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Electrosensitive hydrogels are smart biomaterials that swell, shrink, deform, and bend when an external electric field is applied. These hydrogels have enormous potential for the controlled therapeutic delivery of biochemical substances to the affected area, thus promoting tissue regeneration. Computational modeling and simulation approaches have provided researchers with cost-effective predictive models that can be used to optimize in vitro and in vivo experimental protocols. In this article, we present a review of the modeling theories that can be used for the modeling and numerical simulation of electrosensitive hydrogels immersed in a solution with an applied electric field for cartilage tissue engineering. Each theory presents tradeoffs for the numerical modeling of cartilage repair implants. The selection of an appropriate theory depends on the required accuracy, time-dependent application, and deformation behavior. Although most simulations are limited to one-dimensional cases, multidimensional simulations are crucial. By reviewing the modeling theories of electrosensitive hydrogels, this article aims to inspire researchers to model the electrical stimulation of electrosensitive hydrogels for various applications, including cartilage tissue engineering.
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1 INTRODUCTION
Articular cartilage is a specialized connective tissue devoid of blood vessels, nerves, and lymphatics (Ngo and Knothe Tate, 2020). Chondrocytes are the primary cells in the extracellular network of articular cartilage and are responsible for repair and maintenance. An essential feature of articular cartilage is an extremely low cell count (Bhosale and Richardson, 2008). The primary function of articular cartilage is to facilitate smooth articulation in the diarthrodial joints of the body (Xu et al., 2022). Cartilage tissue is constantly degraded owing to injury, immobility, or aging, eventually leading to osteoarthritis (Van Gelder et al., 2023). Unlike other connective tissues, articular cartilage has very little cell growth; therefore, it does not heal easily when damaged (Bhosale and Richardson, 2008).
The electrochemical properties of articular cartilage originate from the flow of electrolytes relative to the fixed negative charges attached to the proteoglycans (Jackson and Gu, 2009). The resulting electromechanical events in the tissue can be distinguished by diffusion potential, streaming potential, and the Donnan osmotic swelling pressure (Buschmann and Grodzinsky, 1995; Lai et al., 2000). Thus, the charged nature of the tissue is responsible for its electrokinetic properties. Upon applying a mechanical load, electric potentials are generated owing to the movement of electrolytes across the proteoglycans. Alternatively, the application of an external electric field generates stress in the cartilage tissue (Frank and Grodzinsky, 1987a; b; Liu et al., 2025). Consequently, it was hypothesized that external electric fields similar to those generated in native articular cartilage can positively affect the synthesis of necessary extracellular matrix components (Brighton et al., 2006; Culma et al., 2025).
Polyelectrolyte hydrogels can be used as substitute materials to restore and regenerate articular cartilage (Romischke et al., 2022). Hydrogels are three-dimensional (3D) polymers that can absorb large quantities of water or biological fluids without being soluble in appropriate physiological environments (Lei et al., 2022; Kaith et al., 2021). They are extensively used in drug delivery (Qureshi et al., 2019), tissue engineering (El-Husseiny et al., 2022), sensors/biosensors (Hu et al., 2019), actuators (Hu et al., 2019), and cell-based therapies (Mohamed et al., 2019). They are also being utilized for novel biomedical applications, such as alleviating postoperative pancreatic fistulas, which are distinguished by the leakage of digestive enzymes (He et al., 2024), treating diabetic wounds using cross-linked multifunctional hydrogels (Shi et al., 2023), and promoting Achilles tendon repair while preventing adhesion using injectable lubricative hydrogels (Cheng et al., 2025). Moreover, hydrogels are widely used in the development of multifunctional personal protective equipment (Zhang et al., 2024) and the preparation of efficient and sustainable flame-retardant materials (Zuo et al., 2024). Hydrogels in general, and electrosensitive hydrogels in particular, are widely used to repair and regenerate the articular hyaline cartilage (Ni et al., 2023; Hashemi-Afzal et al., 2025). Stimuli-responsive hydrogels respond to external environmental stimuli and can be used in various applications (Roy et al., 2022). Several stimulation types exist for hydrogels, which can be classified into physical (stress, temperature, light, ultrasound, and electric and magnetic fields), chemical (ionic strength, pH), and biological (enzyme, glucose) stimuli-responsive hydrogels (Qureshi et al., 2019; El-Husseiny et al., 2022).
The prominent representatives of electrosensitive hydrogels are conjugated polymer-based compounds, such as polyaniline (PANi), polypyrrole (PPy), polythiophene, poly (3,4-ethylenedioxythiophene) (PEDOT), carbon-based materials, e.g., derivatives of graphene and carbon nanotubes (CNTs), hydrogels having gold and silver nanoparticles, and bio-ionic liquids (Carayon et al., 2020; Kanaan and Piedade, 2022; Walker et al., 2019). Electroresponsive hydrogels are gaining popularity because they have the distinct advantage of the precise and software-programmable control of electrical parameters (Erol et al., 2019). These hydrogels engineered with electrosensitive characteristics can revive the intrinsic electrochemical communication among cells, thereby augmenting tissue biofunction, which is hindered by injury (Lavrador et al., 2021; Gaspar et al., 2020). Such hydrogels are widely used in various biomedical applications (Ali et al., 2019; Rogers et al., 2020; Zou et al., 2022), including articular cartilage regeneration (Ni et al., 2023; Miguel et al., 2022; Zhou et al., 2023). Polymer-based electroactive hydrogels, such as PANi, PPy, and PEDOT, have been used for chondrocyte proliferation and differentiation (Hosseini et al., 2019; Uzieliene et al., 2023; Liu et al., 2023). Similarly, electrosensitive hydrogels containing gold and silver nanoparticles have been used for cartilage tissue engineering (Bai et al., 2023; He et al., 2015). Graphene, its derivatives (graphene oxide and reduced graphene oxide), and CNTs are widely used for the repair and regeneration of articular cartilage and osteochondral defects (Liu et al., 2021; Amiryaghoubi et al., 2023).
Intrinsic electric fields are involved in various tissue functions including regeneration, disease expression, and progression (Zhao et al., 2020). Thus, extrinsic electric fields, similar to intrinsic electric fields, can be applied to cell-seeded scaffolds in vitro to develop therapeutic interventions (Ryan et al., 2021). These hydrogel scaffolds can then be implanted at the defect site, as illustrated in Figure 1. In this review, we focus on the in vitro electrical stimulation part of the tissue engineering approach and review the different theories that can be utilized for its modeling and simulation, as depicted in Figure 1. Such in vitro direct electrical stimulation setups have been used in various cartilage studies (MacGinitie et al., 1994; Chao et al., 2000; Hiemer et al., 2018). Similarly, capacitively coupled in vitro cartilage stimulation setups have been widely investigated (Brighton et al., 2008; Krueger et al., 2021; Esfandiari et al., 2014; Vaca-González et al., 2020). For a detailed description of electrical stimulation studies involving the cartilage tissue, interested readers can refer to our recent review (Zimmermann et al., 2024) or elsewhere (Vaca-González et al., 2019).
