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A B S T R A C T   

Hydrogels use three-dimensional polymer networks with transverse connections as their technology to absorb 
water or biofluids. Water, as a fundamental component, significantly affects the functionality of biomedical 
polymers, including hydrogels. The molecular organization of water within hydrogels and its state (limited, 
medium, or free) were significant factors in biocompatibility and compatibility. If hydrophilic monomers are 
directly used to produce the product, the manufactured product will have poor mechanical properties. Conse
quently, it is critical to conduct research on the mechanical properties of hydrogels, as well as methods for 
increasing them. This study examined the interactions between polyacrylamide hydrogel and water molecules by 
studying the effect of different volume fractions (5–15 %) of polyacrylamide hydrogel on the mechanical 
properties (Young’s modulus and ultimate strength) using molecular dynamics simulation. The results show that 
the potential and total energy in the sample converged to − 43 and 12488 kcal/mol. The ultimate strength of 
sample was 0.0333 MPa. The Young’s modulus calculated for polyacrylamide was 0.0009 MPa. By increasing the 
atomic ratio of structure in the range of 5 % to 15 %, the ultimate strength value increased from 0.0333 MPa to 
0.0425 MPa. The value of Young’s modulus reached its maximum, from 0.0009 MPa to 0.0014 MPa.   

Introduction 

Three-dimensional polymer networks called hydrogels have a very 
high capacity to bind water or other biofluids. These substances are 
capable of adsorbing water up to 1000 times greater than the mass of 
polymer without dissolving. The soft surface, structure, and physico
chemical properties of hydrogels are comparable to those of biological 
components [1–3]. Hydrogels are created via physical and chemical 
processes, and the hydrophilic functional groups in polymer chains, such 
as COOH, –NH2, –OH, –CONH2, and –SO3H groups, are what give 
hydrogels their ability to adsorb water. Despite the fact that cross- 
connections across network chains prevent them from dissolution [4]. 
Many natural and synthetic materials are classified as hydrogels. Syn
thetic hydrogels have gradually replaced natural hydrogels in the last 
two decades in terms of their high water absorption capacity, and higher 
structural strength [5]. Hydrogels have various applications, including 

biomedical, bioengineering, biosensors, tissue engineering, and cell 
separation [4,6]. The mechanical properties (MP) of hydrogels have a 
critical role in regulating the phenotype and genotype of cells, as well as 
how they interact with the extracellular matrix. While significant 
progress was made in adjusting the bio MP of hydrogels, challenges still 
lie in synthesizing them with complex mechanical profiles, and vascu
larization and modeling of natural tissues’ complex structures remain 
limited, impeding the development of complex organs [7,8].Therefore, 
advanced methods and techniques are of particular importance to 
measure different types of various bio MP of hydrogels, and new 
methods to increase their biomechanics. Jefari et al. [9] investigated the 
MP of Polyacrylamide (PAA)/gelatin hydrogel. The results show that the 
swelling ratio of the hydrogels was 947 %, while the modulus varied 
between 5 and 35 kPa. Olaret et al. [10] studied the MP of PAA- 
acrylamide-carbon nanotubes/Ag hydrogel. The results show that add
ing PAA to the hydrogel improved the MP. Most of the experimental 
methods used to measure the MP of hydrogels were time-consuming and 

Abbreviations: PAA, polyacrylamide; MP, mechanical properties; YM, young’s modulus; US, ultimate strength; MD, molecular dynamics; LJ, Lennard-Jones; 
LAMMPS, large-scale atomic/molecular massively parallel simulation. 
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expensive. They did not have the possibility to predict the properties 
under other conditions. Consequently, it was possible to examine the 
structure and behavior of materials using computer simulation, which 
was one of the most effective methods. 

