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Hydrogel foams from liquid foam templates: properties and optimisation

Hydrogel foams are an important sub-class of macroporous hydrogels. They are commonly obtained by integrating closely-packed gas bubbles of 10-1000 micrometres into a continuous hydrogel network, leading to gas volume fractions of more than 70% in the wet state and close to 100% in the dried state. The resulting wet or dried three-dimensional architectures provide hydrogel foams with a wide range of useful properties, including very low densities, excellent absorption properties, a large surface-to-volume ratio or tuneable mechanical properties. At the same time, the hydrogel may provide biodegradability, bioabsorption, antifungal or antibacterial activity, or controlled drug delivery. The combination of these properties are increasingly exploited by a wide range of applications, including the biomedical, cosmetic or food sector. The successful formulation of a hydrogel foam from an initially liquid foam template raises many challenging scientific and technical questions at the interface of hydrogel and foam research. Goal of this review is to provide an overview of the key notions which need to be mastered and of the state of the art of this rapidly evolving field at the interface between chemistry and physics.

Introduction

Hydrogel foams are a specific class of macroporous materials [START_REF] France Kj De | Structured Macroporous Hydrogels: Progress, Challenges, and Opportunities[END_REF] in which the dispersed phase is a gas, and the continuous phase is a hydrogel. Hydrogel foams are of great importance in many different areas, the most popular being the biomedical, sanitary, food or agricultural sectors. In the biomedical sector, for example, they are used as scaffolds for cell growth and tissue engineering [START_REF] Conley Wake | Dynamics of fibrovascular tissue ingrowth in hydrogel foams[END_REF][START_REF] Andersen | In situ gelation for cell immobilization and culture in alginate foam scaffolds[END_REF][START_REF] Raya | Design of biopolymer-based 3D scaffolds for cardiac mesenchymal stem cell therapy[END_REF], wound dressings [START_REF] Lundin | Multi-Functional Polyurethane Hydrogel Foams with Tunable Mechanical Properties for Wound Dressing Applications[END_REF][START_REF] Gorczyca | Preparation and characterization of genipin cross-linked porous chitosan-collagen-gelatin scaffolds using chitosan-CO2 solution[END_REF], or encapsulation [START_REF] Aminabhavi | Polymeric Hydrogels as Smart Biomaterials[END_REF]. These applications commonly exploit a combination of the three-dimensional pore network, the large surface-to-volume ratios, the low densities and tuneable mechanical properties. The advantage of using hydrogels, rather than other polymers, is their elastic and flexible structure, their high biocompatibility, ease of incorporating therapeutic molecules within their network, their stimuli-responsive features or their ability to combine the properties of different polymers (e.g., mixing swellable polymers with a stimuli-responsive polymer) [START_REF] Dubey | Polymeric Hydrogel: A Flexible Carrier System for Drug Delivery[END_REF].

Each specific application imposes its own constraints on the porous architecture of the hydrogel foam. The main architectural parameters that must be controlled are the pore-size distribution, the porosity and the connectivity of neighbouring pores. Moreover, each application requires a specific choice of the material composing the hydrogel. Frequent criteria for this choice include temporal stability, the need for biocompatible and/or bioabsorbable polymers, non-irritant formulations, an antifungal and antibacterial activity, a low toxicity or a strong absorption capacity. Therefore, one needs to finetune both the properties of the hydrogel itself and the structure of the foam to generate efficient hydrogel foams with the desired properties and functionalities. The challenge in making hydrogel foams is thus the combination of these two levels of control, requiring closer interaction between scientific communities specialised in the formulation of hydrogels and specialised in foam research. This review, therefore, aims to establish a bridge between both communities.

To refine the definition of a hydrogel foam given above, let us make the distinction between hydrogel foams and macroporous hydrogels. Macroporous hydrogels are a broad definition of porous materials in which gas is dispersed in a hydrogel matrix, "macroporous" indicating pores larger than 50 nm [START_REF] Silverstein | Porous polymers[END_REF]. Macroporous hydrogels with interconnected pores are also sometimes called "superporous hydrogels" (SPH) [START_REF] Omidian | Advances in superporous hydrogels[END_REF]. Hydrogel foams are a sub-group of macroporous hydrogels which contain enough gas so that the pores touch each other. For narrow pore size distributions, this is reached at porosities above 64%. I.e., all hydrogel foams are macroporous hydrogels, but not all macroporous hydrogels are hydrogel foams. Beyond the porosity, it is their structure that makes the specificity of hydrogel foams. Pore sizes are commonly larger than 10 micrometres and the pore shapes are dictated by surface tension effects in the liquid state. Hydrogel foams are thus made via the gelation of an initially liquid foam, commonly called "liquid foam templating" [START_REF] Andrieux | Liquid foam templating -A route to tailormade polymer foams[END_REF][START_REF] Stubenrauch | Emulsion and Foam Templating-Promising Routes to Tailor-Made Porous Polymers[END_REF], whereas macroporous hydrogels are made by other methods such as ice templating [START_REF] Qian | Systematic tuning of pore morphologies and pore volumes in macroporous materials by freezing[END_REF][START_REF] Martoïa | Cellulose nanofibril foams: Links between ice-templating conditions, microstructures and mechanical properties[END_REF] or particle leaching [START_REF] Ma | Biodegradable Polymer Scaffolds with Well-Defined Interconnected Spherical Pore Network[END_REF]. Several reviews already exist on liquid foam [START_REF] Andrieux | Liquid foam templating -A route to tailormade polymer foams[END_REF][START_REF] Stubenrauch | Emulsion and Foam Templating-Promising Routes to Tailor-Made Porous Polymers[END_REF] and emulsion [START_REF] Stubenrauch | Emulsion and Foam Templating-Promising Routes to Tailor-Made Porous Polymers[END_REF][START_REF] Cameron | High internal phase emulsion templating as a route to well-defined porous polymers[END_REF][START_REF] Pulko | High Internal Phase Emulsion Templating --A Path To Hierarchically Porous Functional Polymers[END_REF][START_REF] Zhang | Emulsion Templating: Porous Polymers and Beyond[END_REF][START_REF] Kimmins | Functional Porous Polymers by Emulsion Templating: Recent Advances[END_REF] templating for polymer foams. The present review focuses on hydrogel foams generated from liquid foam templates, the general principle of which is schematised in Figure 1.

In a nutshell, foam templating consists in generating a stable liquid foam from a monomer/polymer solution, and subsequently polymerising/cross-linking the continuous phase to obtain a solid polymer foam whose structure has been set by the equilibrium of forces in the liquid state and by the solidification procedure. "Solid" refers to the fact that the gel has a finite zero-frequency elastic modulus, i.e. that it cannot flow under applied stresses. The initially wet hydrogel foam can be subsequently. This commonly creates a second porosity at the micron-scale which depends on the drying process (see Figure 1 and Section 5.1). Note that we will use throughout this review the term "solid foam" to describe "wet" hydrogel foams as well as dried hydrogel foams. The main advantage of foam templating is that it exploits the wide knowledge established for liquid foams over the past decades to control the structure of liquid foams [START_REF] Exerowa | Foam and Foam Films, Theory, Experiment, Application[END_REF][START_REF] Weaire | The physics of foams[END_REF][START_REF] Cantat | Foams -Structure and Dynamics[END_REF][START_REF] Pugh | Bubble and Foam Chemistry[END_REF]. Some representative examples of hydrogel foams generated via liquid foam templating and some key properties are given in Figure 2.

Figure 1: General philosophy of the foam templating route: An initially liquid foam with controlled structural properties is formed from a monomer/polymer solution. Polymerisation/cross-linking of the continuous phase leads to a (wet) hydrogel foam, which is often dried for the final application. The drying generally leads to the creation of a second porosity at the micron-scale. Both, wet and dry hydrogel foams are "solid" in the sense that they cannot flow under applied stresses. Both, wet and dry hydrogel foams can be open-or closed-cell.

Reliable foam templating requires fine control over the structure of the initial liquid foam template, the (physical) chemistry of the foaming liquid and its gelation, as well as over all the involved timescales (foam ageing times, kinetics of polymerisation/cross-linking, or the drying/evaporation time). To obtain a gelled foam having the same morphology as its liquid template, the foam needs to be "frozen" before it destabilises [START_REF] Andrieux | Liquid foam templating -A route to tailormade polymer foams[END_REF]. Yet, solidifying too early may prevent the liquid template to reach its desired structure. An illustrative example is the case of monodisperse foams, which tend to self-order into crystalline structures under the influence of gravity and confinement [START_REF] Drenckhan | Monodisperse foams in one to three dimensions[END_REF]. This ordering process takes some time and solidifying too early may result in a disordered structure.

This review provides the reader with an overview of the key concepts and parameters to consider when designing a liquid foam template. Section 2 details common ageing mechanisms of liquid foams and how to counteract them to obtain a gelled foam with the desired morphology.

In Section 3 we provide a short summary of some key properties of the hydrogel for the reliable formation of hydrogel foams. We made the choice to concentrate on polymeric hydrogels, excluding superabsorbing hydrogel foams [START_REF] Chen | Synthesis of superporous hydrogels: Hydrogels with fast swelling and superabsorbent properties[END_REF][START_REF] Kabiri | Novel approach to highly porous superabsorbent hydrogels: synergistic effect of porogens on porosity and swelling rate[END_REF][START_REF] Kabiri | Porous Superabsorbent Hydrogel Composites: Synthesis, Morphology and Swelling Rate[END_REF][START_REF] Kuang | Polysaccharide-based superporous hydrogels with fast swelling and superabsorbent properties[END_REF]. The latter have become particularly popular in recent years due to their impressive absorption capacities. However, their formulation being quite specific, we restricted ourselves here to "classic" hydrogels.

