium at 1 ml/min), oven temperature programme (50 
to 80oC at 5oC/min, 80 to 200oC at 10oC/min, and 200 to 
250oC at 10oC/min), ion source temperature (200oC), and 
transfer line temperature (275oC). The mass spectrometer 
was operated in EI mode at 70 eV with a mass scan range of 
35-450 amu. Compounds were identified using the National 
Institute of Standards and Technology (NIST MS) spectral 
library [8, 9].

2.4. Biological activities

2.4.1. Antioxidant activity: The antioxidant activity was 
evaluated using the DPPH (1,1-diphenyl-2-picrylhydrazyl) 
method. A solution of 180 μl DPPH (78 μg/ml in methanol) 
was mixed with 20 μl of essential oil (1% v/v in ethanol). 
The reaction mixture was left at room temperature for 30 
minutes, after which the absorbance was measured at 515 
nm to determine the percentage of inhibition (Q%) [10].
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where A0 is the absorbance of DPPH (control) and Ac is the 
absorbance of the sample.

2.4.2. Antimicrobial activity: The antimicrobial 
activity was assessed using the paper plate method 
against 7 microorganisms: Bacillus subtilis ATCC 6633, 

Staphylococcus aureus ATCC 25923TM, Escherichia coli 
ATCC 25922TM, Bacillus cereus ATCC 10876TM, Listeria 
innocua ATCC 33090TM, Enterococcus faecalis ATCC 
29212TM, and Aspergillus niger ATCC 6275. 

A clean tube containing 4 ml of Luria-Bertani (LB) liquid 
medium was inoculated with the tested microorganisms 
and shaken at 200 rpm overnight. Subsequently, 200 µl 
of the inoculum (concentration of approximately 4-5x10⁸ 
CFU/ml) was spread onto the surface of petri dishes 
containing LB solid medium. A sterile paper plate 
impregnated with 10 µl of diluted EO (dimethyl sulfoxide, 
concentration of original EO-10-²) was then placed on the 
petri dish, and the plate was incubated at 37oC for 18-20 
hours. After incubation, the diameter of the inhibition 
zone was measured. A sterile ring with a diameter (D)>6 
mm indicated antimicrobial activity; D=6 mm indicated no 
inhibition [11].

2.5. Statistical analysis

Data were expressed as the average of duplicate 
experiments. A two-sample T-test assuming equal variance 
was performed using Excel software (2019) to evaluate 
significant and insignificant differences in the investigated 
parameters.

3. Results and discussion
3.1. Investigation of influencing parameters affecting 

essential oil yield 

3.1.1. Effects of material size on essential oil yield: A 
2000 ml flask containing 200 g of Limnophila aromatica 
leaves (either 5 mm or 0.5 mm in size) and 400 ml of 
deionised water (DIW) was used for distillation. The yield 
of EO for the two material sizes is shown in Fig. 1. The 
highest yield was obtained with the larger material size (5 
mm), as smaller materials (0.5 mm) tended to float on the 
surface of the distillation flask, limiting the evaporation of 
water. This resulted in a lower EO yield compared to the 
larger material size. Hence, a material size of 5 mm was 
chosen for subsequent experiments.
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Fig. 1. Effect of material sizes on essential oil yield (Conditions: 200 g of sample, 400 
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Fig. 1. Effect of material sizes on essential oil yield. 
Conditions: 200 g of sample, 400 ml deionised water and 2 
hours of distillation.
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3.1.2. Effect of time on EO yield: A 2000 ml flask 
containing 200 g of Limnophila aromatica leaves (5 mm) 
and 400 ml of DIW was used to study the effect of distillation 
time on EO yield. Distillation times of 1.5, 2.0, 2.5, 3.0, and 
3.5 hours were investigated, as shown in Fig. 2. 

 

 

 

Fig. 2. Effect of distillation time on essential oil yield (Conditions: 200 g of sample, 

400 ml DIW, and material size of 5 mm). 
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not fully extract the EO, whereas a distillation time of 2 hours allows the essential oil sacs 

to rupture and release the maximum amount of oil. Prolonged distillation times, however, 

lead to a decrease in EO yield due to the dissolution of polar components in water. Thus, a 
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Fig. 2. Effect of distillation time on essential oil yield. 
Conditions: 200 g of sample, 400 ml deionised water, and 
material size of 5 mm.

The EO yield as seen in Fig. 2 increased from 0.11 to 
0.21 g as the distillation time increased from 1.5 to 2 hours. 
However, EO yield decreased after 2 hours, similar to the 
observations of V.D. Zheljazkov, et al. (2013) [12], who 
reported that EO yields for lavender peaked at 60 minutes 
and declined thereafter. A shorter distillation time (<2 
hours) does not fully extract the EO, whereas a distillation 
time of 2 hours allows the essential oil sacs to rupture and 
release the maximum amount of oil. Prolonged distillation 
times, however, lead to a decrease in EO yield due to the 
dissolution of polar components in water. Thus, a distillation 
time of 2 hours was considered optimal.

3.1.3. Effect of water volume on essential oil yield: A 
total of 200 g of Limnophila aromatica leaves was placed in 
a 2000 ml flask and distilled with leaf-to-water ratios of 1:1, 
1:2, 1:3, and 1:4 (g/ml) for 2 hours. The effect of the water 
amount on essential oil yield is illustrated in Fig. 3.

 

 

 

Fig. 3. The effect of water volume on essential oil yield (Conditions: material size of 5 
mm and 2 h of distillation time). 

As shown in Fig. 3, a low water amount (1:1) is insufficient to allow water to 

penetrate the material, resulting in a lower essential oil yield. Conversely, an excessive 

amount of water (e.g., 1:4) reduces the amount of essential oil obtained, as the distillation 

process requires more time with additional water. Therefore, a leaf-to-water ratio of 1:2 

was selected as optimal for the experiments.  

In summary, the optimal parameters for the distillation process of Limnophila 

aromatica essential oil were found to be: material size (5 mm), distillation time (2 hours), 

and a material-to-water ratio of 1:2 (g/ml). Under these conditions, the highest oil yield 

was 0.21 g per 200 g of material, corresponding to a distillation yield of 1.05 ‰ (w/w). 

3.2. Physicochemical index analysis 

The obtained essential oil from Limnophila aromatica had a characteristic 

fragrance, a light yellow colour, and was transparent. 

Table 1. Physicochemical indices. 

Index This study References  

Density (26oC) (g/cm3) 0.88±0.04 0.87 [13] 

Acid  2.79±0.17 5.61 [14] 
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Fig. 3. The effect of water volume on essential oil yield. 
Conditions: material size of 5 mm and 2 hours of distillation time.

As shown in Fig. 3, a low water amount (1:1) is 
insufficient to allow water to penetrate the material, resulting 
in a lower EO yield. Conversely, an excessive amount of 
water (e.g., 1:4) reduces the amount of EO obtained, as 
the distillation process requires more time with additional 
water. Therefore, a leaf-to-water ratio of 1:2 was selected as 
optimal for the experiments. 

In summary, the optimal parameters for the distillation 
process of Limnophila aromatica EO were found to be: 
material size (5 mm), distillation time (2 hours), and a 
material-to-water ratio of 1:2 (g/ml). Under these conditions, 
the highest oil yield was 0.21 g per 200 g of material, 
corresponding to a distillation yield of 1.05‰ (w/w).

3.2. Physicochemical index analysis

The obtained essential oil from Limnophila aromatica 
had a characteristic fragrance, a light yellow colour, and 
was transparent.

Table 1. Physicochemical indices.

Index This study References 

Density (26oC) (g/cm3) 0.88±0.04 0.87 [13]

Acid 2.79±0.17 5.61 [14]

As shown in Table 1, the density of the obtained essential 
oil is less than 1, which is consistent with the reference [13]. 
However, there is a noticeable difference in the acid value 
compared with the reference [14], which could be attributed 
to geographical variation. A lower acid value indicates a 
high-quality essential oil with less degradation or rancidity 
[15]. 

3.3. Chemical composition

The essential oil of Limnophila aromatica contains 
18 components, with limonene (46.86%) being the most 
abundant. Limonene is widely used in the cosmetics, food, 
and industrial cleaning industries [16]. According to J.U. 
Chowdhurya, et al. (2011) [5], limonene is also combustible 
and has potential applications as a biofuel. Interestingly, 
the limonene content in Limnophila aromatica cultivated in 
Bangladesh was reported to be significantly lower (3.75%), 
while Z-ocimene content was higher (39.21%) [5]. These 
variations suggest that the chemical composition of the EO 
is influenced by geographical origin [17, 18].

The second most prevalent compound is β-cis-ocimene 
(24.1%), one of the most common monoterpenes found in 
nature. In medicinal applications, β-cis-ocimene exhibits 
anticonvulsant, antifungal, antitumour, and pest-resistant 
properties [19]. Other notable constituents of Limnophila 
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aromatica EO include α-pinene (5.69%), β-myrcene 
(2.39%), and germacrene D (2.6%) (Table 2).  

3.4. Biological activities

3.4.1. Antioxidant activity: The antioxidant activity 
of the EO is shown in Fig. 4. The free radical scavenging 
efficiency (Q%) of the oil increases in direct proportion to its 
concentration. As the concentration of the EOincreases from 
50 to 300 μg/ml, the scavenging efficiency increases from 
26.64±1.00% to 54.65±0.08%. The IC50 value of the EO was 
determined to be 266.6±0.56 μg/ml, as shown in Fig. 4. 

 

 

Fig. 4. Antioxidant capacity of Limnophila aromatica essential oil. 
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Fig. 4. Antioxidant capacity of Limnophila aromatica 
essential oil.

In comparison, the IC50 value of ascorbic acid (used as 
a positive control) was found to be 9.54±1.22 μg/ml, based 
on concentration ranges from 5.0 to 25 µg/ml. Thus, the 
antioxidant activity of the EO is approximately 27.9 times 
weaker than that of ascorbic acid. No published data on 
the IC50 of Limnophila aromatica EO could be found for 
comparison; however, relative to other plants [20, 21], the 
IC50 value of Limnophila aromatica EO (266.6±0.56 μg/ml) 
is lower than that of Ammodaucus leucotrichus (IC50 
=3326.7 μg/ml) [20], Thymus vulgaris (IC50=861.5 μg/ml), 
Cymbopogon citratus (IC50=601.60 μg/ml), Origanum 
marjorana (IC50=524.00 μg/ml), and Rosmarinus officinalis 
(IC50=444.30 μg/ml), but higher than that of Zingiber 
officinalis (IC50=129.4 μg/ml), Salvia officinalis (IC50=59.07 
μg/ml), and Petroselinum crispum (IC50=15.51 μg/ml) [21]. 
This indicates that the antioxidant activity of Limnophila 
aromatica EO is weaker than that of ascorbic acid, Zingiber 
officinalis, Salvia officinalis, and Petroselinum crispum, but 
stronger than that of Ammodaucus leucotrichus, Thymus 
vulgaris, Cymbopogon citratus, Origanum marjorana, and 
Rosmarinus officinalis.

3.4.2. Antimicrobial activity: The antimicrobial activity 
of the EO was tested against eight microorganisms, as 
reported in Table 3.

Table 3. Antimicrobial activity of Limnophila aromatica 
essential oil based on sterile ring diameter (D).

Strains
Dilution concentration (C): μl/sterile ring diameter (D): mm

C0 (Original EO) C1=5-1 C2=10-1 C3=10-2

Escherichia coli ATCC 25922 D=13±0.20 D=10±0.04 D=6±0.00 D=6±0.00 

Pseudomonas aeruginosa ATCC 27853 D=6±0.00 D=6±0.00 D=6±0.00 D=6±0.00

Enterococcus faecalis ATCC 29212TM D=6±0.00 D=6±0.00 D=6±0.00 D=6±0.00

Staphylococcus aureus ATCC 25923 D=12±0.08 D=6±0.00 D=6±0.00 D=6±0.00

Bacillus subtilis ATCC 6633 D=16±0.10 D=10±0.05 D=6±0.00 D=6±0.00

Listeria innocua ATCC 33090 D=14±0.09 D=8±0.09 D=7±0.10 D=6±0.00

Bacillus cereus ATCC 14579 D=10±0.10 D=6±0.00 D=6±0.00 D=6±0.00

Aspergillus niger ATCC 6275 D=25±1.20 D=6±0.00 D=6±0.00 D=6±0.00

D>6 mm: antimicrobial activity; D=6 mm: no-inhibition.

Table 3 illustrates that the pure EO (C0) exhibited 
antimicrobial activity against six bacterial strains, including 
Escherichia coli ATCC 25922, Staphylococcus aureus 
ATCC 25923, Bacillus subtilis ATCC 6633, Listeria 
innocua ATCC 33090, Bacillus cereus ATCC 14579, and 
the fungus Aspergillus niger ATCC 6275. This activity may 
be attributed to the bactericidal properties of limonene, 
which is known to significantly inhibit both Gram-negative 
and Gram-positive bacteria as well as fungi [22].

Table 2. Chemical composition of the essential oil.

No Compounds  (%)

1 α-Pinene 5.69

2 β-Myrcene 2.39

3 Limonene 46.86

4 β-cis-Ocimene 24.10

5 Carane, 4,5-epoxy-, trans 2.16

6 1,2-Epoxy-5,9-cyclododecadiene 4.57

7 Perilla aldehyde 0.81

8 β-Elemen 0.51

9 Cis-Myrtanyl acetate 1.05

10 Germacrene 0.86

11 α-Caryophyllene 1.57

12 Germacrene D 2.60

13 α-Amorrphene 0.44

14 γ-Muurolene 0.63

15 δ-Cadinene 1.17

16 Ledol 0.44

17 δ-Cadinol 2.02

18 α-Cadinol 2.13
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Research by A. Gupta, et al. (2021) [23] demonstrated 
that limonene effectively disrupts cell membranes, causing 
leakage and cell death in Escherichia coli. Similarly, Y. Han, 
et al. (2021) [24] observed that limonene inhibited bacterial 
growth by damaging the cell morphology and wall integrity 
of Staphylococcus aureus, as confirmed through scanning 
electron microscopy (SEM) and fluorescence microscopy. 
As shown in Table 2, limonene constitutes 46.86% of the 
EO composition, likely contributing to its antimicrobial 
properties. Additionally, the presence of other compounds, 
such as β-cis-Ocimene, α-Pinene, and others, which are 
known for their antibacterial effects, may further enhance 
the oil’s activity [25, 26]. 

At a 5-¹ dilution (C1), the EO remained effective against 
three bacterial strains: Escherichia coli ATCC 25922, 
Bacillus subtilis ATCC 6633, and Listeria innocua ATCC 
33090. However, the fungus Aspergillus niger ATCC 6275 
did not show any inhibition at this concentration. When the 
EO was diluted 10 times (C2), inhibition was only observed 
for Listeria innocua ATCC 33090. No antimicrobial activity 
was detected when the oil was diluted 100 times (C3). 

Comparatively, the EO of Mentha arvensis L. var. 
javanica (Blume) Hook. f. [27] exhibited antimicrobial 
activity against Listeria innocua ATCC 33090 (D=9.0±0.2 
mm), Bacillus cereus ATCC 10876 (D=8.0±0.03 mm), and 
Bacillus subtilis ATCC 6633 (D=7.0±0.05 mm) at a 10-¹ 
dilution. These results demonstrate the strong antimicrobial 
potential of herbs like Limnophila aromatica EO on the 
tested bacterial strains. 