[image: Illustration showing three steps in articular cartilage repair. Step one is removal of damaged tissue from the cartilage. Step two involves applying cell-seeded hydrogel. Step three shows an in vitro electrical stimulation setup for simulations.]FIGURE 1 | Different steps involved in articular cartilage tissue engineering using electrical stimulation (Created in Biorender).The swelling mechanism of hydrogels owing to stimulation can be explained by Flory’s osmotic pressure theory (Shiga and Kurauchi, 1990; Yang et al., 2000). As the hydrogel was immersed in the solution, the ionic species diffused between the hydrogel and the solution. Fixed charges are also present within the hydrogel. Thus, varying ionic concentrations were created between the hydrogel and the surrounding buffered solution. These variations in concentration result in osmotic pressure, which determines the swelling behavior of the hydrogel. The swelling and shrinking of the hydrogel caused a redistribution of the ionic species within the hydrogel until an equilibrium was established.
Several theories have been proposed to mathematically estimate the behavior of hydrogels placed in a solution under external electrical stimulation. These theories can be classified as the multiphasic or multi-effect-coupling electric-stimulus (MECe) theory (Li et al., 2004c; Chen et al., 2005), transport theory (Bassetti et al., 2005; Suthar et al., 2007; Wallmersperger and Ballhause, 2008), and porous media theory (PMT) (Wallmersperger et al., 2013b; Ehlers, 2002). The multiphasic theory arises from the multiphase mixture model of hydrated soft tissues (Gu et al., 1998). Mixture models are further classified into biphasic (Mow et al., 1980), triphasic (Lai et al., 1991), quadphasic (Huyghe and Janssen, 1997), and multiphasic (Gu et al., 1998) theories. The multiphasic model provides a detailed description of the solvent phase, ionic concentration, and deformation of the polymer network.
Three types of transport models exist in the literature, proposed by Li et al. (2004a), Wallmersperger (2003); Wallmersperger et al. (2004a), and Bassetti et al. (2005), and named Li’s, Wallmersperger’s, and Bassetti’s transport models, respectively. Different fluid or osmotic pressure equations lead to different transport models. In the following sections, we briefly describe the various theories used to describe the dynamics of electrosensitive hydrogels and compare them. All the mathematical models for the simulation of the electrosensitive hydrogels presented in this study are summarized in Figure 2.
[image: Flowchart of electroactive hydrogel modeling theories. It starts with three branches: Multiphase mixture/MECe model, Transport theory, and Porous media theory. Under Transport theory, three models are listed: Li's transport model (leading to rMECe, MECpHe, and rMECpH-E models), Wallmersperger’s transport model, and Bassetti’s transport model.]FIGURE 2 | Modeling theories of the electrosensitive hydrogels. MECe is the multi-effect-coupling electric-stimulus model, rMECe is the refined multi-effect-coupling electric-stimulus model, MECpHe is the multi-effect-coupling pH-electric-stimuli model, and rMECpH-E represents the refined multi-effect-coupling pH-electric-stimuli model.We previously presented a numerical model for the simulation of electrosensitive hydrogels in the context of cartilage tissue engineering (Farooqi et al., 2019b; 2020). Such models have also been employed for the electrical stimulation of scleral tissue (Mehr and Hatami-Marbini, 2022; 2023; Hatami-Marbini and Mehr, 2022). Reviews of modeling theories for the electrical stimulation of hydrogels have been reported (Saunders et al., 2008; Wallmersperger and Leichsenring, 2016). However, to date, no review has provided a comprehensive and systematic overview of modeling approaches for the electrical stimulation of hydrogels, which reflects the current state of research. While previous reviews have laid important groundwork, they have not captured the significant theoretical and methodological advances made in recent years. This review fills this gap by critically analyzing the latest scientific contributions and integrating them with earlier findings. Thus, it offers the first consolidated and up-to-date reference in this rapidly evolving field, helping researchers navigate existing models and identify directions for future research.
In the following section, we review the modeling theories of electrosensitive hydrogels immersed in a solution and subjected to an external electric field. First, the constitutive equations of the involved chemo-electro-mechanical fields involved in each theory are introduced. Subsequently, the significant parameters and properties are described. The important features and limitations of these theories are summarized for readers interested in designing and optimizing experimental protocols for cartilage tissue engineering. Moreover, the experimental verification of the reported modeling theories and the type of hydrogel used for this purpose are discussed. Finally, conclusions are drawn, and possible directions for future research regarding the modeling theories of electrosensitive hydrogels for cartilage repair are highlighted.
2 MULTIPHASIC MIXTURE/MULTI-EFFECT-COUPLING ELECTRIC-STIMULUS (MECE) MODEL
The MECe model includes the Poisson, Nernst–Planck, and continuum equations (including the continuity and momentum equations) for the deformation of hydrogels (Chen, 2004). The nonlinear MECe model is also known as a multiphasic mixture model. The Poisson equation corresponds to the electric potential and is coupled with the Nernst–Planck equations to calculate the ionic concentrations (Li et al., 2004c). The change in ionic concentration was then used to evaluate the hydrogel deformation using continuity and momentum equations (Saunders, 2013). The mathematical relationships of the MECe model, including the Poisson, Nernst–Planck, continuity, and momentum equations are discussed below.
2.1 Poisson equation
To determine the electric potential ψ, the Poisson equation is employed (Li et al., 2006),
∇2ψ+Fεrεo∑k=1nzkck+zfcf=0(1)
where εr is the relative permittivity of the medium, εo is the dielectric constant of vacuum, F is Faraday’s constant, ck,f are the ionic concentrations having valence zk,f, and cf and ck represent the fixed and mobile charge concentrations, respectively.
2.2 Nernst–Planck equation
The sum of the diffusion flux, electric transference, and convection-induced transfer of an ion k is called the total ionic flux Jk, which is written as (Helfferich, 1962),
Jk=−Dk∇ck+Dkck∇lnfk+zkμkck∇ψ+ckν.(2)
Here, Dk and μk are the diffusivity and mobility of the ion k, respectively. fk is the activity coefficient for the diffusion flux, and ν is the area-averaged fluid velocity.