Frequently, these methods analyze the conduct of the system’s 
components, such as molecules and tiny particles, and thereafter deduce 
the necessary macroscopic and microscopic quantities from their find
ings [11]. To determine whether a compound was stable under present 
conditions, experimental methods were used. Molecular simulation 
methods, such as Molecular Dynamics (MD) simulation, can be used for 
unstable compounds, as well as compounds that are yet to be identified 
[12]. An et al. [13] studied the simulation and estimation of the me
chanical and thermal properties of PAA. Based on all-atom MD simula
tions, this study determined that the hydrogel’s elasticity was strongly 
dependent on the polymer content fraction. Xu et al. [14] investigated 
the MP of TM-SiO2/PAM/PAA nanocomposite. According to the find
ings, TM-SiO2/PAM/PAA nanocomposite’s compressive stress was 7.01 
MPa. Their findings showed that the hydrogel’s strength was increased 
by adding hydroxyapatite (HAP). Using MD simulation, Dehkordi et al. 
[15] studied the swelling and heating behavior of three cross-linked 
hydrogels (PAA, polyvinyl alcohol, and polyethylene glycol). The find
ings show that PAA had superior thermal and atomic behavior. Using 
MD simulation, Liu et al. [16] investigated the MP of a physicochemical 
hybrid hydrogel. According to the findings, a chain-length ratio of 7:1:7 
was ideal for obtaining the best MP of this hybrid hydrogel. Using MD 
modeling, Shahshahani et al. [17] examined the effect of volume frac
tion and initial temperature on the MP of methacrylic acid porous 
hydrogels. The results indicate that the Young’s modulus (YM) and ul
timate strength (US) increase from 247 MPa and 131 to 274 MPa and 
146 MPa, respectively, when the volume fraction increased from 5 to 15 
%. Using MD simulation, Koochaki et al. examined the MP of poly
ethylene glycol hydrogel/ cellulose nanofibrils. According to the results, 
when 3 % cellulose nanofibrils were included, the US and YM of the 
proposed nanocomposite increased to 0.26 MPa and 0.39 MPa, 
respectively. 

Water, as a fundamental component, significantly affects the func
tionality of biomedical polymers, including hydrogels. The molecular 
organization of water within hydrogels and its state (limited, medium, 
or free) were significant factors in biocompatibility and compatibility 
[18]. If hydrophilic monomers were directly used to produce the prod
uct, the manufactured product would have poor MP [19]. Consequently, 
it is critical to conduct research on the MP of hydrogel, as well as 
methods for increasing it. Previous studies [17] identified the volume 
fraction of hydrogel as a factor that affects its MP. This research exam
ined the interactions between PAA hydrogel and water molecules by 
studying the effect of different volume fractions (5–15 %) of PAA 
hydrogel on the MP (YM and US) using MD simulation. 

Present simulation details 

This study considered a box with the simulation dimensions of 100 ×

100 × 200 Å3. 200 Å length in Z direction was implemented to the 
atomic structure can be fluctuated arbitrary and this parameter 
decreased to 100 Å after geometry optimization. Water was simulated by 
the (SPC) potential model and the hydrogel structures of PAA by the 
Avogadro software. To implement these processes, the initial and final 
temperature and pressure settings must be specified. In order to achieve 
this objective, the Noz-Hoover thermostat was used to set Temp = 300 K 
and P = 1 bar of the structure. The simulation was then conducted using 
the LAMMPS software. Fig. 1 displays a schematic of the simulated 
structure. 

The equilibrium was achieved using a constant pressur
e–temperature ensemble (NPT) [23]. The equilibrium of structures was 
assessed at 2 ns. The equilibrium process time of the structures was 
incorporated into the simulation time, which was 7 ns at a time incre
ment of 1 fs. Once the atomic stability of the simulated structures was 
verified, the percentage of hydrogel swelling was computed. The per
centage of hydrogel swelling in distilled water was computed using Eq. 
(1): 

S% =
m − m0

m0
× 100 (1)  

m0 represents the mass of the swollen gel at time zero, while m repre
sents the mass of the expanded gel at time t. A period of time was spent 
monitoring the water absorption of initially dried hydrogels until they 
reached their maximal swelling. 

Results and discussion 

Equilibrium atomic samples 

To establish the thermodynamic equilibrium of the simulated atomic 
structures, the initial stage included investigating the physical proper
ties of the simulated systems, such as potential energy and total energy. 
Fig. 2 displays the change in potential energy of the PAA atomic sample 
during a duration of 10 ns. The stability of atomic sample was deter
mined using the potential energy value. Stable atomic structures, such as 
solids, have a negative value for this parameter. In this section, we 
illustrate how the structure’s potential energy converged by increasing 
simulation time. The potential energy of the PAA reached a value of 
− 43 Kcal/mol after a convergence period of 10 ns. The atomic sample 
showes a negative potential energy in terms of the attraction force inside 
its structure. 