Foam generation is also key to determining its structure, as each foaming method yields a different range of accessible bubble size distributions and liquid fractions [START_REF] Drenckhan | The science of foaming[END_REF]. We will thus summarise examples of hydrogel foams produced via different foaming methods, i.e., chemical foaming (Section 4.1) or physical foaming (Section 4.2), to finally summarise some of the key properties of hydrogel foams (Section 5).

Figure 2: Examples of hydrogel foams generated via liquid foam templating, showing a wide range of accessible structural parameters and states. A and B are polyurethane hydrogel foams, taken from [START_REF] Lundin | Multi-Functional Polyurethane Hydrogel Foams with Tunable Mechanical Properties for Wound Dressing Applications[END_REF]. C is a poly(ethylene glycol diacrylate hydrogel foam), taken from [START_REF] Keskar | In vitro evaluation of macroporous hydrogels to facilitate stem cell infiltration, growth, and mineralization[END_REF]. D is a polyurethane hydrogel foam, taken from [START_REF] David | Porous polyurethanes synthesized within high internal phase emulsions[END_REF]. E is a chitosan foam, taken from [START_REF] Andrieux | Highly ordered biobased scaffolds: From liquid to solid foams[END_REF]. F is a computed tomography reconstruction of a gelatin graded foam, taken from [START_REF] Costantini | 3D-Printing of Functionally Graded Porous Materials Using On-Demand Reconfigurable Microfluidics[END_REF]. G and H are chitosan foams, taken from [START_REF] Andrieux | Generation of Solid Foams with Controlled Polydispersity Using Microfluidics[END_REF]. All scale bars are of 500 µm except for graph D where the scale bar is of 50 µm.

Control over the liquid foam template

Introduction

To obtain hydrogel foams with controlled structural properties, it is essential to control the temporal evolution of the initially liquid foam template. The most important properties of this template are the average bubble diameter d, its polydispersity, and the volume fraction ϕ of the gas phase. The porosity of the foam is then simply 100xϕ. In foam science, one frequently uses the "liquid fraction" for liquid foams, or the "relative density" for solid foams. Both are given by (1-ϕ). A wide range of foaming techniques are available for the generation of a liquid foam template with controlled d and ϕ which are reviewed elsewhere [START_REF] Weaire | The physics of foams[END_REF][START_REF] Pugh | Bubble and Foam Chemistry[END_REF][START_REF] Drenckhan | The science of foaming[END_REF][START_REF] Cantat | Foams -Structure and Dynamics[END_REF]. We discuss here the key mechanisms coming into play once the foam has been generated and how they may be optimised to ensure that the initially liquid foam structure is maintained until the foam is fully gelled. These mechanisms concern how bubbles pack in foams (Section 2.2), how to avoid that liquid drains between the bubbles (Section 2.3) and that the bubble size evolves with time due to bubble coalescence or gas exchange (Section 2.4), or that foams flow under their own weight (Section 2.5). Tuning these mechanisms involves the tuning of different process-relevant timescales, often in comparison to the characteristic gelation time. We will identify the main physical or physico-chemical parameters here which can be exploited, and we will also show that the overall process optimisation commonly requires to find delicate optima between conflicting tendencies.

Controlling the liquid foam structure

The structure of the foam is controlled by how exactly the bubbles in the liquid template assemble and deform against each other. The key parameters which control foam structure are the gas fraction ϕ and the bubble size distribution, characterised by the average bubble diameter d and the polydispersity. Their influence is now fairly well understood, and foam scientists can tune between the extremes of low and high density foams, or between monodisperse ordered and polydisperse disordered foams over a wide range of bubble sizes (see Figure 2 for some examples). Several recent books and review articles are available on this subject [START_REF] Exerowa | Foam and Foam Films, Theory, Experiment, Application[END_REF][START_REF] Weaire | The physics of foams[END_REF][START_REF] Cantat | Foams -Structure and Dynamics[END_REF][START_REF] Pugh | Bubble and Foam Chemistry[END_REF][START_REF] Drenckhan | Monodisperse foams in one to three dimensions[END_REF][START_REF] Andrieux | Generation of Solid Foams with Controlled Polydispersity Using Microfluidics[END_REF][START_REF] Drenckhan | Structure and energy of liquid foams[END_REF]. We therefore provide here only a very short summary of the most relevant elements.

One speaks about "foams" (in contrast to bubbly liquids or macro-porous materials) when the density of bubbles in the continuous phase is sufficiently high so that all the bubbles touch each other. This is reached above a well-defined gas fraction ϕcthe so-called "jamming point" -which corresponds to the situation where all bubbles are spherical and in mechanical contact (close-packed sphere packing). For foams with a moderate polydispersity, this gas fraction can be taken to be ϕc ~ 0.64 . In monodisperse ordered foams, the bubbles are hexagonally close-packed and one therefore has ϕc ~ 0.74 [START_REF] Weaire | The physics of foams[END_REF]. For gas fractions slightly above the jamming point, one speaks of "high-density" foams, while for gas fractions above 0.9 one commonly speaks of "low-density foams". In liquid foam science, one commonly uses "wet" and "dry" foams, respectively, for these two limits. However, we refrain from using this vocabulary here since it easily creates confusion.

For gas fractions above the jamming point, bubbles deform against each other, creating nearly flat thin films at their contact zones. This creates a three-dimensional assembly of thin films (less than a micrometre thick) bounded by an interconnected network of liquid channels, called "Pleateau borders" in the liquid state and "struts" in the solid state. Close to the jamming point, bubbles in disordered have on average 6 small films, while for gas fractions close to 1, they have on average about 14 films [START_REF] Weaire | The physics of foams[END_REF]. The characteristic diameter of these films at high gas fractions is of the order of the bubble diameter d. In between these two extremes, the film size depends not only on the gas fraction, but also on how the bubbles are organised within the foam [START_REF] Forel | The surface tells it all: relationship between volume and surface fraction of liquid dispersions[END_REF][START_REF] Biance | How Topological Rearrangements and Liquid Fraction Control Liquid Foam Stability[END_REF][START_REF] Dehli | Tailoring and visualising pore openings in gelatin-based hydrogel foams[END_REF][START_REF] Trinh | Tuning membrane content of sound absorbing cellular foams: Fabrication, experimental evidence and multiscale numerical simulations[END_REF]. Since these films are likely to break in a potential pore opening process (see Section 5.3), the gas fraction is an important control parameter to ensure foam stability in the liquid state and to control pore opening in the solid state [START_REF] Dehli | Tailoring and visualising pore openings in gelatin-based hydrogel foams[END_REF][START_REF] Trinh | Tuning membrane content of sound absorbing cellular foams: Fabrication, experimental evidence and multiscale numerical simulations[END_REF][START_REF] Testouri | Generation of Crystalline Polyurethane Foams Using Millifluidic Lab-on-a-Chip Technologies[END_REF].

Maintaining the gas fraction: foam drainage

The most apparent foam destabilisation mechanism is liquid "drainage" which arises in two interrelated manners in a foam: (1) capillary forces drain liquid from the films into the liquid channels, and (2) the liquid in the channel network is driven downwards by gravity. Gravity-driven drainage proceeds until an equilibrium is reached in which gravitational forces are balanced by capillary forces arising from surface tension. Drainage generally results in an unwanted gradient of gas fraction through the foam. In the worst case, it leads to liquid leaking out of the foam. Both the equilibrium profile of the gas fraction and the drainage dynamics are now well understood [START_REF] Cantat | Foams -Structure and Dynamics[END_REF], providing efficient control strategies to ensure homogeneous liquid foam templates.

The first strategy to maintain a homogeneous template is to gel the continuous phase before drainage has the time to change the liquid distribution measurably. To this end, one can either decrease the gel time or increase the drainage time. The characteristic drainage time can be estimated by [START_REF] Cantat | Foams -Structure and Dynamics[END_REF] 
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with η being the viscosity of the foaming solution, d the average bubble diameter, and α (with 0.5 < α < 1) a dimensionless constant depending on the "mobility" of the liquid-gas interfaces controlled by the stabilising agent. The most efficient way to slow down drainage is, therefore, to work with small bubbles. One can also work with foam stabilisers that make very rigid interfaces (α = 1), such as specific proteins; or increase the viscosity of the liquid. One can also optimise the formulation via the polymer concentration or the use of additives to obtain a liquid with shear-thinning properties (the low viscosity under shear facilitates foaming while the higher viscosity in the foam at rest slows down drainage), ideally combined with a finite yield stress which can fully counterbalance gravity in the narrow foam channels and hence stop drainage completely [START_REF] Friberg | Foam stability and associated surfactants[END_REF][START_REF] Guillermic | Surfactant foams doped with laponite: unusual behaviors induced by aging and confinement[END_REF][START_REF] Varade | On the origin of the stability of foams made from catanionic surfactant mixtures[END_REF][START_REF] Fameau | Smart Foams: Switching Reversibly between Ultrastable and Unstable Foams[END_REF][START_REF] Rio | Unusually stable liquid foams[END_REF].

The second strategy is to optimise the equilibrium profile of the gas fraction, i.e., how the gas fraction depends on the height h in the foam even after longer waiting times. This profile can be approximated by [START_REF] Maestro | Liquid dispersions under gravity: volume fraction profile and osmotic pressure[END_REF] (

ℎ) = 1 -(1 -)(1 + ) , (2) 
, where = γ/ρg is the capillary length with γ the surface tension of the foaming solution, ρ its density, and g the acceleration of gravity.

