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Entanglements and crosslinking jointly govern the mechanical performance of polyacrylamide (PAAm) hydrogels, yet their molecular roles remain poorly quantified. This study uses dissipative particle dynamics simulations to disentangle crosslinker concentration, inter-chain and intra-chain entanglement contributions to hydrogel stiffness and hardening effect. Systems were built at a uniform acrylamide (AAm) monomer concentration and identical chain length, with the crosslinker concentration varied to assess its impact. Separately, entanglement degree was modulated by varying chain length distributions under fixed crosslinking, and water content was adjusted to tune inter-chain entanglement density at constant intra-chain entanglement and crosslinker loading. Uniaxial tensile tests characterized stress-stretch responses. Our results reveal that increasing crosslinker density marginally elevates hardening effect but plateaus at higher concentrations, whereas higher inter-chain entanglement produces pronounced hardening and network resilience. Under constant crosslinking, systems with elevated entanglement exhibit significantly hardening and maintain structural integrity during large deformations. Moreover, reducing water content increases monomer concentration and inter-chain entanglements, thereby amplifying stiffness without altering intra-chain entanglement trends. These findings demonstrate that inter-chain entanglements act as dynamic “physical crosslinks,” enabling efficient load transfer and preventing network relaxation. Our study provides atomistic insight into the reinforcement mechanisms of hydrogels and offers design guidelines for tougher soft materials.

Keywords: entanglements, crosslinks, reinforcement, molecular dynamics, hydrogels
1 INTRODUCTION
Hydrogels are three-dimensional polymer networks that can imbibe large amounts of water (Fu, 2019), and their high deformability and biocompatibility make them attractive for biomedical devices, tissue engineering, flexible electronics (Jin et al., 2021) and soft robotics (Li et al., 2021). Yet conventional single-network hydrogels commonly suffer from low stiffness and limited toughness, which restricts their use in load-bearing and fatigue-sensitive applications (Fu et al., 2022; 2023; Qu et al., 2025). While increasing covalent crosslink density typically raises the elastic modulus, excessive crosslinking commonly induces network heterogeneity and stress concentration, reducing extensibility and toughness (Norioka et al., 2017; Xu et al., 2018; Zheng et al., 2018). Alternative strategies such as double-network hydrogels (Jang et al., 2007), covalently crosslinked hydrogels (Henderson et al., 2010; Sun et al., 2012), slide ring gels (Feng et al., 2020) and nanocomposites (Rafieian et al., 2019) can significantly improve toughness by introducing sacrificial or dissipative mechanisms. However, these approaches frequently entail trade-offs in manufacturability, hysteresis and recovery behavior.
Polymer chain entanglements have recently been recognized as another key reinforcement mechanism (Kim et al., 2021). Entanglements are topological interlocks between long chains that can act like effective, temporary crosslinks. In polymer physics, such entanglements underlie rubber elasticity and viscoelasticity, and in hydrogels they similarly impose topological constraints beyond the covalent network (De Gennes, 1971; Rubinstein and Panyukov, 2002). Both theory and experiment indicate that entanglements significantly influence elastic and fracture behavior (Hou et al., 2019). Kim et al. (2021) confirmed by constructing an entanglement-dominated single-network polymer system that entanglements, acting as “slip links”, can enhance stiffness without causing material embrittlement, and can improve fracture toughness through a multi-chain energy dissipation mechanism. Similarly, Zhu et al. (2024) engineered a “highly entangled” DN PAAm hydrogel where physical entanglements act like sliding crosslinks: this network achieved very high tensile strength (∼3 MPa) and fracture energy (∼8340 J/m^2) while maintaining low hysteresis. Liu et al. (2023) showed via simulation that in an entangled hydrogel, chain entanglements bear the load during the initial stretching phase; as strain increases and entanglements relax, covalent crosslinks take over the load. They observed a roughly linear correlation between entanglement density and tensile stress early in deformation. Sharma (2024) also highlights that polymer networks in dielectric elastomers contain numerous entanglements and crosslinks that jointly determine the nonlinear deformation response. These studies suggest that controlling chain entanglement is an important reinforcement strategy. Recent dynamic models of soft actuators (Nandan et al., 2023; Singh and Sharma, 2024) similarly incorporate chain entanglement along with crosslinks, indicating broad interest in these effects.
