
Advances in Nano Research, Vol. 15, No. 2 (2023) 165-174 
https://doi.org/10.12989/anr.2023.15.2.165 

Copyright ©  2023 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=journal=anr&subpage=5                                                  ISSN: 2287-237X (Print), 2287-2388 (Online) 

 
1. Introduction 
 

The biofilm layer formed after bacterial colonization on 

the surfaces is one of the main factors that initiate the 

infection. Treatments based on antibiotics or containing 

various chemicals are used in bacterial infections. However, 

toxicity and increasing antibiotic-resistant strains pose a 

severe problem regarding public health, the environment, 

and food safety (Meek et al. 2015, Uzun Yaylacı 2021). 

Therefore, sustainable, safe, and environmentally friendly 

methods are needed to reduce these risk factors. In recent 

years, an innovative and alternative mechano-bactericidal 

approach has been developed, inspired by the prevention of 

bacterial colonization and biofilm formation by naturally 

structured nanosurfaces (Cui et al. 2021, Alameda et al. 

2022). It has been discovered that lotus leaves (Green et al. 

2017), gecko skin (Hazell et al. 2018), and wings of various 

insects (Cao et al. 2018, Jiang et al. 2020) have nano-

structures that can inhibit bacterial adhesion/growth in 

nature. Inspired by the bactericidal properties of structures 

on natural surfaces, synthetic nano-pattern surfaces that 

mimic this mechanical biocidal mechanism have been 

fabricated (Bagherifard et al. 2015, Maleki et al. 2021). 

Mechano-bactericidal activity is affected by many 

factors, such as aspect ratio, shape, spacing, and contact 

area of nanostructures on the surface (Zhou et al. 2021). In 

addition, some bacterial strain characteristics, including 
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intrinsic factors, cell wall structure, and size, are also 

effective in bactericidal activity (Linklater et al. 2017). In 

the analysis evaluating the mechano-bactericidal effects of 

nanostructures, it is accepted that the physical rupture of the 

cell wall causes the leakage of the cytoplasm of the bacteria 

and eventually leads to its death (Pogodin et al. 2013, Roy 

and Chatterjee 2021). There is a consensus that the 

bactericidal effect of such nanosurfaces is the result of 

mechanical forces (Ivanova et al. 2012, 2020). The 

interaction of bacteria with nanostructures is a dynamic 

process influenced by many factors. The effect of each 

factor on the bactericidal performance of the surface and the 

most effective mechano-bactericidal mechanism has yet to 

be fully understood. Most of the uncertainties arise from the 

difficulty of characterizing the interaction process of 

bacteria and nanostructures (Alameda et al. 2022). For this 

reason, computer-aided numerical simulations, in which 

many factors can be analyzed simultaneously, are widely 

used to eliminate uncertainties. 

Many different methods are used to solve engineering 

problems (Hadji and DarAssi 2014, DarAssi and Hadji 

2014, DarAssi 2021, Sun et al. 2022, Noori et al. 2022, 

Abharian et al. 2023, Fu et al. 2023). The finite element 

method (FEM) is an analysis used in engineering to solve 

differential equations through mathematical modeling. 

Contact and crack mechanics solutions are among the uses 

of FEM (Pandey et al. 2019, Kumar et al. 2021, Bouafia et 

al. 2021, Yaylacı et al. 2021, 2022a). However, only a few 

studies have used finite element analysis to simulate in-

silico interactions between bacteria and nano-patterned 

surfaces (Mirzaali et al. 2018, Velic et al. 2021, Cui et al. 
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other. This study proved that the geometrical structures of nano-patterned surfaces have an important role in the mechano-
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2021). Although it is known that the geometric structure of 

nano-patterned surfaces influences bactericidal properties, 

the effects of basic geometric parameters are still not fully 

understood. 

This study aimed to simulate the mechano-bactericidal 

effect of the geometric parameters of nano-patterned 

surfaces (peak sharpness, height, width, aspect ratio, and 

spacing) on Escherichia coli. Cell-surface interactions were 

calculated with numerical solutions based on FEM methods, 

and the results were validated with the artificial neural 

network (ANN). For this purpose, elastic and creep 

deformation models of an E. coli cell adhered to the nano-

surface were created, and cell deformation, stress, and strain 

were calculated. 
 

