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ABSTRACT
Hydrogels are water-swollen polymer networks (SPNs) with applications as biomaterials, adhesives, and signal transducers. The 
SPN model coordinates fundamental theories to predict hydrogel physical properties of swelling, stiffness, and solute transport 
based on the hydrogel's structure. Having shown that the SPN model is effective for decoupling stiffness and solute transport in 
multi-arm poly(ethylene glycol) hydrogels, the next objectives are to further refine the fundamental accuracy of the SPN model, 
its breadth of applicability to different hydrogel systems, and the properties that can be accurately predicted through the model. 
To support a broader effort of hydrogel structure–property modeling, this article discusses limitations and opportunities for the 
SPN model and shares an outlook for model-based hydrogel design.

1   |   Rational, Modular Design of Hydrogels

Hydrogels are water-swollen polymer networks (SPNs) [1]. They 
are used primarily in biomedical applications, such as drug deliv-
ery [2–6], wound healing [7–9], tissue engineering [10–13], and 
disease modeling [14–16], although they have additional appli-
cations in agriculture, environmental engineering, and hygiene 
[17, 18]. This broad application space drives the development of 
diverse hydrogel formulations, each with unique physical and 
chemical properties. As the hydrogel design space expands, ad-
vances in fundamental hydrogel modeling are needed to coordi-
nate insight across the field and optimize the design of hydrogels 
toward application-specific desirable properties [19].

Fundamental hydrogel modeling connects the structure and 
chemical composition of hydrogels to their physical and chem-
ical properties  [1, 19, 20]. Effective modeling enables accurate 
prediction of hydrogel properties from the hydrogel's network 
structure and chemical composition. Predictable hydrogel 
properties accelerate the design process, leading to application-
ready hydrogels with reduced trial-and-error in their develop-
ment. Furthermore, the structure-based prediction of hydrogel 

properties supports modular design, wherein components of a 
hydrogel can be exchanged to alter specific properties without 
affecting other desirable properties [19–21]. In situations where 
changing structural parameters affects multiple properties, such 
as polymer concentration affecting both swelling and stiffness, 
fundamental modeling can identify alternative combinations 
of structural parameters that decouple property changes, yield-
ing a desirable final combination of properties [20]. In this way, 
fundamental hydrogel design allows systematic multi-property 
optimization that would not be feasible without a predictable, 
fundamental, and mathematically defined model for hydrogel 
structure–property relationships.

Hydrogel design modeling emerged from the modeling of poly-
mer network swelling and stiffness, pioneered by Flory and 
colleagues [22, 23]. Much of their approach is conserved in cur-
rent swelling and stiffness modeling, with modifications to ad-
dress differences between water and organic solvents and the 
formation of hydrogels from dilute aqueous polymer solutions 
[1]. Because solute transport is a common priority in aqueous 
solutions and biomedical applications, models of specific solutes 
moving through hydrogels were developed and subsequently 
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refined [24–27]. The development of the current SPN model 
from the fundamental theories, including Flory-Rehner equi-
librium swelling theory and rubberlike elasticity theory, is de-
scribed in detail in our previous publication [1], including the 
underlying principles of thermodynamics, free energy, and 
chemical potential balancing. Readers are highly encouraged to 
review that publication for further details, as recounting them 
here is beyond the scope of this forward-looking article. A more 
accessible introduction to these concepts is provided on our tu-
torial website, Hydro​gelDe​sign.​org.

Whereas prior theories and models primarily aimed to more 
accurately describe structure–property relationships within 
hydrogels, the recently proposed SPN model reorganizes struc-
ture–property-relating models into a coordinated, predictive 
tool [1, 19]. With the SPN model, structural parameters, which 
are defined by hydrogel synthesis conditions, predict a hydro-
gel formulation's physical properties, facilitating a priori hydro-
gel design. The utility of this structure-driven design approach 
was demonstrated by decoupling stiffness and solute transport 
in multi-arm poly(ethylene glycol) (PEG) hydrogels by simul-
taneously varying four structural parameters (Figure  1) [20]. 
Complementary studies in poly(vinyl alcohol) (PVA) hydrogels 
did not facilitate the same extent of structural control over junc-
tion functionality and the frequency of chain-end defects but 

demonstrated the applicability of the SPN model beyond a single 
polymer system [28, 29].

By addressing the current state of fundamental modeling for 
modular hydrogel design, this article aims to make advanced, 
application-specific hydrogel design accessible for a broad sci-
entific audience. First, the article describes the SPN model in 
both conceptual and mathematical terms that enable the reader 
to critically assess its utility, limitations, and opportunities for 
further development. It then discusses other well-established 
models related to fundamental hydrogel design with a perspec-
tive toward future coordination with the SPN model. Next, it 
presents the three major use cases of fundamental hydrogel de-
sign modeling (forward, sideways, and backward), addressing 
their advantages and drawbacks. The article ends with a com-
ment on the importance of robust hydrogel data management 
and sharing.

2   |   The SPN Model

The SPN model is an ongoing effort to refine fundamental hydro-
gel design modeling. The SPN model posits that four universal 
structural parameters and a set of material identity parameters 
predict the swelling, stiffness, and solute transport properties of 

FIGURE 1    |    Four structural parameter-based designs yielded decoupled stiffness and solute transport in multi-arm PEG hydrogel formulations. 
Initially, 73 structurally distinct hydrogel formulations were characterized, and a set of four formulations was proven to be statistically structurally 
decoupled with orthogonal control of shear modulus and solute diffusivity. Figures adapted from Richbourg and Peppas [1] with permission from 
Elsevier.

FIGURE 2    |    The swollen polymer network (SPN) model connects hydrogel structure to properties via structural parameters, identity parameters, 
and fundamental theories. This figure is a conceptual schematic of the use of parameters and theories to predict hydrogel properties, including the 
diffusion of solutes through hydrogels (solute release) and force-deformation relationships.
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a hydrogel (Figure 2) [1, 19, 30]. The four structural parameters 
are the initial polymer volume fraction (�0), the degree of po-
lymerization between junctions (Nj), the junction functionality 
( f ), and the frequency of chain-end defects (�). These four pa-
rameters can be defined for any hydrogel, often as controllable 
variables for hydrogel synthesis. The material identity parame-
ters are established parameters specific to the polymer, solution, 
and any relevant solutes [1]. Each material identity parameter 
is independently verifiable. The specific physical properties pre-
dicted by the SPN model are the equilibrium-swollen polymer 
volume fraction (�s), the shear modulus of the equilibrium-
swollen hydrogel (G), and the diffusion coefficient of a specific 
solute within the hydrogel (D). The following equations describe 
the current mathematical form of the SPN model [20]

Equation (1) describes the swollen polymer volume fraction as a 
function of hydrogel structure. Equation  (2) describes the shear 
modulus as a function of hydrogel structure and the swollen poly-
mer volume fraction. Equations (3–5) are used in series to describe 
the hydrogel mesh size (�), mesh radius (rm), and the diffusion 
coefficient of a solute within the hydrogel, respectively. In these 
equations, the identity parameters used are the polymer-solvent 
interaction parameter (�), the molar volume of water (V1), the dry 
density of the polymer (�d), the molecular weight of the repeating 
polymer unit (Mr), the ideal gas constant (R), the absolute tem-
perature (T), the average bond length in the polymer chain (l), the 
Flory characteristic ratio (C∞), the number of backbone bonds per 
repeating unit (�), the diffusion coefficient of the solute in solution 
(D0), the free volume radius of water (rFWV), the radius of the solute 
(rs), and the fiber radius of the polymer (rf) [1].