The continuity equation of the ionic flux for the entire domain is (Chen and Ma, 2006),
∂ck∂t+∇·Jk=0.(3)
In the absence of convection and chemical reactions, Equation 3 can be written as (Nernst, 1888; 1889; Planck, 1890),
∂ck∂t=Dk∇2ck+DkzkFRT∇·(ck∇ψ)(4)
where T is the absolute temperature and R is the gas constant. For the complete derivation of the Nernst–Planck equation, readers can refer to our previous publications (Farooqi et al., 2020; Farooqi, 2020) or elsewhere (Helfferich, 1962).
2.3 Continuity equation
According to the law of mass conservation, the solid, liquid, and ionic phases have velocities (Li et al., 2007a)
∂ρα∂t+∇⋅(ραvα)=0
where vα and ρα denote the velocity and local mass density of the component α, respectively.
From the triphasic theory (Lai et al., 1991), the fixed charge density is dependent upon the tissue deformation of tissue and the volume fraction of fluid ϕw (porosity). Thus,
∂(ϕwcf)∂t+∇·(ϕwcfvs)=0
which is represented with the tissue deformation as
cf=cof1+tr(E)/ϕow(5)
and the solidity of the tissue ϕs is
ϕs=ϕos1+tr(E)
where cof is the initial fixed charge density. ϕos and ϕow are the volume fractions of the solid and fluid phases, respectively, in the reference configuration. Furthermore, E denotes the strain tensor of the initial geometry relevant to the saturated solution.
The magnitudes of ϕk are negligible compared with ϕs and ϕw; hence, the saturation condition is simplified to
ϕs+ϕw=1,
and we have
ϕw=1−ϕos1+tr(E).(6)
The saturation condition (9) for the reference configuration can be written as,
ϕos+ϕow=1.(7)
Ignoring the inertial and body forces, the governing equations of the multiphasic theory can be written as
σ=−pI+λstr(E)I+2μsE(8)
μw=μow+1ρTwp−RT∑k=1nφkck+Bwtr(E)
μk=μok+RTMkln(γkck)+zkFψMk
where γk and Mk are the activity coefficient and the molar weight of the ion k, respectively. Furthermore, p is the fluid pressure, σ is the stress tensor, μoα (α=w,k) are the chemical potentials of the phase α for the initial geometry, I is the identity tensor, Bw is the coupling coefficient, and φk is the osmotic coefficient of the ion k.
Thus, the continuity equation of the multiphasic theory for the fluid pressure p is,
∇·∂us∂t=∇·[(ϕw)2fws(∇p−RT(φk−1)∇∑k=1nck+F∑k=1nzkck∇ψ+Bw∇tr(E))](9)
where fws is the friction coefficient and us is the solid phase displacement. Here ϕk=1 and Bw=0; thus Equation 9 becomes
∇·∂us∂t=∇·(ϕw)2fws∇p+F∑k=+,−zkck∇ψ.(10)
Only a few important equations relevant to the continuity equation were presented. The detailed derivation of the continuity equation can be found in our previous study (Farooqi et al., 2019a).
2.4 Momentum equation
The momentum equation for estimating the displacement when the deformations are small is written as (Chandrasekharaiah and Debnath, 1994; Tanaka et al., 1973)
ρ∂2u∂t2+ζ∂u∂t=∇·σ+ρb(11)
where ρ is the effective hydrogel density, u is the displacement vector, ζ is the viscous damping, and b represents the body force (Chandrasekharaiah and Debnath, 1994). The frictional effects can be ignored because the concentration of mobile ions is assumed to be very low, and Equation 11 becomes
ρ∂2u∂t2=∇·σ.(12)
The redistribution of ions occurs at a much lower speed than that of hydrogel deformation. Thus, a quasi-static condition can be considered, and Equation 12 is reduced to
∇·σ=0.
In addition, the electrostatic stress was neglected because of the small potential difference applied. Using Equation 8, the above equation becomes
∇·σ=∇·(−pI+λstr(E)I+2μsE)=0(13)
where λs and μs are the Lamé constants. Hence, Equations 1, 2, 9 and 13, along with Equations 5 and 6, collectively constitute the multiphasic mixture or MECe model (Li, 2009a). Figure 3 shows the complete simulation of this model.
[image: Flowchart depicting a system of equations with blue arrows indicating the process flow. Equations: Poisson and Nernst-Planck equations at the top, continuity and momentum equations at the bottom. Variables \(c^k\), \(\psi\), \(p\), \(u\), and updated variables are shown in different sections.]FIGURE 3 | Simulation flow diagram of the multiphasic mixture/MECe model.3 WALLMERSPERGER’S TRANSPORT MODEL
The transport model for the electrical stimulation of hydrogels proposed by Wallmersperger et al. (2004a), (2004c) consists of the Poisson–Nernst–Planck, osmotic pressure, and momentum equations. The Poisson, Nernst–Planck, and momentum equations have been expressed in detail in Equations 1, 4 and 13, respectively. The remaining osmotic pressure equation is as follows:
3.1 Osmotic pressure equation
In the Wallmersperger transport model, the fluid pressure in Equation 10 is modified by the osmotic pressure posm (Wallmersperger et al., 2004b; 2009). It depends on the concentration of ions and is evaluated using the following equation (Horkay et al., 2000):
posm=RT∑k=+,−cgelk−csolk(14)
where cgelk and csolk represent the concentrations of k ions inside the hydrogel and in the solution immediately outside the hydrogel, respectively. Therefore, the equation of linear elasticity that governs the deformation of the hydrogel in the equilibrium state is written using Equation 13 as (Biot, 1956)
∇·σ=∇·−posmI+λstr(E)I+2μsE=0.
Thus, Equations 1, 4 and 13, and 14 collectively constitute the transport model proposed by Wallmersperger, as shown in the simulation flow diagram in Figure 4.
[image: Flowchart illustrating equations related to displacement, ion concentrations, electric potential, and osmotic pressure. Includes the Poisson and Nernst-Planck equations, and the momentum equation. Blue arrows indicate the flow between these concepts.]FIGURE 4 | Simulation flow diagram of Wallmersperger’s transport model.4 LI’S TRANSPORT MODEL
Several variations of the transport model proposed by Yew (2006), Luo (2008) exist for the electrical excitation of hydrogels in a solution. These variations of the transport model are classified into the refined multi-effect-coupling electric-stimulus model (rMECe) (Lam et al., 2006), the multi-effect-coupling pH-electric-stimuli model (MECpHe) (Luo et al., 2007b), and the refined multi-effect-coupling pH-electric-stimuli model (rMECpH-E) (Li et al., 2004b; 2005) to include nonlinear deformation under the simultaneous variation of pH and electric field (Yew et al., 2007). All these transport models use the Poisson equation to evaluate the electric potential, the Nernst–Planck equation for ionic concentration profiles, and the equation of motion to estimate the deformation of the hydrogels. These models differ in how the fluid/osmotic pressure is coupled from the Poisson–Nernst–Planck equations to the equation of motion. A mathematical description of each Li transport model is provided below.