Despite this appreciation, experimentally isolating entanglement effects is very challenging. Entanglement density is not directly measurable by conventional means, and it typically correlates with polymer molecular weight and processing. Comprehending the connection between entanglement and mechanical properties remains complicated, particularly owing to constraints on length scales and the hurdles involved in directly observing them through experiments (Liu et al., 2023). The assumed crosslinked network in a hydrogel remains hypothetical, since dynamic observation at the molecular level is infeasible. These challenges mean that simulations provide a powerful alternative for probing chain-scale structure and decoupling these contributions.
Computational techniques like molecular dynamics (MD) and Monte Carlo simulations have become invaluable tools for studying the microstructural evolution of hydrogels under deformation. All-atom MD simulations capture chemistry but only for very short chains and fast timescales, so it cannot represent realistic entangled networks (An et al., 2019). Many coarse-grained MD studies have been developed to balance computational efficiency and structural fidelity (Jin et al., 2018; Lei et al., 2020; Liu et al., 2022). For example, Lei et al. (2020) built dissipative particle dynamics (DPD) bead-spring models of PAAm hydrogels and simulated large-strain deformation. This work showed that mesoscale network topology dominates stress response, but like most others it primarily characterized the crosslinked network without explicitly quantifying entanglements. In fact, many previous simulations explicitly construct polymer networks using idealized assumptions. Dissipative Particle Dynamics and related coarse-grained methods have been successfully applied to polymers and gels, but a gap remains in using them to systematically decouple the roles of entanglement versus crosslinking in determining network strength.
In this work, we address these gaps by employing a validated DPD coarse-grained PAAm model to systematically disentangle the mechanical contributions of covalent crosslinks and polymer chain entanglements. Specifically, we independently vary crosslinker concentration, chain-length distribution and water content to generate networks with controlled chemical and topological states. Uniaxial tensile simulations are carried out to obtain stress-stretch responses, and primitive-path entanglement analysis is applied to quantify inter-chain and intra-chain constraints and their evolution during deformation. Section 2 describes the methods and model details; Section 3 presents the results and discussion; and Section 4 concludes the study.
2 SIMULATION METHODOLOGY
2.1 Coarse-grained bead-spring model of PAAm hydrogels
Currently, numerous researchers have developed multiscale molecular dynamics models for PAAm hydrogels. In this work, to further enhance computational efficiency, we adopted the DPD coarse-grained model of PAAm hydrogels developed referred by Lei et al. (2020). The model parameters were determined by matching the radial distribution function and structure factor from all-atom simulations. Uniaxial tension tests show that the model captures both hyperelastic and viscoelastic behaviors, with nominal stress-stretch curves aligning with experimental trends and demonstrating loading rate-dependent responses (Yang et al., 2019). Compared to all-atom models, the coarse-grained bead-spring model efficiently bridges mesoscale chain conformations to bulk deformation, making it suitable for studying large deformation and fracture mechanisms in single-network hydrogels.
Initially, the PAAm hydrogel structure was simplified into a bead model through coarse-grained mapping. In this scheme, two acrylamide (AAm) monomers are represented by one bead, eight water molecules are mapped to one bead, and one methylenebisacrylamide (MBAA) crosslinker is represented by one bead. This mapping method ensures that the relative molecular weights of the particles are comparable. Figure 1a illustrates the coarse-grained mapping scheme of PAAm hydrogel model, where red beads represent AAm, yellow beads denote MBAA, and blue beads correspond to water. Figure 1b shows one of the PAAm hydrogel models. The masses of the particles m, the system energy kT, and the interaction length RC are normalized to dimensionless units, with m = kT = RC = 1, where k is the Boltzmann constant and T is the temperature. In the normalized DPD system, a unit temperature (T = 1) corresponds to an actual temperature of 300 K. The time scale is nondimensionalized as τ=mRc2/kT=1, such that one time unit corresponds to approximately 340 ps in real time.