An important result of Equations (1) and (2) in the SPN model 
is the invariant relationship between swelling and stiffness. 
For a hydrogel in the equilibrium swollen state that perfectly 
follows the SPN-modeled relationships, any shear modulus 

corresponds to a single swollen polymer volume fraction, 
despite the multiple network structures that may yield those 
properties. In other words, unlike the established capability to 
decouple stiffness and solute transport, the model does not in-
dicate a way to decouple stiffness at equilibrium swelling and 
the extent of swelling. However, to support a priori prediction 
of both stiffness and equilibrium swelling, Equations (1) and 
(2) are presented as functions of the structural parameters, 
and equilibrium swelling must be calculated first to predict 
the shear modulus from structural parameters. This relation-
ship does not diminish the four structural parameters as in-
dependent influences from each other on stiffness, swelling, 
and solute transport, but it suggests further potential avenues 
of research into how to decouple stiffness and swelling at 
equilibrium.

The SPN model is based on a fundamental modeling perspective 
that aims to maintain self-consistency while progressing toward 
further model improvement. Because a model can be quantitatively 
accurate despite incorrect underlying concepts and assumptions, 
accuracy to an experimental dataset is not the singular determi-
nant of model quality. Therefore, improvements to the SPN are 
developed based on validating fundamental structure–property 
relationships and broadly evaluating whether those relationships 
persist or predictably change when other input parameters or non-
quantitative factors are adjusted [20, 28–32]. With this perspective, 
establishing accurate structure–property trends is more important 
for the SPN model than improving the R2 value of a fit to a dataset.

The emphasis on defined, specific structure–property relation-
ships and a fundamental theoretical framework sets the SPN 
model up for rigorous hypothesis testing and ongoing improve-
ment. The equations in the SPN model are the results of an ongo-
ing process that combines and distills important relationships. 
Although this process is more labor-intensive than fitting raw 
data via a machine learning algorithm, it provides a testable 
foundation for all hydrogel design and yields interpretable ratio-
nales for observed relationships. To ensure the continuing rele-
vance of this fundamentals-first approach amid the accelerating 
expansion of hydrogel formulations, creative, rigorous, and well-
informed hypothesis-driven experimentation is needed to fur-
ther refine the SPN model. This article aims to facilitate further 
development by highlighting the most promising and challeng-
ing opportunities for SPN model refinement.

3   |   Critical Limitations of the SPN Model

Despite its fundamental basis and rigorous development, the 
SPN model retains several well-defined limitations in its mod-
eling approach that restrict its accuracy and/or applicability to 
different systems. The most relevant and challenging limitations 
are briefly described here (Figure 3), although an exhaustive list 
of model limitations is beyond the scope of this article. Currently, 
these limitations mean that the SPN model is most applicable 
to simple, well-defined hydrogels such as the model multi-arm 
PEG hydrogels presented in Figure 1. However, by overcoming 
the limitations discussed here and other more advanced limita-
tions, it is plausible that the SPN will eventually become appli-
cable to all types of hydrogels, including composite, biopolymer, 
polyelectrolyte, and dynamically crosslinked hydrogels. These 
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six limitations are discussed as critical obstacles to developing a 
broader and more accurate fundamental understanding of how 
hydrogel structure informs properties.

The SPN model as it is presented in Equations  (1–5) hides sev-
eral thermodynamic assumptions associated with equilibrium 
swelling, statistical chain mechanics, and rubberlike elastic-
ity theories. Whereas these assumptions are addressed in more 
detail elsewhere [1], it is worthwhile to briefly highlight some 
as points of potential development or contention. First is the 
context-dependence of the polymer-solvent interaction parame-
ter. Although the SPN model uses the polymer-solvent interaction 
parameter (�) as an invariant identity parameter, it is sensitive to 
both polymer volume fraction and temperature [20, 33]. Indeed, 
our own swelling results suggest that a polymer volume fraction 
dependence of the interaction parameter would improve predic-
tion accuracy compared to the static value for PEG hydrogels [20]. 
Furthermore, the unperturbed dimensions of polymer chains are 
sensitive to temperature, which is not addressed in the mesh size 
calculation [34, 35]. It is implied in the derivation of the SPN model 
that temperature sensitivity is neutralized by evaluating charac-
teristics in the same thermal state as the reference values and that 
temperature is not changed substantially during swelling [1], but 
these are practically limiting assumptions. Additionally, there 
may be cases wherein the additivity of elastic and mixing chemi-
cal potentials is fundamentally challenged, either through nonin-
dependence or substantial contributions of additional chemical 
potential terms [1, 36, 37]. Temperature and thermodynamic non-
idealities should be explicitly reintroduced to the SPN model to 
evaluate their effects on hydrogel properties.

The mean-field assumption simplifies the polymer network 
structure into repeating average voxels with consistent properties 

for each voxel. This approach greatly simplifies the molecular 
complexity of the network and helps to parse it into standardized 
parameters, but it fails to capture the characteristics of materials 
that have heterogeneities larger than the mean-field unit voxel. 
Hydrogels with multiscale heterogeneities, such as crystallized 
regions, have useful characteristics that cannot be accurately 
represented within the SPN model [38]. Because the mean-field 
assumption is central to the SPN model, developing an alterna-
tive approach would require a complete reevaluation of all model 
concepts and mathematical implementations and would intro-
duce layers of complexity that may provide no additional benefit 
for hydrogels that already fit the mean-field assumption.

The Gaussian chain distribution assumption requires that all 
mesh sizes in the network form a Gaussian distribution instead 
of bimodal or otherwise non-Gaussian distributions. The result-
ing average degree of polymerization between junctions and 
mesh size are therefore accurate representations of the network 
chains. For flexible polymers without higher-order interactions 
(such as the regular hydrogen bonding into a helical structure 
found in DNA), the Gaussian distribution further justifies the 
treatment of polymer chains in the network as entropic springs, 
which is critical for the SPN model. Some efforts at addressing 
non-Gaussian chain distributions have been attempted but have 
not been effectively incorporated into the SPN model or vali-
dated [39]. Hydrogels with bimodal chain lengths and otherwise 
non-Gaussian distributions likely provide unique opportunities 
for manipulating fatigue characteristics and nonlinear profiles 
for permissible solute sizes and therefore warrant further inves-
tigation and accurate modeling.

The SPN model neglects any effects associated with polymer en-
tanglements in the network. This approach is partially justified 

FIGURE 3    |    Key limiting assumptions in the SPN model.
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by the phantom-like network deformation model, the relatively 
dilute polymer concentrations in hydrogels, and the condition 
that most hydrogels are synthesized in aqueous solution instead 
of as a polymer melt [1]. Many gels are formulated and used at 
such low polymer concentrations that the effects of entangle-
ments on network properties are negligible. However, especially 
interesting properties emerge when many entanglements are 
intentionally introduced to water-SPNs [40]. Higher polymer 
concentrations and kneading of high-polymer-concentration 
gel precursors increase the rate of entanglements within a net-
work and their effects on hydrogel properties [41]. A robust con-
ceptual and mathematical framework for how entanglements 
would affect hydrogel structure–property modeling has not 
been developed, although substantial steps have been taken in 
terms of slipping crosslink models [42] and quantification of 
modifications to hydrogel properties resulting from kneading 
the polymer network [41].