4. Conclusions

The optimal parameters for the distillation of Limnophila 
aromatica EO were identified as follows: material size (5 
mm), distillation time (2 hours), and a material-to-water 
ratio of 1:2 (g/ml). Under these conditions, the highest 
oil yield was 0.21 g per 200 g of material, corresponding 
to a distillation yield of 1.05‰ (w/w). Limonene, the 
primary component of the EO (46.86%), played a 
significant role in its biological activities. The EO exhibited 
antioxidant capacity with an IC50 value of 266.6 µg/ml and 
demonstrated antimicrobial activity against six bacterial 
strains: Escherichia coli ATCC 25922, Staphylococcus 
aureus ATCC 25923, Bacillus subtilis ATCC 6633, Listeria 
innocua ATCC 33090, Bacillus cereus ATCC 14579, and 
Aspergillus niger ATCC 6275. These results highlight 
the potential applications of Limnophila aromatica in 
pharmaceutical and cosmetic industries.
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1. Introduction
Rainbow trout (Oncorhynchus mykiss) is a species of 

freshwater fish belonging to the salmonid family. They 
are native to North America, particularly the Pacific 
Coast, and have been introduced to various parts of the 
world due to their popularity in recreational fishing and 
aquaculture. These fish have a streamlined torpedo-shaped 
body, adorned with a distinctive pinkish-red stripe along 
their sides, reminiscent of a rainbow. Depending on their 
habitat and food availability, rainbow trout can vary in 
size, typically ranging from 16 to 24 inches in length 
and weighing between 0.9 to 3.6 kg. Rainbow trout are 
opportunistic feeders and are known for their diverse diet. 
They primarily consume aquatic insects, crustaceans, small 
fish, and fish eggs. In some habitats, they can also feed on 
terrestrial insects that fall into the water. Globally, rainbow 
trout are one of the most commonly farmed fish species, 
prized for their culinary appeal. They thrive in freshwater 
hatcheries and can be raised in ponds or raceways until they 
attain market size.

Rainbow trout was introduced to Kashmir waters 
approximately 100 years ago, but it was not until 2014 that 
trout cultivation was extended to the private sector. Trout is 

a prized fish, which was bred and reared by the Department 
of Fisheries only, but with the aim to enhance production 
and create employment opportunities for unemployed 
youth, trout culture was emphasised in the private sector 
with a subsidy component under various centrally sponsored 
schemes from time to time. The Department of Fisheries, 
Government of Jammu and Kashmir, is a well-established 
department undertaking the culture and breeding of 
exotic cold-water fishes (brown and rainbow trout), and 
conservation of indigenous cold water fish species, including 
a broad variety of Schizothoracines. With the privatisation 
of trout, many entrepreneurs have come forward, who have 
established their trout units with financial support under 
various centrally sponsored schemes. Although there has 
been a boom in overall production, certain constraints 
restrict the growers to meet the challenges. 

One of the grave challenges was the poor performance 
of rainbow trout in the private as well as government sectors 
in terms of growth, disease resistance, food conversion 
efficiency, and poor breeding performance. The reason was 
the inbreeding depression, which was due to continuous 
crossbreeding of the same stock, leading to homozygosity, 
due to which the morphometric, meristic, physiological, 
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and biological parameters were gravely distorted, 
resulting in a loss of interest by the farmers due to low 
economic returns. The Department of Fisheries in 2018-
2019 planned to import an all-female stock of genetically 
improved eyed ova of rainbow trout fish for raising as 
pure-line brooders for crossbreeding with the existing 
stock to increase heterozygosity among the livestock. The 
reason for investigating the impact of GIS is to establish 
a need to revive the NS and improve the heterozygosity 
by crossbreeding between GIS and NS. With an attempt 
to investigate the impact of crossbreeding the normal and 
genetically improved stock, the current research was carried 
out to assess the biological improvement in livestock, 
leading to economic improvement in district Ganderbal.

2. Materials and methods
During the present research work, the Mammar hatchery 

in district Ganderbal was selected as the sole source of 
rainbow trout fingerlings for the fish farmers of the district. 
The Mammar hatchery has a spring source, and 1.5-2.0 
lakh fingerlings of rainbow trout are produced every year 
and supplied to various private as well as government-run 
units. The all-female stock of genetically improved trout 
was raised in the Mammar trout hatchery to keep records 
of growth performance and mortality, and a pure line was 
maintained for two years. The genetically modified brooders 
(all female) were crossbred with the existing male stock, 
and the progeny was reared in separate raceways.

The existing normal stock was bred as usual in November 
2021, along with the genetically improved stock, which 
matures prior to the normal stock. The F1 generation of the 
genetically improved stock was raised in separate raceways 
and monitored regularly on all biological aspects. Forty 
farmers (in replicas of two) were selected, and the water 
was analysed for physiochemical characteristics. Twenty 
farmers were stocked with 2000 fingerlings (5 g each) of 
NS, and twenty farmers were stocked with genetically 
improved strains. The stocking was done in April 2022. The 
culture custom size ranged between 250-350 g. The feed 
was adjusted as a 2% ratio of the total biomass calculated 
on a fortnightly basis. Regular monitoring for disease 
occurrence, comorbidities, and physiochemical water 
parameters was evaluated regularly.

Water temperature was monitored daily at the inlet and 
inside the raceway. Dissolved oxygen (DO) and pH were 
monitored on a weekly basis at 10:00 AM using a portable 
data logger pH/ORP, DO, CD/TDS Meter, Lutron, Model 
No. WA-2015, Bench Type, RS23/USB. 

Fish feed and feeding: Extruded pelleted non-sinking 
feed from a fish feed mill in Manasbal containing 33-35% 
crude protein (CP) was fed to all the stock at all locations 
during this study. Feeding rate was a maximum of 2% of 
body weight, which is within the recommended range (2-
5%) of feeding rate in cages as suggested by F. Wynne 
(2015) [1]. Fish were fed to satiation during lower water 
temperature (10-13°C) conditions. 

Various growth parameters were used to assess the 
changes in biological phenomena of the normal and 
genetically improved strains of rainbow trout. 

Net weight gain (NWG) was calculated by the following 
formula:

NWG = Final weight (g) - Initial weight (g).

Average daily weight gain (ADWG) was calculated by 
using the formula:
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Specific growth rate (SGR) was calculated using the formula: 
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𝐷𝐷𝐷𝐷𝑦𝑦𝑠𝑠  𝑥𝑥 100 

Food conversion ratio (FCR) was calculated using the formula of I. Okumus, 

et al. (1999) [2]: 

Average daily length gain (ADLG) was calculated using 
the formula:
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Survival (%): Survival of fish was considered as the 
remaining fish after deducting the number of died, missing, 
or escaped. Survival was calculated using the following 
formula:
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The fingerlings (average weight = 5 g) from NS and GIS 

were transported with full quarantine to the selected raceways 
and stocked with full care after proper acclimatisation. The 
water quality parameters were almost the same at all the 
farm sites, the water source being the spring source, with a 
good gradient, the oxygen concentration fluctuated between 
8-9 ppm. All the raceways (50 m3) had more or less the 
same flow rate. The sampling for enumeration of growth 
parameters was done on a weekly basis, and the ration was 
decided on a 2% basis of the total biomass.

The growth parameters measured during the present 
research work are summarised in Fig 1. Results revealed 
that the net weight gain was on the higher side in the GIS 
group with an average of 347.7±5.55, compared to the NS 
group which recorded a net weight gain of 232.8±4.28, with 
a variance of 4422.041 (Fig. 2). Similar patterns of changes 
were reported in average daily weight gain, with a value of 
1.44±0.02 in the GIS group and a lower value of 0.96±0.01 
in the NS group with a variance of 0.076 (Fig. 3). The fish 
length aspects showed a similar pattern of changes, with not 
much difference in the total length because of the increase 
in the overall girth of the fishes of the GIS group, which 
eventually led to an increase in weight.

The total length gain was comparatively higher 
(21.7±0.56) in the GIS group than NS (17.45±0.63) with 
a variance of 6.26. There was no significant difference in 
the length gain because of the muscle weight in the GIS 
group, which resulted in a higher body girth ratio compared 
to the NS group. Average daily length gain showed a similar 
pattern with higher values (0.08±0.002) in the GIS group 
than the NS group (0.07±0.02), with a variance of 0.0001. 
Specific growth rate is one of the fundamental growth 
parameters to assess the changes in a particular test set. 
During the present experimental period, specific growth 
rate values were higher (1.75±0.001) in the GIS group 
compared to the NS group (1.59±0.01) with a variance of 
0.008 (Fig. 4). Specific growth rate indicated better growth 
performance of the genetically improved strains of rainbow 
trout in flow-through systems.
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Food conversion ratio is an important parameter that 
describes the efficiency of the fish to convert and assimilate 
the maximum of the feed contents for overall development. 
A lower conversion ratio is an indicator of the profitability of 
fish farming. During the present research period, the lowest 
conversion ratio (1.22±0.007) was reported in the GIS group 
compared to the NS group (2.36±0.03), with a variance of 
0.43 (Fig. 5), depicting the efficiency of the GIS group. Food 
conversion efficiency is, in contrast, the efficiency of the fish to 
convert the assimilated food into the muscle mass, which was 
reported to be higher (0.80±0.007) in the GIS group compared 
to the NS group (0.41±0.0), with a variance of 0.05 (Fig. 6). 

Condition factor is a numerical value given to a trout or 
salmon that reflects its condition. This value is arrived at using 
a mathematical formula that takes into account both the weight 
and length of the fish. A well-conditioned fish has a high 
condition factor, while one in poor condition has a low factor. 
A higher CF value was reported in the GIS group (2.33±0.14) 
compared to the NS group (2.02±0.18), with a variance of 
0.049 (Fig. 7). No wider differences in the CF value were 
reported in the two groups because of the same diet plan, same 
feed ingredients, and the same water quality. The survival (%) 
was as high as 95±0.03 in the GIS group compared to the NS 
group (89.0±0.38), with a variance of 12.45 (Fig. 8), depicting 
the hardiness of the GIS group, which was the mandate of the 
Department while importing the germplasm.

The benefit-cost ratio is a ratio used in a cost-benefit analysis 
to summarise the overall relationship between the relative 
costs and benefits of a proposed project. Benefit-cost ratio can 
be expressed in monetary or qualitative terms. If a project has 
a benefit-cost ratio greater than 1.0, the project is expected to 
deliver a positive net present value to the enterprise. Although 
trout farming in Kashmir has been a profitable venture, the 
losses to the farmer occur due to high conversion ratio and 
low survival rates. In order to curb these shortfalls, the GIS 
trout was introduced, which during this experiment reported 
higher values of 2.26±0.02 in the GIS group compared to the 
NS group (2.15±0.007), with a variance of 0.003 (Fig. 9). The 
calculations led to the conclusion that GIS rearing farmers had 
a 27% profit margin as a bonus compared to the NS farmers 
who are making a good profit from the enterprise.
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4. Discussion
The physicochemical parameters of water play a dynamic 

role in the metabolic performance of rainbow trout, which also 
depends on different life stages. Temperature plays a pivotal 
role in determining the metabolic performance of the fish [4, 5]. 
In some studies, where rainbow trout has been reported to show 
negative allometric growth, has been explained has been attributed 
to the different life stages [6, 7]. In Indian conditions, K.D. Joshi, 
et al. (2005) [8] reported average growth of 200 g in 12 months 
at the thermal regime of 4.5-20°C. In another research work in 
the central Himalayas, average growth was recorded as 300 g 
(range 260-400 g) at a thermal regime of 5.0-22°C [9]. Several 
authors have reported higher growth rates at an optimum higher 
temperature [10], but beyond the optimum temperature, oxygen 
depletion occurs, which tells upon the fish metabolism [11-13].

Although there has been no work on the comparison between 
growth performance of genetically improved strain and the NS 
in the Kashmir valley. It is the first time that the cross-breeding 
to improve heterozygosity has been done in the Department of 
Fisheries. The final weight gain and average daily weight gain 
reported during the present research work cannot be correlatively 
compared with other works because of the uniqueness of the 
differentiation between the normally bred Kashmiri trout and the 
cross-bred genetically improved strains. However, more or less 
similar somatic growth parameters have been reported by K.D. 
Hopkins (1992) [14]; M. Kayim, et al. (2007) [15] and I. Ahmad, 
et al. (2019) [7].

S.L. Reza, et al. (2014) [16], while working on a comparison 
of the daily diet by weight in rainbow trout (Oncorhynchus mykiss) 
with concentrate feed to achieve a minimum conversion ratio 
reported that the food conversion rate and the efficacy lie with 
the strains, which was further documented [17, 18]. In intensive 
rainbow trout culture systems, the optimum feed conversion ratio 
is between 1 and 2, for commercial dry feed. The values of feed 
conversion ratio for both groups in the present study were within 
the ranges reported for commercial feed by other investigators [19, 
20]. It was observed that the feed conversion ratio increased with 
increasing fish weight, and it was the best at the small size group. 
As it has been observed in the small size group, rainbow trout are 
able to utilise their feed very efficiently [21, 22].

For the well-being of the trout, the condition factor is expected 
to be higher than 1.0 [23]. According to C. Barnham, et al. (2003) 
[3], if the K value is 1.60; 1.40; 1.20; 1.0 and 0.80, these indicate 
excellent and trophy-class fish; a good and well-proportioned; a 
fair; poor long and thin; and finally extremely poor fish having 
disproportional large head and narrow skinny body, respectively. 
The condition factor is frequently used in evaluating the general 
health of the fish, on an individual and population level [24]. 
Since they include many stages of processes in the organism at 
numerous levels of organization, indices like Fulton’s condition 
factor can indicate the nutritional status of individuals and the 
general health status of fish [25]. The condition factor presents a 
degree of the individual’s response to the influences coming from 

the environment such as the quantity and quality of nutrients, the 
presence of pathogens, pollutants, and toxic substances, which can 
result in a change in the mass of individuals and organs compared 
to individuals from the unchanged environment. The value of the 
condition factor is an expression of the physical condition of the 
fish and it is suitable for comparison of individuals of the same 
species and demonstrates differences in relation to sex, season, and 
place of sampling [26].

The cost of feed and seed emerges as critical factors in trout 
production, collectively absorbing almost 70% of the production 
costs, as pointed out by B. Tuburan, et al. (2001) [27], O. 
Oluwemimo, et al. (2013) [28], and I.E. Ele, et al. (2013) [29]. J. 
Lazard, et al. (2010) [30] also highlights the numerous challenges 
trout face, including environmental, social, and economic 
constraints. Given that trout are often cultured in intensive 
systems, it is imperative to implement better management practices 
to reduce production costs and mitigate environmental damage. 
Many authors have reported a benefit-cost ratio of more than 2.00 
[31-35], which lends further support to our findings.

5. Conclusions
The findings of the present research revealed that: 

• The introduction of GIS of rainbow trout in Kashmir has 
improved the economic status of the trout farmers.

• The GIS showed better growth, food conversion efficiency, 
and other morphometric characteristics, which are appealing to the 
consumers.

• The benefit-cost ratio in the case of GIS is better than the NS, 
although that culture is also profitable.
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1. Introduction

Hepatocellular carcinoma is the most common primary 
liver cancer, ranking top in incidence and mortality rate 
worldwide [1]. Hepatectomy remains the most basic 
curative treatment for HCC. However, hepatectomy is also 
associated with many complications including bleeding, 
acute liver failure, and bile leakage, which may adversely 
affect survival and mortality. First described by K. Takasaki 
(1998) [2], Takasaki pedicle transection allowed a precise 
anatomical method of liver resection based on the ischemic 
line on the liver surface, as well as minimal intraoperative 
blood loss. This method is now widely applied around the 
world, especially in Vietnam and East Asia. Intraoperative 

bleeding is common in liver parenchymal resection, raising 
questions about the optimal bleeding-control cutting device. 
Among current instruments like the LigaSure™, Harmonic 
Scalpel™, the Cavitron Ultrasonic Surgical Aspirator® 
(CUSA), and staplers, which allow the least blood loss 
and are the most cost-effective, etc., is still a matter of 
controversy.

Many studies confirm the role of the LigaSure™ scalpel 
in reducing operative time, morbidity rate of bile leakage, 
and bleeding compared with other means. On the other 
hand, many studies have shown LigaSure™’s comparable 
results over other devices (Harmonic Scalpel™, CUSA 
scalpel, Aquamantys®, or Stapler) in parenchymal resection 
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and decrease in intraoperative blood loss [3-5]. However, 
there are currently no studies evaluating the efficacy of the 
combination of Takasaki’s pedicle transection method with 
the LigaSure™ scalpel for parenchymal resection. Our study 
aimed to find out whether this combination would enhance 
the effectiveness of hepatectomy for HCC, by illustrating 
highlights pictures as well as short-term outcomes.