[image: Molecular systems depicted in two panels. Panel (a) shows molecular models of acrylamide (AAm), water (H₂O), and methylene bisacrylamide (MBAA) represented by red, cyan, and yellow spheres, respectively. Panel (b) presents two 3D cubic simulations with the spheres distributed inside, illustrating the arrangement of these molecules in a spatial grid. Axes are marked with a directional compass in red (x), green (y), and blue (z).]FIGURE 1 | (a) Coarse-grained mapping scheme of PAAm hydrogel. The red bead represents two acrylamide (AAm) monomers, the blue bead represents eight water molecules, and the yellow bead represents one methylenebisacrylamide (MBAA) crosslinker. (b) Coarse-grained molecular dynamics model of PAAm hydrogel. The left diagram shows the model containing water, AAm molecules, and cross-linkers. The right diagram is a schematic of the model with water removed.The interactions among particles consist of bond forces between connected particles F→i−bond and pairwise interactions between particle pairs F→i−pair, with the latter comprising three distinct contributions:
F→i−bond=∑jCrij−r0r^ij,(1)
F→i−pair=∑i≠jF→ijC+F→ijD+F→ijR,(2)
F→ijC=aijωrij,(3)
F→ijD=−γω2rijr^ij·v→ij,(4)
F→ijR=σωrijαΔt−12,(5)
ωrij=1−rijRC,rij≤RC0,rijRC.(6)
In Equation 1, C represents the bond coefficient. In the tensile simulations, a value of C = 25 was employed to match the actual ratio between bond strength and thermal fluctuations. r0 denotes the equilibrium bond length between two polymer beads, RC is the cutoff radius, and the average distance between two beads is set as r0 = RC = 1. rij denotes the distance between the ith particle and the jth particle.
In Equation 2, the pair forces consist of three components: F→C (a conservative force), F→D (a dissipative force), and F→R (a random force). In Equation 3, the conservative force F→C acts as a repulsive force within the cutoff radius RC and varies linearly with the interparticle distance rij, with a repulsion coefficient aij. ωij is a weighting factor in Equation 6 that varies between 0 and 1. In Equation 4, the dissipative force F→D is always directed opposite to the relative velocity vij between the two particle centers, representing a viscous effect that depends on the coefficient γ and the interparticle distance. The random force F→R in Equation 5 also depends on the coefficient σ=2kTγ, the interparticle distance, and a normally distributed random variable α. Since the dissipative and random forces serve as an energy sink and source, respectively, the study by Groot (Groot and Warren, 1997; Groot and Rabone, 2001) suggests that setting σ=3 ensures a balance between these two forces within the thermostat. Table 1 presents the specific parameters of the pair forces in the PAAm DPD coarse-grained model which were calibrated to reproduce the radial distribution function of real hydrogel networks.
TABLE 1 | Parameters of the pair forces in the PAAm coarse-grained model.	Pair	AAm-AAm AAm-MBAA
MBAA-MBAA	AAm-water MBAA-water	Water-water
	a (force units)	25	26.88	25
	γ (force/velocity units)	4.5	4.5	4.5
	RC (distance units)	1.0	1.0	1.0


2.2 Uniaxial loading setups in molecular dynamics simulations
The DPD coarse-grained simulations were conducted using the parallel molecular dynamics (MD) code LAMMPS (Plimpton, 1995). Temperature control was achieved employing the Nose-Hoover thermostat (Nosé, 1984; Hoover, 1986), which is integrated within LAMMPS. The initial polymer chain configurations of PAAm molecules were generated utilizing the Monte Carlo self-avoiding random walk method (Binder, 1995). Subsequently, crosslinkers and water molecules were incorporated into the system.
This initial configuration was loaded into the MD code, where energy minimization and equilibration were performed prior to applying mechanical deformation to the amorphous polymer. We employed a molecular dynamics simulation approach similar to that described by Lei et al. (Lei et al., 2020) to simulate the crosslinking process of polymer networks. Crosslinking was implemented by periodically searching for reactive bead pairs whose separation distance fell below a chosen cutoff distance. Specifically, at fixed intervals (every 10 timesteps) we identify all reactive pairs within a cutoff rcutoff=3.0 which avoids high-energy bonds and then form new harmonic bonds between them. Each crosslinker bead was assigned four reactive sites, allowing the formation of up to four bonds. After each bonding step, the system topology and force field were updated, and the configuration was briefly relaxed before the next reaction iteration. On average we observed that the vast majority of crosslinkers formed three to four bonds, indicating nearly full connectivity, which is consistent with saturation yields reported for thermoset curing simulations (Varshney et al., 2008).