Fig. 3 illustrates the total changes in the energy of PAA during a 

Nomenclature 

rij The distance between particles (m) 
ui The potential of a particle (eV) 
εij Depth of the potential well (Kcal/mol) 
σij Finite distance in which the potential is zero(Å) 
r The distance of the particles from each other 
Uij The electric potential (eV) 
V The total volume of particles (Å3) 
mi The mass of the particle(g) 
ai The acceleration of the particle (m⋅s− 2)  

Fig. 1. A schematic of the simulated structure.  

N.K. Dehkordi et al.                                                                                                                                                                                                                            



Results in Physics 57 (2024) 107440

3

period of 10 ns. The sum of the kinetic and potential energies of an 
atomic sample signified its total energy. The cumulative energy of the 
atomic sample reached 12,488 Kcal/mol after a duration of 10 ns. 
Convergence in the total energy of the PAA structure showed that the 
kinetic energy was larger than the potential energy of the samples, 
owing to the high mobility of water molecules, and did not suggest 
disequilibrium in the final sample. On the other hand, a certain value 
that converged for this physical quantity showed the attraction force of 
structures. Based on the results obtained in the equilibrium stage of the 
structures, the potentials used in this study were suitable to investigate 
the structural evolution of PAA. 

Mechanical behavior of PAA 

Fig. 4 depicts the stress–strain diagram of PAA at Temp = 300 K and 
P = 1 bar. The sample was exposed to external stress with a strain rate of 
0.01 s− 1. The results demonstrate the enhanced MP of PAA, as shown in 
the sample’s ultimate strain of 23.1 and stress of 0.0333 MPa. This 
improvement in the MP of PAA hydrogel increased its use in different 
medical applications, including ophthalmology. However, from a 
physical viewpoint, the explanation for the improved behavior of PAA 
hydrogel was the attractive contact among the atoms of this material, 

which worked as an atomic skeleton and made the final PAA material 
stronger. 

YM value of the structure was determined by calculating the slope of 
the stress–strain diagram in the linear area. Fig. 5 displays the YM of the 
PAA at 300 K and 1 bar. For PAA, the calculated value of YM was 0.0009 
MPa. 

Table 1 shows the US YM of PAA at 300 K and 1 bar after 10 ns. 

Effect of hydrogel volume fraction 

The changes in the volume fraction directly affected the MP of 
different structures. To examine this issue, the atomic ratios used in the 
current study were 5 %, 10 %, and 15 %. Nevertheless, since PAA was an 
ideal hydrogel, we expect that the results were applicable to other 
hydrogels as well. The US of simulated PAA based on the atomic ratio is 
illustrated in Fig. 6 at 300 K and 1 bar. By raising the structure’s atomic 
ratio from 5 % to 15 %, the US value rose from 0.0333 MPa to 0.0425 
MPa. The mechanical resistance of sample was improved by increasing 
the atomic ratio of hydrogel. To ensure the general pattern which shown 
in Figs. 6 and 7, the atomic ratio changed to smaller (1 %) and larger (30 
%) values. MD outputs predicted 0.0284 MPa and 0.0008 MPa for US 
and YM parameters when atomic ratio set to 1 %. Furthermore, these 
parameters converged to 0.0477 MPa and 0.0018 MPa (respectively) in 
atomic ratio with 30 % value. The increased mechanical strength of 
samples was attributed to the higher concentration of hydrogel in the 
aqueous environment, which was a consequence of the increased 
interatomic attraction force resulting from the reduced interatomic 
distance in the samples. Physically, the potential energy in the samples 
was inversely related to the interatomic distance. Therefore, when the 
structures became denser, the distance among the atoms decreased, 
leading to an increase in the interatomic attraction force. Consequently, 
the sample became more physically stable. The results align with the 
results reported by Shahshahani et al. [17]. The results indicate that by 
increasing the volume percentage from 5 to 15 %, YM and US saw an 
increase from 247 MPa and 131 MPa to 274 MPa and 146 MPa, 
respectively. 