2. Materials and methods 

These case series have been reported in line with the 
process guideline at the end of the methods section (and 
included in the references section) [6] and were registered in 
accordance with the Declaration of Helsinki. The study was 
conducted on 67 patients undergoing liver resection with 
the Takasaki technique using a LigaSure™ scalpel at Bach 

Fig. 1. Pedicle control with Takasaki’s method. Fig. 2. Posterior hepatectomy transection plan marked based on 
ischaemic line on liver surface after posterior pedicle control.

Fig. 3. Segment 6 hepatic vein cut and sealed with vessel 
sealing LigaSure™ scalpel.

Fig. 4. Liver resection margin after performing liver parenchymal 
resection with Ligasure™ scalpel (Central hepatectomy).
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Mai Hospital from August 2021 to April 2022 (6 months). 
The preoperative diagnosis was histologically confirmed 
as HCC, and staging was classified based on the Barcelona 
Clinic Liver Cancer Staging and Treatment Strategy in 2022 
[7] and the Guideline for Diagnosis and Treatment of HCC 
of the Ministry of Health of Vietnam in 2020.

Inclusion criteria include: Patients are selected for 
surgery according to the Barcelona Clinic Liver Cancer 
2022 criteria and Guideline for Diagnosis and Treatment 
of HCC of the Ministry of Health of Vietnam in 2020; 
Postoperative pathology confirmed HCC; and hepatectomy 
was performed with Takasaki pedicle transection method 
with a LigaSure™ scalpel.

Exclusion criteria include: secondary liver tumour 
resected, simultaneous extrahepatic biliary tract resection 
and biliary-enteric anastomosis, and hepatectomy with 
intraoperative radiofrequency ablation for other liver 
lesions.

Research method: Descriptive study.

3. Surgical protocol
Stage 1: Abdominal exploration:

o Open the abdomen with the right J line or the middle 
white line above and below the umbilicus.

o Evaluate the liver tumour and its invasion into the 
surrounding organs. Assess peritoneal metastasis.

Stage 2: Cholecystectomy, lower gallbladder bed and 
liver hilum.

Stage 3: Mobilise the liver depending on the type of 
surgery to be performed.

Stage 4: Pedicle control with Takasaki’s method 
(Fig. 1). Selective clamping of the hepatic pedicle, defining 
the resection border of the liver parenchyma according to 
the ischemic line on the liver surface (Fig. 2).

Stage 5: Liver parenchymal resection with LigaSure™ 
scalpel (Fig. 3). Determine the transection plane based on 
ischemia line on liver surface. Cut the liver parenchyma 
with Kelly forceps and LigaSure™ scalpel. Dissect blood 
vessels less than 5 mm with LigaSure™ scalpel. Larger 
vessels are sutured with 3.0 nonabsorbable monofilament 
suture.

Stage 6: Cut the corresponding Glisson pedicle and 
hepatic vein with a stapler or suture with a nonabsorbable, 
monofilament suture.

Stage 7: Apply haemostats, check for bile leaks, place 
drainage at the transection plane, close abdomen (Fig. 4).

4. Data analysis

Collected data included: demographical characteristics 
such as age, gender, past medical history of liver disease, and 
other comorbidities, clinical and subclinical characteristics 
of tumour location, size, number, and liver function 
classified according to Child-Pugh classification; Technical 
characteristics and developments in surgery such as pedicle 
control time, parenchymal resection time, blood loss, and 
intraoperative complications; Postoperative complications, 
for example, liver failure, bile leak, bleeding, ascites, and 
mortality; and Length of hospital stay after surgery.

Using the criteria of the International Study Group on 
Liver Surgery, a biliary leak was defined as bile detected 
in abdominal drainage or incisional separation. Similarly, 
post-hepatectomy liver failure was defined as exogenous 
coagulation prothrombin less than 50% and elevation of 
total bilirubin above 50 µmol/l from the 5th postoperative 
day.

Data were analysed using SPSS 24.0. All qualitative 
data were presented in percentage. Quantitative data were 
presented as mean and standard deviation (SD).

5. Results

Sixty-seven patients (male/female ratio is 4:1) 
underwent liver resection with Takasaki’s technique using 
the LigaSure™ scalpel. The mean age was 56±12 years. 
73% had a history of hepatitis B. All patients were classified 
as Child-Pugh A, with platelet counts above 100,000 per 
mm³ and normal coagulation status. The median values of 
preoperative tumour markers - AFP, AFP-L3, PIVKA II - 
were 8.2 ng/ml, 6.5%, and 138.5 mAU/ml, respectively.

The morphologies of liver resection in our study group 
varied, from segmentectomy to multi-segmentectomy, 
encompassing segments 1 to 8. Minor hepatectomy 
accounted for the majority (68.7%) (Table 1). Right posterior 
segmentectomy contributed the highest proportion (26.9%), 
followed by left hepatectomy (19.4%).
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Table 1. Morphology of liver resection.

Morphology Number of 
patients (n)

Percentage 
(%)

Major hepatectomy 
(21)

Right hepatectomy 5 7.5

Left hepatectomy 13 19.4

Central hepatectomy 3 4.5

Minor 
hepatectomy (46)

Left sectionectomy 2 3.0

Anterior sectionectomy 11 16.4

Posterior sectionectomy 18 26.9

Bisegmentectomy 8 11.9

Segmentectomy 7 10.4

Table 2. Pedicle control and parenchymal resection time.

Pedicle control time

Pedicle Mean time (minutes) Min (minutes) Max (minutes)

Right 3.44±1.65 2 10

Left 4.58±4.05 1 15

Right anterior 6.12±4.05 1 20

Right posterior 6.08±3.79 1 20

Parenchymal resection time [(n) Mean time±SD] (minutes)

Mean parenchymal resection time (67) 33.96±12.32

Major hepatectomy  (38) 36.05±13.26

Minor hepatectomy (29) 31.21±10.58

Mean operative time (67) 130.79±29.62

Major hepatectomy  (38) 131.53±28.93

Minor hepatectomy (29) 129.83±30.98

The mean time for right and left pedicle control was 
3.44±1.65 minutes and 4.58±4.05 minutes, respectively, 
for anterior and posterior segment pedicles was 6.12±4.05 
minutes and 6.08±3.79 minutes, respectively. The mean 
time of overall parenchymal resection was 33.96±12.32 
minutes. The mean time for major hepatectomy was 
36.05±13.26 minutes; minor hepatectomy was 31.21±10.58 
minutes (Table 2). Three patients (4.48%) experienced 
complications during parenchymal resection, all of which 
were hepatic vein lacerations, well managed intraoperatively. 
The mean operative time was 130.79±29.62 minutes, 
with 131.53±28.93 minutes for major hepatectomy and 
129.83±30.98 minutes for minor hepatectomy. After 
surgery, all our patients were able to sit up and start feeding 
on the first day post-surgery.

The results from Table 3 showed that the mean blood 
loss during pedicle control was 21.88±14.02 ml, the overall 
mean intraoperative blood loss was  211.79±125.41 ml, 
and only one patient required an intraoperative blood 
transfusion.

In Table 4, the postoperative overall complication rate 
was 2.98%: One case of postoperative liver failure and one 
case of wound infection. Both cases were graded Clavien-
Dindo II without the need for surgical intervention.

Table 3. Intraoperative blood loss.

Mean±SD (ml)

Blood loss during pedicle control  21.88±14.02

Intraoperative blood loss  211.79±125.41

Major hepatectomy  202.63±133.21

Minor hepatectomy  164.14±107.22

Table 4. Postoperative complications.

Postoperative morbidities Cases Percentage (%) Clavien-Dindo

Bleeding 0 0

Biliary leakage 0 0

Ascites 0 0

Wound infection 1 1.49 II

Liver failure 1 1.49 II

Total 2 2.98
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6. Discussion

In liver resection surgery, most authors acknowledge that 
three factors need to be controlled to limit blood loss and 
reduce intra- and postoperative complications: (1) inflow 
control, i.e., control of blood entering the liver; (2) outflow 
control, i.e., control of the hepatic veins and central venous 
pressure; (3) control of blood vessels during parenchymal 
resection.

6.1. Takasaki’s technique of pedicle control

Takasaki’s technique of pedicle control is one of the 
most common inflow control methods being applied. This 
technique not only determines a precise transection plan 
based on the ischaemic line on the liver surface but also 
facilitates anatomical liver resection. First introduced in 
1986 in a case of right hepatectomy, Takasaki’s technique is 
now well adopted worldwide in both laparoscopic and open 
surgery [2]. The technique was defined as successful when 
the surgeon could well expose the entire pedicle and place 
the control device precisely on the corresponding pedicle 
(left, right anterior, right posterior, and even segmental 
pedicles).

Our study reported a rate of successful pedicle control 
of 100% of the cases. The mean time to control the right 
and left pedicles was 3.44±1.65 and 4.58±4.05 minutes, 
respectively; for anterior or posterior segmental pedicles it 
was 6.12±4.05 minutes. Blood loss during pedicle control is 
negligible. Assessing the amount of blood loss during this 
technique is also very difficult and relatively precise due to 
minimal blood loss. Dissection into the correct anatomical 
layer between the Glisson capsule and the Laennec capsule 
will not cause bleeding.

Our research results were consistent with domestic and 
international studies: K. Takasaki (2007) [8]’s data on more 
than 2,000 cases of HCC report a pedicle control success 
rate of 100% and no adverse events. In Vietnam, a study by 
V.Q. Vu, et al. (2022) [9] on 106 patients showed a success 
rate of 100% and a complication rate of 1.9% due to right 
portal vein laceration. Portal vein laceration is the most 
common complication during pedicle dissection, possibly 
due to portal hypertension in cirrhotic patients. According 

to K. Takasaki (2007) [8], during pedicle control, it is 
advisable to completely control the pedicle first to reduce 
bleeding from small vessels in the hilar area, especially in 
cirrhotic patients with portal hypertension. This approach 
not only helps limit bleeding but also maintain a clean 
surgical field, and therefore, avoiding further complications 
in pedicle dissection.

6.2. The role of LigaSure™ scalpel

First introduced in 1998, LigaSure™ by Covidien 
(Medtronic, USA) utilises a combination of pressure and 
bipolar radiofrequency energy to induce vascular sealing 
up to 7 mm in diameter. The application of the LigaSure™ 
system in liver parenchymal resection offers significant 
benefits, including reduced blood loss, blood transfusion 
rates, operating time, and shortened postoperative hospital 
stays in established surgeries, which has been confirmed in 
many studies [3, 10-12].

During hepatectomy, after the liver parenchyma was 
crushed with a Kelly forceps, the blood vessels and small 
biliary tracts were left exposed. Instead of traditional 
suturing, we resected the connective tissue and small blood 
vessels (less than 5 mm) (mainly small liver veins) with 
a LigaSure™ scalpel. This technique not only reduced 
bleeding due to vessel laceration during suture binding but 
also shortened parenchymal resection time. LigaSure™ has 
also been proven to reduce the risk of biliary leakage due to 
its ability to seal small biliary tracts [3]. When performing 
the Takasaki pedicle control technique before parenchymal 
resection, the transection plan between anatomical units was 
clearly defined to minimise the risk of large blood vessel 
injury. The most important vascular component commonly 
encountered is the hepatic vein, which can be effectively 
sealed with LigaSure™. Therefore, the combination of 
pedicle control technique along with the application of 
LigaSure™ scalpel makes liver resection safe and effective.

  According to our study, the mean time for parenchymal 
resection was 33.96±12.32 minutes, and the mean 
intraoperative blood loss was 211.79±125.41 ml, which 
was comparable with other studies [3, 13]. Several studies 
worldwide have shown no difference in the duration of 
liver parenchymal resection between LigaSure™ scalpel 
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and other devices, even in laparoscopic liver resection [11]. 
A recent systematic review with data from 22 randomised 
controlled trials involving 2360 patients has shown that 
bipolar cautery techniques (with LigaSure™ scalpel as a 
typical example) provide the best outcomes in reducing 
blood loss and shortening operating time [14]. In our study, 
three cases encountered complications during parenchymal 
resection; all the morbidities were hepatic vein lacerations 
during parenchymal crushing with Kelly forceps in cases 
with tumours near dilated blood vessels due to cirrhotic 
portal hypertension. These complications were not related 
to the use of LigaSure™. In our opinion, liver cirrhosis or 
a tumour adjacent to large blood vessels were prognostic 
factors for difficult parenchymal resection.

The LigaSure™ scalpel seals tissue and creates adhesion. 
Therefore, if applied to parenchymal resection, liver tissue 
would become adhesive, which prevents the scalpel tip 
from moving flexibly and increases the risk of vessel injury. 
Consequently, we recommend using Kelly forceps, instead 
of LigaSure™, to break the parenchyma and before using the 
LigaSure™ scalpel to cut connective tissues and blood vessels.

6.3. Short-term outcome

The mean postoperative hospital stay was 7.9 days 
(6-15 days). This result is consistent with other authors 
applying Takasaki’s hepatectomy method and the SonaStar 
Ultrasonic Aspiration System for parenchymal resection, 
reported a mean hospital stay of 8±5.2 days [9]. The mean 
postoperative blood loss was 211.79±125.41 ml, compared 
to Y. Sakamoto, et al. (2004) [12]’s result of 200 ml when 
using the LigaSure™ scalpel, and V.L. Ho, et al. (2021) 
[13]’s result of 250 ml when using an ultrasonic scalpel.

Our postoperative complications included two 
cases (accounting for 2.98%), all of which were mild 
complications and did not require surgical intervention. 
No mortality was observed. This result is consistent with 
studies worldwide: M. Ikeda, et al. (2009) [10] studied 60 
hepatectomy cases using the LigaSure™, and A. Saiura, 
et al. (2006) [15] reported the same number of patients, 
with neither witnessing intraoperative nor postoperative 
mortality. 

Although the results in our study were very positive, this 

was only a retrospective observation of short-term outcomes 

on limited numbers of hepatectomy cases. Therefore, 

a longer follow-up period is required in future studies to 

elucidate the potential benefits of the LigaSure™ scalpel 

and the Takasaki technique for HCC.

7. Conclusions

Hepatectomy using the LigaSure™ scalpel combined 

with Takasaki’s Glissonean pedicle control method in the 

treatment of HCC is feasible and effective. This approach 

allows liver resection to be precise with sufficiently 

safe margins, minimal intraoperative blood loss and 

blood transfusion, and a low complication rate. Further 

investigations and follow-up must proceed to evaluate the 

long-term outcomes of this technique.
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1. Introduction 

Epilepsy is a common neurological disorder, affecting 
around 50 million people and accounting for 0.5% of 
the global disease burden [1]. The annual estimated 
proportion of epilepsy worldwide is 4-7 per 1,000 people; 
in Vietnam, this prevalence is 4.4 per 1,000 people [1, 2].

Carbamazepine (CBZ) is the first-line treatment for 
epilepsy, modulating voltage-gated sodium channels, 
inhibiting the action potential, and reducing synaptic 
transmission. Despite being an effective anticonvulsant, 
CBZ can cause hypersensitivity reactions of varying 
frequency and severity. The majority of hypersensitivity 
reactions are relatively mild skin rashes, which are usually 

ordered by the doctor to be discontinued to resolve the 
symptoms of hypersensitivity [3]. However, CBZ also 
causes serious and potentially severe cutaneous adverse 
drug reactions such as toxic epidermal necrolysis (TEN), 
Stevens-Johnson syndrome (SJS), hypersensitivity 
syndrome (HSS), drug rash with eosinophilia and 
systemic symptoms (DRESS) [4].