 

2. Materials and methods 
 

2.1 Finite element model and bacterial cell 
 

In this study, a finite element model representing a 

three-dimensional thin wall with turgor pressure was 

designed using the finite element software ANSYS 

Workbench package program (ANSYS 2013). This module 

can analyze the kinetic reaction of the material under 

various mechanical stresses and strains (Eltaher et al. 2019, 

Yaylacı 2022, Yaylacı et al. 2022b, Özdemir and Yaylacı 

2023). The FEM analyses help to identify a role played in 

the determination of optimal bacterial effects by 

geometrical features, and the aim was to simulate the 

interactions between each bacteria species and the 

nanoparticles. Gram-negative and rod-shaped E. coli was 

used as a model bacterium to investigate cell-surface 

interaction. An E. coli cell is approximately 2 μm length 

and 0.5 μm in diameter (Vadillo-Rodriguez et al. 2009) with 

a cell wall thickness of 6 nm (Turner et al. 2013). Figure 1 

shows the schematic illustration of the cell dimensions and 

wall of E. coli. 

The height, width, and spacing are basic geometrical 

parameters for the nano-patterns exhibited in Figure 2. In 

the analyses, the nano-patterns geometric property is taken 

as height=200 nm. Other parameters are chosen such as 

width, peak, and spacing which are compatible with 

solutions. Peak sharpness is categorized into five groups 

including flat (0), ellipse (0.25), quasi-flat (0.5), semi-

circular (0.75), and sharp tip shapes (1.0). 

The presence of the bacterial cytoplasm and turgor 

pressure was indicated by the application of uniform 

pressure within the cell wall. The turgor pressure of an E. 

coli cell is 0.03 MPa. Therefore, bacteria were simulated by 

applying a uniform pressure of 0.03 MPa on the inner wall 

of the cell. Subsequently, interactions between the cells and 

the nanopillar surfaces were also simulated. The adherence 

of the E. coli cell is achieved using a vertical load on the 

entire cell surface. During this process, the cell’s turgor 

pressure remained stable. The cell-surface interaction is 

modeled on a contact surface-to-surface with a normal 

contact behavior with the penalty formulation based on the 

coefficient of friction µ= 2 (Cui et al. 2021). 

The elastic properties of E. coli cell wall are used 

Young’s modulus and Poisson’s ratio as 25 MPa and 0.16,  

 

Fig. 1 The schematic illustration of the cell dimensions and 

wall of E. coli 

 

 

Fig. 2 The schematic illustration of the nano-patterns 

 

Table 1 Optimum values of concentration and drug fraction 

for minimizing, maximizing the value of 𝐼𝐶50 

Models Element Type Values 

Cytoplasm Hyperelastic 
D1=1666.7MPa-1, 

𝜇0 = 2𝐶10,C10=6.21*105 

Cell wall Linear elastic E=25 MPa, 𝜈=0.16 

Nano-pattern Linear elastic E=110000 MPa, 𝜈=0.35 

 

 

respectively. A visco-hyperelastic material (Neo-Hookean) 

was employed to model the cytoplasm of E. coli. Titanium 

is used for the nano-pattern. The main parameters used to 

analyze mechano-bactericidal are listed in Table 1 (Maleki 

et al. 2021). 

The model has been meshed by a suitable three-

dimensional element for an example of a tetrahedron 

element. The mesh discretization consists of 27310 

elements and 51908 nodes (Fig. 3) 

After defining all the data required for the element 

types, material properties, boundary conditions, and loadings, 

analyses were performed, and the example solution is given 

in Fig. 4.   

 
2.2 Artificial neural network 
 

Neural networks is a mathematical programming 

technique that mimics the functioning of the brain. ANNs 

can learn and classify complex processes, develop 

predictions, and make decisions (Asteris and Mokos 2020,  
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Fig. 3 Finite element mesh for the model 

 

 

Fig. 4 Finite element model for mechano-bactericidal 

analysis 

 

 

Fig. 5 The structure of the ANN 

 

Table 2 Test parameters 

Aspect ratio Spacing Peak sharpness 

1 50 0 

3 150 0.25 

7 250 0.5 

11 350 0.75 

13 450 1 

17 550  

 

 

Altabey et al. 2021, Uzun Yaylacı et al. 2020, 2022, Liu et 

al. 2022, Yaylacı et al. 2022c). ANNs comprise simple, 

organized, and interconnected processing units (Dawson 

and Wilby 1998). An artificial neural network consists of 

input, hidden, and output layers. The input layer collects the 

signals from the external environment. The hidden layer 

receives and processes information from the input layer. 

Finally, the output layer takes the weighted sum and 

produces the network output. The learning process in 

artificial neural networks occurs in two ways, supervised 

and unsupervised. Multilayer perceptron (MLP), with its 

simple structure, is the most used supervised learning 

approach (Yan et al. 2006). Fig. 5 shows the ANN structure. 