YM diagram of a simulated PAA hydrogel sample at 300 K and 1 bar 
is depicted in Fig. 7. The greatest value of YM was observed to be 0.0014 
MPa from 0.0009 MPa. The specified hydrogel’s number of atoms and 
absorption power grew as the volume percentage of hydrogel increased. 
This resulted in the hydrogel absorbing more molecules and raising the 
sample’s mechanical resistance. 

Table 2 shows the US, YM of PAA hydrogel at 300 K and 1 bar after 
10 ns in terms of hydrogel atomic ratio. PAA, with a 15 % atomic ratio, 
had the highest US with 0.0425 MPa, and the highest YM with 0.0014 
Mpa. 

Conclusion 

In this work, we studied the MP of PAA using MD method. The study 
used the LAMMPS software in conjunction with supplementary 
modeling and visual applications. The current study included two areas 
of technical analysis: the examination of equilibrium atomic structures 
and the evaluation of their mechanical behavior. The results of the 
equilibration of atomic samples showed that:  

• The potential energy in the sample converged to − 43 kcal/mol.  
• The total energy of the atomic samples reached 12488 kcal/mol. 

After equilibrium, the atomic samples MP were investigated.  

• The US of the sample was 0.0333 MPa  
• The value of calculated YM for PAA was 0.0009 MPa.  
• By increasing the atomic ratio of the structure in the range of 5 % to 

15 %, the US value increased from 0.0333 MPa to 0.0425 MPa. 

Fig. 2. Potential energy changes of PAA atomic sample after 10 ns.  

Fig. 3. Total energy changes of PAA atomic sample after 10 ns.  
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• The value of YM reached its maximum from 0.0009 MPa to 0.0014 
MPa. 
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Appendix A. MD method 

To characterize the particle’s mechanical behavior, the MD simulation conveyed the particle’s spatial location, as explained in the following 
equation [20]: 

Fig. 4. Stress–strain of the PAA at 300 K and 1 bar.  

Fig. 5. The YM of the PAA at 300 K and 1 bar.  

Table 1 
US, YM of PAA at 300 K and 1 bar after 10 ns.  

Hydrogel US (Mpa) YM (Mpa) 

PAA 0.0333 0.0009  
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Fi = miai = mi
d2ri

dt2 (a-1) 

In above equation, Fi, ri, mi, and ai show the force, the mass of particle i, the spatial position, and particle acceleration, respectively. Fi is obtained 
by the negative derivative of potential function U concerning the particle position function i as Eq. (a-2) [20]: 

Fig. 6. US of simulated PAA in terms of atomic ratio at 300 K and 1 bar.  

Fig. 7. The YM diagram of the simulated PAA hydrogel sample in terms of 
atomic ratio at 300 K and 1 bar. 

Table 2 
US, YM of PAA hydrogel at 300 K and 1 bar after 10 ns in terms of hydrogel 
atomic ratio.  

Atomic ratio (%) US (Mpa) YM (Mpa) 

5 0.0333 0.0009 
10 0.0391 0.001 
15 0.0425 0.0014  
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Fi = −
∂U
∂ri

(a-2) 

The selection of a potential atomic function is crucial in MD modeling. Due to the potential energy function of each atom, every other atom in a 
system may interact with it. Bonded and non-bonded atoms were subjected to this potential energy effect. Bonded atoms have potential, and each 
atom’s potential with other atoms in the same molecule or atoms in nearby molecules is different. Consequently, the bonded and non-bonded in
teractions imparted to the elements must be combined in order to evaluate the potential energy [20]: 

Etotal = Ebonded + Enonbonded (a-3) 

The simulation process was carried out using LAMMPS software. This software considers the molecular structure of a box on a scale, as well as the 
molecules in the material, the crystal lattice, location and velocity, atom number, potential function coefficients, as well as other molecular properties. 
Based on the intermolecular forces calculated using potential functions, the atoms move and interact within the simulation box for a predetermined 
amount of time. As a result of combining Lennard-Jones potentials and Coulomb potentials, a potential function was derived. Eq. (a-4) contains the 
equation for Lennard-Jones potential function [21,22]: 

ULJ = 4εij

[(σij

r

)12
−
(σij

r

)6
]

(a-4)  

where, εij is the depth of potential well, and σij is the finite distance in which the potential was zero, The numerical values of εij and σij for all particles 
are reported in Table a-1. The cut-off ratio of all particles was considered to be 12 Å. On the other hand, the bond energy, and distance among the 
atoms at the common surface with each other were computed using the data in Table a-1 and Eqs. (a-5) and (a-6). The values for all interplays among 
the particles shown in the simulation box were calculated using the Lorentz-Bertolt mixing rule [23]. 