4.1 Refined multi-effect-coupling electric-stimulus (rMECe) model
The multi-effect-coupling pH-stimulus model (MECpH) (Li et al., 2004b; 2005) describes hydrogel swelling behavior, which is sensitive to pH variation. The rMECe is a refined version of the MECpH model that can be extended to electroresponsive hydrogels (Luo et al., 2007a; Li et al., 2007d). The rMECe model has a reformulated fixed-charge density to accommodate an external electric field. Additionally, the refined model could incorporate large deformations of the hydrogels at a high applied voltage.
From Equations 6 and 7, the volume fraction of the fluid phase is
ϕw=1−1−ϕow1+tr(E)=tr(E)+ϕow1+tr(E).(15)
Combining the triphasic theory (Lai et al., 1991) and Equation 15 yields
cf=ϕowcofϕow+tr(E)=cof[1+tr(E)/ϕow](16)
where cof is the initial concentration of fixed charges of the hydrogel.
To include the effects of large deformations in the rMECe model, the nonlinear governing equations were described using the total Lagrangian formulation as (Li et al., 2007c)
∇·P=∇·SFT=0inΩ,(17)
u=GinΓg,(18)
P·N=HinΓh,(19)
where P and S represent the first and second Piola–Kirchhoff stress tensors, respectively. Similarly, G and H are the specified displacement and surface traction vectors on boundaries Γg and Γh, respectively. F is the deformation gradient tensor and N is the unit outward normal vector. The displacement vector u denotes the displacement from the initial state X to the deformed state x, such that x=X+u. The first Piola–Kirchhoff stress tensor is asymmetrical and immeasurable; therefore, the second Piola–Kirchhoff stress tensor is required because it is symmetric and can be utilized as a stress measure given as
S=CE−posmI(20)
where C is the material tensor.
Substituting Equation 20 into Equation 17, the hydrogel governing equation for large deformation becomes (Luo et al., 2008a)
∇⋅CE−posmIFT=0.(21)
Owing to the low applied voltage, the hydrogels exhibited small deformations. The linear theory is sufficient and can be evaluated using Equation 13. Thus, Equations 1, 2, 15, 16 and 21 collectively constitute Li’s transport model or the rMECe model, as shown in the simulation flow diagram in Figure 5.
[image: Flowchart illustrating equations for fluid dynamics and ion transport. It includes the Poisson equation, Nernst-Planck equation, expressions for potential (\(\phi^w\)), concentration (\(c^f\)), osmotic pressure (\(p_{osm}\)), and the momentum equation. Arrows indicate the interrelationship between these variables and equations.]FIGURE 5 | Simulation flow diagram of Li’s transport/rMECe model.4.2 Multi-effect-coupling pH-electric-stimuli (MECpHe) model
The MECpHe model for simulating hydrogel swelling and deformation with the simultaneous effects of the applied electric field and solution pH is presented herein (Li et al., 2007b; Luo et al., 2008b). The hydrogel is considered to be a triphasic mixture of an ionic species, a solid matrix, and an interstitial fluid.
When an electric field is applied, mobile ions move to the opposite electrode, creating a gradient of ionic concentrations. The hydrogel structure has a fixed negative charge. An ionic concentration difference is created at the interface between the hydrogel and the buffer solution, resulting in osmotic pressure. The diffusion of cations in the hydrogel dominates that of anions. At the interface, the increase in osmotic pressure was greater near the anode than near the cathode, and the hydrogel swelled more at the anode than at the cathode.
The Langmuir absorption theory (Grimshaw et al., 1990) was used to represent the fixed charge density as
cf=11+HcsfKK+cH(22)
where H is the hydrogel hydration, defined as H=Vw/Vs (Vw and Vs represent the volumes of the interstitial fluid phase and dry hydrogel, respectively). K represents the dissociation constant of the fixed charges of the hydrogels, csf is the total concentration in dry conditions, and cH is the hydrogen ion (H+) concentration inside the hydrogel.
Using the relations between the volume fractions and hydration, we obtain
1+H=Vs+VwVs=VVs=1ϕs=11−ϕw(23)
The fluid- and solid-phase volume fractions derived from Equation 23 are
ϕw=H1+H(24)
ϕs=11+H.
The relation of fluid and solid volume fractions, ignoring the ionic volume fraction ϕk, is
ϕw=1−VsV=1−VsVoVoV=1−ϕosJ(25)
where J(dVo/dV) is the volume ratio of the apparent solid phase, described using Green’s strain tensor E as follows (Hon et al., 1999):
J−1=1+2F1(E)+4F2(E)+8F3(E)
where F1(E)=tr(E), F2(E), and F3(E) represent the first, second, and third invariants1 of the tensor E, respectively.
Using Equations 24 and 25,
ϕw=1−ϕosJ.(26)
Rearranging Equation 26, the local hydration of the hydrogel is
H=1−ϕosJϕosJ.(27)
Substituting Equations 26 and 27 into Equation 22, the fixed charge density can be rewritten as
cf=csfKϕos(K+cH)1+2F1(E)+4F2(E)+8F3(E).(28)
The current MECpHe model is based on the finite elastic deformation theory instead of the small deformation theory to establish a mechanics equation. If pH-electric-sensitive hydrogels experience large deformations with the application of a high electric field, the linear elastic theory cannot provide reasonably accurate results (Luo et al., 2009). This is because the deviation between the initial and deformed states can no longer be ignored, as is the case for the linear elastic behavior. Consequently, for the case of nonlinear large deformation, mechanical equations based on the total Lagrangian description are used, as described in Equations 17–21 (Li et al., 2009; Luo et al., 2010). Thus, Equations 1, 2, 14, 21 and 28 collectively constitute Li’s transport/MECpHe model, as depicted in the simulation flow diagram in Figure 6.