All simulations were performed in the NVT ensemble (constant number of particles, volume, and temperature) using the standard DPD thermostat. The initial box volume was chosen to match the experimental bulk density of the PAAm hydrogel system. Initially, the system was equilibrated under the NVT ensemble for 10,000 time steps with a time step of 0.01 DPD units. Subsequently, crosslinking was initiated by forming bonds between polymer beads every 10 time steps over 400,000 steps, provided that the distance between two beads was less than the DPD cutoff radius. After crosslinking, the system was cooled to a temperature of T = 1 over 100,000 time steps and further equilibrated for an additional 100,000 time steps. This methodology aligns with standard practices in dissipative particle dynamics simulations for modeling polymer crosslinking processes. For instance, previous studies have adopted similar simulation protocols, including equilibration, crosslinking, and relaxation steps, to accurately capture the behavior of polymer networks under various conditions (Lei et al., 2020).
Subsequently, incompressible uniaxial tensile tests were simulated in the NVT ensemble at a temperature of T = 1, using a strain rate of 0.001 per DPD time unit. It is important to note that, to facilitate the implementation of incompressible uniaxial tension in LAMMPS (version of LAMMPS released on 22 December 2022), the applied strain rate corresponds to the true strain rate. Consequently, the true strain rates in the other two orthogonal directions were set to half of the applied loading rate. The time step used for the tensile tests was set to 0.01 DPD time units.
2.3 Crosslinking and entanglement
Both crosslinks and chain entanglements critically shape a polymer network’s response to deformation, encoding its topology and conformational dynamics under load. Visualizing polymer arrangements at the molecular scale remains elusive. Although raising AAm monomer concentration is known to increase entanglement density, reliably quantifying these topological constraints in experiments is still problematic. Here, molecular dynamics simulations provide a means to overcome this barrier, enabling direct analysis of network architecture and its evolution under mechanical stress.
In our study, we categorize the microscopic structure of the hydrogel system into three components: crosslinkers, inter-chain and intra-chain entanglements. As depicted in Figure 2a, when two polymer chains are connected via a crosslinker, this connection is identified as a crosslinking point. The degree of crosslinking is quantified by the ratio of crosslinker particles to the total number of particles. Inter-chain entanglements represent the network-level topological complexity between multiple chains, whereas the intra-chain entanglements capture the conformational state of single chains. The reciprocal relationship highlights the balance between intra-chain straightening and inter-chain topological interactions in polymer systems. The polymer network’s entanglements are further classified into inter-chain entanglements (network points), as shown in Figure 2b, and intra-chain entanglements shown in Figure 2c. The crosslinker content is directly determined by the amount of crosslinker added to the system, whereas the two types of entanglements are distinguished and quantified through path analysis.
[image: Diagram depicting three types of polymer structures. (a) Cross-linker: Red strands connected at a central yellow point on a blue background. (b) Inter-chain entanglement: Two red strands intertwined on a green background. (c) Intra-chain entanglement: Looped red strand on a pink background.]FIGURE 2 | Schematic illustrations of (a) cross-linker, (b) inter-chain entanglements, and (c) intra-chain entanglements in PAAm hydrogels.To calculate inter-chain and intra-chain entanglements, we employ the Z1+ algorithm to determine each chain’s original path and knot points within the system (Kröger et al., 2023). The input to Z1+ consisted of the fully periodic polymer configuration and the corresponding box dimensions. Z1+ fixes the ends of each chain at their positions and then applies a primitive-path-shrinking procedure that shortens chain contours while preventing bond crossings. The original path, or primitive path, is the shortest path after equilibration, representing the connection between the polymer chain’s two ends. The Z1+ algorithm identifies inter-chain entanglements through a geometric contraction process, which involves calculating the triangular area formed by three adjacent nodes and using adaptive neighbor lists to detect adjacent chain segments. If adjacent segments pass through this triangular area, an inter-chain entanglement is identified. These points are then used as segmentation points for the polymer network, allowing the calculation of the shortest paths for network fragments. The core of this method is to minimize the contour length while keeping chain endpoints fixed and avoiding chain crossings, thereby obtaining the shortest multiple disconnected paths. Intra-chain entanglement is calculated by determining the original path of each segment using the following equation, which yields the entanglement degree within the topological network. This methodology enables a detailed analysis of the entanglement structures within polymer networks, providing valuable insights into the factors influencing the mechanical properties of hydrogels.