The mesh radius term (rm) that Richbourg et al. proposed and 
validated with solute transport studies in multi-arm PEG hy-
drogels improves the model predictions of large solute trans-
port within hydrogels, but it introduces new limitations to the 
SPN model's applicability [20, 30, 31]. The relationship be-
tween mesh size and mesh radius is only defined for junction 
functionalities of 4, 6, and 8 [30]. Some practical softening of 
the rigid lattice structures used to represent four-, six-, and 
eight-arm networks is needed to evaluate how mesh radius 
and mesh size are related in a broader set of hydrogel formula-
tions. An imperfect intermediate solution would be to use the 
mesh size in place of the mesh radius when junction function-
alities are expected to be much higher than 8, although the 
geometric effect underpinning the mesh radius concept sug-
gests that mesh radius would be a small fraction of mesh size 
at high junction functionalities and that forming such high-
functionality junctions would be unlikely.

Beyond the mesh radius concept, mesh transport is the least 
developed of the three underlying theories in the SPN. Because 
of the complexities added by introducing a diffusing solute to 
the hydrogel, both conceptually and experimentally, model-
ing solute diffusion within hydrogels has not converged on a 
reliable universal approach. Some shortcomings are immedi-
ately evident within the SPN model. First, the scaling within 
Equation  (3) references the dry state for unperturbed polymer 
dimensions instead of the initial state of the polymer in solution, 
like the rubberlike elasticity relation. This can be remedied with 
an initial polymer volume fraction term but should be cross-
evaluated conceptually and experimentally. The characteris-
tic ratio for PEG was determined in water, suggesting that the 
pre-gel solution is an appropriate reference state for mesh size 
[23]. Another scaling issue emerges from the nonmonotonic re-
sponse of normalized diffusivity to solute radius resulting from 
the error function weighting in the multiscale diffusion model 
(Equation 5). Specifically, Axpe et al. justified the model through 
a dataset containing only three solute sizes [27], which is insuffi-
cient information to validate a nonmonotonic relationship. The 
weighting function presents a powerful approach for scaling 
solute transport in hydrogels, but a robust experimental anal-
ysis with multiple solute sizes distributed throughout the non-
monotonic region is needed to further refine modeling of solute 
transport, proving or disproving the predicted nonmonotonicity 

before further addressing the plausibility of other transport 
model components and alternatives.

4   |   Other Hydrogel Modeling Approaches

Incorporating insights from other hydrogel modeling ap-
proaches will enhance the SPN model (Figure  4a). There are 
practical and technical hurdles to doing so, such as resolving re-
lated assumptions and downstream effects on associated mod-
eling components. For example, incorporating the Real Elastic 
Network Theory (RENT) [44] into the SPN model will affect 
both the rubberlike elasticity component and the dependent 
equilibrium swelling component.

RENT addresses how loop defects in a network affect the over-
all elasticity of the material [44–49]. Initially, RENT addressed 
isolated primary loop defects wherein a single network junction 
is rendered elastically ineffective because it is only connected 
to the overall network via a single chain [44]. This modeled 
relationship was complemented by the molecular simulation-
based observation that the frequency of these primary loops is 
predictive of a network's frequency of secondary and tertiary 
loops [45]. Subsequent developments increase the fundamen-
tal accuracy of the defect-sensitive modification to hydrogel 
elasticity modeling, including addressing the contributions of 
secondary and tertiary loops [44], accounting for the nonlinear 
effects of increasing junction functionality [46], experimentally 
validating the relationship between primary and secondary 
loop frequencies [47], accounting for the influence of third- and 
fourth-order loops and prestrain applied to the network [48], and 
finally overcoming the “ideal loop gas” assumption of isolated 
loops having independent, additive effects on overall elasticity 
[49]. These studies develop precise mathematical treatments for 
loop defect structures within networks that increase the accu-
racy of modulus modeling to an exceptional degree. This math-
ematical approach would substantially improve the relatively 
simplistic modeling of the effect of the frequency of chain-end 
defects within the SPN model. The apparent limitation of RENT 
for broad application is the need to measure or predict the fre-
quency of primary loops in the network, which is addressed in 
their work by designing specifically degradable hydrogels and 
using mass spectrometry to quantify primary and secondary 
loops [44, 47]. Like the SPN model, this approach also does not 
directly address the role of entanglements, making it primarily 
applicable to hydrogels synthesized in dilute aqueous solutions. 
Finally, the mathematical modifications necessary to imple-
ment RENT within the SPN may be unwieldy and therefore may 
be most relevant in situations where a known high fraction of 
loops are present and/or highly accurate elasticity modeling is 
especially important.

The Lake–Thomas model presents a molecular rationale for 
the fatigue and fracture characteristics of a polymer network 
[50]. Specifically, the Lake–Thomas model connects the force 
of bulk material fracture to the force needed to break a single 
polymer chain at the site of crack propagation. In hydrogels, 
Equation (6) has been proposed as a mathematical form of the 
Lake–Thomas model [50]. In Equation  (6), Γ0 is the cyclic-
strain fatigue threshold, a specific form of toughness with 
units of energy per unit area. In a cyclic stretching experiment 
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with a precut crack, the crack does not grow when the ampli-
tude of the energy release rate is below the threshold. � is an 
arbitrary prefactor near unity, lm is the length of the monomer, 
J is the single carbon–carbon bond energy, and V  is the volume 
of the monomer unit. Aside from the undetermined prefactor, 
Equation  (6) suggests that a hydrogel's cyclic-strain fatigue 
threshold is fully defined by the network structure and is com-
patible with the SPN model. Some updates can be immediately 

applied to this equation from the SPN model, such as the 
phantom deformation and weighted-average corrective com-
ponents of the mesh size equation for different monomers [1]. 
In monomers like PEG, which do not have a simple carbon–
carbon backbone, it is possible that chain breaks may occur at 
other bond types (e.g., carbon–oxygen), but since the carbon–
carbon bond is weaker than the carbon–oxygen bond, this ef-
fect may be negligible. It is also important to note that under 

FIGURE 4    |    Alternative hydrogel modeling approaches that may complement and refine the SPN model (a). Refining the Lake–Thomas model 
using RENT improved predictions of both the Young's modulus (d) and the fracture energy (e) compared to prior models (b, c) for structurally varied 
tetrafunctional PEG hydrogels. N is the degree of polymerization between junctions and �0 is the initial polymer volume fraction. Figure adapted 
from Barney et al. [43] with permission from the USA National Academy of Sciences.
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extended or cyclic deformation, the force applied to the net-
work will shift the equilibrium from the swollen state, and the 
changes to polymer entropy under the extreme deformations 
necessary to produce chain breakage may also disrupt the un-
derlying assumptions related to the polymer chains being in an 
entropic spring state. For context, the rubberlike elasticity the-
ory is only considered applicable for small deformations of less 
than 20% change in one dimension [28]. These considerations 
from the SPN model approach are complemented by a discus-
sion of the limitations of the Lake–Thomas model from the 
fatigue and toughness modeling perspective [51]. Critically, 
recent investigations have further refined the Lake–Thomas 
model to account for loop defects in PEG hydrogels by incor-
porating RENT, refining estimates of both the Young's mod-
ulus and fracture energy [43]. This study rationalized the � 
prefactor via the junction functionality-dependence of RENT, 
which aligns with the phantom deformation correction used 
in the SPN model (Figure 4b–e). Modeling of how chain break-
age affects subsequent force distribution via “loop-opening” 
also improves model-experiment accuracy for PEG gels and 
suggests further structure–property insight [52]. The Lake–
Thomas model holds potential for extending the utility of the 
SPN model to cases of fatigue and fracture, but thorough ex-
perimental validation, coordination of mechanistic concepts 
within and beyond the current SPN model, and accounting for 
high deformation effects are needed.