With 148 values obtained from the FEM solutions, a 

database covering the entire data set and enabling the 

successful training of the network was created (Table 2). 

The input layer of the network consists of three neurons. 

These are as follows,  

Spacing: Center-to-center distance 

Aspect ratio: Height/width 

Peak sharpness: Top of nanopillars 

The output layer consisted of maximum strain, 

maximum deformation, and maximum stress.  

The best network structure was determined by testing 

multiple architectures and considering the error rates of the 

networks. The number of neurons in the hidden layer affects 

the network’s performance (Kavzoğlu 2001). An excessive 

or insufficient number of neurons may cause poor 

generalization or overfitting of ANN. The solution is trial 

and error (Le Cun et al. 1990). In this ANN model, a single 

hidden layer and 1 to 25 units were tested in this layer. The 

weights were randomly initialized between 0.0001 and 

0.001. After comparing the appropriateness of the error 

functions (sum of squares and entropy), the activation 

functions (identity, logistic sigmoid, hyperbolic tangent, 

exponential, softmax, and Gaussian) were tested. In this 

study, the network was modeled with Broyden–Fletcher–

Goldfarb–Shanno (BFGS), which is a numerical 

optimization algorithm that uses the second derivative 

(Hessian matrix) to calculate the change in parameter value 

at each iteration. Ten thousand networks were trained and 

retained for model structure. The ANN was performed 

using Statistica software 12. The program code was written 

in C++ to calculate the maximum strain, maximum 

deformation, and maximum stress.  

 

 
3. Results and discussion 

 

The deformation, stress, and strain analysis of the E. coli 

cell in contact with the nano-patterns surface was studied in 

a three-dimensional model using ANSYS based on FEM. 

The stress, strain, and deformation results of each analysis 

were obtained using ANSYS; result images are given below 

as an example (Fig. 6). 

Validation Study: The accuracy of the FEM results was 

tested by comparing them with the study in the literature. 

The control of the conformity of the results was evaluated 

by considering the mean absolute error (emae). emae is used as 

the convenience equation to measure the productivity of the 

numerical results and is defined as (Mehar and Panda 

2019), 

 
(1) 

where RLi, RFEMi, and RANNi are the literature, FEM, and  

x100, x100 ( 1,2,3,..., )i i i i

i i

L FEM FEM ANN

mae mae

L FEM

R R R R
e e i n

R R

− −
= = =
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ANN results, respectively. n denotes the total number of 

results. 

Fig. 7 shows a comparative work for the stress and 

strain with the analytical results of Cui et al. (2021) to 

confirm the present method. The average and maximum 

errors of stress were calculated as emae = 1.94% and emae = 

1.81%, respectively. The average and maximum errors of 

strain were calculated as emae = 1.99% and emae = 1.80%, 

respectively (Fig. 7). As seen from the figure, the current 

results obtained are in high agreement with the literature 

results. Furthermore, percentage error rates are very low 

and acceptable. Thus, it is concluded that the numerical 

solution approach made with this study is a good 

computational method for examining bacterial mechanics 

problems. 

Fig. 8 shows that while the peak sharpness value is 

constant at 0.75, the increase in spacing and aspect ratio 

values increase the maximum strain, maximum deformation, 

and maximum stress on the E. coli cell wall. The fact that 

the increase in the aspect ratio calculated in this study can 

increase the bactericidal activity of the surfaces is similar to 

the report of Dickson et al. (2015). 

 

 
 

In Fig. 9, while the spacing and aspect ratio values of 

nanopillars are constant, the effect of peak sharpness on 

maximum stress, maximum strain, and maximum 

deformation on the E. coli cell wall is presented. The 

pressure observed on the cell wall can be explained as the 

decrease in the peak sharpness value (1, the sharpest; 0, the 

shortest) increases the surface bactericidal efficiency when 

spacing is kept constant and the nanopillar height is 

sufficient. 

Study 1: Fig. 10 shows the maximum stress, maximum 

strain, and maximum deformation with spacing considering 

the following dimensionless quantities: (aspect ratio=4, 

peak sharpness=0.75. It is seen that stress, strain, and 

deformation increase with the increase of the spacing. As 

can be seen in the figure, the maximum and average errors 

of maximum stress were calculated as max emae = 1.48% 

and average emae = 1.19%, respectively. The maximum and 

average errors of maximum strain were calculated as max 

emae = 1.97% and average emae = 1.76%, respectively. 