The intra-chain entanglements, Ne, of each chain segment can be characterized by (Everaers et al., 2004; Zhu et al., 2022).
Ne=appbpp,(7)
where app and bpp are the current and initial path segment lengths of the chain, respectively (Sukumaran et al., 2005). These lengths are defined as (Foteinopoulou et al., 2006):
app=R2Lpp.(8)
bpp=LppN−1,(9)
Here, Lpp is the length of the initial path, R is the end-to-end distance of the segment, and N is the total number of atoms in the segment. In the topological analysis, the Z1+ algorithm, developed by Kröger and Foteinopoulou (Foteinopoulou et al., 2006; Kröger et al., 2023), is employed to calculate the initial paths and end-to-end distances of the chain segments.
Combining Equations 7–9, the expression for intra-chain entanglement is:
Ne=R2N−1Lpp2.(10)
Here, N−1 serves as a correction factor relating the intra-chain entanglement to the chain length, describing the limiting value of the intra-chain entanglements. When N > 1, the shortest segment forming the chain requires at least one entanglement. As the chain is fully stretched, the initial path coincides with the end-to-end distance, resulting in an entanglement degree of N−1. The more pronounced the self-coiling of the chain is, the smaller the value of Ne will be.
3 RESULTS AND DISCUSSION
3.1 Stress-stretch relationships
We first constructed four PAAm hydrogel models with varying crosslinker concentrations. Each model consists of 1,000 polymer chains, with each chain containing 20 AAm monomers. By incorporating only short chains into the models, we achieved extremely low entanglement: the models exhibit negligible inter-chain entanglement, and each chain maintains a lower degree of intra-chain entanglements. Each model has a water content of 80%, corresponding to 320,000 water molecules, while the crosslinker contents of the four models are 0%, 0.25%, 0.5%, and 1% respectively. To ensure the accuracy of the results, we generated three independent network models for each case and then performed uniaxial tensile tests. All subsequent simulation tests were conducted under identical conditions, with the average derived from three independent model. Figure 3a presents the corresponding stress-stretch curves, where each curve represents the average value of three independent models in the same condition. It can be observed that as the crosslinker concentration increases, the reinforcement of the hydrogel system improves slightly, although the enhancement is not substantial. In particular, increasing the concentration from 0.5% to 1% results in almost no further hardening. The network quickly reaches a saturation regime upon the addition of crosslinks because the chains are relatively short. Moreover, our DPD simulations inherently include viscoelastic damping at the mesoscale; under the finite strain rate used, partial stress relaxation occurs during deformation. These factors collectively account for the only modest increase in the stiffness with increasing crosslink density. Figure 3b shows schematic diagrams of the model for non-crosslinked PAAm hydrogel stretched to λ = 1, 2 and 4 in the MD simulation.
[image: (a) Line graph showing dimensionless stress versus stretch (\(\lambda\)) for no-entanglement cases with varying crosslink percentages (0%, 0.25%, 0.5%, 1%). Each line represents a different crosslink percentage.(b) Visual representation of materials at different stretch levels (\(\lambda = 1, 2, 4\)). Each material is colored and sized differently, with an axis indicating directions (x, y, z).(c) Line graph depicting stress versus stretch (\(\lambda\)) for zero percent crosslink with varying entanglement levels (low, medium, high).(d) Line graph comparing stress versus stretch (\(\lambda\)) for 0.5% crosslink with different entanglement levels (low, medium, high).]FIGURE 3 | (a) Stress-stretch curves under uniaxial tension for models with crosslinking densities of 0%, 0.25%, 0.5%, and 1%, all without entanglements. (b) Molecular dynamics model schematics of non-crosslinked PAAm hydrogels at stretch ratios of λ = 1, 2 and 4, respectively. (c) Stress-stretch curves under uniaxial tension for models with different degrees of entanglement in the absence of crosslinker and (d) different degrees of entanglement at a crosslinker concentration of 0.5%.To further investigate the roles of crosslinking and entanglement in the stretching behavior of the hydrogel systems, we constructed models with identical crosslinking densities but varying entanglement levels, and subjected them to uniaxial tensile tests. In these comparative models, only the entanglement levels were altered. The model with the lowest entanglement comprises 1,000 chains, each containing 20 monomers. The moderately entangled model consists of 500 chains of 20 monomers each, along with 10 chains of 1,000 monomers. The highly entangled model contains 20 chains, each with 1,000 monomers. All models have a water content of 80%, corresponding to 320,000 water molecules. We fixed the total number of beads to maintain a constant polymer mass across all cases, ensuring that the observed mechanical differences originate from network topology rather than variations in material amount. Intuitively, as the number of long chains in the system increases, both inter-chain entanglement and the degree of intra-chain coiling are expected to increase.