Human leukocyte antigen (HLA) molecules play a 
crucial role in adaptive immunity. Specifically, HLA 
class II molecules have been linked to various diseases, 
including autoimmune diseases, infections, allergies, and 
epilepsy [5-8]. In 2016, a previous study conducted a 
study on the genetic association of HLA class II alleles 
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DRB1, DQA1, and DQB1 with mesial hippocampal 
sclerosis. Their results showed that the allele HLA 
DRB1*13:02 may act as a susceptibility factor in patients 
with pharmacoresistant temporal lobe epilepsy associated 
with mesial hippocampal sclerosis [7]. Another previous 
study analysed HLA typing results and found that class 
II HLA genes, particularly DRB4*03:01N, a null allele, 
may have a strong protective role in epilepsy patients in 
the Middle East [8]. However, there is limited data on 
the role of HLA class II in the Vietnamese population, 
especially in those with epilepsy treated with CBZ. 
Therefore, this study aimed to identify the association 
between HLA class II, specifically HLA-DQB1 and 
-DPB1, and the risk of CBZ-induced hypersensitivity 
reactions in Vietnamese patients with epilepsy.

2. Materials and methods

2.1. Biological materials

A total of 44 blood samples from epilepsy patients 
treated with CBZ were used in this study, comprising 
2 groups: 21 hypersensitive patients and 23 tolerant 
patients provided by Tam Anh Hospital (Hanoi) with 
characteristics including age, gender, CBZ dose, drug 
allergy or tolerance status, and clinical features. The 
inclusion criteria were as follows: (i) The patients were 
examined and diagnosed with epilepsy; (ii) They had 
clear indications for treatment with CBZ; (iii) They 
had taken CBZ for less than 3 months and had allergic 
manifestations (hypersensitivity group) or more than 
3 months and non-allergic manifestations (tolerance 
group); (iv) They had not been administered other drugs 
with a high allergy risk. The exclusion criteria were: (i) 
Patients with clinically significant allergic conditions 
before drug administration or allergic conditions present 
within 24 hours of drug administration; (ii) Pregnant 
women; (iii) Patients who had not undergone sufficient 
tests necessary for the study; (iv) Patients who refused to 
participate in the study.

The patients were informed of the study's purpose 
and agreed to provide the samples. All enrolled patients 
or their guardians signed an informed consent form. 
The study was approved by the Institutional Ethical 
Review Board of Hanoi Medical University, code 118/
GCN-HDDDNCYSH-DHYHN on July 8, 2020. Blood 
samples were collected in EDTA anticoagulant tubes and 
stored at -25°C until use.

2.2. Amplification of HLA-DQB1 and -DPB1 genes 
by long-range polymerase-chain-reaction

Total DNA was extracted from whole blood samples 
using the QIAamp DNA Mini Kit (QIAGEN, Germany) 
according to the manufacturer's instructions. Total DNA 
concentration and quality were measured by Qubit™ 4 
Fluorometer (Invitrogen, USA), and then DNA samples 
were stored at -20ºC until further experiments.

The HLA-DQB1 and -DPB1 genes were amplified 
using the QIAGEN Long-Range PCR Kit (Qiagen, USA) 
with locus-specific long-range PCR primers provided by 
Omixon Holotype HLA 96/7 RUO (Omixon, Hungary), 
according to the manufacturer's instructions. The HLA-
DQB1 and -DPB1 loci were amplified in 25 µl of a 
reaction mixture consisting of 2 µl of primer mix, 2.5 
µl of PCR long-range buffer (10X), 1.25 µl of mixed 
dNTPs (10 mM each), 0.4 µl Taq polymerase, and 
20-30 ng/µl DNA. The thermal cycle used for 
amplification was 95°C for 3 mins; 35 cycles (95°C for 
15 s; 60°C for 30 s; 68°C for 9 mins) and 68°C for 10 
mins. The Qubit™ 4 Fluorometer (Invitrogen, USA) 
was used to measure the nucleic acid's ultraviolet light 
absorption density of PCR products at 260 nm (A260). The 
PCR products were then diluted to a final concentration 
of 100 ng/µl for library construction.

2.3. Library preparation and next-generation 
sequencing 

The library was constructed in 4 main steps: (1) DNA 
fragmentation to form short fragments approximately 300 
bp in length by restriction enzyme; (2) DNA fragment 
repair and adenylation by adding an A nucleotide; (3) 
The DNA fragments were attached to two heads by 
adapter 1 and adapter 2 with specific sequencing; and (4) 
Library size selection using AMPure XP beads (Beckman 
Coulter, USA) performed with the Omixon Holotype 
HLA 96/7 RUO kit (Omixon, Hungary) according to the 
manufacturer's procedure.

Library DNA concentrations were quantified by 
measuring the A260 value using a Qubit™ 4 Fluorometer 
(Invitrogen, USA) for optimal use of the output of 
the Illumina MiSeq. All samples were barcoded, 
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aggregated, and then sequenced on the MiSeqFGx 
instrument (Illumina, San Diego, CA) using the Miseq 
Reagent Kit v3.

Sequencing data was generated from the Illumina 
Miseq platform as FASTQ files. The raw reading results 
of the sequencing system (FASTQ file format) were 
checked by FASTQC software to evaluate the quality 
criteria and analysed using Omixon HLA Twin v2.1.3 
software (Omixon, Hungary), which assisted in aligning 
reads with specific HLA loci to generate the best-matched 
alleles at each read. Interpretation of the HLA genotyping 
format results was performed using Omixon Target 
software v1.7 (Omixon Biocomputing Kit, Budapest, 
Hungary) and Omixon Target software (Omixon) v1.8 
with updated reference sequences on the IMGT/HLA 
database.

2.4. In silico analysis

HLA-DQB1*03:03 protein sequence was collected 
from the HLA database (https://www.ebi.ac.uk/
ipd/imgt/hla/alleles/) and a protein structure model 
was built using SWISS-MODEL software (https://
swissmodel.expasy.org/interactive/) [9], with the 
structure of the HLA-TCR complex (SMTL ID: 6px6.1) 
as the template. The appropriate model selection was 
based on the structural evaluation measures of SWISS-
MODEL, especially with two important parameters, 
GMGE and QMEANDisCo Global [9-14]. The 
structure of carbamazepine was collected from the 
LIGANDs Database Open and eXtensible (LigandBox) 
with LigandBoxID of D00252. The chemical binding 
sites between the target (HLA-DQB1*03:03 molecule) 
and the ligand (CBZ) were predicted using SwissDock 
(http://www.swissdock.ch/) based on EADock DSS, 
and results were visualised by UCSF Chimera (https://
www.cgl.ucsf.edu/chimera/) [13-15].

2.5. Statistical analysis

Differences in clinical and subclinical characteristics 
of the groups and frequency of HLA alleles were 
statistically analysed using GraphPad Prism version 
8.4.2 for Windows (GraphPad Software, San Diego, 
California, USA). Continuous variables that followed 
a normal distribution were represented as mean and 

standard deviation. In contrast, the Mann-Whitney U test 
was used if the data did not follow a normal distribution. 
For categorical variables, statistical comparisons were 
performed using Fisher's exact test. 

Hardy-Weinberg equilibrium tests were conducted for 
each locus using the Basic Statistics of Gene[rate] Tools 
(one-locus summary; HLA-net, University of Geneva, 
Switzerland;.https://hla-net.eu/tools/basic-statistics/) 
[16]. Alleles at each locus were considered in Hardy-
Weinberg equilibrium if the observed and expected 
(estimated) frequencies did not differ significantly 
(p>0.05). The comparison of allele frequencies in this 
study was performed using Fisher's exact test. The 
Bonferroni-Dunn method for multiple testing correction 
was applied when the p values were significant. 

HLA-DQB1 allele frequencies in Vietnam were 
based on information from the Allele Frequency Net 
Database (www.allelefrequencies.net) [17]. The HLA-
DQB1*03:03 allele frequencies data of this study were 
compared to those in previous research on the Vietnamese 
population using Fisher's exact test. 

The HLA allele-related risk estimation was expressed 
as an odds ratio (OR) and 95% confidence interval (CI) 
from logistic regression. A p-value and p-correction 
(pc) less than 0.05 were considered to be statistically 
significant. 

3. Results

3.1. Clinical and subclinical characteristics of the 
patient groups with epilepsy 

The clinical and subclinical data of CBZ-treated 
patients with epilepsy are presented in Table 1. Statistical 
comparison results showed that, in the hypersensitivity 
group, the average dose used by patients with severe 
cutaneous adverse drug reactions (SJS/TEN) was higher 
than that of mild cutaneous adverse drug reactions 
(MCADR) (p=0.0394), and the hypersensitivity 
group had a significantly lower dose of the drug 
than the tolerant group (p<0.0001). Furthermore, the 
hypersensitivity group's haemoglobin content (g/l) was 
lower than that of the tolerant group (p=0.0233). The 
remaining characteristics between the two groups were 
not significantly different (p>0.05).
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3.2. Frequency of the HLA-DQB1 and -DPB1 alleles 
in carbamazepine-treated patients with epilepsy

There is no significant deviation from Hardy-
Weinberg equilibrium for loci of HLA-DQB1 and -DPB1 
in both groups (p>0.05). In total, we identified 19 HLA-
DQB1 alleles in 44 Vietnamese epilepsy patients treated 
with CBZ (Table 2). Among these 19 alleles, HLA-
DQB1*03:01:01 was the most frequent allele in both 
hypersensitivity and tolerance groups, with frequencies 
of 0.4048 and 0.5090, respectively. Additionally, 

the HLA-DQB1*03:03:02 allele appeared higher in 
the hypersensitivity group than in the tolerant group 
(p=0.0431); however, the difference was not significant 
after applying Bonferroni correction (pc=0.5249).

For HLA-DPB1, 16 alleles were found in epileptic 
patients (Table 3), of which the HLA-DPB1*05:01:01 
allele had the highest frequency. None of the 16 
alleles were found to be associated with CBZ-induced 
hypersensitivity in epileptic patients.

Table 1. Clinical and subclinical characteristics of Vietnamese patients with epilepsy.

Characteristics
MCADR
(n=16)

 SJS/TEN
(n=5)

p-value
Hypersensitive cases 
(n=21)

Tolerant cases
(n=23)

p-value

Average dose (mg/day) 315.6 500.00 0.0394† 359.53 595.65 <0.0001†

Age (year)

Min-max 7-71 16-40 7-71 13-65

Average 33 27 0.4834† 32 28 0.5484†

Gender (n, %)

Male 9 (42.86%) 2 (40.00%) 0.6351†† 11 (52.38%) 14 (60.87%) 0.7613††

Female 7 (43.75%) 3 (60.00%) 10 (47.62%) 9 (39.13%)

Time of allergy appearance (day) 21 24 0.4332† 19

Skin lesions (n, %)

Maculopapular eruptions 9 (56.25%) 0 (0.00%) 4 (19.05%)

Skin rashes and/or itches 7 (43.75%) 0 (0.00%) 8 (38.09%)

Blisters and erosions, in which skin 
detachment 0 (0.00%) 5 (100.00%) 9 (42.68%)

Subclinical features (X±SD)

ALT (IU/ml) 23.86±12.14 42.44±26.61 0.0728† 28.28±17.83 24.97±13.09 0.5257†

AST (IU/ml) 24.82±9.85 45.42±36.79 0.1842† 29.72±20.59 22.20±7.50 0.1618†

Urea (mmol/l) 4.24±1.04 3.97±1.53 0.9837† 4.17±1.14 4.71±4.70 0.2594†

Creatinine (µmol/l) 59.73±11.45 51.38±7.22 0.1471† 57.74±11.05 63.90±13.77 0.2308†

Glucose (mmol/l) 5.39±0.52 7.36±3.90 0.3031† 5.86±2.00 5.46±0.63 0.6876†

Potassium (mmol/l) 3.65±0.28 3.77±0.29 0.6423† 3.67±0.28 3.72±0.24 0.5864†

RBC (T/l) 4.77±0.76 4.53±0.48 0.5582† 4.71±0.69 4.73±0.46 0.5333†

Hb (g/l) 133.30±10.05 128.20±9.86 0.2471† 132.10±10.01 139.17±13.58 0.0233†

PLT (G/l) 248.60±79.76 216.20±80.12 0.4950† 240.90±79.09 252.96±49.43 0.6541†

WBC (G/l) 5.95±1.99 7.06±1.75 0.1297† 6.22±1.95 7.46±2.39 0.0710†

*MCADR: mild cutaneous adverse drug reactions; ALT: alanine aminotransferase; AST: aspartate transaminase; RBC: red blood 
cell; Hb: haemoglobin; PLT: platelet; WBC: white blood cells; X: average; SD: standard deviation; † Mann-Whitney U test; †† Fisher’s 
exact test, the p-value in bold was statistically significant.
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Table 2. Frequency of the HLA-DQB1 allele in epilepsy patients treated with carbamazepine.

No. HLA-DQB1 allele
Hypersensitive case 
(n=21)

Tolerant cases 
(n=23) OR (95% CI) p-value pc- value

NA AF NA AF

1 02:01:01 1 0.0238 3 0.0652 0.35 (0.03-2.45) 0.6178 0.5771

2 02:02:01 1 0.0238 1 0.0217 1,10 (0.06-21.27) >0.9999 0.9989

3 03:01:01 17 0.4048 15 0.3261 1,40 (0.58-3.30) 0.5090 0.9338

4 03:02:01 - - 4 0,0870

5 03:03:02 8 0.1905 2 0.0435 5.18 (1.11-25.05) 0.0431 0.5249

6 03:276N 1 0.0238 - -

7 03:358N - - 2 0.0435

8 04:01:01 1 0.0238 2 0.0435 0.57 (0.04-4.78) >0.9999 0.6868

9 04:02:01 1 0.0238 - -

10 05:01:01 4 0.0952 3 0.0652 1.51 (0.38-6.26) 0.7049 0.8525

11 05:01:24 3 0.0714 2 0.0435 1.69 (0.33-9.86) 0.6664 0.7979

12 05:02:01 2 0.0476 3 0.0652 0.72 (0.12-3.67) >0.9999 0.8000

13 05:03:01 - - 2 0.0435

14 05:11:01 1 0.0238 - -

15 05:66:01 1 0.0238 - -

16 06:01:01 1 0.0238 4 0.0870 0.26 (0.02-1.68) 0.3631 0.5268

17 06:02:01 - - 1 0.0217

18 06:03:01 - - 1 0.0217 0.5771

19 06:09:01 - - 1 0.0217 0.9989

*: NA: number of alleles; AF: allele frequencies. The p-value obtained with Fisher’s exact test, the bolded value was statistically 
significant.  pc: p-value after applying Bonferroni correction.

Table 3. Frequency of the HLA-DPB1 allele in epilepsy patients treated with carbamazepine.

No. HLA-DPB1 allele
Hypersensitive case (n=21) Tolerant cases (n=23)

OR (95% CI) p-value pc -value
NA AF NA AF

1 02:01:02 5 0.1190 3 0.0652 1.94 (0.45-7.651) 0.4710 0.7529

2 02:02:01 2 0.0476 1 0.0217 2.25 (0.25-33.24) 0.6039 0.6848

3 03:01:01 4 0.0952 2 0.0435 2.32 (0.51-12.58) 0.4192 0.6848

4 04:01:01 3 0.0714 5 0.1087 0.63 (0.16-2.66) 0.7158 0.7550

5 04:02:01 1 0.0238 - -    

6 05:01:01 15 0.3571 15 0.3261 1.15 (0.45-2.71) 0.8238 0.9989

7 104:01:01 1 0.0238 2 0.0435 0.54 (0.04-4.78) >0.9999 0.6868

8 105:01:01 - - 1 0.0217    

9 107:01 - - 1 0.0217    

10 13:01:01 5 0.1190 6 0.1304 0.90 (0.28-3.23) >0.9999 0.9067

11 135:01 1 0.0238 - -    

12 14:01:01 4 0.0952 3 0.0652 1.51 (0.38-6.26) 0.7049 0.8525

13 19:01:01 1 0.0238 1 0.0217 1.11 (0.06-21.27) >0.9999 0.9989

14 21:01 - - 3 0.0652    

15 235:01 - - 1 0.0217    

16 31:01:01 - - 2 0.0435    

*: NA: number of alleles; AF: allele frequencies; the p-value obtained with Fisher’s exact test; pc- p-value after applying Bonferroni 
correction.
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Previous studies have reported data on the HLA-
DQB1*03:03 allele using various research methods. 
To compare the frequency of this allele in Vietnamese 
groups, we searched information from the Allele 
Frequency Net Database and compared it to our own 
study. The results indicated that the frequency of the 
HLA-DQB1*03:03 allele in our study was consistent 
with previous publications (Table 4). 