In order to avoid the most extreme case, i.e., that liquid drains out of a foam of total height H, one needs to make sure that the gas fraction ϕ0 of the initially generated foam is larger than the average gas fraction maintained in the foam in equilibrium by capillary forces. Mathematically speaking, one needs to ensure that
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Using a more complete expression (Equation ( 8) in [START_REF] Maestro | Liquid dispersions under gravity: volume fraction profile and osmotic pressure[END_REF]) than the one given in Equation ( 2) we numerically calculate Equation(3) using MATLAB for a standard foam with lc² = 1. 75 10 -3 m This allows us to predict for which (d,ϕ)-couples the foam will maintain all the liquid even after long waiting times. We obtain the phase diagram shown in Figure 3a for foam heights H = 0.5 cm, 1 cm, 5 cm and 10 cm. All (d,ϕ)-couples below each curve will maintain all liquid despite drainage.

Equation [START_REF] Conley Wake | Dynamics of fibrovascular tissue ingrowth in hydrogel foams[END_REF] and Figure 3a illustrate the importance to work with small bubbles and a high initial gas fraction, especially if foam heights of several centimetres are sought. For all optimisation with respect to gravity-driven drainage, one needs to keep in mind that the bubble size d is likely to increase during the foam lifetime due to coalescence and/or coarsening (Section 2.5), making the foam more prone to drainage. 

Maintaining foam shape: foam flow under gravity

In many cases, the initial liquid foam template is deposited freely on a surface, as shown in Figure 4. Part of the optimisation process is to make sure that the foam retains its shape under gravity. Due to the presence of closely-packed gas bubbles, liquid foams have the peculiar property of behaving either like an elastic solid or like a viscous fluid depending on the deforming stresses (force per area) they are exposed to. The solid-or fluid-like behaviour of a foam is separated by a well-defined "yield stress" above which the foam starts to flow [START_REF] Weaire | The physics of foams[END_REF][START_REF] Cantat | Foams -Structure and Dynamics[END_REF][START_REF] Cohen-Addad | Flow in Foams and Flowing Foams[END_REF][START_REF] Guillermic | Shaping complex fluids-How foams stand up for themselves[END_REF]. This yield stress depends on the foam properties; in particular, it increases strongly with decreasing bubble diameter ) and increasing gas fraction ϕ. An illustrative example of this is displayed in Figure 4, which shows the different flow behaviour of small-bubble foams () ~ 100 µm) under gravity for two different gas fractions ϕ. At ϕ = 0.85, the yield stress is sufficiently low so that the foam flows like a viscous liquid under the gravitational stress, while at ϕ = 0.95, the yield stress is sufficiently high so that the foam behaves like an elastic solid without flowing under the influence of gravity.

Figure 4: Foams with similar bubble sizes (here ca. 100 µm) behave very differently under the influence of gravity depending on their gas fraction ϕ. Foams with a low gas fraction ϕ = 0.85 (a) flow like a viscous fluid, whereas foams with a high gas fraction ϕ = 0.95 (b) behave like a solid, i.e., they retain their shape. Taken from [START_REF] Guillermic | Shaping complex fluids-How foams stand up for themselves[END_REF].

One can show that the critical heightabove which a foam begins to flow under the influence of gravity can be expressed as a function of the bubble size d and the gas fraction ϕ via [49]

-= 1.8 ) ( -) (1 -) . (4) 
Beyond this limit, the gravitational stress overcomes the yield stress of the foam and it flows.

To illustrate the consequences of Equation ( 4), let us aim to produce a foam of height H. To avoid that the foam flows under gravitational stress, one needs to ensure that H < Hc. Equation (4) can then be rewritten to provide a phase diagram of (d,ϕ)-couples for which this condition is fulfilled. This is shown in Figure 3b for the example for four different foam heights. Below each curve, the foam remains its shape under gravity. Again, one notices the importance of the initial gas fraction and bubble size: larger gas fractions and smaller bubbles allow for higher foam height. One also notices that the criterion of avoiding foam flow puts a stronger constraint on the (d,ϕ)-couple than the drainage criterion (Section 2.3). Hence, taking care of avoiding foam flow under gravity automatically solves the drainage problem. Finally, foam flow under gravity can also be reduced/avoided by rapid gelation of the foam.

Maintaining the bubble size: coalescence and coarsening

For reliable liquid foam templating, the bubble size needs to be maintained until solidification. Two main mechanisms are involved in increasing bubble size with time: "coalescence" and "coarsening".

Coalescence merges neighbouring bubbles via the rupture of the thin films which separate them.

Foam coalescence [START_REF] Hutzler | Evaluation of a steady-state test of foam stability[END_REF][START_REF] Boos | Protocol for Studying Aqueous Foams Stabilized by Surfactant Mixtures[END_REF] is most easily quantified by monitoring the timeevolution of the foam height and the bubble size distribution. Understanding the main mechanisms leading to bubble coalescence in foams remains an active area of research [START_REF] Rio | Thermodynamic and Mechanical Timescales Involved in Foam Film Rupture and Liquid Foam Coalescence[END_REF][START_REF] Chatzigiannakis | Mimicking coalescence using a pressure-controlled dynamic thin film balance[END_REF][START_REF] Suja | Single bubble and drop techniques for characterizing foams and emulsions[END_REF][START_REF] Forel | Coalescence in Two-Dimensional Foams: A Purely Statistical Process Dependent on Film Area[END_REF][START_REF] Langevin | Bubble coalescence in pure liquids and in surfactant solutions[END_REF]. Nevertheless, vast experimental know-how is already available. Coalescence is mainly dealt with via the formulation to stabilise the thin liquid films, i.e., by choosing the appropriate surface-active agent (often mixtures thereof) at the appropriate concentration [START_REF] Rio | Unusually stable liquid foams[END_REF][START_REF] Rio | Thermodynamic and Mechanical Timescales Involved in Foam Film Rupture and Liquid Foam Coalescence[END_REF] or by increasing the liquid viscosity to slow down the gravitydriven drainage of the foam (Section 2.3) and the following capillary-driven thinning of the foam films [START_REF] Chan | Film drainage and coalescence between deformable drops and bubbles[END_REF].

In coarsening, the films remain intact, but gas diffuses between bubbles due to their different pressures and the high permeability of the thin liquid films to gas. Since smaller bubbles have on average larger internal pressures than larger bubbles, they progressively empty themselves into the larger ones until they disappear entirely1 . After a certain time, which depends on the initial bubble size distribution, the foam reaches a "scaling state" in which only the average bubbles size increases with time. In contrast, the normalised bubble size distribution remains unchanged and of log-normal type [START_REF] Weaire | The physics of foams[END_REF][START_REF] Cantat | Foams -Structure and Dynamics[END_REF]. In this regime, the bubble diameter d evolves with time t as d ~ t 1/3 [START_REF] Cantat | Foams -Structure and Dynamics[END_REF]. For foams with a low gas fraction close to ϕc the coarsening dynamics becomes closer to "Oswald ripening" with d ~

t 1/2 [58].
To a first approximation, the characteristic time of coarsening is given by [START_REF] Exerowa | Foam and Foam Films, Theory, Experiment, Application[END_REF][START_REF] Weaire | The physics of foams[END_REF][START_REF] Cantat | Foams -Structure and Dynamics[END_REF] /012 ~ 3 455 6( )7 ,

where Deff is an effective diffusion coefficient which depends on the solubility of the gas, its diffusion coefficient in water, and the permeability of the surfactant layer to the gas. κ is the film thickness and 8( ) is the fraction of the bubble surfaces covered by thin films (the higher the gas fraction, the larger 8( ) -see Section 2.2). Equation ( 5) evidences again the importance of the gas fraction ϕ and the bubble size d. In contrast to drainage and foam flow, however, small bubbles are a disadvantage here since they greatly accelerate coarsening through the d 2 -dependence.

Coarsening is thus a complex phenomenon that depends on an interplay of structural and physicochemical parameters of the foams. This interplay provides different levers to slow down coarsening. These levers rely on (i) the bubble size distribution, (ii) the solubility of the gas and related osmotic effects, (iii) the rheological properties of the gas-liquid interface (interfacial elasticity), and (iv) the elasticity of the bulk phase.

(i) Since the driving force of coarsening is the pressure difference between bubbles, the initial degree of polydispersity and order can be used to control the time until the foam enters the scaling state. The more monodisperse and ordered a foam is [START_REF] Exerowa | Foam and Foam Films, Theory, Experiment, Application[END_REF][START_REF] Weaire | The physics of foams[END_REF][START_REF] Drenckhan | Monodisperse foams in one to three dimensions[END_REF][START_REF] Cantat | Foams -Structure and Dynamics[END_REF], the slower its coarsening dynamics. This is why the use of highly monodisperse foams generated by microfluidics has become popular in academic research , although it is less practical for industrial applications [START_REF] Vignes-Adler | New foams: Fresh challenges and opportunities[END_REF][START_REF] Nisisako | Microfluidic large-scale integration on a chip for mass production of monodisperse droplets and particles[END_REF][START_REF] Wang | Macroporous materials: Microfluidic fabrication, functionalization and applications[END_REF].