Finally, the maximum and average errors of maximum 

deformation were calculated as max emae = 1.85% and 

average emae = 1.49%, respectively. 

 

Fig. 6 Stress, strain, and deformation results of the model 

 

Fig. 7 Comparison of the max. stress and max. strain 
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Fig. 8 The variation of the max. stress, max. strain, and 

max. deformation with spacing 

 

 

 

 

Fig. 9 The variation of the max. stress, max. strain and 

max. deformation with spacing 
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Study 4: Tables 4-6 show the comparisons of results of 

FEM and ANN methods for stress, strain, and deformation 

given in Figs. 10-12 using Root Mean Square Error (RMSE) 

and coefficient of determination (R2). Checking the 

agreement of numerical results was evaluated by calculating 

RMSE and R2. It was found that non-dimensional stress, 

strain, and deformation obtained from FEM and ANN agreed 

well. 

A low obtained RMSE value indicates that the solutions 

are compatible. The closer this value is to zero, the closer 

the numerical solutions are to each other. R2 is a statistical 

expression that numerically shows the relationship between 

FEM and ANN results. This value ranges from 0 to 1, and 

 

 

 

R2>0.80 indicates a high correlation between FEM and 

ANN results. The RMSE and R2 can be expressed as 

follows (Ren et al. 2022); 

 (2) 

 
(3) 

( )
21

, ( 1,2,3,..., )
i i

n

FEM ANN
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n
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

Table 3 The characteristic of the developed network model 

Network MLP 
Learning 

error (%) 

Testing 

error (%) 

Validation 

error (%) 

Learning 

algorithm 

Error 

function 

Hidden 

activation 

Output 

activation 

NMS 3-19-1 1.11 0.09 0 BFGS 415 sos Tanh Exponential 

NMD 3-16-1 4.24 1.14 0 BFGS 603 sos Tanh Identity 

NMST 3-15-1 1.96 0.03 3.68 BFGS 385 sos Tanh Exponential 

BFGS: Broyden fletcher goldfarb shanno algorithm, sos: Sum of square, Tanh: Hyperbolic tangent function, NMS: Network of maximum strain, 

NMD: Network of maximum deformation, NMST: Network of maximum stress 

 

Fig. 10 The variation of the max. stress, max. strain and max. deformation with spacing 
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Fig. 11 The variation of the max. stress, max. strain and 

max. deformation with the aspect ratio 
 

 

 

 

Fig. 12 The variation of the max. stress, max. strain and 

max. deformation with peak sharpness 
 

171



 

Ecren Uzun Yaylacı, Murat Yaylacı, Mehmet Emin Özdemir, Merve Terzi and, Şevval Ö ztürk 

 

Table 4 RMSE and R2 for max. stress 

Figure Parameters 
Max. Stress (MPa) 

RMSE R2 

 Spacing 0.0011 0.99995 

Fig. 10 Aspect ratio 0.0029 0.99987 

 Peak sharpness 0.0009 0.99999 

 

Table 5 RMSE and R2 for max. strain 

Figure Parameters 
Max. Stress (MPa) 

RMSE R2 

 Spacing 0.0021 0.99988 

Fig. 11 Aspect ratio 0.0019 0.99991 

 Peak sharpness 0.0006 0.99999 

 

Table 6 RMSE and R2 for max. deformation 

Figure Parameters 
Max. Stress (MPa) 

RMSE R2 

 Spacing 0.0035 0.99983 

Figure 12 Aspect ratio 0.0012 0.99998 

 Peak sharpness 0.0007 0.99999 

 
 

4. Conclusions 
 

In this study, the mechano-bactericidal effect of 

geometric parameters such as peak sharpness, aspect ratio, 

and spacing of nanopillars was investigated by FEM. 

Elastic and creep deformation models of an E. coli cell 

adhered to the nanosurface were created. Cell deformation, 

stress, and strain were calculated. The results showed that 

the increase in peak sharpness, aspect ratio, and spacing 

values increased the maximum deformation, maximum 

stress, and maximum strain in the E. coli cell wall. In 

addition, the study observed that the results of the FEM and 

ANN methods were in good agreement with each other. 

Nano-patterned surfaces show the potential to be used as 

a functional, environmentally friendly, and sustainable 

antibacterial material regarding non-toxicity and non-

resistance in bacteria. Within the scope of this study, in 

silico investigation of the geometric structures of nano-

patterned surfaces will assist in the design of more efficient 

mechano-bactericidal surfaces in the future. 
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