Gelation kinetics modeling is an interesting complement to 
thermodynamics-based SPN modeling. Whereas SPN model-
ing is state-based and assumes high-fidelity, thorough gelation 
to relate structure to properties, gelation kinetics and percola-
tion theory analysis aim to evaluate local spatial and temporal 
contributions during the gelation process to network topology, 
integrity, and deviations from ideal behavior [53–57]. Although 
it is difficult to reconcile the two approaches, RENT appears to 
draw insight from both gelation kinetics and state-based hydro-
gel modeling, potentially paving a path toward a more universal 
perspective. For now, it is important to consider that gelation 
kinetics and percolation theory may have answers where SPN 
modeling falls short.

Molecular simulation, design of experiments analysis, artificial 
intelligence (AI), and coarse-grained models each provide alter-
natives to fundamental modeling for predictive design of hydro-
gel properties [58–60]. These approaches may be more effective 
than fundamental modeling in certain cases, such as when 
developing hydrogels with known complexities that break the 
assumptions used in fundamental modeling. For example, the 

SPN model is far from being able to predict the properties of an 
interpenetrating network hydrogel, but an appropriately trained 
AI model may be able to make some useful predictions [61]. 
However, the associated lack of fundamental insights yields a 
form of uncertainty in the predictions and a lack of applicability 
to other systems that run contrary to the goals of the SPN model 
[62]. Further examples and discussion of these approaches can 
be found elsewhere [63–65].

5   |   Forward, Sideways, Backward: Model Use and 
Utility

The meta-structure of the SPN model, with structural parame-
ters linked to physical properties by fundamental modeling and 
identity parameters, yields three major use cases, described here 
as forward, backward, and sideways applications (Figure  5). 
Forward application of the model uses structural parameters 
to predict physical properties. Backward application uses a 
hydrogel's measured properties to infer details of its structure. 
Sideways applications use one hydrogel property and some 
knowledge of the hydrogel structure to estimate another prop-
erty of the hydrogel.

Forward use of the SPN model enables a priori design of hydro-
gels with specific properties by controlling their structure at 
synthesis. Forward use has the greatest opportunity for practical 
applications, but it requires high confidence in the model and in 
the control of structural parameters by hydrogel synthesis con-
ditions. An example of forward model use is designing hydrogels 
with decoupled stiffness and solute transport by changing struc-
tural parameters at hydrogel synthesis [20].

Backward use of the SPN model helps to draw conclusions about 
structural features of a hydrogel that are impossible to directly 
observe, such as the mesh size. Backward use may help sug-
gest fundamental relationships that could be broadly applied 
through universal structures, but it requires accurate measure-
ments and high confidence in the applicability of the model to 
the hydrogel formulation. An example of backward model use is 
measuring a hydrogel's stiffness to estimate its degree of polym-
erization between junctions.

Sideways use of the SPN model expands the utility of a single 
characterization experiment. Sideways use can help to estimate 
the values of additional properties of a hydrogel, but it is the 
most dependent of the three use cases on the accuracy of the 
model since it effectively involves a backward and then a for-
ward application of the model. An example of sideways use is 
predicting a hydrogel's stiffness from its swelling data.
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FIGURE 5    |    Forward, sideways, and backward uses of the SPN model connect structure and properties.
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Each use case requires a high degree of confidence in the model, 
so how does one validate and improve the model? By combining 
the other key features of each use case—precise structural con-
trol, accurate measurement methods, and multiple complemen-
tary property measurements for each hydrogel formulation—it 
is possible to evaluate the accuracy and limitations of the model 
itself. If the model is not accurate in all three directions, then 
something is wrong, and the precise, comprehensive charac-
terization of structurally defined hydrogel formulations can 
help to identify what causes the mistakes and how they can be 
addressed.

To compare, the forward case is most likely to be relevant in 
developing new hydrogels, and the sideways case is the most 
likely to yield unreliable results since it obfuscates the model's 
assumptions and limitations. Given that most hydrogel physi-
cal properties can be decoupled by altering multiple structural 
parameters, there is not necessarily a one-to-one correlation 
between two different measured properties  [20]. Without ad-
ditional context, backward model use is aimless. For example, 
calculating a mesh size from a hydrogel's stiffness without com-
paring it to similar hydrogels or alternative methods of calcu-
lating mesh size or commenting on how that value differs from 
expectations is not a meaningful result since it cannot be ex-
ternally validated. Critically, a backward use from a measured 
shear modulus could not fully predict the combination of four 
structural parameters that yielded that property, whereas for-
ward use from a complete network structure can fully define the 
predicted hydrogel properties.

6   |   Hydrogel Characterization and Data Access

Given that hydrogel modeling is best improved by robust char-
acterization of a wide variety of well-defined hydrogel formula-
tions, reliable reporting of hydrogel structures and associated 

properties could greatly refine hydrogel modeling. Most hydro-
gel research in the literature is presented as application-oriented 
studies that include an incomplete description of hydrogel for-
mulations coupled to characterizations that narrowly apply 
to solving a specific problem. While this siloed approach may 
demonstrate viable solutions to individual problems, it under-
cuts progress that could be shared across the field of hydrogel 
design [19]. Because hydrogel structure–property modeling 
aims to encode the translatable characteristics of all hydrogels, 
model refinement needs detailed information on developed hy-
drogel formulations and their properties. The first step toward 
broadly usable hydrogel data is minimizing ambiguities in how 
hydrogels are formulated, such as by defining each structural 
parameter and identity parameter relevant to a hydrogel formu-
lation. This level of reporting would ensure that the description 
is compatible with the SPN model. However, too often the ini-
tial polymer concentration of a hydrogel formulation is reported 
but not the molecular weight of the polymer, or a similar omis-
sion, rendering the information unusable for robust structure–
property modeling. Ideally, characterization methods should 
be consistent with literature standards where possible and in-
clude thorough reporting of methods to support later compar-
isons [66].

Second, it is always useful to clearly pair characterization results 
with the fully defined hydrogel formulation. Doing so will help 
to validate the mapping of the hydrogel structural design space 
to the hydrogel property space (Figure 6). For an example of a 
freely available [67], tidy (i.e., following the principles of tidy 
data for universal analysis) [68] dataset of hydrogel formulations 
and associated characterizations, see the “essential Richbourg-
Peppas dataset” at https://​hydro​gelde​sign.​org/​tools​. By present-
ing the raw experimental data and not just the model-dependent 
interpretations, the data is adaptable to other interpretations. 
To this end, reporting a swelling ratio is acceptable (alongside 
a defined equation for a swelling ratio), but presenting both the 

FIGURE 6    |    Modeling and modularity capture the nonlinear relationships between the hydrogel design parameter space and the hydrogel prop-
erty space and enable multi-property optimization and controlled adaptation of biomaterials for diverse applications.
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initial polymer volume fraction and the equilibrium-swollen 
polymer volume fraction maximizes the utility for reanaly-
sis [32].