(ii)

A commonly used method to slow down coarsening is to work with gases of low solubility, which decreases Deff in Equation [START_REF] Lundin | Multi-Functional Polyurethane Hydrogel Foams with Tunable Mechanical Properties for Wound Dressing Applications[END_REF]. For example, a foam prepared using N2 will coarsen much more slowly than a CO2-based foam due to the lower solubility of N2 in water [START_REF] Weaire | The physics of foams[END_REF]. A more pronounced effect is obtained by adding traces of water-insoluble gas/vapour molecules to the bubbles [START_REF] Weaire | Frustrated froth: Evolution of foam inhibited by an insoluble gaseous component[END_REF][START_REF] Gandolfo | Interbubble gas diffusion and the stability of foams[END_REF]. Commonly, perfluorocarbons such as perfluorohexane C6F14 are used. Being insoluble in water, these molecules cannot transfer between bubbles to re-equilibrate their chemical potential, which is modified by the volume changes of bubbles upon coarsening. As such, an osmotic pressure difference is created between neighbouring bubbles, which counteracts the Laplace pressure and stops coarsening. If the initial concentration of the insoluble gas is too low, the foam will undergo coarsening until the osmotic pressure differences are high enough [START_REF] Weaire | Frustrated froth: Evolution of foam inhibited by an insoluble gaseous component[END_REF][START_REF] Bey | Stabilization of foams by the combined effects of an insoluble gas species and gelation[END_REF], commonly leading to the presence of large bubbles. However, a critical concentration Cc of insoluble species above which the generated foam will be immediately stable against coarsening can be identified [START_REF] Weaire | Frustrated froth: Evolution of foam inhibited by an insoluble gaseous component[END_REF][START_REF] Bey | Stabilization of foams by the combined effects of an insoluble gas species and gelation[END_REF]. Assuming one larger or smaller bubble in a hypothetical monodisperse foam with bubble diameter d in which all bubbles have the same pressure, Bey et al. [START_REF] Bey | Stabilization of foams by the combined effects of an insoluble gas species and gelation[END_REF] predict and experimentally confirm that this critical concentration Cc (number of molecules per unit volume) can be estimated as

9 = : ;<( ) = > ? , (6) 
where @ A is the Boltzmann constant, B the temperature and C( ) a function of the gas fraction related to the capillary pressure of the bubbles. If the added component is not completely insoluble, coarsening proceeds nevertheless, but over much larger timescales given the much smaller Deff of the poorly soluble gas (Equation ( 5)). However, a side effect of using an insoluble gas species may be the significant swelling of foams in contact with an atmosphere not containing the same insoluble gas species. In this case, the difference of chemical potential with the atmosphere leads to an efficient migration of air into the bubbles to dilute the concentration of insoluble species [START_REF] Andrieux | Preliminary Work: From Liquid to Solid Foams[END_REF]. This phenomenon may be stopped by keeping the foams in the same gas mixture as the one contained in the bubbles or by shielding the foams from the atmosphere. (iii)

Another highly efficient approach to hinder coarsening exploits interfacial elasticity arising from stabilising agents [START_REF] Tcholakova | Control of Ostwald ripening by using surfactants with high surface modulus[END_REF][START_REF] Tcholakova | Role of surface properties for the kinetics of bubble Ostwald ripening in saponin-stabilized foams[END_REF][START_REF] Stocco | Interfacial Behavior of Catanionic Surfactants[END_REF][START_REF] Maestro | Foams stabilised by mixtures of nanoparticles and oppositely charged surfactants: Relationship between bubble shrinkage and foam coarsening[END_REF]. Many polymers, particles, lipids or proteins may be irreversibly adsorbed to the bubble surface. Coarsening modifies the surface area A of the bubbles resulting from their volume change. This modification of the surface area leads to a change in the surface concentration of the stabilising agent, modifying the surface tension γ. How much surface tension changes upon dilation/compression is commonly expressed by the Gibbs dilational elastic modulus [70]

D E = ; FG(H) . (7) 
Integration of Equation ( 7) leads to the description of the surface tension with surface dilation A/A0 away from the reference state A0 at γ0:

I(J) = I % + 2D E ln N J J % O. (8) 
This shows that upon bubble growth, the effective tension is increased by elasticity, while upon bubble shrinkage, the effective tension decreases down to γ(A=Ac) = 0, giving

J = J % exp (- γ 2D E ). (9) 
Since the bubble pressure P is proportional to the surface tension, it becomes zero at this point and the driving force for coarsening stops. For this situation to be physically stable, one also needs the condition that )S )J ⁄ > 0 [START_REF] Tcholakova | Control of Ostwald ripening by using surfactants with high surface modulus[END_REF][START_REF] Tcholakova | Role of surface properties for the kinetics of bubble Ostwald ripening in saponin-stabilized foams[END_REF][START_REF] Stocco | Interfacial Behavior of Catanionic Surfactants[END_REF][START_REF] Maestro | Foams stabilised by mixtures of nanoparticles and oppositely charged surfactants: Relationship between bubble shrinkage and foam coarsening[END_REF][START_REF] Kloek | Effect of Bulk and Interfacial Rheological Properties on Bubble Dissolution[END_REF]. I.e., if the bubble grows ()J > 0), its pressure increases ()S > 0), promoting bubble shrinkage, while if it shrinks ()J < 0), the pressure becomes negative ()S < 0), sucking in gas from the environment to make the bubble grow again. For an isolated bubble, this leads to the Gibbs criterion, which fixes the ratio of elastic modulus and surface tension above which gas diffusion from the bubble stops [START_REF] Kloek | Effect of Bulk and Interfacial Rheological Properties on Bubble Dissolution[END_REF]:

D E γ > 1 2 . ( 10 
)
This ratio may be considered as a non-dimensional elasto-capillary number. While the Gibbs criterion can be rigorously derived for individual bubbles, the complex response of polydisperse foams requires more careful consideration [START_REF] Salonen | Arresting bubble coarsening: A two-bubble experiment to investigate grain growth in the presence of surface elasticity[END_REF]. However, the general idea remains valid.

The Gibbs dilational elastic modulus can be experimentally measured via bubble/drop shape tensiometry or using a Langmuir trough [START_REF] Jaensson | Tensiometry and rheology of complex interfaces[END_REF]. Formulation can help reach this interfacial elasticity criterion by choosing the adequate surface-active agent (or a mixture thereof) [START_REF] Tcholakova | Control of Ostwald ripening by using surfactants with high surface modulus[END_REF][START_REF] Tcholakova | Role of surface properties for the kinetics of bubble Ostwald ripening in saponin-stabilized foams[END_REF][START_REF] Stocco | Interfacial Behavior of Catanionic Surfactants[END_REF][START_REF] Maestro | Foams stabilised by mixtures of nanoparticles and oppositely charged surfactants: Relationship between bubble shrinkage and foam coarsening[END_REF]. Note that high interfacial dilational elasticities can also be achieved by creating a solid interface, e.g., through physical or chemical cross-linking of the interface. Highly elastic interfaces are often also dense, reducing gas diffusion through the thin films and hence coarsening (see point ii). (iv)

So far, all the means of hindering coarsening have been defined for liquid foams. However, we are interested in this review in foams that can gel, i.e., whose continuous phase can become elastic with an elastic shear modulus G. Beyond a critical elastic shear modulus Gc, the elastic response of the foam can balance the capillary stresses driving coarsening. For a foam with average bubble diameter d, one can estimate the elastic energy as G ~ F(ϕ)d 3 , where F(ϕ) is again a function that takes into account the gas fraction. The surface energy, which is the driving force for coarsening, can be estimated by γd 2 . Coarsening stops when both energies are of the same order of magnitude, giving

V W I ~8( ) ) . (11) 
As in Equation [START_REF] Omidian | Advances in superporous hydrogels[END_REF], this shows the importance of the ratio of the elastic modulus (here shear modulus G) to the surface tension γ. However, since the elastic force is here a bulk force, the bubble diameter d becomes an important control parameter in fixing the critical shear modulus Gc of the gel to stop coarsening. I.e., the smaller the bubbles, the stronger the gel needs to be. More detailed relationships can be obtained for individual bubbles [START_REF] Kloek | Effect of Bulk and Interfacial Rheological Properties on Bubble Dissolution[END_REF] or foams [START_REF] Bey | Stabilization of foams by the combined effects of an insoluble gas species and gelation[END_REF].

One can combine the different mechanisms (i)-(iv) to efficiently stop coarsening. While investigations on individual bubbles are advanced, systematic investigation and modelling of the coupling of these different effects in foams are still lacking. For example, Bey et al. [START_REF] Bey | Stabilization of foams by the combined effects of an insoluble gas species and gelation[END_REF] investigated the combination of a gelling matrix and an insoluble gas species. Theyproduced stability phase diagrams showing for which ranges of bubble sizes and concentration of insoluble gas the foams are stable against coarsening.

In general terms, it is essential to note that the gas fraction ϕ is a key control parameter for coalescence and coarsening, always in a manner that an increasing gas fraction leads to more pronounced coalescence or coarsening. Since foam drainage (Section 2.3) modifies the gas fraction, it must be considered together with coalescence and coarsening.

Control over the continuous hydrogel phase

This section focuses on the characterisation and control of the properties of the continuous phase, i.e., of the hydrogel network. Hydrogels are viscoelastic polymer matrices consisting of a threedimensional cross-linked network of hydrophilic homopolymers, copolymers, or macromers swollen in water. Hydrogels are able to take in a large amount of water without dissolving [START_REF] Slaughter | Hydrogels in regenerative medicine[END_REF]. The solid content in a hydrogel (i.e., polymer and cross-linker) is very low compared to the water content [START_REF] Hu | Biological hydrogel synthesized from hyaluronic acid, gelatin and chondroitin sulfate by click chemistry[END_REF] and it can be as low as 1 wt.% [START_REF] Wang | High-Loading Boron Nitride-Based Bio-Inspired Paper with Plastic-like Ductility and Metal-like Thermal Conductivity[END_REF]. This dilute nature allows for the passive diffusion of solutes within hydrogels. While designing hydrogel materials, one commonly aims for the following properties (depending on the application): biocompatibility and biodegradability, maximum equilibrium swelling capability in saline, high absorbency under load (AUL), low residual monomer and soluble content, high stability, maintenance of pH-neutrality after swelling in water or photostability [START_REF] Dubey | Polymeric Hydrogel: A Flexible Carrier System for Drug Delivery[END_REF].