[image: Flowchart depicting equations involved in modeling: Poisson equation, Nernst-Planck equation, osmotic pressure equation, momentum equation, and concentration calculation. Blue arrows indicate the flow of calculations involving variables like concentration \(c^k\), \(\psi\), osmotic pressure \(p_{osm}\), and fluid velocity \(u\).]FIGURE 6 | Simulation flow diagram of Li’s transport/MECpHe model.4.3 Refined multi-effect-coupling pH-electric-stimuli (rMECpH-E) model
rMECpH-E is an improved version of the MECpH model that includes a finite/nonlinear deformation formulation in the equilibrium mechanical equation (Yew et al., 2007; Li et al., 2007e). An equation was developed based on the Langmuir absorption isotherm that describes the relationship between fixed charges and diffusing hydrogen ions (Grimshaw, 1989). The fixed charge concentration is given by
cf=cofKH(K+cH).(29)
The initial and final configuration differences cannot be ignored if the elastic body undergoes large deformation. Green–Lagrangian strain and second Piola–Kirchhoff stress tensors were incorporated for this type of analysis. The Lagrangian formulation provides the momentum equation for a large deformation as follows:
∇X·P+b=ρü(30)
where ∇X represents the material derivative, and ρü is the inertial force. The first Piola–Kirchhoff stress tensor indicates the expanding and elastic retarding stresses as follows:
P=−JF−1posmI+FS(31)
where J represents the determinant of deformation gradient F
J=detF.
The deformation gradient F is expressed as
F=Fij=∂xiDeformed-configuration∂xiInitial-configuration=δij+∂ui∂Xj=I+∇Xu.
The second Piola–Kirchhoff stress tensor S is expressed as
S=C:E(32)
where the symbol “:” represents the second-order inner product of two tensors (Zohdi, 2017). The Green–Lagrange strain E in Equation 32 is
E=12FTF−I.
Similarly, for an elastic isotropic substance, the material tensor in Equation 32 can be expressed as
C=λs+2μsλsλs000λsλs+2μsλs000λsλsλs+2μs000000000000000000000.
Substituting Equation 31 into Equation 30, the mechanical deformation equation for the rMECpH-E model becomes
∇X·−JF−1posmI+FS+b=ρü.(33)
If the inertial and body forces are ignored, Equation 33 can be simplified as
∇X·−JF−1posmI+FS=0inΩ.(34)
The relevant boundary conditions are prescribed in Equations 18 and 19 (Ng et al., 2007). Hence, Equations 1, 2, 15, 29 and 34 collectively constitute Li’s transport model or the rMECpH-E model (Ng et al., 2010), as is evident from the simulation flow diagram in Figure 7.
[image: Flowchart depicting the interaction of three equations: Poisson equation, Nernst-Planck equation, and Momentum equation. The Poisson and Nernst-Planck equations are grouped, influencing variables \( c^k \) and \( \psi \), which relate to other terms like \( c^f \) and \( p_{osm} \). Arrows indicate the direction of influence, forming a loop back to the Momentum equation.]FIGURE 7 | Simulation flow diagram of Li’s transport/rMECpH-E model.5 BASSETTI’S TRANSPORT MODEL
This model relies on the work of De et al. (2002), De and Aluru (2004), which was initially utilized for modeling pH-stimulated hydrogels, and later extended by Bassetti et al. (2005) for electrically stimulated hydrogels. Similar to other transport models, it also starts with the Poisson equation, described in Equation 1, for the external electric field and its interaction with mobile and fixed ions. The hydrogel has an effective dielectric constant εr, which can be calculated by the relation (Nemat-Nasser and Li, 2000; Nemat-Nasser, 2002)
εr=εp+εw−ϕwεp−εwεp+εw+ϕwεp−εwεp
where εp and εw represent the dielectric constants of the polymer and fluid, respectively. The fixed charge concentration is represented by Equation 29, and the Nernst–Planck Equation 2 was utilized for the flux of ionic species while considering the porosity of the hydrogel.
The porosity of a hydrogel is related to its hydration state, as shown in Equation 24. The Nernst–Planck Equation 2 is written specifically for hydrogen ions, assuming that neither chemical reactions nor convection occur (Saunders et al., 2008; Nussbaum, 1986)
JH=ϕw−Dk∇ck−zkμkck∇ψ+ckν.(35)
One way that this model differs from other transport models is how hydrogen ions (H+) are considered. Some hydrogen ions were attached to the fixed charges of the hydrogel. Another necessary modification of H+ ions is to consider the number of ions generated from water at the anode. The continuity equation for hydrogen ions is as follows:
∂∂tHcH+HcbH+HcHB=∇·JH+JHB(36)
where cHB is the concentration of hydrogen ions attached to the solution inside the hydrogel, and JHB is the flux of these ions. cbH is the concentration of hydrogen ions attached to the charged groups on the polymer chain, and is expressed as
cbH=ctotcHK+cH(37)
where ctot is the total ionic concentration of the buffer inside the hydrogel, which is the sum of cHB and the mobile buffer ion concentration, cB. cHB can be expressed by the following equation:
cHB=cofcHH(K+cH).(38)
The flux of hydrogen ions attached to the solution inside the hydrogel is related to the flux of the hydrogen ions (Chu et al., 1995; Mackie and Meares, 1955)
JHB=DHBDHctotK+cHJH(39)
where DHB represents the diffusivity of the hydrogen ions bound to the buffer inside the hydrogel.
By combining Equations 35 and 36 with Equations 37–39, we obtain the following continuity equations for hydrogen ions:
∂∂tHcH+HctotcHK+cH+cofcHK+cH=∇·JH+DHBDHctotK+cHJH
=∇·1+DHBDHctotK+cHϕw−Dk∇ck−zkμkck∇ψ+ckν.(40)
The mechanical equations controlling the hydrogel polymer network displacement can be described using the equation of motion in Equation 11, which is reduced to Equation 13 with some simplifications. Considering the swelling process in two dimensions, the components of the stress tensor are.
σxx=E(1−ν)(1+ν)(1−2ν)∂ux∂x+Eν(1+ν)(1−2ν)∂uy∂y−posm+pelect(41)
σyy=E(1−ν)(1+ν)(1−2ν)∂uy∂y+Eν(1+ν)(1−2ν)∂ux∂x−posm+pelect(42)
τxy=τyx=G∂ux∂y+∂uy∂x=E2(1+ν)∂ux∂y+∂uy∂x(43)
where pelect is the electrostatic stress on the ionic polymer hydrogel. The osmotic pressure, posm, is described using Equation 14. The electrostatic stress considered exclusively in this model is given by (Nemat-Nasser and Li, 2000)
pelect=ko∇·εr∇ψ1001
where ko is a material property that depends on the polymer network geometry and the distribution of fixed charges within the hydrogel.