So far, we have not found any published data on the 
frequency of the HLA-DPB1 allele in the Vietnamese 
population, especially in Vietnamese patients with 
epilepsy.

3.3. Prediction of the carbamazepine interaction site 
on HLA-DQB1*03:03 molecular structure

The molecular structure of HLA-DQB1*03:03 
was not available in the Protein Database bank (http://
www.rcsb.org/pdb/), so SWISS-MODEL was used to 
model the structure of HLA-DQB1*03:03 based on the 
structure of the HLA-TCR complex (SMTL ID: 6px6.1) 
with sequence similarity up to 92.82% (Fig. 1A) [20]. 
The quality of the structure was confirmed using the 
SWISS-MODEL structural evaluation metrics [10]. The 
values of parameters GMQE=0.70 and QMEANDisCo 
Global=0.80±0.05 indicated that the model was 
sufficiently reliable and of high quality [11, 12]. The 
model quality was also evaluated based on the local 
similarity of the predicted protein to the corresponding 
target of each model residue (Fig. 1B) [21]. The results 
showed that the predictive model had good quality 

(quality scores ranged from 0.8 to 1.0), however, there 
were two areas (positions 70-80 and 135-145) with 
low quality (scores lower than 0.6). Besides these, the 
QMEAN Z-Scores were also used to evaluate and validate 
the model [22]. The QMEAN Z value was equal to -0.98 
and the set of Z values for various parameters including 
the interaction between the second carbon atoms (Cβ) 
was equal to -0.28; interaction between all atoms was 
0.14; the solvation, -0.05, and the torsion, -0.97, were 
both small and close to 0, which indicated good quality 
of the model (Fig. 1C). Fig. 1D shows a histogram of 
the normalised QMEAN score based on protein size, 
relating the model quality score to the values obtained for 
experimental constructs of similar size. When compared 
to the non-redundant set of PDB structures, the HLA-
DQB1*03:03 model’s structure was found to be in the 
range |Z-score|<1, confirming reliability. In addition, 
Ramachandran analysis revealed that 95.86% of the 
amino acid residues were in regions corresponding to the 
quadratic structure of the Ramachandran plot, 0.00% of 
the radicals were in the outliers, and only 0.30% of the 
side chains of the sequence with low energy were A120 
SER, further showing that the model had good quality 
(Fig. 1E) [23, 24]. Based on the above parameters, the 
HLA-DQB1*03:03 model was considered reliable.

Following the construction of the structural model 
of HLA-DQB1*03:03, molecular docking analysis 
was performed to evaluate the possibility of interaction 
between DQB1*03:03 protein and CBZ. The chemical 

Table 4. Comparison of HLA-DQB1*03:03 allele frequencies in some Vietnamese groups.

Group Sample 
size

Genotyping 
method AF

(4) (5) 
References

p-value OR (95% CI) p-value OR (95% CI)

Hypersensitive (1) 21 NGS 0.19 0.2311 1.69 (0.80-3.62) 0.3270 1.59 (0.69-3.83)

Tolerant (2) 23 NGS 0.04 0.1149 0.33 (0.08-1.18) 0.1236 0.31 (0.07-1.21)

Epilepsy (3) 44 NGS 0.11 >0.9999 0.92 (0.46-1.74) 0.8471 0.87 (0.42-1.88)

Vietnam Kinh DQB1 
(4) 2076 SSOP 0.12 [18]

Vietnam Kinh (5) 101 NGS 0.13 [19]

*: (3)=(1) + (2); AF: allele frequencies.
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binding sites were predicted using the SwissDock 
software, and the results were visualised using the UCSF 
Chimera software [13-15]. In the results, 38 clusters 
were obtained with cluster rank, of which 6/38 clusters 
expressed CBZ interacting with HLA-DQB1*03:03 at 
the peptide binding cleft. The cluster with the lowest 

molecular FullFitness and binding Estimated ΔG values 
were selected with indices of -1789.0076, kcal/mol and 
-6.703787 kcal/mol, respectively (Fig. 2A). CBZ binds 
to hydrophobic amino acids at the binding site and 
neutralises the potential on the β chain encoded by the 
HLA-DQB1*03:03:02 gene (Figs. 2B and 2C).

Fig. 1. HLA-DQB1*03:03 structure modelling using  SWISS-MODEL Interactive Workspace. (A) Sequence alignment of target (HLA-
DQB1*03:03) and template (HLA-TCR complex, SMTL ID: 6px6.1) by SWISS-MODEL; (B) Local quality estimate graph showing the 
values of the predicted local similarity to target (y-axis) plotted against the protein residue number (x-axis), this quality estimation was 
carried out on both chains of the target protein, with the yellow and grey lines representing chains (A) and (B), respectively; (C) QMEAN 
Z-Scores of the model; (D) Comparison with a non-redundant set of PDB structure (The x-axis shows protein length, represented by the 
number of residues). The y-axis was the normalized QMEAN score. Each dot represented an experimental protein structure, and the 
|Z-score| indicated the standard deviation from the mean. DQB1*03:03 model is represented as a red star; (E) Ramachandran plot (the 
white area was the outlier, where there were almost no Φ/Ψ pairs; the light green area was the area created by the first contour line, where 
there were 99.7% of the Φ/Ψ pairs; the green area was the area created by the 2nd contour line, where 95.0% of the number of Φ/Ψ pairs 
were present, and the dark green area was the area of interest, created by the 3rd contour line, where there were 80.0% the number of 
Φ/Ψ pairs).
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4. Discussion

CBZ is one of the most commonly prescribed 
antiepileptic drugs for the treatment of seizures. Patients 
who develop symptoms of hypersensitivity to the drug are 
often advised by their physician to discontinue its use to 
resolve the symptoms. For tolerant patients, the daily dose 
of CBZ may be increased, and the duration of dosing may 
be prolonged. Long-term use of antiepileptic drugs can 
lead to potentially toxic effects, especially haematological 
side effects. In this study, we found that patients in the 
SJS/TEN group who were taking carbamazepine had a 
significantly higher daily dose (p=0.0394) compared to 
the MCADR group. The observed severe drug reactions 
may be due to the high dose. This contradicts the results 
of a previous study by K.W. Chong, et al. (2014) [25], 
which showed that the SJS/TEN group had a lower 
median dose compared to the minor drug reactions group 
(0.2 mg/kg/day (range 4.6-7.4) and 6.7 mg/kg/day (range 
3.6-20.0) for the two groups, respectively). However, 
our findings are consistent with those of V. Hariraj, et al. 
(2023) [26], who reported that carbamazepine-induced 

severe cutaneous adverse drug reactions were 3.6 times 
more likely to occur in patients with a daily dose of 200 
mg or less compared to those with a daily dose of 400 
mg or more. Additionally, analytical results showed that 
haemoglobin (g/l) levels were increased in epileptic 
patients with high doses of CBZ. This contrasts with the 
results of O.S.E. Shimi, et al. (2021) [27], who suggested 
that haemoglobin content, platelet count, serum C4, and 
IgA levels were negatively correlated with CBZ use. 

CBZ has been reported to cause serious adverse skin 
reactions in Vietnamese patients. In the HLA class I 
group, HLA-B*15:02 has been found to be associated 
with the incidence of severe cutaneous adverse reactions 
associated with CBZ treatment, while no association has 
been found between HLA-A and the reactions [28]. In our 
previous study (2023), we observed a higher prevalence of 
three alleles (HLA-B*46:01:01, HLA-DQA1*03:02:01, 
and HLA-DRB1*09:01:02) in the CBZ hypersensitivity 
group compared to the CBZ tolerant group when typing 
three loci of HLA class I (HLA-A, -B, and -C) and two 
loci of HLA class II (HLA-DQA1 and -DRB1). The 

Fig. 2. Simulation of interaction between DQB1*03:03 protein and carbamazepine by molecular docking analysis. (A) The 
ribbon structure of the HLA-DQB1*03:03 molecule and its interaction site with carbamazepine; (B) The hydrophobic surface of the 
HLA-DQB1*03:03 molecule and interaction site with carbamazepine (the surface colour is mapped from red to blue to denote the most 
hydrophobic and hydrophilic regions, respectively); (C) The electrostatic surface of the HLA-DQB1*03:03 molecule and interaction site 
with carbamazepine (red the negative electrostatic potential energy values and in blue the positive values).
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sensitivity and specificity of the HLA-B*46:01:01/
HLA-DRB1*09:01:02 combination with respect to 
CBZ hypersensitivity diagnosis were 46.88 and 84.85%, 
respectively. These findings suggest that the presence 
of HLA-B*46:01:01/HLA-DRB1*09:01:02 may serve 
as a potential marker for CBZ-induced hypersensitivity 
reactions in Vietnamese patients [29]. In the present 
study, we found that the allele DQB1*03:03:02 was 
significantly associated with hypersensitivity symptoms 
in Vietnamese patients treated with CBZ (p=0.0431). 
However, this significance was lost after applying the 
Bonferroni correction. This is consistent with the findings 
of X.J. He, et al. (2013) [30] in the Han ethnic group of 
northeastern China (p=0.022, after applying Bonferroni 
correction pc>0.05). 

An association between the HLA allele and adverse 
drug reactions has been identified in several ethnicities. 
Several studies have evaluated the association between 
haplotype and drug-induced hypersensitivity reactions 
due to linkage disequilibrium in the HLA region. A 
previous study showed a relatively high risk (16.09) of 
haplotype HLA-A*24:02~B*59:01~C*01:02 carriers 
in 15 Japanese patients exhibiting CBZ-induced 
hypersensitivity reactions (10 patients with mild 
symptoms and 5 patients with SJS) [31]. In 21 Mexican 
Mestizo patients with epilepsy, haplotype A*02:01:01~B
*35:01:01~C*04:01:01 was found to be associated with 
lamotrigine-induced macular rash (p=0.0048) [32]. In 
our study, the frequency of haplotype DQB1*03:03:02-
DPB1*05:01:01 was 0.095 in the hypersensitivity group 
and 0.022 in the tolerance group; however, there was 
no statistically significant difference between the two 
groups (p=0.1881). Additionally, due to the lack of 
publicly available HLA-DPB1 data for the Vietnamese 
population, a comparison with the control group was not 
possible.

Currently, studies show that the hydrophobicity and 
electrical charge of amino acids greatly affect the strength 
of protein molecules, especially the hydrophobicity 
of the ligand-HLA complex. However, reports directly 
related to drug interactions of HLA class II molecules 
are still limited, necessitating additional research [33-
35]. In general, the binding of CBZ to HLA is probably 

weaker than natural and drug-target interactions because 
the HLA binding site does not spontaneously evolve 
to recognise the drug [28]. This poses challenges for 
drug combinations as fewer interactions can be formed 
between the drug and the HLA recognition site. However, 
finding specific alleles and modelling the interactions 
between them are essential because of their application 
in disease screening and treatment. 

Several limitations need to be rectified by future 
research. Firstly, because the sample size is relatively 
small, larger studies should be conducted to clarify the 
findings in this study more thoroughly. Secondly, there 
is not enough data to analyse the haplotype, more data 
is needed for analysis. Thirdly, the exclusion of patients 
without genotyping results is another limitation, and 
future endeavours with more financial support should aim 
to include more patients to obtain a more comprehensive 
understanding and provide data that can reflect the whole 
population.

5. Conclusions

Genetic susceptibility to the risk of carbamazepine-
induced hypersensitivity reactions in Vietnamese patients 
with epilepsy is not found in the HLA DPB1 region. The 
frequency of the HLA-DQB1*03:03:02 allele was higher 
in the hypersensitivity group than in the tolerant group 
(p=0.0431) although this difference was not statistically 
significant after applying the Bonferroni correction and 
the evidence of in silico interaction between CBZ and 
HLA-DQB1*03:03 at the peptide binding cleft suggested 
that HLA-DQB1*03:03:02 allele exhibited a tendency 
to behave as a susceptibility factor for developing 
carbamazepine-induced hypersensitivity reactions in 
Vietnamese patients with epilepsy.
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1. Introduction 

Congenital heart disease is a significant health 
concern as it is the primary cause of birth defects and 
the leading cause of infant mortality after excluding 
infectious aetiologies [1]. With an incidence ranging 
from 19 to 75 per thousand live births and present in 
an even greater proportion of miscarriages, CHD is a 
major contributor to childhood morbidity and mortality 
worldwide. Despite its prevalence, the cause of the 
majority of CHD cases remains unknown, although 
genetic factors are increasingly recognised as playing 
a significant role [2]. Furthermore, approximately 30% 
of children with abnormal chromosomal numbers, or 

aneuploidy, will develop CHD [3]. Understanding the 
genetic basis of CHD is crucial for developing effective 
prevention, diagnosis, and treatment strategies for this 
devastating condition.

The advancement of technology has led to the 
identification of submicroscopic  CNVs associated with 
genetic disorders through the use of high-resolution 
microarrays in clinical analysis. Several studies have 
found that patients with CHD and other anomalies are 
highly likely to carry previously undetected CNVs, 
leading to the identification of new disease-related genes 
or loci for various cardiac defects [4, 5]. 
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Abstract:

Congenital heart disease (CHD) is a complex condition affecting the heart’s structure and function, leading 
to serious health problems. While the cause of CHD is not well understood, researchers have identified copy 
number variations (CNVs) as potential contributors to its pathogenesis. One such CNV is the rare chromosome 
15q13 microdeletion, but its role in CHD remains unclear. In a 22-week gestation foetus, severe congenital 
heart defects were detected by colour Doppler ultrasound imaging. Array comparative genomic hybridisation 
(aCGH) was performed, revealing a 1.1 Mb deletion of the chromosome 15q13.1-q13.2 region containing five 
genes (APBA2, NSMCE3, TJP1, FAM189A1, LOC100130111). However, further chromosomal G-banding 
revealed no abnormal karyotype. Parental aCGH testing determined that this mutation was de novo. This 
report demonstrates the potential association between chromosome 15q13.1-q13.2 microdeletion and foetal 
congenital heart defects for the first time. The use of aCGH in foetuses with abnormal cardiac development 
diagnosed by routine cardiac colour Doppler ultrasound imaging is recommended for the early detection 
of congenital genetic abnormalities. This information can provide valuable insight for prenatal diagnostic 
consultation and decisions regarding pregnancy termination. 
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Microdeletions, a type of CNV, can encompass 
multiple genes. Although they are uncommon in 
chromosome 15q13, their contribution to CHD remains 
incompletely elucidated.

In the presented case, an amniotic sample was 
obtained from a 22-week-old foetus exhibiting numerous 
congenital heart abnormalities. The sample was analysed 
using aCGH, which revealed a 1.1 Mb deletion on 
the long arm of chromosome 15 (46, XX [del (15). 
q13.1-q13.2]). Further investigation confirmed that 

this deletion occurred spontaneously. It is therefore 
hypothesised that this mutation is solely responsible for 
the observed congenital heart defects.

2. Case presentation

A 29-year-old pregnant woman (G1P0) was 
admitted to the hospital for evaluation at 22 weeks of 
gestation. Foetal echocardiography was performed using 
2-dimensional, M-mode, and Doppler imaging. A colour 
Doppler ultrasound revealed several heart abnormalities, 
including dextrocardia, a significant atrioventricular 

(A)                                                                                                                (B)

                                      (C)  

Fig. 1. Colour Doppler ultrasound imaging showing (A) dextrocardia, significant atrioventricular septal defect and (B) 
aortic valve stenosis, (C) pulmonary valve stenosis.
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septal defect (AVSD), and stenosis of the aortic and 
pulmonary valves (Fig. 1). The ventricular septum was 
examined carefully for cardiac wall defects, from the 
apex to the crux. Septal defects may be difficult to detect. 
The septum was detected when the ultrasound section 
was perpendicular to it, starting from a four-chamber 
view to obtain the normal cross-over of the aorta and 
main pulmonary artery at their origin. Details of the 
pulmonary artery bifurcation can also be seen. Other 
parts of the foetus showed no abnormalities. Ultrasound 
was performed on a GE Volution E10 machine from a 
healthcare company. 