An overarching problem for hydrogel design modeling is the 
ever-growing gap between fundamental hydrogel design and 
application-specific hydrogel design [69–72]. Novelty bias re-
wards formulation complexity even if it is not justified, and 
hydrogels that use well-established polymers are therefore 
devalued in a research context, even if they are highly adapt-
able and applicable to many problems. Fundamental hydrogel 
modeling is an exception to this trend, wherein increasingly 
well-defined, simple systems are developed to draw conclusions 
about how hydrogels work [73]. The result is a broadening gap, 
where the models are increasingly accurate for these simple 
hydrogels, but these models have limited applicability to the 
incredibly complex hydrogels being developed for varying appli-
cations. Addressing the limitations and opportunities discussed 
above may help to bridge this gap.

Simplicity in applied hydrogel design presents two primary 
advantages: modularity and modelability [19]. Relatively sim-
ple hydrogel formulations can be modified easily to alter their 
properties, supporting hypothesis testing of how specific prop-
erty changes affect biological responses to a material (Figure 6). 
When these changes are within a model-predictable regime, 
then the desired properties can be achieved readily without ex-
tensive experimentation. In many cases, a modular hydrogel ap-
proach can achieve the desirable capabilities of a more complex 
hydrogel formulation without introducing additional variables 
and unknown changes. The advantages of modeling and modu-
larity scale exponentially with increases in the number of design 
criteria that must be met for an application.

7   |   Conclusions and Outlook

The SPN model is a framework for thought, a tool for practical 
hydrogel design, and an opportunity to further develop and re-
fine the collective understanding of hydrogels. The potential ap-
plications of the SPN model go well beyond the scope of a single 
lab, so this discussion is intended to inform other groups on the 
state of the SPN model so they can further explore and develop it 
with their own insights and use cases. All hydrogel researchers 
are encouraged to test the SPN model, question its assumptions, 
tentatively apply its insights to new systems, and share their re-
sults toward a better, shared understanding of these fantastic 
materials.

Acknowledgments

N.R. was supported by the Florida State University and the FAMU-FSU 
College of Engineering while preparing this article.

Funding

This study was supported by the Florida State University and the 
FAMU-FSU College of Engineering.

Conflicts of Interest

The author declares no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article as no datasets were gener-
ated or analyzed during the current study.

References

1. N. R. Richbourg and N. A. Peppas, “The Swollen Polymer Network 
Hypothesis: Quantitative Models of Hydrogel Swelling, Stiffness, and 
Solute Transport,” Progress in Polymer Science 105 (2020): 101243, 
https://​doi.​org/​10.​1016/j.​progp​olyms​ci.​2020.​101243.

2. C. Owh, V. Ow, Q. Lin, et al., “Bottom-Up Design of Hydrogels for 
Programmable Drug Release,” Biomaterials Advances 141 (2022): 
213100, https://​doi.​org/​10.​1016/j.​bioadv.​2022.​213100.

3. S. Bernhard and M. W. Tibbitt, “Supramolecular Engineering of Hy-
drogels for Drug Delivery,” Advanced Drug Delivery Reviews 171 (2021): 
240–256, https://​doi.​org/​10.​1016/j.​addr.​2021.​02.​002.

4. J. Li and D. J. Mooney, “Designing Hydrogels for Controlled Drug 
Delivery,” Nature Reviews Materials 1 (2016): 16071, https://​doi.​org/​10.​
1038/​natre​vmats.​2016.​71.

5. L. A. Sharpe, A. M. Daily, S. D. Horava, and N. A. Peppas, “Therapeu-
tic Applications of Hydrogels in Oral Drug Delivery,” Expert Opinion 
on Drug Delivery 11 (2014): 901–915, https://​doi.​org/​10.​1517/​17425​247.​
2014.​902047.

6. M. Hamidi, A. Azadi, and P. Rafiei, “Hydrogel Nanoparticles in 
Drug Delivery,” Advanced Drug Delivery Reviews 60 (2008): 1638–1649, 
https://​doi.​org/​10.​1016/j.​addr.​2008.​08.​002.

7. G. Sun, Y.-I. Shen, and J. W. Harmon, “Engineering Pro-Regenerative 
Hydrogels for Scarless Wound Healing,” Advanced Healthcare Materials 
7 (2018): 1800016, https://​doi.​org/​10.​1002/​adhm.​20180​0016.

8. M. Kharaziha, A. Baidya, and N. Annabi, “Rational Design of 
Immunomodulatory Hydrogels for Chronic Wound Healing,” Ad-
vanced Materials 33 (2021): 2100176, https://​doi.​org/​10.​1002/​adma.​
20210​0176.

9. Y. Liang, J. He, and B. Guo, “Functional Hydrogels as Wound Dress-
ing to Enhance Wound Healing,” ACS Nano 15 (2021): 12687–12722, 
https://​doi.​org/​10.​1021/​acsna​no.​1c04206.

10. K. Y. Lee and D. J. Mooney, “Hydrogels for Tissue Engineering,” 
Chemical Reviews 101 (2001): 1869–1880, https://​doi.​org/​10.​1021/​
cr000​108x.

11. P. Yang, G. Boer, F. Snow, et al., “Test and Tune: Evaluating, Adjust-
ing and Optimising the Stiffness of Hydrogels to Influence Cell Fate,” 
Chemical Engineering Journal 505 (2025): 159295, https://​doi.​org/​10.​
1016/j.​cej.​2025.​159295.

12. J. Sui, S. Pragnere, and N. A. Kurniawan, “Revisiting the Biophysi-
cal Aspects of Extracellular-Matrix–Mimicking Hydrogels: What Cells 
See vs. What Cells Feel,” Biomaterials Science 13 (2025): 5297–5324, 
https://​doi.​org/​10.​1039/​D5BM0​0210A​.

13. D. T. Wu, N. Jeffreys, M. Diba, and D. J. Mooney, “Viscoelastic Bio-
materials for Tissue Regeneration,” Tissue Engineering Part C: Methods 
28 (2022): 289–300, https://​doi.​org/​10.​1089/​ten.​TEC.​2022.​0040.

14. S. R. Caliari and J. A. Burdick, “A Practical Guide to Hydrogels for 
Cell Culture,” Nature Methods 13 (2016): 405–414, https://​doi.​org/​10.​
1038/​nmeth.​3839.

15. U. Blache, E. M. Ford, B. Ha, et al., “Engineered Hydrogels for Mech-
anobiology,” Nature Reviews Methods Primers 2 (2022): 98, https://​doi.​
org/​10.​1038/​s4358​6-​022-​00179​-​7.

16. J. Thakor, S. Ahadian, A. Niakan, et al., “Engineered Hydrogels for 
Brain Tumor Culture and Therapy,” Bio-Design and Manufacturing 3 
(2020): 203–226, https://​doi.​org/​10.​1007/​s4224​2-​020-​00084​-​6.