Figure 3c presents the stress-stretch curves for these three PAAm hydrogel models, all with 0% crosslinking but differing entanglement levels. As the entanglement level increases, the PAAm hydrogel system exhibits a more pronounced reinforcement effect. Figure 3d shows the stress-stretch curves for the three models with a 0.5% crosslinking density and varying entanglement levels, revealing a similar trend. Since the cross-linking particles in our system form bonds randomly, the medium-entanglement system contains both short chains and long chains. Consequently, the final configuration formed includes cross-linking between short-short, long-long, and short-long chains. Crosslinks formed between long polymer chains lead to a more pronounced entangled network structure, which in turn facilitates more effective load transfer and greater mechanical reinforcement. However, the degree of improvement is less significant compared to the models with 0% crosslinking.
Based on the tensile test results in Figure 3, it is evident that in PAAm hydrogel systems, an increase in the crosslinker concentration leads to only a slight enhancement in hardening, and the incremental improvement in hardening diminishes as the crosslinker concentration continues to rise. In contrast, a higher level of entanglement produces a more pronounced increase in hardening.
3.2 Dynamic evolution analysis
From the tensile curves of the different models, it is evident that when the level of entanglement exceeds that of crosslinking, the enhancement in hydrogel hardening becomes more effective. However, the entanglement state in hydrogel systems is highly complex. To further analyze the impact of different entanglement states on hydrogel stiffness, we statistically examined the initial contents of inter-chain and intra-chain entanglements in each model, as well as their evolution during stretching.
Figures 4a,b display the variation curves of inter-chain entanglements for PAAm hydrogel models with crosslinking densities of 0% and 0.5%, respectively, with different entanglement levels. It can be observed that in the non-crosslinked models (Figure 4a), the inter-chain entanglements in both the high-entanglement and medium-entanglement systems decrease with increasing stretch. The high-entanglement system showing a more pronounced reduction in the early stages of stretching. As shown in Figure 4b, for all three models with a 0.5% crosslinking density, the inter-chain entanglement of the low- and high-entangled system remained essentially constant throughout the entire tensile deformation. In constrast, the medium-entangled system exhibited a decrease in inter-chain entanglement at higher stretch ratios. Comparative analysis of two high-entanglement PAAm hydrogel models with differing crosslinking densities indicates that crosslinking confers greater network stability, whereas the non-crosslinked system is more susceptible to kink-induced disentanglement.