Approximately 20 ml of amniotic fluid was collected 
using ultrasound-guided transabdominal puncture. 
The fluid underwent conventional chromosomal 
G-banding karyotype analysis and aCGH analysis with 
CytoGenomic version 5.0, compared with GRCh37/
hg19. The G-banding analysis revealed a 46, XY 
karyotype with no abnormalities detected. However, 
the aCGH analysis identified a 1.1 Mb deletion in the 
chromosome 15q13.1-q13.2 region (arr[GRCh37] 
15q13.1q13.2(29253317_30366124)x1) containing 
five genes (APBA2, NSMCE3, TJP1, FAM189A1, 
LOC100130111). This deletion occurred between BP3-
BP4 on chromosome 15q13.1-q13.2 (Fig. 2).

(A)

(B) (C)

                                

Fig. 2. Karyotype and array comparative genomic hybridisation analysis detects 1.1 Mb-deletion of the chromosome 
15q13.1-q13.2 region containing 5 genes. (A) Comparison of 8 samples, (B) Deletion of chromosome 15, and (C) Normal 
foetus’s karyotype.
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Peripheral blood samples were taken from the foetus’ 
parents and subjected to aCGH analysis, which did 
not identify any mutations. These results suggest that 
the foetus’ chromosome with the microdeletion was 
not inherited from the parents. The pregnant woman 
reported having a regular menstrual cycle and a natural, 
uneventful pregnancy. She had no history of smoking, 
alcohol consumption, viral infections, or a family 
history of foetal anomalies. Additionally, she denied 
taking any oral medications during her pregnancy. Non-
invasive prenatal testing was also conducted during the 
pregnancy, revealing a low risk. The pregnant woman 
and her family decided to terminate the pregnancy at 23 
weeks of gestation. Unfortunately, we do not have the 
foetal pathology results after delivery because the family 
did not agree to an autopsy on the foetus. 

3. Discussion
Genomic regions flanked by low-copy repeats 

(LCRs, or segmental duplications) with DNA sequence 
identity greater than 95-97% are prone to recurrent 
microdeletions, microduplications, and inversions 
mediated by non-allelic homologous recombination 
(NAHR) [6]. One of the most unstable regions in the 
human genome is the LCR-rich proximal region of 
chromosome 15 (15q11-q14), which is associated with 
various DNA copy-number variations (CNVs) such 
as deletions, duplications, inversions, translocations, 
and supernumerary inv dup(15) chromosomes [7]. 
The breakpoints of these rearrangements occur within 
complex sets of LCRs known as BP1 to BP6 [8].

Prader-Willi syndrome (PWS) and Angelman 
syndrome usually result from distinct parental-origin 
deletions that encompass the distal breakpoint BP3, 
along with proximal breakpoints BP1 or BP2 [8]. Another 
study on the UK Biobank revealed that the deletion of 
the 15q11.2 region spanning from BP1 to BP2, also 
known as the Burnside-Butler syndrome susceptibility 
locus, has been previously linked to various phenotypes, 
including developmental delay, autism, schizophrenia, 
and congenital cardiovascular malformation [9]. 
Supernumerary inv dup (15) chromosomes, also referred 
to as inverted duplications, are frequent rearrangements 
found in the 15q11-q13 region. These large inv dup (15) 
chromosomes are exclusively derived from the maternal 
side and have been observed in patients exhibiting 
facial dysmorphology, intellectual disability, severe 
epilepsy, and often autistic behaviour [10]. Duplications 

and inv dup (15) chromosomes commonly involve the 
breakpoints BP4 and BP5, which are characterised by 
duplicons consisting exclusively of LCR15 elements. 
These duplicons at BP4 and BP5 play a significant 
role in triplications and inv dup (15) chromosome 
rearrangements [7]. 

The consequence of microdeletion between BP3 and 
BP4 is rarely reported. The presence of shared clinical 
features among individuals with this deletion and the 
existence of genes involved in development and nervous 
system function within the deleted region suggest that this 
deletion potentially contributes to abnormal phenotypes 
in certain individuals [11].  

This patient with congenital heart defect (CHD) was 
found to have a 1.1 Mb deletion of the chromosome 
15q13.1-q13.2 region between BP3-BP4. A previous 
study in 2019 reported a case with two microdeletions 
on 15q13.2 and 15q13.3, corresponding to two intervals 
between BP3 and BP4, BP4 and BP5. The patient 
exhibited symptoms of microdeletion 15q13.3 syndrome 
and CHD, specifically a redundant mildly prolapsed 
mitral valve and mildly thickened cardiac muscle [12]. 
In addition, a study in 2020 described four members of 
a family with a microdeletion from BP3 to BP5, two 
of whom had CHD [13]. Furthermore, C. Lowther, et 
al. (2015) [14] proved that no significant differences 
were identified when analysing the clinical features of 
patients in groups with deletions in BP4-BP5, BP3-BP4, 
and BP3-BP5. Therefore, it can be hypothesised that the 
heart defect in the present case is caused by the 15q13.2 
microdeletion situated between BP3 and BP4.

4. Conclusions
This deletion variant on the long arm of chromosome 

15 identified by aCGH technique in this paper is the 
first reported case in the literature. This variant may 
be associated with severe heart defects. It contributes 
to the common data sources, providing clinicians and 
geneticists with additional basis for genetic counselling 
in general, and especially in cases of prenatal diagnosis 
of heart defects.
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1. Introduction

Currently, foodborne illnesses caused by pathogens 
represent a global challenge with significant implications 
for human health. According to the World Health 
Organisation (WHO), foodborne illnesses are responsible 
for 420,000 deaths worldwide annually from 2007 to 
2015 [1]. Bacteria, especially Salmonella typhi, Listeria 
monocytogenes, and Escherichia coli O157:H7, are the 
causative agents for two-thirds of human foodborne 
illnesses. Additionally, meat, dairy products, and eggs 
are the main foods that expose people to these zoonotic 
bacteria [2]. On the other hand, food waste and food loss, 
estimated at 1.3 million tonnes annually, pose challenges 
to food security [3]. Hence, more effort is needed to 
develop new preservation methods, prevent foodborne 

illnesses, and reduce food waste. Due to the widespread 
use of artificial preservatives and consumers’ growing 
concerns about health issues, natural antibacterial agents 
have been explored as a potential solution for food 
preservation.

Chitosan, a cationic polysaccharide commercially 
prepared by alkaline deacetylation of chitin, has been 
receiving significant attention due to its excellent 
biological properties [4, 5]. Besides being biodegradable, 
biocompatible, and non-toxic, this polysaccharide also 
exhibits antibacterial, antioxidant [6, 7], fat uptake [8], 
emulsification [9], and edible film-forming properties 
[10]. Furthermore, CTS derived from shrimp has been 
recognised as Generally Recognized as Safe (GRAS) in 
the USA since 2001, thus broadening its applications in 
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many fields, including food applications [7]. In fact, in 
recent decades, the applications of CTS as a preservative 
for many types of food have been widely reported in 
many studies, such as for fruits and vegetables [11, 
12], seafood [13], and meat and meat products [14, 15]. 
Nevertheless, applications of CTS in many fields are still 
restricted due to its insolubility in water and its reduced 
biological activities at neutral or basic pH [4]. Therefore, 
many efforts have been made to improve the solubility 
and biological activities of CTS through chemical or 
enzymatic modifications, with chemical modifications 
generally being less preferred in food applications [5]. 

The Maillard reaction (MR), a non-enzymatic 
browning reaction, is a condensation reaction between 
the carbonyl groups of reducing sugars and the amino 
groups of amino acids, proteins, or any nitrogenous 
compounds through heating or irradiation [16]. This 
complex reaction occurs spontaneously during thermal 
food processing and forms a myriad of MRPs, which 
contribute to flavour formation and generate antibacterial 
and antioxidant compounds for food [17]. Additionally, 
it is generally agreed that a substantial amount of MRPs 
is taken up in the human daily diet [18]. Hence, MR 
is considered a desirable green method to improve the 
properties of CTS for food applications. Among the 
MRPs of CTS with various reducing polysaccharides, 
CTS-GA MRPs prepared by heat-induced MR were 
reported to exhibit impressive solubility and antibacterial 
activity in comparison with other MRPs and the native 
CTS [4]. More interestingly, it was also found that 
besides the heat-induced method, MR could take place 
rapidly by gamma-ray irradiation at room temperature 
without forming undesirable toxic by-products, such 
as 5-hydroxymethylfurfural [19-21]. In this study, the 
CTS-GA MRPs were prepared by the gamma Co-60 ray 
irradiation method, and the in vitro antibacterial activity 
and the preservative effect on fresh pork tenderloin 
during refrigerated storage were investigated.

2. Materials and methods

2.1. Materials 

Shrimp-shell CTS with an average molecular 
weight of ~97 kDa and a degree of deacetylation of 
~90% was supplied by Sun Eco Green Import Export 
Company Limited, Vietnam. GA was purchased from 
Merck, Germany. Escherichia coli ATCC 51813 and 
Staphylococcus aureus ATCC 25923 were provided 
by the Metabolic Biology Laboratory, University of 
Science, Vietnam National University - Ho Chi Minh 

City. The Mueller Hinton (MH) medium and agar 
were purchased from Himedia Laboratories Ltd, India. 
5-Hydroxymethylfurfural was supplied by Sigma-
Aldrich, USA. Other chemicals such as lactic acid, 
NaOH in analytical grade, and distilled water were used 
for all experiments.

2.2. Preparation of chitosan-glucosamine maillard 
reaction product solution

The CTS-GA MRP solution was prepared according 
to our previous study [22]. Briefly, CTS was dissolved in 
a 1% lactic acid solution to obtain a 2% CTS solution. A 
2% GA solution in distilled water was also prepared. Four 
volumes of 2% CTS solution were mixed with one volume 
of 2% GA solution to obtain a mixture of CTS (1.6%) and 
GA (0.4%). This mixture was then exposed to γ-rays from 
a Co-60 source of a Gamma-cell 5000 (BRIT, India) with 
a dose of 25 kGy at a dose rate of 1.3 kGy/h to perform 
the MR. The irradiated solution was characterised by 
spectrophotometric analyses, with the absorbance of the 
solution after appropriate dilution measured respectively 
at 284 nm (intermediate MRPs) and 420 nm (late MRPs) 
using a UV-Vis spectrophotometer (Jasco-V630, Japan) 
[19, 20].

2.3. Evaluation of antibacterial activity

E. coli ATCC 51813 and S. aureus ATCC 25923 were 
used to evaluate the antibacterial activity of the CTS-
GA MRP solution in both qualitative and quantitative 
tests. In the qualitative test, the antibacterial activity 
was investigated by the agar well diffusion method [23]. 
Briefly, MH agar plates, after being spread with E. coli 
or S. aureus (~104 CFU/ml), were punched aseptically to 
form wells with a diameter of ~5 mm.  CTS-GA MRP 
solution (100 μl) was introduced into a well. GA solution 
and CTS-GA mixture solution were also added to other 
wells. The plates were then incubated overnight at 37°C 
and monitored for inhibition-zone formation. In the 
quantitative test, the antibacterial activity was evaluated 
by the MIC determination method at an alkaline pH 
condition (pH 7) using the broth dilution technique 
[24]. MIC is defined as the lowest concentration of 
antimicrobial agent required to prevent the growth of 
microorganisms after subculture on antibiotic-free media 
[25]. The CTS-GA MRP solution was dispensed into 
sterile MH broth by a two-fold serial dilution technique 
to obtain broths with dilutions from 2-1 to 2-8. A broth 
containing only the nutrient broth without the MPRs 
served as the control. The 0.1 ml bacterial suspension 
containing about 108 CFU/ml was aseptically inoculated 
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into 10 ml of dilution broths separately. The broths were 
then incubated at 37°C for 24 h and observed for turbidity 
development by unaided eyes or by measuring the optical 
density at a wavelength of 600 nm (OD600). The MIC was 
determined as the lowest CTS-GA MRP concentration in 
the tube that prevents visible growth [24].

2.4. Preservative effect of chitosan-glucosamine 
Maillard reaction product solution on pork tenderloin 
at cold storage

The pork tenderloin was sliced with an average 
weight of 25±5 g. The CTS-GA MRP solution was 
diluted in water to final concentrations of 500 and 1000 
mg/l, respectively. Pork slices were soaked in the diluted 
solutions for 15 minutes before being packed in plastic 
containers. Water-soaked pork slices were performed 
in parallel to serve as the control. The pork slices were 
then stored in a refrigerator at 5±1°C. After 0, 7, and 14 
days, the pork slices were tested for total crude protein 
and total plate count (TPC) using the Kjeldahl method 
[26] and the pour plate technique [27], respectively. The 
shelf-life or storage time of meat and meat products is 
the duration during which they retain their qualitative 
characteristics until the arrival of spoilage phenomena, 
including off-flavours, discolouration, gas production, 
and slime formation [28].

3. Results and discussion

3.1. Preparation of the chitosan-glucosamine 
Maillard reaction product solution and UV-Vis 
spectrophotometric analyses

The changes in colour and UV-Vis absorbance 
of the CTS-GA mixture solution after irradiation are 
presented in Fig. 1. Particularly, upon gamma-ray 
irradiation, the colour of the mixture solution became 
browner (Fig. 1A). This result was also confirmed by 
UV-Vis spectrophotometric analyses shown in Fig. 1B, 
where the absorbance intensity at 284 nm and 420 nm 
of the irradiated CTS-GA mixture solution increased 
in comparison to the non-irradiated one. Similar results 
have been obtained in other studies where protein-sugar 
mixture solutions were treated by heat [5, 7] or gamma-
ray irradiation [19-21]. In the MR, intermediate-stage 
products can be detected by UV absorbance at 284 nm, 
while absorbance at 420 nm is preferred for detecting 
final-stage products [20]. Therefore, the increase in 
absorbance at 284 and 420 nm indicates that MRP was 
effectively formed by irradiation treatment at 25 kGy.

Fig. 1. Visual colour (A) and absorbance intensity (B) of the 
chitosan-glucosamine mixture and chitosan-glucosamine 
Maillard reaction product solution.

3.2. Antibacterial activity

Fig. 2. Photograph of inhibition zone formation on E. coli 
and S. aureus plates by agar well diffusion test.

The antibacterial activity of the CTS-GA mixture and 
CTS-GA MRP solution against E. coli and S. aureus is 
displayed in Fig. 2. On both plates of E. coli and S. aureus, 
the CTS-GA mixture or CTS-GA MRP solution were 
able to form growth inhibition zones, while the control 
(the GA solution) did not. Interestingly, although the GA 
solution did not show antibacterial activity, the CTS-
GA mixture exhibited this activity against both tested 
bacteria. This result proves that the antibacterial ability of 
the CTS-GA mixture is due to the role of CTS, as reported 
in previous studies [6, 29, 30]. Moreover, the antibacterial 
ability of different antibiotics can be relatively evaluated 
by the diameter of their growth inhibition zones formed 
on a bacterial plate, with larger diameters representing 
higher antibacterial activity [23]. Therefore, results in 
Fig. 2 indicate that the antibacterial activity of CTS was 
enhanced by the irradiation-induced MR. 
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Fig. 3. Serial dilution tubes (A) and minimum inhibitory 
concentration values (B) of chitosan-glucosamine Maillard 
reaction product solution against E. coli and S. aureus.

Table 1. Minimum inhibitory concentration values of 
chitosan-glucosamine Maillard reaction product solution 
against E. coli and S. aureus.