17. S. Cascone and G. Lamberti, “Hydrogel-Based Commercial Prod-
ucts for Biomedical Applications: A Review,” International Journal of 

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pola.70349 by N

athan R
ichbourg - Florida State U

niversity , W
iley O

nline L
ibrary on [26/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.progpolymsci.2020.101243
https://doi.org/10.1016/j.bioadv.2022.213100
https://doi.org/10.1016/j.addr.2021.02.002
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1517/17425247.2014.902047
https://doi.org/10.1517/17425247.2014.902047
https://doi.org/10.1016/j.addr.2008.08.002
https://doi.org/10.1002/adhm.201800016
https://doi.org/10.1002/adma.202100176
https://doi.org/10.1002/adma.202100176
https://doi.org/10.1021/acsnano.1c04206
https://doi.org/10.1021/cr000108x
https://doi.org/10.1021/cr000108x
https://doi.org/10.1016/j.cej.2025.159295
https://doi.org/10.1016/j.cej.2025.159295
https://doi.org/10.1039/D5BM00210A
https://doi.org/10.1089/ten.TEC.2022.0040
https://doi.org/10.1038/nmeth.3839
https://doi.org/10.1038/nmeth.3839
https://doi.org/10.1038/s43586-022-00179-7
https://doi.org/10.1038/s43586-022-00179-7
https://doi.org/10.1007/s42242-020-00084-6


10 Journal of Polymer Science, 2026

Pharmaceutics 573 (2020): 118803, https://​doi.​org/​10.​1016/j.​ijpha​rm.​
2019.​118803.

18. E. Caló and V. V. Khutoryanskiy, “Biomedical Applications of Hy-
drogels: A Review of Patents and Commercial Products,” European 
Polymer Journal 65 (2015): 252–267, https://​doi.​org/​10.​1016/j.​eurpo​lymj.​
2014.​11.​024.

19. N. Richbourg, M. E. Wechsler, J. J. Rodriguez-Cruz, and N. A. 
Peppas, “Model-Based Modular Hydrogel Design,” Nature Reviews 
Bioengineering 2 (2024): 575–587, https://​doi.​org/​10.​1038/​s4422​2-​
024-​00167​-​4.

20. N. R. Richbourg and N. A. Peppas, “Structurally Decoupled Stiffness 
and Solute Transport in Multi-Arm Poly(Ethylene Glycol) Hydrogels,” 
Biomaterials 301 (2023): 122272, https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​
2023.​122272.

21. N. Richbourg, A. Rampal, A. Lorenzana, J. F. Flechas-Beltran, 
and S. R. Peyton, “The Intersecting Physical Mechanisms That Regu-
late Cell Viability in 3D Synthetic Hydrogels,” Advanced Materials 38 
(2026): e21245.

22. P. J. Flory, Principles of Polymer Chemistry (Cornell University Press, 
1953).

23. P. J. Flory, Statistical Mechanics of Chain Molecules (Interscience, 
1980).

24. B. G. Amsden, “Hydrogel Mesh Size and Its Impact on Predictions 
of Mathematical Models of the Solute Diffusion Coefficient,” Macro-
molecules 55 (2022): 8399–8408, https://​doi.​org/​10.​1021/​acs.​macro​mol.​
2c01443.

25. B. Amsden, “Solute Diffusion Within Hydrogels. Mechanisms and 
Models,” Macromolecules 31 (1998): 8382–8395, https://​doi.​org/​10.​1021/​
ma980​765f.

26. D. E. Liu, C. Kotsmar, F. Nguyen, et al., “Macromolecule Sorption 
and Diffusion in HEMA/MAA Hydrogels,” Industrial & Engineering 
Chemistry Research 52 (2013): 18109–18120, https://​doi.​org/​10.​1021/​
ie402​148u.

27. E. Axpe, D. Chan, G. S. Offeddu, et  al., “A Multiscale Model for 
Solute Diffusion in Hydrogels,” Macromolecules 52 (2019): 6889–6897, 
https://​doi.​org/​10.​1021/​acs.​macro​mol.​9b00753.

28. N. R. Richbourg, M. K. Rausch, and N. A. Peppas, “Cross-Evaluation 
of Stiffness Measurement Methods for Hydrogels,” Polymer 258 (2022): 
125316, https://​doi.​org/​10.​1016/j.​polym​er.​2022.​125316.

29. N. R. Richbourg and N. A. Peppas, “High-Throughput FRAP Analy-
sis of Solute Diffusion in Hydrogels,” Macromolecules 54 (2021): 10477–
10486, https://​doi.​org/​10.​1021/​acs.​macro​mol.​1c01752.

30. N. R. Richbourg, A. Ravikumar, and N. A. Peppas, “Solute Trans-
port Dependence on 3D Geometry of Hydrogel Networks,” Macromo-
lecular Chemistry and Physics 222 (2021): 2100138, https://​doi.​org/​10.​
1002/​macp.​20210​0138.

31. N. R. Richbourg and N. A. Peppas, “Solute Diffusion and Partition-
ing in Multi-Arm Poly(Ethylene Glycol) Hydrogels,” Journal of Mate-
rials Chemistry B 11 (2023): 377–388, https://​doi.​org/​10.​1039/​D2TB0​
2004A​.

32. N. R. Richbourg, M. Wancura, A. E. Gilchrist, et al., “Precise Con-
trol of Synthetic Hydrogel Network Structure via Linear, Independent 
Synthesis-Swelling Relationships,” Science Advances 7 (2021): eabe3245, 
https://​doi.​org/​10.​1126/​sciadv.​abe3245.

33. G. B. McKenna and F. Horkay, “Effect of Crosslinks on the Thermo-
dynamics of Poly(Vinyl Alcohol) Hydrogels,” Polymer 35 (1994): 5737–
5742, https://​doi.​org/​10.​1016/​S0032​-​3861(05)​80049​-​7.

34. J. E. Mark and P. J. Flory, “The Configuration of the Polyoxyethylene 
Chain,” Journal of the American Chemical Society 87 (2002): 1415–1423, 
https://​doi.​org/​10.​1021/​ja010​85a001.

35. A. Ciferri, C. A. J. Hoeve, and P. J. Flory, “Stress-Temperature Co-
efficients of Polymer Networks and the Conformational Energy of 
Polymer Chains1,” Journal of the American Chemical Society 83 (2002): 
1015–1022, https://​doi.​org/​10.​1021/​ja014​66a001.

36. N. A. Neuburger and B. E. Eichinger, “Critical Experimental Test 
of the Flory-Rehner Theory of Swelling,” Macromolecules 21 (1988): 
3060–3070, https://​doi.​org/​10.​1021/​ma001​88a026.

37. G. B. McKenna, K. M. Flynn, and Y. Chen, “Experiments on the 
Elasticity of Dry and Swollen Networks: Implications for the Frenkel-
Flory-Rehner Hypothesis,” Macromolecules 22 (2002): 4507–4512, 
https://​doi.​org/​10.​1021/​ma002​02a022.

38. I. Duggal, A. N. Martinez, N. R. Richbourg, and N. A. Peppas, “Net-
work Theory and Recent Developments in Networks Formed by the 
Freeze–Thawing Process,” Polymer 344 (2025): 129385, https://​doi.​org/​
10.​1016/j.​polym​er.​2025.​129385.

39. J. Kovac, “Modified Gaussian Model for Rubber Elasticity,” Macro-
molecules 11 (1978): 362–365, https://​doi.​org/​10.​1021/​ma600​62a016.

40. M. Shi, J. Kim, G. Nian, and Z. Suo, “Highly Entangled Hydrogels 
With Degradable Crosslinks,” Extreme Mechanics Letters 59 (2023): 
101953, https://​doi.​org/​10.​1016/j.​eml.​2022.​101953.

41. G. Nian, J. Kim, X. Bao, and Z. Suo, “Making Highly Elastic and 
Tough Hydrogels From Doughs,” Advanced Materials 34 (2022): 
2206577, https://​doi.​org/​10.​1002/​adma.​20220​6577.