[image: Graphs showing the relationship between entanglement types and stretch. (a) and (b) depict inter-chain entanglement for 0% and 0.5% cross, respectively, with variations for low, medium, and high entanglement. (c) and (d) show intra-chain entanglement, also for 0% and 0.5% cross, highlighting similar variations. The x-axis represents stretch (λ), while the y-axes denote the number of entanglements. Different lines indicate entanglement levels, showing various trends.]FIGURE 4 | (a) Inter-chain entanglement statistics during uniaxial tension for three models with different entanglement degrees without crosslinkers, and (b) the corresponding statistics for models with a 0.5% crosslinker concentration. (c) Intra-chain entanglements statistics during uniaxial tension for three models with different entanglement degrees without crosslinkers, and (d) the corresponding statistics for models with a 0.5% crosslinker concentration.Figures 4c,d respectively summarize the evolution of intra-chain entanglements, calculated using Equation 10, in PAAm hydrogel models with three different entanglement levels at crosslinking densities of 0% and 0.5%. When the PAAm hydrogel systems are stretched to 600%, the low-entanglement and medium-entanglement models exhibit no significant disentanglement. In contrast, a more noticeable disentanglement occurs in the highly entangled PAAm system. This indicates that for the PAAm system with a higher initial entanglement degree, as the stretching progresses, its chains will be gradually straightened along the stretching direction. On the other hand, for the system with almost no entanglement in the initial structure, it almost reaches the entanglement saturation state right from the start. The much lower entanglement in the medium-entangled system compared to the high-entangled system is partly because it contains only 10 long chains, and partly due to finite-size effects: with fewer long chains the probability of chain overlap decreases. This is consistent with known behavior that entanglement density depends sensitively on chain overlap fraction (Kavassalis and Noolandi, 1987; Ubertini and Rosa, 2023). Both the chain count and system-size effects contribute to the lower inter-chain entanglement in the medium entangled system. Furthermore, a comparison of hydrogel models with the same entanglement level in Figures 4c,d reveals that the crosslinker concentration has little effect on the intra-chain entanglements of the chains. Figure 5 shows schematic diagrams of inter-chain entanglement in a highly entangled PAAm hydrogel. When stretched to λ = 2 and 3.2, the inter-chain entanglement at this region remains intact, while the intra-chain entanglements of the polymer chains increase significantly.
[image: Diagram showing three stages of polymer chain entanglement under different strain conditions. Panel (a) shows red and blue chains intertwined with \(\lambda = 1\). In panel (b), the chains partially extend with \(\lambda = 2\), maintaining entanglement. Panel (c) exhibits further extension with \(\lambda = 3.2\), still preserving the inter-chain entanglement. Each stage is highlighted by a green box.]FIGURE 5 | Schematic diagrams of model details for fragments of two different chains in a hydrogel model with 0.5% crosslinking content and high entanglement at (a) λ = 1, (b) λ = 2, and (c) λ = 3.2, respectively.3.3 The modulatory role of inter-chain and intra-chain entanglement
To further distinguish and validate the contributions of inter-chain and intra-chain entanglements during hydrogel deformation, we constructed three hydrogel systems with varying inter-chain entanglement by altering the water content while keeping the crosslinker concentration and chain length constant. These three models consist of 1,000 polymer chains, with each chain containing 20 AAm monomers. All three models contain 20 polymer chains, each consisting of 1,000 AAm monomers. The water content in the individual systems is set to 60% (120,000 water molecules), 70% (186,667 water molecules), and 80% (320,000 water molecules), respectively. The crosslinking density is fixed at 0.5% across all systems. This approach ensured that both the crosslinker concentration and intra-chain entanglements remained essentially the same across the systems. Figure 6 shows the uniaxial tensile stress-stretch curves for PAAm hydrogels with three different water contents. It is clearly observed that the tensile stress is greatly enhanced as the water content decreases. The stiffness was measured from the initial slope of the stress-stretch curve (E = 3/4×ds/dλ). With increasing water content, the entanglement of polymer chains in the PAAm hydrogel system decreases, leading to a significant reduction in stiffness (as shown in the inset of Figure 6).