Bassetti’s model also incorporates the Young’s modulus variation with hydration and an external electric field. The change in the Young’s modulus is given by the following equation (Okay and Durmaz, 2002)
E=EoHo+11/3H+11/3
where Eo and Ho represent the initial Young’s modulus and hydration of the hydrogel, respectively. The relation between the variation of shear modulus ΔG and the Young’s modulus ΔE is (Shiga, 1997)
ΔE=12(1+ν)ΔG.
The following equation provides the change in shear modulus ΔG
ΔG=94(1+H)εoεrκ(∇ψ)2
where κ is the Clausius-Mossotti function (Jones, 1995), which describes the relative dielectric constant of the polymer network and the solvent. Thus, Equations 1, 40 and 41–43, with the relevant auxiliary equations, constitute Bassetti’s transport model. A complete simulation flow diagram of Bassetti’s transport model (Chatterjee et al., 2003b; a) is shown in Figure 8.
[image: Flowchart depicting the interrelation of equations: Poisson, Nernst-Planck, and Momentum equations in a feedback loop. Arrows indicate the flow between variables \(c^f\), \(c^k, c^H, \psi\), and \(p_{osm}, u\). Arrows form a cycle linking the equations.]FIGURE 8 | Simulation flow diagram of Bassetti’s transport model.6 POROUS MEDIA THEORY (PMT)
The PMT (de Boer, 1996) is a macroscopic theory that is an extension of the theory of mixtures (TM) (Mow et al., 1980; Bowen, 1980) using volume fractions (Ehlers, 2009). This theory does not require local porous microstructures or the actual geometric distribution of all the constituents. This theory is a valuable tool for modeling mixtures with immiscible components, indicating that they can be individually identified macroscopically (Acartürk, 2009). Most of the work on stimuli-responsive and, in particular, electroresponsive hydrogels placed in a solution has been performed by Wallmersperger et al. (Attaran, 2017; Sobczyk, 2018).
Continuum-based chemoelectromechanical relations were obtained using Maxwell’s equations, the balance laws of hydrogels, and constitutive relations (Attaran, 2017). The mathematical description includes chemical, electrical, and mechanical field equations combined with the relevant initial, boundary, and jump conditions. This is known as the initial boundary value problem. The complete domain is decomposed into different components, and the domain Λ with boundary ∂Λ is divided into the solution domain S and the hydrogel domain G. The boundary layer inside the solution is ϵ, and ∂ϵ is the reference between the boundary layer and the solution.
6.1 Chemical field
The equations for the mobile ions, bound charges, and reference configuration of the chemical field are as follows:
∂ck∂t=Dkc,ik+zkckDkFRTψ,i,iinΛ;(k=+,−)(44)
cg=cog1−εiiinG(45)
Dkrefc,ikref,i=0inG∪ε(46)
6.2 Electric field
The characteristic equations for the mobile ions, bound charges, and reference configuration of the electric field are as follows:
ψ,ii=−Fεoεr∑k=1maxzkckinG(47)
ψ,ii=−Fεoεr∑k=1maxzkckinS(48)
6.3 Mechanical field
Finally, the mechanical field equations are given as.
Cijklεkl−gδklRT∑αΔck−Δcok,i=0inG(49)
whereεij=12ui,j+uj,iinG
Δck=ck−ckrefandΔcok=cok−cokrefinG.
Thus, Equations 44–49 collectively constitute the PMT (Attaran et al., 2015; 2018).
7 DISCUSSION AND COMPARISON
Three different scenarios can be used for the numerical simulation of the chemoelectromechanical equations (Wallmersperger, 2009). The first involves solving each equation separately and then updating the values of the unknowns. This weak-coupling scheme does not converge, and numerous iterations may be required for a single time step. The second scenario involves solving the chemoelectrical fields simultaneously, and then solving the mechanical equation while considering the differential osmotic pressure resulting from the differences in ionic concentrations. It is called sequential, one-way, or semi-coupling, where the mechanical field is usually considered only for the hydrogel domain. In the third case, all three field equations are solved simultaneously; this is referred to as a strong or full coupling scheme. The solution and hydrogel domains were simultaneously modeled chemoelectromechanically; however, the two domains had different material properties.
Doi et al. (1992), and Shiga and Kurauchi (1990), Shiga (1997) were among the pioneers who studied the behavior of electrosensitive hydrogels immersed in solutions under an external electric field. They incorporate Flory and Rehner’s statistical theory (Flory and Rehner, 1943a; b; Flory, 1953) and Donnan’s equilibrium theory (Donnan, 1924). Grimshaw et al. (1990), (1989) provided a macroscopic continuum explanation for the dynamic response of polyelectrolyte hydrogels under an electric field. However, these models are unsuitable for accurately describing the behavior of hydrogels in a solution under an applied electric field. A major contribution to the modeling of electrically stimulated hydrogels depends on the biphasic (Mow et al., 1980), triphasic (Lai et al., 1991), quadphasic (Huyghe and Janssen, 1997), and generalized multiphasic theory (Gu et al., 1998). These theories are relevant, as they were initially proposed to characterize the electrochemical properties of cartilage tissue. Hon et al. (2000), Zhou et al. (2002) used the multiphasic theory to model hydrogels immersed in a solution with an applied electric field. This method has limitations because the computational domain is limited to hydrogel samples.
Subsequently, multiphasic, transport, and porous media theories were reported, which are comprehensive for describing the behavior of electrosensitive hydrogels. All the modeling theories reported in this paper for electrosensitive hydrogels placed in a solution under an external electric field are summarized in Table 1. Initially, these theories were simulated using in-house software, which is not openly available. Subsequently, the simulations were also performed using commercial finite element solvers, i.e., ABAQUS and COMSOL MultiphysicsⓇ. We employed the open-source finite element software, FEniCS (Logg et al., 2012) to solve the Wallmerperger transport model for cartilage tissue engineering (Farooqi et al., 2020). Recently, Mehr and Hatami-Marbini (2022) have used FEniCS to solve a similar chemoelectromechanical model to investigate the electroactive response of scleral tissue (Mehr and Hatami-Marbini, 2022).