42. B. Erman and J. E. Mark, Structures and Properties of Rubberlike 
Networks (Oxford University Press, 1997).

43. C. W. Barney, Z. Ye, I. Sacligil, et al., “Fracture of Model End-Linked 
Networks,” Proceedings of the National Academy of Sciences of the 
United States of America 119 (2022): e2112389119, https://​doi.​org/​10.​
1073/​pnas.​21123​89119​.

44. M. Zhong, R. Wang, K. Kawamoto, D. Olsen Bradley, and A. John-
son Jeremiah, “Quantifying the Impact of Molecular Defects on Poly-
mer Network Elasticity,” Science 353 (2016): 1264–1268, https://​doi.​org/​
10.​1126/​scien​ce.​aag0184.

45. R. Wang, A. Alexander-Katz, J. A. Johnson, and B. D. Olsen, “Uni-
versal Cyclic Topology in Polymer Networks,” Physical Review Letters 
116 (2016): 188302, https://​doi.​org/​10.​1103/​PhysR​evLett.​116.​188302.

46. R. Wang, J. A. Johnson, and B. D. Olsen, “Odd–Even Effect of 
Junction Functionality on the Topology and Elasticity of Polymer Net-
works,” Macromolecules 50 (2017): 2556–2564, https://​doi.​org/​10.​1021/​
acs.​macro​mol.​6b01912.

47. J. Wang, T. S. Lin, Y. Gu, R. Wang, B. D. Olsen, and J. A. Johnson, 
“Counting Secondary Loops Is Required for Accurate Prediction of 
End-Linked Polymer Network Elasticity,” ACS Macro Letters 7 (2018): 
244–249, https://​doi.​org/​10.​1021/​acsma​crole​tt.​8b00008.

48. T.-S. Lin, R. Wang, J. A. Johnson, and B. D. Olsen, “Revisiting the 
Elasticity Theory for Real Gaussian Phantom Networks,” Macromol-
ecules 52 (2019): 1685–1694, https://​doi.​org/​10.​1021/​acs.​macro​mol.​
8b01676.

49. T.-S. Lin, R. Wang, J. A. Johnson, and B. D. Olsen, “Extending the 
Phantom Network Theory to Account for Cooperative Effect of De-
fects,” Macromolecular Symposia 385 (2019): 1900010, https://​doi.​org/​
10.​1002/​masy.​20190​0010.

50. R. Bai, J. Yang, and Z. Suo, “Fatigue of Hydrogels,” European Jour-
nal of Mechanics – A/Solids 74 (2019): 337–370, https://​doi.​org/​10.​1016/j.​
eurom​echsol.​2018.​12.​001.

51. Z. Chen and Z. Suo, “Thermodynamic and Molecular Origins of 
Crack Resistance in Polymer Networks,” Chemical Reviews 126 (2026): 
606–670, https://​doi.​org/​10.​1021/​acs.​chemr​ev.​5c00663.

52. S. Wang, W. Xian, C. M. Hartquist, Y. Li, and X. Zhao, “The Loop-
Opening Model for the Intrinsic Fracture Energy of Elastomers,” 

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pola.70349 by N

athan R
ichbourg - Florida State U

niversity , W
iley O

nline L
ibrary on [26/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.ijpharm.2019.118803
https://doi.org/10.1016/j.ijpharm.2019.118803
https://doi.org/10.1016/j.eurpolymj.2014.11.024
https://doi.org/10.1016/j.eurpolymj.2014.11.024
https://doi.org/10.1038/s44222-024-00167-4
https://doi.org/10.1038/s44222-024-00167-4
https://doi.org/10.1016/j.biomaterials.2023.122272
https://doi.org/10.1016/j.biomaterials.2023.122272
https://doi.org/10.1021/acs.macromol.2c01443
https://doi.org/10.1021/acs.macromol.2c01443
https://doi.org/10.1021/ma980765f
https://doi.org/10.1021/ma980765f
https://doi.org/10.1021/ie402148u
https://doi.org/10.1021/ie402148u
https://doi.org/10.1021/acs.macromol.9b00753
https://doi.org/10.1016/j.polymer.2022.125316
https://doi.org/10.1021/acs.macromol.1c01752
https://doi.org/10.1002/macp.202100138
https://doi.org/10.1002/macp.202100138
https://doi.org/10.1039/D2TB02004A
https://doi.org/10.1039/D2TB02004A
https://doi.org/10.1126/sciadv.abe3245
https://doi.org/10.1016/S0032-3861(05)80049-7
https://doi.org/10.1021/ja01085a001
https://doi.org/10.1021/ja01466a001
https://doi.org/10.1021/ma00188a026
https://doi.org/10.1021/ma00202a022
https://doi.org/10.1016/j.polymer.2025.129385
https://doi.org/10.1016/j.polymer.2025.129385
https://doi.org/10.1021/ma60062a016
https://doi.org/10.1016/j.eml.2022.101953
https://doi.org/10.1002/adma.202206577
https://doi.org/10.1073/pnas.2112389119
https://doi.org/10.1073/pnas.2112389119
https://doi.org/10.1126/science.aag0184
https://doi.org/10.1126/science.aag0184
https://doi.org/10.1103/PhysRevLett.116.188302
https://doi.org/10.1021/acs.macromol.6b01912
https://doi.org/10.1021/acs.macromol.6b01912
https://doi.org/10.1021/acsmacrolett.8b00008
https://doi.org/10.1021/acs.macromol.8b01676
https://doi.org/10.1021/acs.macromol.8b01676
https://doi.org/10.1002/masy.201900010
https://doi.org/10.1002/masy.201900010
https://doi.org/10.1016/j.euromechsol.2018.12.001
https://doi.org/10.1016/j.euromechsol.2018.12.001
https://doi.org/10.1021/acs.chemrev.5c00663


11Journal of Polymer Science, 2026

Macromolecules 58 (2025): 6709–6717, https://​doi.​org/​10.​1021/​acs.​
macro​mol.​5c00996.

53. T. Fujiyabu, Y. Yoshikawa, U.-i. Chung, and T. Sakai, “Structure-
Property Relationship of a Model Network Containing Solvent,” Science 
and Technology of Advanced Materials 20 (2019): 608–621, https://​doi.​
org/​10.​1080/​14686​996.​2019.​1618685.

54. K. Nishi, H. Noguchi, T. Sakai, and M. Shibayama, “Rubber Elastic-
ity for Percolation Network Consisting of Gaussian Chains,” Journal of 
Chemical Physics 143 (2015): 184905, https://​doi.​org/​10.​1063/1.​4935395.

55. X. Li, S. Nakagawa, Y. Tsuji, N. Watanabe, and M. Shibayama, 
“Polymer Gel With a Flexible and Highly Ordered Three-Dimensional 
Network Synthesized via Bond Percolation,” Science Advances 5 (2019): 
eaax8647, https://​doi.​org/​10.​1126/​sciadv.​aax8647.

56. H. K. Beech, T.-S. Lin, H. Mochigase, and B. D. Olsen, “Kinetic 
Model for Off-Stoichiometric Cross-Linking Reactions of End-Linked 
Polymer Networks,” Macromolecules 56 (2023): 9410–9418, https://​doi.​
org/​10.​1021/​acs.​macro​mol.​3c00849.

57. H. K. Beech, T.-S. Lin, D. Sen, D. Rota, and B. D. Olsen, “Kinetics of 
Polymer Gel Formation Cause Deviation From Percolation Theory in 
the Dilute Regime,” Macromolecules 56 (2023): 9255–9263, https://​doi.​
org/​10.​1021/​acs.​macro​mol.​3c00831.