[image: Graph showing dimensionless stress versus stretch, denoted by λ, for hydrogels with varied water content: 80% (black), 70% (red), and 60% (blue). Stress increases with stretch, with greater initial stress at lower water content. An inset graph shows stiffness decreasing from six to three as water content increases from 60% to 80%.]FIGURE 6 | Uniaxial tensile stress-stretch curves and stiffness (inset) for three PAAm hydrogel models with identical crosslinker concentrations and water contents of 60%, 70%, and 80%, respectively.In Figure 7a, we quantify the inter-chain and intra-chain entanglements of these three hydrogel systems with different water contents. The hydrogel with 60% water content exhibits the highest inter-chain entanglement. This is because, for systems of the same size, a reduction in water content leads to a significant increase in PAAm monomer concentration; with a constant chain length, the number of chains increases, resulting in more inter-chain entanglements. Moreover, during stretching, the inter-chain entanglement in all three systems remains largely unchanged, indicating that under the combined effects of crosslinking and inter-chain entanglement, the network structure is very stable. A higher initial inter-chain entanglement more readily contributes to the reinforcement of the system. Figure 7b shows the intra-chain entanglements for hydrogel models with different water contents. Prior to stretching, the initial intra-chain entanglements of the three models are essentially identical, and their trends during stretching are also similar. This indicates that during hydrogel stretching, the excessively long chains in the initial structure are not completely straightened, and thus do not contribute significantly to the system’s reinforcement. As the water content increases, the stiffness of the hydrogel decreases due to reduced entanglement. This trend can be further explained from a molecular perspective. When the hydrogel swells, water molecules infiltrate the polymer network and increase the average inter-chain spacing, effectively diluting the chain density. The decreased chain overlap probability reduces the frequency of topological constraints and weakens the inter-chain entanglement network. Consequently, the stress under deformation is mainly borne by a smaller number of load-bearing chains, leading to a pronounced softening of the macroscopic response. Similar behavior has been reported in theoretical and simulation studies, where swelling-induced dilution and reduced chain overlap directly correlate with a lower entanglement density and decreased modulus (Ubertini and Rosa, 2023).
[image: Two graphs depict the effect of stretch on entanglement in polymers with different water contents: 80 percent, 70 percent, and 60 percent. Graph (a) shows the number of inter-chain entanglements, where the 60 percent water content consistently has the highest values, and graph (b) displays intra-chain entanglements, with all percentages increasing as stretch increases.]FIGURE 7 | (a) Inter-chain entanglements and (b) intra-chain entanglements under uniaxial tension for three PAAm hydrogel models with identical crosslinker concentrations and water contents of 60%, 70%, and 80%, respectively.Figure 8 illustrates the microscopic deformation mechanisms of high-entangled and low-entangled hydrogels during the stretching process. For high-entangled hydrogel systems composed of long chains, the initial conformations of the chains contain a large number of inter-chain entanglements, and the coiling of the chains themselves is more pronounced. During stretching, only a small number of inter-chain entanglements undergo disentanglement, and at large stretch stages, disentanglement essentially ceases, while the growth of intra-chain entanglements also decreases. In contrast, low-entanglement hydrogels with a higher proportion of short chains contain fewer inter-chain entanglements in their initial conformations. Throughout the stretching process, due to disentanglement and chain stretching, force transfer between chains is hindered, resulting in a relatively low final hardening effect.
[image: Diagrams illustrating high-entanglement and low-entanglement hydrogels. Panel (a) shows densely tangled polymer chains with crosslinking points, transitioning to a stretched state with fewer overlaps, indicating high-entanglement. Panel (b) depicts loosely tangled polymer chains becoming more aligned, indicating low-entanglement. Arrows suggest a process of stretching, with red bursts indicating likely stress points.]FIGURE 8 | Schematic diagrams of chain conformation evolution in (a) high-entanglement and (b) low-entanglement hydrogels during stretching. The green shaded regions represent inter-chain entanglements, while red regions indicate disentanglement.4 CONCLUSION
Molecular dynamics simulations of PAAm hydrogels have elucidated the distinct roles of chemical crosslinks and physical entanglements in governing mechanical behavior. Although increasing the crosslinker concentration marginally enhances strain hardening, the reinforcement effect plateaus once the crosslinking density exceeds 0.5%. In contrast, inter-chain entanglements markedly increase hardening and network stability, acting akin to additional crosslinks that resist deformation. Models with elevated entanglement levels display superior hardening effect and maintain entangled networks under large strains, whereas non-crosslinked systems suffer obviously kink-induced disentanglement. Furthermore, lowering water content augments monomer density and inter-chain entanglements, providing a facile route to strengthen hydrogels without altering chemical architecture. Intra-chain entanglements, by comparison, contribute minimally to bulk reinforcement under the simulated conditions. Collectively, these insights highlight that optimizing physical entanglement density—through chain length distribution or solvent tuning—is more effective than simply increasing crosslinker loading. This mechanistic understanding paves the way for the rational design of next-generation hydrogels with tailored toughness and extensibility for biomedical and soft-robotic applications.
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