TABLE 1 | Summary of modeling theories for the electrosensitive hydrogels.	Study	Simulated material	Modeling theroy	Coupling scheme	Solution method	Software	Experimental validation	Large deformation	Transient	Geometry	Fixation
	Grimshaw et al. (1989), (1990), Grimshaw (1989)	Polymethacrylic acid (PMAA)	Transport	Sequential	Crank-Nicholson	Custom-built	Quantitative	X	✓	1D	Edge
	Shiga and Kurauchi (1990), Shiga (1997)	Poly (sodium acrylate) (PAANa)	Transport	NR	NR	Custom-built	Quantitative	X	✓	1D	Edge
	Doi et al. (1992)	Acryl acid–acrylamide copolymer	Transport	Sequential	Numerical	Custom-built	Qualitative	X	✓	1D	Edge
	Hon et al. (2000)	Chitosan and	Transport	Sequential	Meshless Radial Basis	Custom-built	Quantitative	X	X	1D	Center
	Zhou et al. (2002)	poly (ethylene glycol) (PEG)	Function	X	X
	(Li et al., 2004a; c)	Polyelectrolyte hydrogel	Multiphasic Mixture/MECe	Sequential	Meshless Hermite-Cloud	Custom-built	Quantitative	X	X	1D	Center
	Chen, 2004; Chen et al. (2005)	Meshless Hermite-Cloud	X	✓	1D	Center
	Li et al. (2006)	Meshless Hermite-Cloud	X	✓	1D	Edge
	Chen and Ma (2006)	Meshless Finite-Cloud	X	X	2D	Edge
	Yuan et al. (2007)	Meshless Hermite-Cloud	X	✓	1D	Center
	Li et al., 2007a; Li (2009a)	Meshless Hermite-Cloud	X	✓	1D	Edge
	Yuan and Li (2013)	Meshless Hermite-Cloud	X	✓	1D	Center
	Wallmersperger (2003)	Polyelectrolyte hydrogel	Wallmersperger’s Transport	Sequential	Finite Element	Custom-built	Qualitative	X	✓	1D	Center
	(Wallmersperger et al., 2004a; c)	Sequential	Custom-built	X	X	2D	Center and Edge
	Wallmersperger et al. (2004b)	Sequential	Custom-built	X	X	2D	Center
	Wallmersperger and Ballhause (2008)	Fully-Coupled	Custom-built	X	✓	1D	Center
	Wallmersperger et al. (2008)	Fully-Coupled	Custom-built	X	X	1D	Center
	Wallmersperger et al. (2009)	Fully-Coupled	ABAQUS	X	✓	1D	Center
	Lam et al. (2006)	Polyelectrolyte hydrogel	Li’s Transport/rMECe	Sequential	Meshless Hermite-Cloud	Custom-built	Quantitative	✓	X	1D	Center
	(Li et al., 2007d; c)	✓	X
	Luo et al. (2007a),2008a	✓	X
	Li et al. (2007b)	Polyelectrolyte hydrogel	Li’s Transport/MECpHe	Sequential	Meshless Hermite-Cloud	Custom-built	Quantitative	✓	X	2D	Center
	Luo et al. (2007b),2008b	✓	X
	Li et al. (2009)	✓	X
	Luo et al. (2009),2010	✓	X
	Yew et al. (2007)	Polyelectrolyte hydrogel	Li’s Transport/rMECpH-E	Sequential	Meshless Hermite-Cloud	Custom-built	Quantitative	✓	X	1D	Center
	Li et al. (2007e)	✓	X
	Ng et al. (2007),2010	✓	X
	(Chatterjee et al., 2003a; b)	Hydroxyethyl methacrylate (HEMA)	Bassetti’s Transport	Sequential	Meshless Finite-Cloud	Custom-built	Quantitative	X	✓	1D	Center
	Bassetti et al. (2005)	X	✓
	(Wallmersperger et al., 2013a; b)	Polyelectrolyte hydrogel	Porous Media Theory	Fully-Coupled	Finite Element	ABAQUS	Qualitative	X	X	1D	Center
	Attaran et al. (2015),2018; Attaran (2017)	X	✓	Edge


Abbreviations: MECe, multi-effect-coupling electric-stimulus model; rMECpH-E, refined multi-effect-coupling pH-electric-stimuli model; rMECe, refined multi-effect-coupling electric-stimulus model; MECpHe, multi-effect-coupling pH-electric-stimuli model; PMT, porous media theory; NR, not recorded; 1D, one-dimension; 2D, two-dimension.
Much work on modeling theories for electrosensitive hydrogels has been conducted by Li Hua’s research group at the National University of Singapore. The group reported a multiphase mixture chemoelectromechanical model called the MECe model and three variants of the transport model, namely, the rMECe, MECpHe, and rMECpH-E models. All these models were solved using the meshless HermiteCloud method (Li et al., 2003) with custom-built software; however, they did not report the details of this software. The MECe model can consider the time-dependent behavior of hydrogels; however, transport models lack this property. However, the evaluation of time-dependent articular cartilage tissue behavior under various conditions provides important insights (Hosseini et al., 2010; Murakami et al., 2021).
Another major contribution to the modeling of hydrogels under electrical stimulation was made by the Wallmersperger group at the Technical University of Dresden, Germany. Initially, they reported the studies where only the electrochemical effect was studied (Wallmersperger et al., 2001; 2002) using the Poisson–Nernst–Planck equations. Subsequently, they coupled it with mechanical field equations to estimate hydrogel deformation (Wallmersperger et al., 2009). This group conducted numerous studies using the transport model and PMT (Wallmersperger et al., 2013a), which were solved using the finite element method. Finite element simulations were performed using custom-built programs and the commercial software ABAQUS. The nonlinear equations of these models were solved numerically using a sequential scheme as well as a fully coupled approach, where all the unknowns were evaluated simultaneously. However, these models cannot simulate large hydrogel deformations at high applied voltages. This is because the linear elastic theory has been used for mechanical deformation. However, the analysis of the large deformation behavior of articular cartilage arising from its unique composition, structure, and nonlinear characteristics is preferred (Woo et al., 1979; Zhang et al., 2015).
Another contribution to the modeling theories of electrosensitive hydrogels is the transport model proposed by Bassetti et al. (2005). This model is based on the studies by De et al. (2002), De and Aluru (2004) initially proposed for modeling pH-sensitive hydrogels. This model incorporates the electrostatic stress of the hydrogel. Unlike transport models, the PMT considers each constituent separately, following the principles of continuum mechanics (Wallmersperger and Leichsenring, 2016). Implementing the PMT can be computationally expensive owing to the number of constituents, but it can simulate transient behavior.
The presented theories were evaluated to determine whether they could simulate large deformations of hydrogels or if they were valid only for small deformations. The possibility of steady-state or transient simulation was also investigated. We also evaluated whether one- or two-dimensional geometries were considered in the simulation domain. It is evident from Table 1 that no theory has been used to simulate three-dimensional geometries. Finally, the hydrogel fixation was evaluated to determine whether the fixation was center- or edge-fixed to avoid rigid-body motion in the mechanical simulation.