E. coli S. aureus

Dilution ratio for Minimum inhibitory 
concentration 2-6 2-5

Minimum inhibitory concentration (mg/l) 312.5 625

The antibacterial activity of CTS and its derivatives 
has been widely studied. Generally, there are many 
factors affecting their antibacterial activity, including 
the type of microorganism [30]. This study investigated 
the antibacterial activity of the CTS-GA MRP solution 
on both E. coli and S. aureus. The MIC values of the 
CTS-GA MRP solution against these bacteria at pH 7 are 
shown in Fig. 3 and Table 1. After incubation, E. coli did 
not cause turbidity from the dilution ≥2-6, while that of S. 
aureus was observed from dilution ≥2-5 (Fig. 3). Hence, 

the MIC values of the CTS-GA MRP solution against E. 
coli and S. aureus were evaluated as 312.5 and 625 mg/l, 
respectively (Table 1). The higher MIC value represents 
the lower antibacterial activity. Thus, the results in Table 
1 reveal that the CTS-GA MRP solution exhibited higher 
antibacterial activity against E. coli than against S. 
aureus. A similar phenomenon has also been reported in 
other studies [4, 19], where E. coli was found to be more 
sensitive to MRP of CTS and glucose/GA than S. aureus.

3.3. Preservative effect of chitosan-glucosamine 
Maillard reaction product solution on pork tenderloin 
at cold storage

During storage at 5°C, the pork tenderloin slices 
treated by the diluted CTS-GA MRP solutions at 500 
and 1000 mg/l became discoloured and formed slimy 
liquid as well as foul odour on the 12th and 14th day, 
respectively, while the control showed spoilage on the 
6th day (Fig. 4). This result indicated that the diluted 

Fig. 5. Total crude protein (A) and total plate count of treated and untreated pork (B) tenderloin as a function of storage 
time at 5°C.

Fig. 4. Pork tenderloin slices treated by the diluted 
chitosan-glucosamine Maillard reaction product solutions 
after 6 days of storage at 5°C.
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CTS-GA MRP solutions at 500 and 1000 mg/l could 
extend the shelf-life of the pork tenderloin at 5°C by 
6 and 8 days, respectively, compared to the control. 
Furthermore, the total crude protein and TPC of the 
tenderloin, as presented in Fig. 5, also revealed that the 
diluted CTS-GA MRP solutions reduced protein loss and 
effectively inhibited microbial growth. These findings 
are consistent with the results of other studies [5, 31]. 
S.R. Kanatt, et al. (2008) [5] reported that adding a heat-
induced CTS-glucose complex increased the shelf-life 
of lamb meat by more than two weeks during chilled 
storage and extended the shelf-life of pork cocktail 
salami to 28 days.

4. Conclusions

MR is considered a green strategy to improve the 
biological activities of CTS. In this study, the CTS-GA 
MRP solution prepared by the gamma Co-60 ray irradiation 
exhibited high antibacterial activity against E. coli and S. 
aureus at pH 7. Furthermore, the diluted CTS-GA MRP 
solutions at 500 and 1000 mg/l effectively extended the 
shelf-life of pork tenderloin for 6 and 8 days at cold storage, 
respectively. Therefore, the CTS-GA MRP solution could 
be used as a novel natural preservative for the food industry, 
particularly for meat and meat products. In addition, 
the gamma-ray irradiation method is considered a green 
method, which is favourable for large-scale production, 
including the production of MRPs.
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1. Introduction 

Vietnam is regarded as a region with high potential 
for renewable energy sources, including wind, solar, and 
biomass [1]. The electricity industry has developed with an 
average annual growth rate of 10-12% in both production 
and consumption [2]. Vietnam is an active participant in 
agreements aimed at reducing greenhouse gas emissions 
as well as commitments related to energy, land, etc., 
with the ultimate goal of mitigating global warming 
[3]. At the COP26 Conference, Vietnam and nearly 150 
countries committed to achieving net-zero emissions 
by 2050. The strong commitment of the Vietnamese 
government at COP26 has necessitated a significant 
shift in socio-economic development thinking within the 
country. The need for a green transition is stronger than 

ever, opening numerous opportunities for cooperation 
on low-emission growth, promoting circular economic 
development, and adapting to climate change. Various 
international organisations, development partners, and 
large corporations, particularly financial institutions and 
major players in renewable energy have committed to 
and signed cooperation agreements with Vietnam. T.K. 
Tran, et al. (2023) [4] explored how natural resource 
rents and depletion, along with economic growth, foreign 
direct investment (FDI), industrialisation, and population 
growth, impact methane emissions and commitments to 
COP26 in the Vietnamese context. T.H. Le (2022) [5] 
analysed the economic and environmental impacts of 
non-renewable and renewable energy consumption and 
CO2 emissions in Vietnam using innovative multivariate 
wavelet analysis tools. 
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Technologies have been researched and developed to 
convert biomass energy into forms that are practical for 
Vietnam’s conditions [6-12]. Besides energy conversion 
technology, several studies have addressed the current 
situation and solutions for developing renewable energy 
sources in Vietnam. A.H. Truong, et al. (2022) [13] 
assessed the technology of blending 5% rice straw in two 
existing coal power plants in Vietnam, concluding that 
co-firing is cheaper than coal but not significant enough 
to motivate stakeholders. K. Handayani, et al. (2022) 
[14] indicated that in power sector pathways under the 
net-zero emissions scenario, ASEAN member states 
need to swiftly capitalise on their currently underutilised 
renewable energy potential to achieve net-zero emissions 
by 2050. D.L. Bui, et al. (2023) [15] calculated that for 
the 664,500 tonnes of pellet yields, the total amounts 
of carbon dioxide (CO2) emitted during production 
and transportation are 7,680.6 and 28,627.0 tonnes, 
respectively. T.N.  Do, et al. (2023) [16] recommended 
strategies to phase out unabated coal power by the 
2040s, including (1) reforming regulations to facilitate 
investments in clean energy, electricity transmission, and 
energy storage; (2) continuing political prioritisation; and 
(3) building broad-based support from the community 
and enterprises. By applying the principles of a circular 
economy for sustainable development, the wood industry 
can contribute to Vietnam’s commitment to carbon 
neutrality by reducing the total net carbon emission from 
+552,750 tonnes CO2eq to -1,145,940 tonnes CO2eq per 
year [17]. Early preparation of transmission systems 
for solar and wind electricity is needed to maximise the 
potential for expanding the use of these technologies 
[18]. However, most studies have not provided reliable 
data on the status, potential, and factors affecting the 
development of biomass energy sources in Vietnam.

Vietnam currently has more than 3 million hectares 
of commercial forests, annually providing 40 million m³ 
of wood for the manufacturing industry. In addition to 
domestic wood sources, Vietnam also imports 322 types 
of wood to meet domestic needs and for export to 104 
countries. Residues from industrial wood are utilised and 
become a rich source of raw materials for stable biomass 
energy development. Moreover, rice straw, rice husk, 

sugarcane bagasse, and coffee husks are also inputs for 
available biomass energy in Vietnam. The combination 
of wood biomass resources from forests and plantations 
will undoubtedly play a crucial role in the development 
of energy alternatives [19]. 

The total amount of municipal solid waste (MSW) 
was 27 million metric tonnes in 2015 and is projected 
to reach 54 million metric tonnes by 2030. However, 
waste management and treatment in Vietnam are labour-
intensive and inefficient. Vietnam consumed 65.5 million 
tonnes of coal in 2020, while a large amount of MSW was 
not utilised for energy production. Therefore, searching 
for alternative fuels that could replace fossil fuels and 
reduce gas emissions is an urgent need [6].  

Vietnam has great potential to develop renewable 
energy from biomass resources. However, agricultural 
residues and other biomass are often unused or only used 
on a small scale. It is estimated that more than 40 million 
tonnes of rice straw are generated annually. However, 
this volume of straw has not been used effectively; on the 
contrary, it is one of the sources of serious air pollution 
due to the habit of burning in the rice fields. T.H. Le 
(2022) [5] produced rice straw pellets mixed with 
additives at a scale of 500 kg/day, opening the possibility 
of using pellets from agricultural residues as fuel. Other 
common sources of agricultural residues in Vietnam 
include approximately 8.6 million tonnes/year of rice 
husks, 3.5 million tonnes/year of sugarcane bagasse, and 
about 5 million tonnes/year from other sources. The total 
potential electricity generation capacity from this by-
product source is over 1500 MW.

This study collected data from government statistical 
sources, timber and forest associations, and other reliable 
sources. The data were compiled and analysed to provide 
information on the status of raw materials for wood 
pellet production and biomass utilisation in Vietnam. 
The prospects for wood pellet production and biomass 
use were analysed comprehensively in the context of 
Vietnam’s strong commitment to net-zero emissions by 
2050. Factors affecting wood pellet production, such as 
raw material sources, forest land planning, sustainable 
certified forest development, and international and 
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domestic markets, were evaluated. Vietnam’s biomass 
energy development policies were also discussed to 
assess the prospects for developing the wood pellet 
production industry and future use. For the first time, the 
study analyses the overall picture of all factors affecting 
the development of biomass energy pellets in Vietnam, 
from raw material types and sources to fuel pellet market 
development orientation, to Vietnam’s policies with the 
goal of reducing net emissions to zero by 2050.

2. Subjects and methodology 

Raw materials for producing fuel pellets primarily 
come from wood, agricultural residues, and municipal 
solid waste. Fig. 1 presents the scope of the study’s 
assessment, which includes raw material sources, fuel 
pellet production, and market. Factors affecting raw 
material sources encompass geographical location, 
forest development policies, sources of agricultural 
residues, plantation forests, and the wood processing 
industry. Vietnam has forest resources that are unevenly 
distributed among regions. Moreover, in wood pellet 
production, the logistics costs of raw materials account 
for a significant proportion. Vietnam’s wood processing 
industry utilises wood from domestically grown forests 

but mainly relies on imported wood sources. Residues 
from the wood processing industry provide raw materials 
for wood pellet production.

Fuel pellet production is considered in terms 
of technological aspects, policies, manufacturing 
enterprises, capacity, and geographical location. The 
fuel pellets currently produced and traded are mainly 
pellets from wood raw materials. There are some projects 
producing fuel pellets from agricultural residues such 
as rice husks, straw, or municipal solid waste, but the 
quantities are small. Therefore, the pellet production 
section mainly considers wood pellet production.

Factors affecting the fuel pellet consumption 
market include the international and domestic markets. 
Future market development trends are also discussed. 
Additionally, common factors affecting fuel pellets 
include policies on Vietnam’s energy and electricity mix 
in the future with a vision to 2030 and 2050, and policies 
on developing Vietnam’s wood processing industry. 
Vietnam’s commitments at COP26 and the development 
of Vietnam’s carbon credit market also influence the 
production and consumption of fuel pellets in the 
domestic market. 

Fig. 1. Boundary of investigation of the status and the prospect of fuel pellet production and utilisation in Vietnam.

CO2 credit
market
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3. Results and discussion

3.1. Status of fuel pellet production in Vietnam

The status of fuel pellet production in Vietnam 
encompasses factors such as raw material sources, 
production volume and value, manufacturers, and 
markets. 

3.1.1. Raw material 

In Vietnam, wood pellets are typically made from 
waste wood such as sawdust, shavings, and tree branches. 
These materials are compressed under high pressure 
into pellet form. Some informants noted that small-
scale producers often use any timber available locally, 
with a network of traders purchasing materials from 
villagers. However, some large-scale producers have 
their own plantations, typically of acacia or eucalyptus 
wood, some of which have Forest Stewardship Council 
(FSC) certification. Raw materials for wood pellets from 
domestically grown forest materials account for about 
90% of the total supply of raw materials for wood pellet 
production. Raw materials from sawmills and wood 
processing factories account for less than 10% of the 
total source for the entire wood pellet industry (Fig. 2).

Official statistics from the Ministry of Agriculture 
and Rural Development indicated that Vietnam currently 
has nearly 14.7 million hectares of forest. According to 
function, this area is divided into protection forests (4.7 
million hectares, 31.8% of the total area), special-use 
forests (2.2 million hectares, 14.8%), and production 
forests (7.8 million hectares, 53.4%). Production forests, 
which are the source of raw wood for the processing 
industry, are mainly located in the Northeast (2.42 million 
hectares), the North Central region (1.66 million hectares), 
and the Central Highlands (1.53 million hectares). 
According to origin, forests are classified into natural 
forests (10.3 million hectares) and plantation forests (4.4 
million hectares). Fig. 3 shows the area of natural and 
plantation forests in different regions of Vietnam. Of the 
4.4 million hectares of plantation forests, they are mainly 
located in the Northeast with 1.58 million hectares, the 
North Central region with 0.92 million hectares, and the 
Central Coast with 0.87 million hectares [21].

Raw materials from 
plantation forests, 

90%

Raw materials from 
wood processing 

industry, 10%

Fig. 2. Biomass feedstock for wood pellets production [20].
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by region in Vietnam [21].

Table 1. Statistics of certified forest areas in Vietnam [21]. 

Location Number of 
certificates

Certified forest area by 2021
Tree type

Total Natural 
forest

Plantation 
forest

Northwest 1 6,314 0 6,314 acacia

Northeast 23 85,549 5,178 80,371 acacia

North Central 21 79,046 30,889 48,157
acacia, 
natural forest, 
bamboo

South Central 
region 9 33,503 499 33,004 acacia

Highlands 7 24,718 486 24,232 acacia, rubber

Southeast 12 77,227 3,043 74,184 acacia, rubber

Southwest 1 752 0 752 acacia
Vietnam 74 307,109 40,095 267,014
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The government has been encouraging the 
development of plantation forests with sustainable 
forest management certificates (FSC, PEFC) because the 
demand for certified wood used as input materials for 
export products is high and increasing. Statistics from 
the General Department of Forestry indicated that by 
the end of August 2021, the total area of certified forests 
in Vietnam reached over 307,000 hectares, including 
40,000 hectares of natural forests; the rest is plantation 
forests as shown in Table 1. The area of certified forests 
accounts for only 8.4% of the total plantation forest area 
of the country.

3.1.2. Wood pellet production volume and value

Most wood pellets produced in Vietnam are exported. 
There is no statistical data on the amount of wood pellets 
consumed domestically. Based on a survey of wood pellet 
factories, most of the pellets produced are sold to trading 
companies for export. Hence, the amount of wood pellets 
consumed domestically is very small. Additionally, 
thermal power plants in Vietnam all use coal, natural 
gas, or biomass such as sugarcane bagasse and rice 
husk. There are no power plants that use wood pellets 
or co-firewood pellets with coal to produce electricity. 
Therefore, in this study, data on exported wood pellets 
were used to represent data on domestically produced 
wood pellets.

Figure 4 shows the volume and value of wood pellets 
produced from 2013 to the end of 6 months, 2023. In 
2013, the production of wood pellets was only 175 
thousand tonnes, and the amount increased rapidly due 
to demand from Japan and Korea, especially after 2018, 
peaking in 2022 at nearly 5 million tonnes. In the first 
six months of 2023, the production of wood pellets was 
nearly 2.1 million tonnes. Although it is lower than in 
2022, it is still at a high level. In 2022, the export value 
of wood pellets was nearly 800 million USD, nearly 
double that of 2021, although the output of wood pellets 
increased by 40%.
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Fig. 4. Volume of pellets exported from Vietnam from 2019 
to the end of 6 months in 2023 [22]. 

3.1.3. Wood pellet manufacturers

Currently, Vietnam has more than 100 enterprises 
directly involved in exporting wood pellets and over 300 
large and small wood pellet manufacturers. However, 
wood pellet export is almost concentrated in a few large 
enterprises. Among the enterprises directly involved 
in exporting wood pellets today, there are only eight 
companies with an export volume of over 100,000 tonnes 
annually. The export volume of these eight enterprises 
accounts for nearly 67% of the total export volume of 
wood pellets in Vietnam. Among them, there are three 
enterprises with an export volume of over 400,000 
tonnes, and particularly one enterprise with a very large 
export volume of wood pellets, nearly 714,000 tonnes, 
accounting for about 20% of the total export volume of 
wood pellets of Vietnam.

3.1.4. Wood pellet exporting markets

Korea and Japan are the two largest wood pellet 
import markets of Vietnam. The volume of wood pellets 
exported from Vietnam to these two countries accounts 
for over 95% of the total volume of wood pellets exported 
from Vietnam to all markets. The source of raw materials 
to produce pellets exported to Korea and Japan differs. 
Wood pellets exported to Korea are mainly made from 
the by-products of the wood processing industry such as 
sawdust, shavings, and wood chips. Enterprises exporting 
pellets to Korea are mainly located in the Southeast 
region, where furniture factories are concentrated. 
Pellets exported to Japan must be made from domestic 
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plantation timber with an FSC certificate. This material is 
only available where there are large regions of plantation 
forests, particularly from the Central region to the North 
of Vietnam. 