εij =
̅̅̅̅̅̅̅εiεj

√ (a-5)  

σij =
σi + σj

2
(a-6) 

Table a-1. Lennard-Jones potential parameters of present particles [23,24].    

σij (Å) εij (kcal/mol) 

Nacylamino-Hwater 3 3 
Oacylamino-Hwater 3 2  

Electrical PE or electrostatic PE were obtained from the Coulomb equation of constant forces and are represented as follows [25]: 

Uij(r) =
− 1

4πε0

qiqj

r2
ij

(a-7)  

where qi and qj are electric charges i and j, rij, the distance among the charges and ε0 represent the electrical permeability of the open space which are 
numerically equivalent to 8.85 × 10− 12 F⋅m − 1. 

Using MD simulations, scientists may study the phenomena that were difficult to discover via experimentation, leading to a greater comprehension 
of the basic principles and processes dictating the behavior of structures. Although MD simulations were useful in expanding our knowledge of 
material properties, it’s critical to recognize their limits. The limitations of using MD simulation in research are as follows: 

1. Computational Resources: MD simulations need substantial computational resources, such as high-performance computing clusters or supercom
puters, to effectively manage the extensive number of atoms and intricate interactions present in the systems. This may impose constraints on the 
magnitude and duration of simulations that can be executed.  

2. Simplified Models: Simulations use approximations and simplifications to correctly depict complex processes. Using force fields and potential 
models in MD simulations was subjected to inherent limitations, and the accuracy of obtained findings was contingent upon the selection of 
appropriate models and parameterization. For the next simulations, the following assumptions will be used to enhance computational efficiency 
and streamline complexity:  
• The pressure in all parts of the simulation box was considered constant and uniform.  
• The temperature was considered constant and uniform in all parts of the simulation box.  
• The energy loss among the simulated atomic structures was ignored.  
• The effect of gravitational force in the simulated atomic structures was ignored.  

3. Time Scale Limitations: Although MD simulations had the capacity to simulate longer time scales compared to experiments, effectively replicating 
the whole hydration process of concrete, which occurred over a period of weeks to months, remained a tough task. Opting for an excessively short 
time step resulted in an impractical simulation duration, while selecting a too large time step led to an inaccurate representation of the system (or, 
in the case of an algorithm like SHAKE, a failure in maintaining the desired constraints). The specific types of structural interactions that we wanted 
to investigate, such as hydrogen bonding, conformational changes, and binding interactions, each had their own unique time scale. These in
teractions affected the selection of the appropriate time step [26]. It was not very sensitive to the size of the system (box size). While the time scale 
for studying conformational changes might range from a few seconds to less than a nanosecond, the size of the molecule was reliant on this process 
[27]. A time step of 1 fs was determined to be suitable for hydrogels according to the study’s results [17].  

4. Uncertainty in Parameters: Precise parameterization of force fields and potential models was essential for achieving dependable outcomes. A major 
limitation of the MD method was the lack of assurance about convergence. This issue may be corrected or mediated by doing many separate it
erations. In MD simulation, convergence was generally defined as the identification of a set of atomic coordinates that correspond to a local energy 
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minimum inside the selected force field [28]. The concept of convergence in MD simulation was rooted in the “Ergodic Hypothesis,” which stated 
that the long-term average of a system was equivalent to the average of the ensemble when the ensemble had an unlimited number of members 
[29]. As mentioned before, the outcome was contingent upon the specific number under consideration. The convergence of energy was included in 
potential, kinetic, and total energy, as well as temperature, etc. An investigation was conducted on the convergence of total energy and potential 
energy.  

5. Complexity of Interactions: To accurately simulate the intricate interactions among various components, such as interfaces and additives, advanced 
modeling approaches and precise depiction of intermolecular forces were necessary. Creating precise models for complex systems was a continuous 
challenge in MD simulations [30,31]. 
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