In this Section, we discuss the key elements for optimising the continuous phase of hydrogel foams. We discuss the cross-linking mechanisms (Section 3.2) and the kinetics of gelation (Section 3.3).

Classification of hydrogels

Polymeric hydrogels are commonly scategorised according to different parameters. In terms of the origin of the polymers, they may be classified into synthetic hydrogels (e.g., poly(ethylene glycol), polyvinyl alcohol, polyphosphazene) [START_REF] Mishra | Polymeric Hydrogels: A Review of Recent Developments[END_REF][START_REF] Zhang | Hydrogel-Based Strategies for Stem Cell Therapy[END_REF] or natural hydrogels. Natural polymers are either animal-derived (e.g., collagen, fibrin, chitosan, hyaluronic acid, silk) or plant-derived (e.g., alginate, pectin, xanthan, carrageenan). Natural polymers have large molecular sizes (can vary from 10 4 to 10 6 g/mol for commercial chitosan, for example) and are readily available [START_REF] Zhang | Hydrogel-Based Strategies for Stem Cell Therapy[END_REF][START_REF] Venugopal | Electrospun plant-derived natural biomaterials for Tissue engineering[END_REF]. Synthetic and natural polymers can also be combined in hybrid hydrogels. For example, Wang et al. [START_REF] Wang | Hybrid hydrogels assembled from synthetic polymers and coiled-coil protein domains[END_REF] combined a protein and N-(2-hydroxypropyl)-methacrylamide for enhanced delivery properties.

It is also commonplace to distinguish physical hydrogels from chemical hydrogels according to the nature of the cross-links (Section 3.2). Hydrogels can also be classified based on their sensitivity to stimuli [START_REF] Zhang | Hydrogel-Based Strategies for Stem Cell Therapy[END_REF][START_REF] Madhumitha | Emerging Technology in Medical Applications of Hydrogel[END_REF], porosity [START_REF] Dorkoosh | Evaluation of superporous hydrogel (SPH) and SPH composite in porcine intestine ex-vivo: Assessment of drug transport, morphology effect, and mechanical fixation to intestinal wall[END_REF][START_REF] Mastropietro | Drug delivery applications for superporous hydrogels[END_REF], polymer configuration (nanocrystalline, semicrystalline, crystalline), physical appearance (micro, nano, particle, matrix, film, etc. ), the charge of the polymeric network (ionic, nonionic, amphoteric, etc.), or the composition of the polymer (homopolymer or copolymer) [START_REF] Aminabhavi | Polysaccharide-Based Hydrogels as Biomaterials[END_REF][START_REF] Thakur | History, Classification, Properties and Application of Hydrogels: An Overview[END_REF].

Nature of cross-links

Multiple approaches are used to create physical and chemical hydrogels. The most common ones are summarised in Table 1. Chemical cross-links are irreversible covalent bonds that can be formed via two methods: (1) cross-linking during polymerisation of monomers (condensation polymerisation, free radical polymerisation, or plasma polymerisation) or (2) cross-linking of existing polymer chains. Physical cross-links are obtained by reversible physical interactions between polymer chains. These include ionic interactions, hydrophobic interactions, crystallisation, hydrogen bonding or entanglements. These interactions can be controlled by a wide range of parameters, including pH, ionic strength or temperature variations (e.g., cryogenic treatment). Ionic cross-linking is commonly achieved by the addition of other molecules such as multivalent ions of opposite charge to the polymer [START_REF] Braccini | Molecular basis of Ca2+-induced gelation in alginates and pectins: The eggbox model revisited[END_REF][START_REF] Grant | Biological interactions between polysaccharides and divalent cations: The egg-box model[END_REF][START_REF] Wang | Sol-gel transition of alginate solution by the addition of various divalent cations: 13C-nmr spectroscopic study[END_REF] or by the aggregation of oppositely charged polymers. Cross-linking of amphiphilic or grafted polymers that contain hydrophobic blocks can take place via hydrophobic interactions when decreasing the overall solubility of the molecules by means of external stimuli (temperature, pH, ionic strength). The gelation temperature depends on the concentration of the polymer and the polymer structure [START_REF] Hoare | Hydrogels in drug delivery: Progress and challenges[END_REF]. One of the common polymers that undergo reverse thermal gelation are triblock copolymers of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO), where the gelation temperature is close to physiological temperature [START_REF] Xiong | Polymeric nanostructures for drug delivery applications based on pluronic copolymer systems[END_REF].

Hydrogen bonding interactions are considered as physical cross-links but are often accompanied by the formation of other types of interactions, for example, peptide and ester bonds [START_REF] Bohidar | Effect of agar-gelatin compositions on the release of salbutamol tablets[END_REF]. In the case of injectable hydrogels and unless no other form of cross-linking is used for the gelation, these hydrogels are limited to short-acting drug release as the network is diluted and dispersed in vivo due to water influx. Semi-crystalline hydrophilic polymers are classified as hydrogels considering that the crystallites act like physical cross-links and are insoluble in water [START_REF] Singh | Hydrogels: design, synthesis and application in drug delivery and regenerative medicine[END_REF]. Physical entanglements are also considered as cross-links and form weak hydrogels [START_REF] Zhang | Chain Entanglements and Hydrogen Bonds in Carbopol Microgel Reinforced Hydrogel[END_REF].

Table 1: Most common cross-linking routes for hydrogel preparation.

Cross-linking method

Cross-linker Mechanism Examples

Chemical cross-links 

Kinetics of gelation

A hydrogel is formed by the progressive formation of a cross-linked network, which turns a viscoelastic liquid (the "sol") into a viscoelastic solid (the "gel"). During this gelation process, the system passes through a well-defined "gel point" [START_REF] Thomas | Handbook of Biopolymer-Based Materials[END_REF] at a well-defined "gel time τG", at which the viscosity of the system diverges, and the solid-like elasticity steeply increases. Controlling the kinetics of gelation is crucial in liquid foam templating since the gel point has to be matched to the characteristic timescales of the different foam processes (Section 2). Successful liquid foam templating, therefore, requires a careful choice of the appropriate gelling formulation for a given foaming process and the final application.

The gelation kinetics and associated gel time can be measured using different methods [START_REF] Dominguez | U. Determination of the gel point of a polyfurfuryl alcohol resin and characterization of its curing rheokinetics[END_REF][START_REF] Raghavan | Rheological study of crosslinking and gelation in chlorobutyl elastomer systems[END_REF].

The most common method is to use shear rheology to follow the evolution of the elastic and viscous shear moduli, G' and G'', respectively, as a function of time, as shown in Figure 5a. Historically, as suggested by Tung and Dynes [START_REF] Tung | Relationship between viscoelastic properties and gelation in thermosetting systems[END_REF] in 1982, the gel time was taken as the time of the crossover point of the two moduli, i.e., G' = G". However, it was quickly realised that for many gels this point depends on the shear frequency ω. More specifically, Winter [START_REF] Winter | Can the gel point of a cross-linking polymer be detected by the G′ -G″ crossover?[END_REF] showed that at the gel point, both, G' and G" show a power-law behaviour (Figure 6c) with

V X = V" tan(\]/2) ~^_ , (12) 
with 0 < n < 1. Hence, at the gel point, the phase angle is constant and given by

tan δ = V′ V′′ = tan(\]/2). (13) 
A schematic illustration of the viscoelastic response of a hydrogel undergoing gelation is shown in Figure 5. This universal scaling defines the gel point and has now been confirmed for a wide range of systems [START_REF] Suman | On the universality of the scaling relations during sol-gel transition[END_REF]. It has also lead to the elegant "multi-wave" method, which is starting to be implemented on most rheometers. In this method, as shown in Figure 5b, the gel point is taken as the point where measurements of the ratio G"/G' at different frequencies coincide. This point coincides with G'=G" only if n = 1/2, which has been shown to hold for few systems only. In most cases n > ½, which is commonly associated with imbalanced stoichiometry or other network imperfections [START_REF] Winter | Can the gel point of a cross-linking polymer be detected by the G′ -G″ crossover?[END_REF][START_REF] Suman | On the universality of the scaling relations during sol-gel transition[END_REF][START_REF] Chambon | Linear Viscoelasticity at the Gel Point of a Crosslinking PDMS with Imbalanced Stoichiometry[END_REF]. Great attention should be given to the working temperature since the solgel transition is temperature-dependent, and the strength of the network at the gel point decreases with temperature [START_REF] Winter | Analysis of Linear Viscoelasticity of a Crosslinking Polymer at the Gel Point[END_REF]. Fine-tuning the formulation provides control over the kinetics of gelation [START_REF] Michon | Physical Gels of Biopolymers: Structure, Rheological and Gelation Properties[END_REF]. For example, the gel time is reduced with increasing cross-linking initiator concentration [START_REF] Behravesh | Synthesis of in Situ Cross-Linkable Macroporous Biodegradable Hydrogels[END_REF] and with increasing polymer concentration [START_REF] Testouri | Highly structured foams from chitosan gels[END_REF]. In the case of physical gelation by means of divalent ions, gelation kinetics is controlled by varying the concentration of ions [START_REF] Ramdhan | Time dependent gelling properties of cuboid alginate gels made by external gelation method: Effects of alginate-CaCl2 solution ratios and pH[END_REF], the nature of ions and/or ion ratio for ion mixtures [START_REF] Catanzano | Macroporous alginate foams crosslinked with strontium for bone tissue engineering[END_REF].

Hydrogel foams from liquid foam templates

We report in this Section different existing systems of hydrogel foams. We chose to divide them according to the used foaming process to gain insight into its effect on the final hydrogel foam properties and their potential applications.