58. R. Negrete-Gallego, C. M. Andreu, S. Pozuelo-Campos, R. Martín-
Martín, I. García-Camacha Gutiérrez, and E. Vázquez, “Interactive 
Tool for Customizing Hydrogel Properties in Practical Applications,” 
Advanced Intelligent Systems 8 (2025): e202501071, https://​doi.​org/​10.​
1002/​aisy.​20250​1071.

59. U. Akalp, S. Chu, S. C. Skaalure, S. J. Bryant, A. Doostan, and F. J. 
Vernerey, “Determination of the Polymer-Solvent Interaction Parame-
ter for PEG Hydrogels in Water: Application of a Self Learning Algo-
rithm,” Polymer 66 (2015): 135–147, https://​doi.​org/​10.​1016/j.​polym​er.​
2015.​04.​030.

60. D. Zhang, H. Chen, Y. Zhang, et al., “Antifreezing Hydrogels: From 
Mechanisms and Strategies to Applications,” Chemical Society Reviews 
54 (2025): 5292–5341, https://​doi.​org/​10.​1039/​D4CS0​0718B​.

61. A. Khalvandi, L. Tayebi, S. Kamarian, S. Saber-Samandari, and J.-i. 
Song, “Data-Driven Supervised Machine Learning to Predict the Com-
pressive Response of Porous PVA/Gelatin Hydrogels and In-Vitro As-
sessments: Employing Design of Experiments,” International Journal of 
Biological Macromolecules 253 (2023): 126906, https://​doi.​org/​10.​1016/j.​
ijbio​mac.​2023.​126906.

62. S. Xu, X. Chen, S. Wang, Z. Chen, P. Pan, and Q. Huang, “Integrat-
ing Machine Learning for the Optimization of Polyacrylamide/Alginate 
Hydrogel,” Regenerative Biomaterials 11 (2024): rbae109, https://​doi.​
org/​10.​1093/​rb/​rbae109.

63. I. Negut and B. Bita, “Exploring the Potential of Artificial Intelli-
gence for Hydrogel Development—A Short Review,” Gels 9 (2023): 845.

64. H. Liao, S. Hu, H. Yang, et  al., “Data-Driven De Novo Design of 
Super-Adhesive Hydrogels,” Nature 644 (2025): 89–95, https://​doi.​org/​
10.​1038/​s4158​6-​025-​09269​-​4.

65. Y. Wang, T. Wallmersperger, and A. Ehrenhofer, “Prediction of Hy-
drogel Swelling States Using Machine Learning Methods,” Engineering 
Reports 6 (2024): e12893, https://​doi.​org/​10.​1002/​eng2.​12893​.

66. M. L. Oyen, “Mechanical Characterisation of Hydrogel Materials,” 
International Materials Reviews 59 (2014): 44–59, https://​doi.​org/​10.​
1179/​17432​80413Y.​00000​00022​.

67. C. Tenopir, N. M. Rice, S. Allard, et al., “Data Sharing, Management, 
Use, and Reuse: Practices and Perceptions of Scientists Worldwide,” 
PLoS One 15 (2020): e0229003, https://​doi.​org/​10.​1371/​journ​al.​pone.​
0229003.

68. H. Wickham, “Tidy Data,” Journal of Statistical Software 1, no. 10 
(2014): 1–23, https://​doi.​org/​10.​18637/​​jss.​v059.​i10.

69. M. J. Webber, “Embracing Simplicity in Biomaterials Design,” Bio-
materials and Biosystems 6 (2022): 100043, https://​doi.​org/​10.​1016/j.​
bbiosy.​2022.​100043.

70. T. Marjan, N. Lafuente-Gómez, A. Rampal, D. J. Mooney, S. R. Pey-
ton, and T. H. Qazi, “Cell-Instructive Biomaterials With Native-Like 
Biochemical Complexity,” Annual Review of Biomedical Engineering 
27 (2025): 185–209, https://​doi.​org/​10.​1146/​annur​ev-​bioen​g-​12082​
3-​020209.

71. N. Bock, M. Delbianco, M. Eder, et  al., “A Materials Science Ap-
proach to Extracellular Matrices,” Progress in Materials Science 149 
(2025): 101391, https://​doi.​org/​10.​1016/j.​pmats​ci.​2024.​101391.

72. H. S. Azevedo and A. Mata, “Embracing Complexity in Biomaterials 
Design,” Biomaterials and Biosystems 6 (2022): 100039, https://​doi.​org/​
10.​1016/j.​bbiosy.​2022.​100039.

73. T. Sakai, T. Matsunaga, Y. Yamamoto, et al., “Design and Fabrica-
tion of a High-Strength Hydrogel With Ideally Homogeneous Network 
Structure From Tetrahedron-Like Macromonomers,” Macromolecules 
41 (2008): 5379–5384, https://​doi.​org/​10.​1021/​ma800​476x.

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pola.70349 by N

athan R
ichbourg - Florida State U

niversity , W
iley O

nline L
ibrary on [26/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1021/acs.macromol.5c00996
https://doi.org/10.1021/acs.macromol.5c00996
https://doi.org/10.1080/14686996.2019.1618685
https://doi.org/10.1080/14686996.2019.1618685
https://doi.org/10.1063/1.4935395
https://doi.org/10.1126/sciadv.aax8647
https://doi.org/10.1021/acs.macromol.3c00849
https://doi.org/10.1021/acs.macromol.3c00849
https://doi.org/10.1021/acs.macromol.3c00831
https://doi.org/10.1021/acs.macromol.3c00831
https://doi.org/10.1002/aisy.202501071
https://doi.org/10.1002/aisy.202501071
https://doi.org/10.1016/j.polymer.2015.04.030
https://doi.org/10.1016/j.polymer.2015.04.030
https://doi.org/10.1039/D4CS00718B
https://doi.org/10.1016/j.ijbiomac.2023.126906
https://doi.org/10.1016/j.ijbiomac.2023.126906
https://doi.org/10.1093/rb/rbae109
https://doi.org/10.1093/rb/rbae109
https://doi.org/10.1038/s41586-025-09269-4
https://doi.org/10.1038/s41586-025-09269-4
https://doi.org/10.1002/eng2.12893
https://doi.org/10.1179/1743280413Y.0000000022
https://doi.org/10.1179/1743280413Y.0000000022
https://doi.org/10.1371/journal.pone.0229003
https://doi.org/10.1371/journal.pone.0229003
https://doi.org/10.18637/jss.v059.i10
https://doi.org/10.1016/j.bbiosy.2022.100043
https://doi.org/10.1016/j.bbiosy.2022.100043
https://doi.org/10.1146/annurev-bioeng-120823-020209
https://doi.org/10.1146/annurev-bioeng-120823-020209
https://doi.org/10.1016/j.pmatsci.2024.101391
https://doi.org/10.1016/j.bbiosy.2022.100039
https://doi.org/10.1016/j.bbiosy.2022.100039
https://doi.org/10.1021/ma800476x

	The Swollen Polymer Network Model of Hydrogel Design: Opportunities in Limitations
	ABSTRACT
	1   |   Rational, Modular Design of Hydrogels
	2   |   The SPN Model
	3   |   Critical Limitations of the SPN Model
	4   |   Other Hydrogel Modeling Approaches
	5   |   Forward, Sideways, Backward: Model Use and Utility
	6   |   Hydrogel Characterization and Data Access
	7   |   Conclusions and Outlook
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