Figure 5 shows the volume and value of pellets 
exported from Vietnam from 2019 to the end of 6 months 
in 2023, respectively. In 2022, exports increased sharply 
when the export volume reached nearly 4.9 million 
tonnes and the export value reached 0.79 billion USD.

3.2. Prospects of fuel pellet production

Prospects for developing fuel pellet production are 
considered, focusing on three aspects: raw material 
sources, markets, and related policies.

3.2.1. Raw materials sources

Potential of wood, agricultural, and municipal solid 
waste biomass: According to the Institute of Energy, 
Ministry of Industry and Trade, the total potential of 
wood biomass for energy is nearly 25 million tonnes/
year, equivalent to 8.8 million tonnes of crude oil. The 
agricultural biomass energy potential, including straw, rice 
husk, sugarcane bagasse, and other agricultural products, 
is up to nearly 53.5 million tonnes/year, equivalent to 
12.8 million tonnes of crude oil. The biomass energy 
in Vietnam includes wood biomass (25 million tonnes) 
from forest residues and the wood processing industry, 
MSW (27 million tonnes), and agricultural residues 
(53.5 million tonnes). Agricultural residues consist of 

40 million tonnes of rice straw, 8.6 million tonnes of 
rice husks, 3.5 million tonnes of sugarcane bagasse, and 
others of 1.4 million tonnes. 

Plantation forest: Vietnam has a total plantation forest 
area of 4.4 million hectares. Of which, households, 
forestry companies, and commune People’s Committees 
manage 1.45 million hectares, 0.62 million hectares, and 
1 million hectares, respectively. The remaining areas 
are plantation forests for protection and special use. 
Generally, forest lands of households and commune 
People’s Committees are used inefficiently due to several 
difficulties such as lack of access to investment capital, 
science and technology, and management qualifications. 
Connecting with businesses can help minimise any 
restrictions, with the potential for large timber plantations 
in the future. Part protection and special-use forests are 
bare land and degraded forests. The government needs to 
put bare land areas and irreversibly degraded forests into 
developing plantation forests.

Vietnam’s forestry development strategy for the 
period 2021-2030: Vietnam sets strategic goals for forest 
development and wood processing in the 2021-2030 
period as follows: The growth rate of forestry production 
value is from 5.0 to 5.5%/year in the period 2021-2025 
and remains stable until 2030. Export value of wooden 
furniture and non-wood forest products: reaching 18-
20 billion USD by 2025; reaching 23-25 billion USD 
by 2030. Domestic wood exploitation output reaches 
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45 million m3/year by 2025, over 62 m3/year by 2030, 
basically meeting the demand for raw materials for wood 
and forest product processing. Improve the quality and 
efficiency of plantation forests and agroforestry systems; 
issue certificates of sustainable forest management for 
0.5 million hectares in the period 2021-2025, reaching 1 
million hectares in the period 2026-2030. Thus, compared 
to the status of Vietnam’s forest product exploitation in 
2020, by 2025 the output will double, and by 2030 the 
output will triple. Thus, the potential to provide raw 
materials for wood pellet production in Vietnam can 
increase 2-3 times in the period 2025-2030, equivalent to 
an increase in wood pellet output of 8-12 million tonnes.

Other popular biomass sources: The cinnamon area in 
Vietnam covers about 150,000 hectares, accounting for 
17% of the global cinnamon area, located mainly in the 
provinces of Lao Cai and Yen Bai. Currently, Vietnam 
is the world’s third-largest producer and exporter of 
cinnamon in terms of output, after Indonesia and China. 
The cinnamon branches and wood are estimated at 
700,000 tonnes/year, of which cinnamon branches 
after separating essential oil are estimated at 400,000 
tonnes/year and cinnamon wood at 300,000 tonnes/year. 
Currently, there are no large-scale factories processing 
this residue. This is a great potential source of biomass 
for wood pellet production.

Statistics from the Vietnam Rubber Association 
showed that Vietnam’s rubber area in 2021 reached nearly 
939,000 hectares, of which the area of smallholders’ 
accounts for about half. In particular, the rubber industry 
is expected to contribute to Vietnam’s wood industry by 
about 7-8 million m3 annually from the replantation of 
rubber tree area of over 25,000-30,000 hectares to provide 
large timber for about 20% of raw material needs. 

The bamboo plantation area is 1,480,000 hectares, 
accounting for 10.5% of the total forest area of the 
country, of which pure forests have 240,925 hectares, 
mixed forests (wood and bamboo) of 1,152,864 hectares. 
Exploitation output is 40 million trees/year, equivalent 
to 0.92 million tonnes/year: In 2030, 57,000 hectares, 
exploitation output of 76 million trees/year equivalent 
to 1.75 million tonnes of bamboo/year. Bamboo wood 

pellets have the highest quality among wood pellets 
due to their very low ash content. It is estimated that 
the number of by-products from the bamboo products 
processing industry will be about 200,000 tonnes in 2020 
and increase to 350,000 tonnes in 2030.

3.2.2. Overseas and domestic markets

Exports are currently on the rise. The world’s demand 
for pellets is projected to increase by about 250% over the 
next decade, reaching 36 million tonnes from 14 million 
tonnes in 2017. In recent years, demand has increased 
mainly in European countries, Japan, and Korea. 
However, Vietnam’s pellet industry could expand the 
market when consumption demand in Vietnam begins to 
show signs of rapid growth as the government is making 
efforts to fulfill its commitments to reduce greenhouse 
gas emissions and use clean energy, including pellets to 
replace coal in energy production. The Power Masterplan 
VIII, which was approved by the government on 15 May 
2023, prioritises the development of renewable energy 
sources, including biomass power to replace high-
emission coal power. Therefore, the demand for wood 
pellets in the domestic market may expand very quickly 
in the future. 

3.3. Status and prospects of biomass utilisation in 
Vietnam

3.3.1. Energy and power mix in Vietnam

Figure 6 describes Vietnam’s energy mix in 2020 
and 2021. Vietnam’s main energy sources include coal, 
natural gas, hydroelectric, and renewable energy. The 
proportion of renewable energy increased significantly 
from 5 to 11%, mainly from wind and solar energy. Coal 
still accounts for the largest proportion of Vietnam’s 
energy mix, about nearly 50%. Hydroelectric accounts for 
31% of Vietnam’s energy structure, the rest is natural gas. 
In the period from 2011 to 2021, the energy consumption 
rate increased by an average of 7.2% per year, among the 
highest in the world.

The lower heating value of some fuels such as coal is 
17-25 MJ/kg, natural gas 42-55 MJ/kg, biomass 12-16 
MJ/kg, and MSW 7-9 MJ/kg. The amount of coal and 
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natural gas that could be replaced by biomass can be 
roughly estimated based on calorific value. At the current 
energy mix in Vietnam, agricultural residues, woody 
biomass, and MSW can replace more than 25 million 
tonnes of coal (12 million tonnes of natural gas); 12.5 
million tonnes of coal (6 million tonnes of natural gas), 9 
million tonnes of coal (4 million tonnes of natural gas), 
respectively.

In the period 2021-2050, the growth rate of energy 
demand is about 6.5-7.5% per year. The total final energy 
demand is 107 million tonnes of oil equivalent in 2030 
and will reach 165-184 million tonnes of oil equivalent 
by 2050. The total primary energy supply will be 155 
million tonnes of oil equivalent in 2030 and 294-311 
million tonnes of oil equivalent by 2050.

By the end of December 2021, the electricity output 
from renewable energy was expected to reach 110 
billion kWh, accounting for nearly 43% of the electricity 
generation output of Vietnam’s power system, of which 
31% is hydropower and 12% is wind, solar, and biomass 
power (Fig. 7) [24]. 

The ratio of coal power will decrease from 46% in 
2021 to 20% in 2030 and to zero by 2050. The proportion 
of other renewable energy will increase from 8.5 to 32.4% 
(wind power) and from 8.5 to 32.4% (solar power). 
Hydroelectric will increase output from 31,746 to 81,566 
MW, but the proportion in the electricity mix will decrease 
from 21.1 to 14%. By 2050, the total biomass potential 
is over 120 million tonnes, and MSW is about 60 million 
tonnes, equivalent to 40 million tonnes and 10 million 
tonnes of oil equivalent, respectively. Wood biomass and 
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agricultural residues can replace 60 million tonnes of 
coal, and MSW can replace 20 million tonnes of coal. 
In the power production mix, the total power generation 
capacity from biomass and waste will be about 38,500 
MW. By 2050, Vietnam will no longer produce electricity 
from coal, but will still produce electricity from natural 
gas. However, to evaluate the CO2 emissions of biomass 
pellet products, lifecycle analyses are necessary under 
Vietnamese conditions. The carbon footprint of wood 
pellets ranges from 30 to 106 kg CO2/MWh depending on 
the type of wood used to produce the pellets, its source, 
and the drying method. The carbon footprint of coal is 
about 850 kg CO2/MWh. The CO2 emission reduction 
from using wood pellets can be from 88-96% compared 
to coal. 

3.3.2. Biomass power plants

Vietnam has issued a number of decisions related 
to biomass power development such as Decision No. 
24/2014/QD-TTg supporting the development of biomass 
power projects in Vietnam, Decision No. 51/VBHN-
BCT on the mechanism to support the development of 

biomass power projects, and Decision No. 500/QD-TTg 
of the Prime Minister approving the National Electricity 
Development Plan for the period 2021-2030, with a 
vision to 2050 (Power Plan VIII). According to Decision 
No. 500/QD-TTg, Vietnam will develop between 1,230 
and 2,270 MW of biomass power sources and electricity 
from waste by 2030. It is expected that the proportion 
of electricity produced from these power sources will 
reach about 1.5%. It will develop about 38,447 MW, 
accounting for about 6.6% of total electricity production 
by 2050 as shown in Fig. 7. 

Figure 8 lists Vietnam’s biomass and municipal 
solid waste power plants and their respective capacities. 
Some factories are in operation, while others are under 
construction. Biomass and municipal solid waste power 
plants have small capacities ranging from just a few 
MW to the largest of nearly 100 MW. The main reason 
for small capacity is that factories are built only to 
take advantage of available raw materials around them 
without mobilising large biomass sources such as wood 
pellets and wood chips.
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3.3.3. Action towards a net zero emissions commitment 
by 2050 of Vietnam

Vietnam has taken concrete policy actions to gradually 
realise a net zero emissions commitment by 2050, 
including: (1) National Steering Committee to implement 
Vietnam’s commitments at COP26; (2) Project on tasks 
and solutions to implement the results of the COP26 
Conference (Decision No. 888/QD-TTg dated 25 July 
2022); (3) National Strategy on Climate Change for the 
period up to 2050 (Decision No. 896/QD-TTg dated 26 
July 2022); (4) Action plan to reduce methane emissions 
until 2030 (Decision No. 942/QD-TTg dated 5 August 
2022).

For the implementation of emission reduction 
activities nationwide to meet commitments at the COP26 
Conference, on 7 January 2022, the government issued 
Decree No. 06/2022/ND-CP regulating the mitigation 
of greenhouse gas emissions and protection of the 
ozone layer. Accordingly, the greenhouse gas emission 
mitigation target approved by the Prime Minister in the 
Nationally Determined Contribution (NDC) includes 
the greenhouse gas emission mitigation target for the 
energy sectors, agriculture, land use and forestry, waste 
management, and industrial processes in accordance with 
the country’s socio-economic development conditions 
and international commitments to which Vietnam is a 
member.

Vietnam’s updated NDC has set targets for 
reducing greenhouse gas emissions by 2030 for sectors 
contributing to achieving net zero emissions by 2050. 
On 18 January 2022, the Prime Minister issued a list 
of fields and establishments emitting greenhouse gases 
that must conduct greenhouse gas inventories (Decision 
No. 01/2022/QD-TTg) with nearly 2,000 facilities with 
annual greenhouse gas emissions of 3,000 tonnes of 
CO2 equivalent or more. Sectors and establishments 
that emit greenhouse gases are responsible for reporting 
emission levels, formulating, and implementing emission 
reduction plans to achieve the national goal of reducing 
greenhouse gas emissions.

Based on the decisions issued by the Prime Minister, 
ministries and sectors have developed and issued sectoral 
action plans to implement commitments at COP26 
with very specific targets for each field. The Ministry 
of Industry and Trade has researched and developed 
a programme to reduce the use of fossil energy in 
the energy industry, integrating it into the process of 
developing Power Plan VIII and the National Energy 
Development Strategy. The Ministry of Agriculture and 
Rural Development has developed a plan to implement 
the Glasgow Declaration on forests and land use and 
submit it to the Prime Minister for approval; reviewing 
forest carbon credit exchange projects and implementing 
initiatives in the agricultural sector that participated in 
the COP26 Conference. The Ministry of Transport has 
developed and submitted for promulgation an Action 
Programme on green energy conversion and reduction 
of carbon and methane emissions in the transport 
sector; develop mechanisms, policies, and roadmaps for 
developing electric vehicles (E-mobility) for the national 
and city levels. The Ministry of Natural Resources and 
Environment has developed and published a report on 
offshore wind and wave energy potential in Vietnamese 
waters to serve the development of renewable energy, 
especially offshore wind power projects.

In the updated NDC for 2022, Vietnam increased 
its unconditional emission reduction contribution to 
2030 from 9% (NDC 2020) to 15.8%; and conditional 
contribution from 27 to 43.5% (compared to the business-
as-usual scenario (BAU)). NDC has specific emission 
reduction targets for each sector, specifically 37 remedies 
in the energy sector, 14 remedies in the agriculture sector, 
7 remedies in the forestry and land use sector, 5 remedies 
in the industrial processes sector, and 11 remedies in the 
waste management sector. 

4. Conclusions

Currently, Vietnam’s total wood pellet output is about 5 
million tonnes/year. Raw materials are mainly from forest 
residues and residues of the wood processing industry. 
Vietnam’s wood pellet production potential can increase 
2 to 3 times due to the huge plantation forest resource of 
nearly 5 million hectares. Vietnam’s plantation forest area 
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can be increased by taking advantage of land areas that are 
being used ineffectively or fallow. The area of forests with 
FSC certification is still small at about 200,000 hectares, 
however, the area of forests with FSC certification will 
increase in the future, thus providing a source of quality 
raw materials for wood pellet production. Wood pellet 
production also faces strong competition with wood 
chip production due to higher production costs but lower 
value. Vietnam currently does not use many wood pellets 
or wood chips as fuel to produce electricity domestically. 
Currently, the demand for domestic wood pellets for co-
firing to generate electricity is not high, but in the future, 
it will compete with wood pellet exports due to the strong 
commitment of the Vietnamese government to net zero 
emissions by 2050.

Vietnam is a country with huge biomass potential 
from forestry and agricultural residues. By 2050, 
biomass energy and MSW could account for up to 16% 
of Vietnam’s total energy mix. However, the application 
of bioenergy has many limitations in terms of technology, 
conversion efficiency, and economic competitiveness 
compared to fossil energy sources. Therefore, many policy 
mechanisms are needed to encourage the development 
of energy sources from biomass and household waste. 
Furthermore, the biomass pellet production process also 
emits greenhouse gases. Therefore, life cycle analysis is 
needed to predict the percentage of biomass energy that 
can replace fossil fuels. 

Currently, Vietnam’s biomass electricity mainly 
utilises sugarcane bagasse, rice husks, and municipal 
solid waste. There are no biomass power plants from 
wood pellets or wood chips in Vietnam. The proportion of 
biomass electricity in Vietnam in the future will increase 
but not significantly compared to other renewable 
energy sources. The Vietnamese government is strongly 
committed to reducing net-zero emissions by 2050 and 
has many policies and mechanisms to encourage the 
development of renewable energy. However, due to 
the huge potential of biomass from both forestry and 
agricultural residues, the export of wood fuel such as 
wood pellets and wood chips will continue to increase in 
the future as world demand is still growing.
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