We recommend reading [START_REF] Drenckhan | The science of foaming[END_REF] for more information about the foaming techniques available and the physics behind them. Here, we distinguish two main categories, namely, chemical foaming (Section 4.1) and physical foaming (Section 4.2). For physical foaming, we distinguish between mechanical foaming (Section 4.2.1), and foaming by gas injection, with a focus on microfluidic foaming (Section 4.2.2).

Chemical foaming

Chemical foaming uses the in-situ release of gas via chemical reactions. The foaming agent inducing gas generation can be either a co-product of the cross-linking reaction or external.

Table 2 presents examples of chemically foamed hydrogels along with additional information on the hydrogel (polymer, cross-linker), foaming reaction, and foam properties (bubble size, pore connectivity, porosity). Characteristic pore sizes are of the order of 50-1000 micrometres with a large range of porosities. Note that most of the hydrogel foams are polydisperse with open cells.

The only examples where the chemical gelation reaction produces the gas in situ are polyurethane hydrogel foams. In preparing polyurethane foams, isocyanate reacts with water( or other agents like boric acid [START_REF] Ashida | Polyurethane and Related Foams[END_REF]) forming gaseous carbon dioxide and an amine which reacts with another isocyanate forming a urea bond. Surfactants are used to stabilise the generated bubbles and avoid the dissolution of CO2 in the liquid. Note that not all polyurethane foams can be qualified as hydrogels, but, in the examples we cite here, the polyols were dissolved in water [START_REF] Lundin | Multi-Functional Polyurethane Hydrogel Foams with Tunable Mechanical Properties for Wound Dressing Applications[END_REF][START_REF] David | Porous polyurethanes synthesized within high internal phase emulsions[END_REF][START_REF] Cho | Hyaluronic acid and silver sulfadiazine-impregnated polyurethane foams for wound dressing application[END_REF]. These materials were used for tissue engineering and wound healing thanks to the biocompatibily of polyurethane. A challenging problem remains that CO2 is highly soluble in water, favouring foam coarsening (Section 3.1). David et al. [START_REF] David | Porous polyurethanes synthesized within high internal phase emulsions[END_REF] proposed that by enhancing the rate of polymerisation, one may reduce the bubble size to fit the application.

Using intrinsic foaming does not only limit the chemistry and the choice of the blowing gas, but also other formulation parameters. For instance, Lundin et al. [START_REF] Lundin | Multi-Functional Polyurethane Hydrogel Foams with Tunable Mechanical Properties for Wound Dressing Applications[END_REF] observed that the pore size increases with decreasing cross-linking density. The presence of a non-ionic surfactant resulted in a reduction of the average pore sizes of about 35%.

As one can see in Figure 6, polyurethane foams with different formulations yield different morphologies. Figure 6a In addition to external chemical agents, the addition of a foaming aid (e.g., an acid triggering the blowing reaction) and a foam stabiliser to the polymer solution is often necessary. We identified from the literature three foaming reactions:

1) Sodium bicarbonate reacts with acids to produce CO2 and water: NaHCO3 + H + = H2CO3 → Na + + H2O + CO2(g). ( 14)

Sodium bicarbonate being a basic component, it neutralizes the acid. Researchers used this foaming route to foam PEG- [START_REF] Keskar | In vitro evaluation of macroporous hydrogels to facilitate stem cell infiltration, growth, and mineralization[END_REF][START_REF] Behravesh | Synthesis of in Situ Cross-Linkable Macroporous Biodegradable Hydrogels[END_REF][START_REF] Sannino | Synthesis and characterization of macroporous poly(ethylene glycol)-based hydrogels for tissue engineering application[END_REF], gelatin- [START_REF] Poursamar | Gelatin porous scaffolds fabricated using a modified gas foaming technique: Characterisation and cytotoxicity assessment[END_REF], alginate- [START_REF] Catanzano | Macroporous alginate foams crosslinked with strontium for bone tissue engineering[END_REF][START_REF] Barbetta | Porous Alginate Hydrogels: Synthetic Methods for Tailoring the Porous Texture[END_REF][START_REF] Cole | Water-insoluble polysaccharide hydrogel foam for medical applications[END_REF], chitosan- [START_REF] Park | Preparation and swelling behavior of chitosan-based superporous hydrogels for gastric retention application[END_REF], and acrylic acid- [START_REF] Kabiri | Novel approach to highly porous superabsorbent hydrogels: synergistic effect of porogens on porosity and swelling rate[END_REF][START_REF] Chen | Multiporous microstructure for enhancing the water absorption and swelling rate in poly(sodium acrylic acid) superabsorbent hydrogels based on a novel physical and chemical composite foaming system[END_REF][START_REF] Chavda | Preparation and characterization of chitosan-based superporous hydrogel composite[END_REF] based hydrogels.

In the case of acrylic acid being the monomer, no additional foaming aid is required, as the acid groups of the monomer react with sodium bicarbonate to generate CO2. This can be a limitation in terms of control over the kinetics of foaming and gelation, as here, the gelation reaction starts immediately after the sodium bicarbonate is added, which is not the case when the acid is added at a later stage. Another case where the acid is part of the gelation system is when a redox pair initiate the polymerisation. However, in this case, the pH variation will significantly affect the gelation kinetics. For example, in the case of ammonium persulfate/ascorbic acid (APS/AH) initiation system, the decrease of pH results in a decrease of the production of free radicals. When producing microporous poly(propylene fumarateco-ethylene glycol) hydrogels, the gelation was completely inhibited for a formulation with twice the molar concentration of AH compared to APS [START_REF] Behravesh | Synthesis of in Situ Cross-Linkable Macroporous Biodegradable Hydrogels[END_REF]. This is a complex problem since acidic pH is required for the foaming reaction. pH adjustment of the monomer solution is then required in order to control the foaming and gelation times [START_REF] Chen | Synthesis of superporous hydrogels: Hydrogels with fast swelling and superabsorbent properties[END_REF].

2) Sodium nitrite reacts with sulfamic acid to produce N2 gas, sodium bisulfate, and water: NaNO2 + H3NSO3 → N2 + NaHSO4 + H2O

An advantage of this route is that N2-based foams coarsen much less than CO2-based foams (Section 3.1). Barbetta et al. [START_REF] Barbetta | Gas-in-liquid foam templating as a method for the production of highly porous scaffolds[END_REF] used this method to successfully prepare gelatin-based foams with an average pore size of 230 μm. Even though this is the only example we found, this method should be readily applicable to other hydrogels.

3) Another chemical foaming method was introduced by Tang et al. [START_REF] Tang | In situ gas foaming based on magnesium particle degradation: A novel approach to fabricate injectable macroporous hydrogels[END_REF], who used the hydrolysis of magnesium particles as a hydrogen-producing foaming method Mg + 2 H2O → Mg(OH)2 + H2 [START_REF] Cameron | High internal phase emulsion templating as a route to well-defined porous polymers[END_REF] Although the material was not a foam-templated hydrogel (foaming occurred simultaneously to gelation), this method could be used in a foam templating route. For example, one could use the Mg 2+ ions generated during the foaming reaction to generate ionically cross-linked hydrogels (e.g. alginate, see Section 3.2 ). As reported in [START_REF] Topuz | Magnesium ions and alginate do form hydrogels: A rheological study[END_REF], magnesium ions can cross-link sodium alginates in a slow gelation process (2-3 hours), ensuring that gelation occurs after foaming.

As cited above, most studies have relied on inorganic blowing agents. However, many organic foaming agents exist, including Azodicarbonamide (ADCA), barium azodicar boxylate, Oxybis(benzenesulphonyl hydrazide (OBSH), p-Toluenesulphonyl hydrazide (TSH), N,N'dinitrosopentamethylenetetramine or Toluenesulphonyl semicarbazide (TSS) [START_REF] Stehr | Chemical blowing agents in the rubber industry. Past -present -and future?[END_REF][START_REF] Omidian | United States US 20080206339A[END_REF]. As far as we are aware, their use remains to be explored for the formulation of hydrogel foams. Another commonly used processing technique for generating foam-templated hydrogels is mechanical foaming. One way to mechanically generate bubbles is gas entrainment at freely-flowing surfaces followed by bubble break-up under shear [START_REF] Drenckhan | The science of foaming[END_REF]. The most classic example is the kitchen blender or Ultra-Turrax, as schematically sketched in Figure 7a. The process leads to a progressive increase of the gas fraction and a decrease of the average bubble size over time until an equilibrium is reached. Gas fraction and bubble size at equilibrium depend on the rheological properties of the foaming liquid, on the power input and on the geometry of the rotating element. Typically, a twosteps process is used to produce mechanically foamed hydrogels [START_REF] Deleurence | Time scales for drainage and imbibition in gellified foams: Application to decontamination processes[END_REF][START_REF] Deleurence | Foaming of Transient Polymer Hydrogels[END_REF][START_REF] Andersen | Ionically Gelled Alginate Foams: Physical Properties Controlled by Operational and Macromolecular Parameters[END_REF][START_REF] Tan | A simple and environment-friendly approach for synthesizing macroporous polymers from aqueous foams[END_REF]. The first step consists in producing the liquid foam which is followed by initiation of the gelation reaction either by adding the cross-linker or catalyst under continuous shearing or by thermal treatment. Table 3 presents examples of different hydrogel foams obtained by mechanical foaming. These materials are polydisperse with average pore sizes ranging from 50 to 500 µm.