A limitation of Wallmersperger’s transport model is that a small deformation is assumed, even at high applied potentials (Luo, 2008), as is evident from the data in Table 1. However, it has been experimentally confirmed that hydrogels undergo large deformations when a high electric potential is applied (Zhou et al., 2002). In addition, the effect of fixed charges was ignored (Li, 2009b). The osmotic pressure calculation in this model depends only on the ionic concentrations. However, electric potential should also be considered when calculating the osmotic pressure with an applied electric field.
In transport models, hydrogel swelling and deformation depend on ionic diffusion, whereas fluid flow inside the hydrogel is ignored. In addition, osmotic pressure instead of fluid pressure was used to calculate the stress of the hydrogel mixture. This osmotic pressure can be determined from the ionic concentration differences between the solution bath and the interior of the hydrogel. Osmotic and fluid pressures are essential parameters for cartilage characterization (Farooq and Siddique, 2021; Warren and Bajpayee, 2022).
The model proposed by Wallmersperger and Ballhause (2008) for electrosensitive hydrogels is approximate and difficult to extend to two- and three-dimensional geometries. The system, which is composed of a hydrogel scaffold placed in a solution with an applied electric field, cannot attain thermodynamic equilibrium even in a steady state. Moreover, the chemical potential of the water in the system was nonuniform. Thus, the osmotic pressure considered in the model proposed by Wallmersperger and Ballhause (2008) is not the same as the fluid pressure. Therefore, it cannot be used as a mechanical parameter for thermodynamic equilibrium (Feng et al., 2011).
An experimental verification of these theories is also provided. While most theories have been compared quantitatively, others have been compared qualitatively. The theoretical transport model proposed by Grimshaw et al. (1990) was experimentally verified by comparing it with the measurements of the chemically and electrically induced swelling and shrinking of crosslinked polymethacrylic acid (PMAA) membranes. Shiga and Kurauchi (1990) qualitatively compared the theoretical deformation behavior under an electric field with the experimental findings of a poly (sodium acrylate) (PAANa) hydrogel placed in a NaOH solution between two electrodes (without touching the electrodes). The numerical results of the transport model by Doi et al. (1992) were qualitatively compared with experimental results focusing on acryl acid–acrylamide copolymer hydrogels (Shiga and Kurauchi, 1990). Zhou et al. (2002) theoretically and experimentally investigated the deformation response of chitosan and poly (ethylene glycol) (PEG) hydrogel strips immersed in an acidic solution under an external electric field. The numerical simulation results of the multiphasic mixture/MECe theory (Li et al., 2004c; a; Chen et al., 2005) were quantitatively compared with the experimental results of the variation of the average PEG hydrogel curvature versus the applied voltage (Zhou et al., 2002) and experimentally measured endpoint displacement of the PAANa hydrogel strip at different time steps (Shiga and Kurauchi, 1990). Wallmersperger et al. (2004a), (2004b) qualitatively compared the transport theory results with the experimental results on poly (acrylamide/acrylic acid) (PAAm/PAA) hydrogel under an electric field (Gülch et al., 2000). The numerical results of the rMECe theory involving polyelectrolyte hydrogels (Lam et al., 2006; Luo et al., 2007a; Li et al., 2007d) were quantitatively validated using the experimental results of the PEG hydrogel strip (Zhou et al., 2002). Similarly, the numerical results of the MECpHe theory (Li et al., 2007b; Luo et al., 2007b) were compared with the bending behavior of an interpenetrating polymer network composed of PMAA and a poly (vinyl alcohol) (PVA) hydrogel upon application of an electric field, as reported by Kim et al. (2004) and were observed to be consistent with each other. Li’s transport/rMECpH-E theory (Yew et al., 2007; Li et al., 2007e; Ng et al., 2007) was experimentally verified by comparing it with the results reported in the literature (Zhou et al., 2002; De et al., 2002; Kim et al., 2003; 2004). Bassetti’s transport theory (Bassetti et al., 2005) was quantitatively benchmarked against the experimental results. There is a significant increase in the swelling of electroresponsive hydroxyethyl methacrylate (HEMA) gels with increasing applied voltages across the electrodes (Chatterjee et al., 2003b; Chatterjee, 2003). Finally, the PMT for polyelectrolyte hydrogels (Wallmersperger et al., 2013a) was qualitatively compared with the experimental results reported previously for PAAm/PAA (Gülch et al., 2000) and PAANa (Shiga and Kurauchi, 1990) hydrogels. The nature of the experimental validation of these theories is summarized in Table 1.
8 CONCLUSIONS AND OUTLOOK
This review presents complete mathematical formulations of various theories available in the literature to describe the mechanism of electrical stimulation of polyelectrolyte hydrogels under an electric field. The application of these theories as models for cartilage tissue engineering using electrical stimulation has been explained in detail. First, the kinematics, balance laws of continuum chemoelectromechanics, and constitutive equations of the fields involved in each theory are presented. Several other important features, such as the modeling approach, coupling scheme, solution method, and simulation software, are outlined. Moreover, the large or small deformation capability, transient or stationary behavior, geometric dimensions, and fixation type are summarized. All these theories are then compared, and their essential features are described.
The coupled multifield models provide an excellent description of the electrical stimulation of polyelectrolyte gels and can effectively be used for the numerical simulation of cartilage repair implants under electrical stimulation. Wallmersperger’s transport model (Wallmersperger, 2003) is the simplest of all the chemoelectromechanical models because it has the least number of unknowns. However, it has certain disadvantages that limit its use in accurately simulating electrosensitive hydrogels. The multiphasic theory/MECe model (Li et al., 2004c) is the most comprehensive theory that can be used for simulation; however, the number of unknowns involved is the highest compared with all others. It also has the ability to simulate time-dependent behaviors. However, it has the disadvantage of not being applicable to large deformations of hydrogels with high input voltages. The transport models proposed by Lam et al. (2006), Li et al. (2007b), Yew et al. (2007) are the most appropriate choices for implementation. However, the disadvantage of these models is that they cannot simulate time-dependent behavior.
Generally, multidimensional simulations are essential for a comprehensive understanding of electrosensitive hydrogels under electrical stimulation. A significant contribution was made regarding the modeling theories of electrosensitive hydrogels to replicate the experimental procedures. However, the available modeling theories mainly consider hydrogels as general polyelectrolyte materials. Further work is necessary so that a modeling approach can be selected depending on the characteristics of the electrosensitive hydrogels, for example, natural versus synthetic, macromolecular versus supramolecular, conjugated polymers versus hydrogels with nanofillers, or the choice of models based on the physical or chemical crosslinking of the hydrogel. To achieve this, modeling studies on the microscale characterization of electrosensitive hydrogels are necessary (Bassetti et al., 2005).
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