Hsieh et al. [START_REF] Hsieh | Morphology and characterization of 3D micro-porous structured chitosan scaffolds for tissue engineering[END_REF] controlled the pore size of chitosan hydrogel foams by tuning the mechanical energy input. They demonstrated that faster stirring rates produced foams with smaller pore diameters (from 500 µm at 2000 rpm to about 400 µm at 4000 rpm) until reaching a critical speed (4000 rpm) above which the change in pore size was minimal. The authors also showed that increasing the stirring rate or the chitosan concentration lowered water absorption capacity.

Using mechanical stirring the gas phase to atmospheric air. One technique that offers the choice of the gas phase is the double syringe technique [START_REF] Gaillard | Controlled foam generation using cyclic diphasic flows through a constriction[END_REF] (sketched in Figure 7b) which consists of mixing the foaming liquid with the selected gas by repeatedly passing both through tubing from one syringe to another. This technique also has the advantage to provide reproducible bubble size at a controlled liquid fraction as it allows setting both the liquid and the gas volume within the foam. Zowada et al. [START_REF] Zowada | Polyfoam: Foam-Templated Microcellular Polymers[END_REF] used this technique to produce AMPS-based hydrogel foams with an average pore size of 63 μm at 70% porosity. Using this simple technique, one can vary the liquid fraction without affecting the bubble size distribution. Moreover, it gives the possibility of producing foams with high porosities and small bubble sizes required for many applications. It is mainly used in healthcare applications [START_REF] Gaillard | Controlled foam generation using cyclic diphasic flows through a constriction[END_REF].

Choice of gas and addition of gelation trigger can be controlled in the case of the mechanical stirring route when working in a closed system with gas and liquid loading tubes, as shown in Figure 7c. The double-syringe technique can be adapted in a similar spirit by adding a third syringe to add the gelation trigger to a pre-foam at a given moment (Figure 7d).

The gelation kinetics of the system should be considered when foaming the solution. In fact, vigorous stirring after gel formation can "break" the cross-links formed in an irreversible way, negatively affecting the elasticity the gel or leading to foam collapse. For example, PVA foams crosslinked with borax demonstrated a shear-induced coalescence of the foam when low polymer/crosslinker ratios were used. However, stable foams were obtained for high polymer/cross-linker ratios [START_REF] Deleurence | Foaming of Transient Polymer Hydrogels[END_REF]. This shear-induced coalescence was observed below a critical ratio of entanglements/borax ions per chain. It is therefore important to have a clear idea of the gelation time (see Section 3.3) to ensure that the gel point occurs after foaming. Note that there might be confinement effects within the foam that may alter the gelation kinetics compared to bulk gelation. Much insight is still required on how foaming may affect gelation. 

Foaming by gas injection

Gas injection is a very intuitive mechanical foaming method, as children do it when blowing into a straw to make large bubbles in their drinks. Injecting gas into a liquid which can be gelled constitutes an efficient foam templating route. We distinguish here two types of gas blowing: (1) batch foaming, in which the gas is injected from below into the foaming liquid that is either static or stirred (Section 4.2.2.1); and (2) microfluidic foaming (Section 4.2.2.2). Examples from the literature are gathered in Table 4 together with some key parameters.

Batch foaming

Batch foaming has been used to produce polysaccharide-based hydrogel foams [START_REF] Barbetta | Porous gelatin hydrogels by gas-in-liquid foam templating[END_REF][START_REF] Barbetta | Polysaccharide based scaffolds obtained by freezing the external phase of gas-in-liquid foams[END_REF][START_REF] Costantini | Correlation between porous texture and cell seeding efficiency of gas foaming and microfluidic foaming scaffolds[END_REF][START_REF] Chimenti | Human cardiosphereseeded gelatin and collagen scaffolds as cardiogenic engineered bioconstructs[END_REF] or poly(vinyl alcohol) foams cross-linked with glutaraldehyde [START_REF] Colosi | Morphological Comparison of PVA Scaffolds Obtained by Gas Foaming and Microfluidic Foaming Techniques[END_REF]. An example of a gas injection setup is shown in Figure 8. The foaming liquid is placed in a thermostated reactor allowing for foaming at elevated temperatures, which is mandatory for some systems such as gelatin, which physically gels at room temperature [START_REF] Barbetta | Porous gelatin hydrogels by gas-in-liquid foam templating[END_REF]. The gas is injected at a constant flow rate with the help of a syringe pump. Ensuring a constant gas flow rate during the injection process is necessary to ensure control over the bubble size [START_REF] Drenckhan | The science of foaming[END_REF]. However, the main parameter controlling the bubble size is the diameter of the pores in the porous glass septum. For low gas flow rates (quasi-static regime), the bubble size varies proportionally with the pore size [START_REF] Drenckhan | The science of foaming[END_REF]. The set-up displayed in Figure 8 is more complex since the reactor contains a rotating impeller keeping the foam homogeneous during foaming [START_REF] Barbetta | Porous gelatin hydrogels by gas-in-liquid foam templating[END_REF]. Stirring the foam allows to delay drainage (Section 2.3) until the foam is fully generated. Moreover, although we found no example of it in the literature, one may imagine that for large bubbles and high rotating speeds, the impeller could be used to break bubbles down and decrease the average bubble size in the foam (Section 4.2.1).

A pressure controller can be used for gas injection instead of a syringe pump. However, the syringe pump presents several advantages such as a steady flow rate and a precise control of the injected volume, allowing to set the liquid fraction of the foam.

To avoid foam ageing issues until the foam is gelled (Section 2), a possible protocol is to withdraw the foam from the reactor as soon as gas injection is finished and freeze it with liquid nitrogen. Once frozen, the foam is no longer subject to destabilisation and can be freeze-dried. However, such a foam is, although solid, not cross-linked. Cross-linking can be carried out by subsequently soaking the freeze-dried foam in a solution containing the cross-linker. Although a clever workaround to foam stability issues, the multi-step and batch nature of this process is heavy and freeze-drying limits the volume of the foams which can be generated.

The foams generated with this method have rather small pore sizes, the largest being 500 µm (see Table 4). However, one could expand the range of pore sizes available with this foaming technique by tuning the pore size of the porous glass septum, larger pores yielding larger bubbles. 

Microfluidic foaming

Microfluidic foaming is a specific kind of gas injection in which a controlled flow of gas and liquid(s) flow are injected in a chip with micrometric channels to generate bubbles one by one (see Figure 9). If the gas and liquid flow rates are stable, the bubble formation is periodic, thus generating equalsize bubbles. One speaks then of a monodisperse foam. The monodisperse criterion is quantitatively set using the polydisperse index (PDI), which must be < 5% [START_REF] Drenckhan | Monodisperse foams in one to three dimensions[END_REF]. Monodisperse liquid foams tend to arrange in crystalline structures under the influence of gravity and confinement [START_REF] Drenckhan | Monodisperse foams in one to three dimensions[END_REF], an organisation that can be retained through solidification, as seen in Figure 10. The advantages of monodisperse foams are regularly exploited for model experiments in fundamental research [START_REF] Pitois | Capillary imbibition in open-cell monodisperse foams[END_REF][START_REF] Spadoni | Closed-cell crystalline foams: Selfassembling, resonant metamaterials[END_REF]. For applications, monodisperse foams are particularly interesting for tissue engineering [START_REF] Colosi | Morphological Comparison of PVA Scaffolds Obtained by Gas Foaming and Microfluidic Foaming Techniques[END_REF][START_REF] Chung | Fabricating scaffolds by microfluidics[END_REF][START_REF] Wang | A highly organized three-dimensional alginate scaffold for cartilage tissue engineering prepared by microfluidic technology[END_REF][START_REF] Lin | Morphology and organization of tissue cells in 3D microenvironment of monodisperse foam scaffolds[END_REF], or photonic/acoustic/mechanical metamaterials [START_REF] Maimouni | Micrometric Monodisperse Solid Foams as Complete Photonic Bandgap Materials[END_REF]. Microfluidic foaming also has the advantage that the highly controlled flow rates can be exploited to tune the final gel formulation. Different chip geometries exist to generate monodisperse bubbles, including cross-flow (Figure 9a), T-junctions (Figure 9b) or co-flow (Figure 9c). Other geometries exist, and we refer the reader to [START_REF] Drenckhan | The science of foaming[END_REF] for a more extensive list and the mechanisms behind bubble break-up. The choice of the geometry and the dimensions of the channels and constriction need to be thought carefully considering the bubble sizes aimed for, the accessible range of gas and liquid flow rates, and the viscoelastic properties of the foaming liquid. As such, for a given foaming liquid and flow geometry, a given range of bubble sizes -and thus pore sizes -is available [START_REF] Andrieux | Generation of Solid Foams with Controlled Polydispersity Using Microfluidics[END_REF][START_REF] Testouri | Highly structured foams from chitosan gels[END_REF][START_REF] Dehli | Highly Ordered Gelatin Methacryloyl Hydrogel Foams with Tunable Pore Size[END_REF][START_REF] Dabrowski | Methacrylate-Based Polymer Foams with Controllable Pore Sizes and Controllable Polydispersities via Foamed Emulsion Templating[END_REF]. Alginate foam cross-linked with calcium ions, from [START_REF] Chung | Fabricating scaffolds by microfluidics[END_REF]. (b) Chitosan foam cross-linked with genipin, from [START_REF] Andrieux | Monodisperse Highly Ordered and Polydisperse Biobased Solid Foams[END_REF]. (c) Freeze-dried gelatin methacryloyl foam, from [START_REF] Dehli | Highly Ordered Gelatin Methacryloyl Hydrogel Foams with Tunable Pore Size[END_REF]. (d) Freeze-dried chitosan cross-linked with genipin, from [START_REF] Andrieux | Generation of Solid Foams with Controlled Polydispersity Using Microfluidics[END_REF].

Microfluidic foam templating requires a careful tuning of the gel time to avoid blocking the microfluidic chip (long gel times) while optimising the stability of the liquid foam template (short gel times). Several cross-linking procedures exist to cope with these constraints (Figure 11a)).

i)

The cross-linker is mixed with the gelling polymer/monomer before injecting the liquid into the chip. This route requires either a very long cross-linking time (issues of foam stability may then arise) or the quenching of the cross-linking reaction by keeping the liquid container in an ice bath [START_REF] Andrieux | Highly ordered biobased scaffolds: From liquid to solid foams[END_REF][START_REF] Maimouni | Micrometric Monodisperse Solid Foams as Complete Photonic Bandgap Materials[END_REF].

ii) If the timescales for foaming and cross-linking are close, one can inject the crosslinker into the foam channel [START_REF] Andrieux | Generation of Solid Foams with Controlled Polydispersity Using Microfluidics[END_REF][START_REF] Testouri | Highly structured foams from chitosan gels[END_REF][START_REF] Andrieux | Monodisperse highly ordered chitosan/cellulose nanocomposite foams[END_REF]. This requires precise control over the foaming and cross-linker flow rates to ensure a known and constant stoichiometric ratio of the monomer/polymer and cross-linker. Moreover, for highly viscous solutions, mixing the cross-linker with the foam is challenging as the liquids in a microfluidic chip flow with low Reynolds numbers, i.e., in a laminar regime, and mixing is essentially carried out by diffusion. Mixing units can be incorporated into the chip to mix liquids [START_REF] Testouri | Generation of Crystalline Polyurethane Foams Using Millifluidic Lab-on-a-Chip Technologies[END_REF].

iii) Finally, the foam can be generated without cross-linker and then cross-linked in an additional processing step. For example, the foam can be immediately frozen then freeze-dried to ensure its stability. The solid yet uncross-linked foam is then soaked in a cross-linker solution for a sufficient time to allow for a full cross-linking and is then freeze-dried again [START_REF] Costantini | Correlation between porous texture and cell seeding efficiency of gas foaming and microfluidic foaming scaffolds[END_REF][START_REF] Colosi | Morphological Comparison of PVA Scaffolds Obtained by Gas Foaming and Microfluidic Foaming Techniques[END_REF][START_REF] Costantini | Microfluidic Foaming: A Powerful Tool for Tailoring the Morphological and Permeability Properties of Sponge-like Biopolymeric Scaffolds[END_REF]. For systems with fast gelling kinetics (e.g., calcium-cross-linked alginate), the liquid foam can be directly cross-linked by pouring the cross-linker solution onto the foam [START_REF] Chung | Fabricating scaffolds by microfluidics[END_REF]. Alternatively, the bubbles can be collected directly into the cross-linker solution [START_REF] Wang | A highly organized three-dimensional alginate scaffold for cartilage tissue engineering prepared by microfluidic technology[END_REF]. For systems in which crosslinking is initiated by UV irradiation, the foam can be collected into a transparent vial and then cross-linked by illuminating UV light on the sample [START_REF] Dehli | Tailoring and visualising pore openings in gelatin-based hydrogel foams[END_REF][START_REF] Dehli | Highly Ordered Gelatin Methacryloyl Hydrogel Foams with Tunable Pore Size[END_REF]. However, since electromagnetic radiations are scattered by the foam interfaces, this crosslinking method limits the size of the foams that can be generated in a homogeneous manner.

iv) Last but not least (Figure 11b), one can generate a stable precursor foam consisting only of water and surfactant and mix it with the monomer/polymer before applying the appropriate gelation trigger (pH, cross-linker, temperature, UV…) [START_REF] Trinh | Tuning membrane content of sound absorbing cellular foams: Fabrication, experimental evidence and multiscale numerical simulations[END_REF]. Note that this templating method involves a dilution of the monomer/polymer.

A known limitation of microfluidic foaming is the low foaming rate which rarely exceeds a few mL min -1 . This is why much effort has been made to upscale microfluidics. While these efforts have been successful for droplet generation [START_REF] Nisisako | Microfluidic large-scale integration on a chip for mass production of monodisperse droplets and particles[END_REF][START_REF] Nisisako | High-volume production of single and compound emulsions in a microfluidic parallelization arrangement coupled with coaxial annular world-to-chip interfaces[END_REF], they remain a challenge for bubble generation due to complex coupling phenomena introduced by the compressibility of the gas [START_REF] Hashimoto | Formation of Bubbles and Droplets in Parallel, Coupled Flow-Focusing Geometries[END_REF]. One of the most successful approaches seems to be step by step bubble generation [START_REF] Van Dijke | EDGE emulsification for food-grade dispersions[END_REF]. An alternative to microfluidic foaming yielding fairly monodisperse foams is membrane foaming. Similarly to batch gas injection described in Section 4.2.2.1, the membrane foaming cell consists of a paddle stirrer stirring the foaming liquid while gas is injected under a membrane with well-defined holes for bubble generation. This batch process can produce monodisperse foams (and emulsions) with throughputs of at least 400 mL h -1 [START_REF] Carballido | Monodisperse liquid foams via membrane foaming[END_REF].

Microfluidic foaming can also be used to generate hydrogel foams with controlled polydispersity or property gradients using appropriate temporal variation of the chip geometry [START_REF] Costantini | 3D-Printing of Functionally Graded Porous Materials Using On-Demand Reconfigurable Microfluidics[END_REF] or of the flow conditions [START_REF] Andrieux | Generation of Solid Foams with Controlled Polydispersity Using Microfluidics[END_REF].

Selected properties of hydrogel foams

Porosity and pore size

Since hydrogels commonly contain small amounts of polymer, their drying leads to the creation of a porous structure at the nano/micrometre scale. The type of structure which is obtained strongly depends on the drying process. For example, Figure 12d shows the typical example of a freeze-dried hydrogel. The porosity P is calculated from the ratio between the density of the dried porous gel ρG and of the polymer ρP [171]

P = (1 - c d c e ) x 100. (17) 
The swollen state porosity can also be calculated as [START_REF] Ozmen | Preparation of Macroporous Acrylamide-based Hydrogels: Cryogelation under Isothermal Conditions[END_REF] Ps

= [ 1 -qv (1 + ( f g ) c h ) -1 ] x 100, (18) 
where qv is the equilibrium volume swelling ratio (Vw/Vdry), qw = (mw/mdry), and ρS is the density of the swelling solvent.

It is important here to distinguish between the porosity of the gel matrix and the foaming-induced porosity of the final hydrogel foam brought by gas introduction (Figure 1). The characteristic pore sizes of these two porosities have two very different length scales, the gel porosity being of the order of 1 µm (fixed by the drying process) and the foam porosity being of the order of 100 µm (fixed by the bubble size). This is why hydrogel foams are often called "superporous" hydrogels [START_REF] Omidian | Advances in superporous hydrogels[END_REF].

An illustrative example is shown in Figure 12. One also notices a pronounced difference in the properties of the same gel in bulk (Figure 12d) and in the foam (Figure 12c) [START_REF] Andrieux | Monodisperse Highly Ordered and Polydisperse Biobased Solid Foams[END_REF]. It will be important to understand in what way this effect is related to the freeze-drying process or a confinement effect of the hydrogel between two liquid/gas interfaces. Globally, one should keep in mind that the bulk polymer network is likely to be different from the one within the foam. 

Shear modulus

Unlike other types of solid foams, the shear modulus of hydrogel foams is commonly controlled by two contributions: the interfaces and the gelled continuous phase. The non-negligible contribution of the interface is due to the fact that (i) the surface tension of water is very high (0.072 N/m) even in presence of surfactants (0.03-0.05 N/m), and (ii) the elastic shear moduli of bulk hydrogels are commonly low (order of 10 kPa).

To a first approximation, the contribution of the gel to the shear modulus of the foam may be estimated via [START_REF] Bey | Stabilization of foams by the combined effects of an insoluble gas species and gelation[END_REF][START_REF] Gibson | Cellular Solids: Structure and Properties[END_REF] V foam,g ( ) ~l m V noF (1 -) .

Therefore, the solid contribution to the shear modulus strongly decreases with increasing gas fraction and depends linearly on the shear modulus Ggel of the continuous phase. Note that Equation ( 19) is not a simple mixture law but also takes into account the macroporous structure of foams as its application to the bulk hydrogel (i.e., = 0) does not give V foam,g = V′ noF .

The contribution of the Interfaces to the shear modulus of the foam results from the fact that a shearing action deforms the bubbles and hence increases their surface area (and hence the surface energy of the foam). This contribution may be estimated by [START_REF] Weaire | The physics of foams[END_REF][START_REF] Cantat | Foams -Structure and Dynamics[END_REF][START_REF] Saint-Jalmes | Vanishing elasticity for wet foams: Equivalence with emulsions and role of polydispersity[END_REF] V foam,i ( ) = 2.4 q ( -).

One sees that this contribution is strongest for high gas fractions and strongly decreases as approaches . Note that since Equation [START_REF] Exerowa | Foam and Foam Films, Theory, Experiment, Application[END_REF] originates from the granular structure of foams, it is not defined for bubbly liquids, i.e., for < . One notices again the prefactor γ/d pointing out the importance of the bubble size.

In order to estimate the total shear modulus of the foam, one may be tempted to add both contributions. However, Gorlier et al. [START_REF] Gorlier | Coupled elasticity in soft solid foams[END_REF] showed that both terms are intrinsically coupled, since the bulk elasticity of the foam impacts how the interfaces are deformed. The authors show that the overall foam elasticity can be captured by a coupling term r so that

V foam = V s/0t,n + V s/0t,u + r. (21) 
This coupling term depends on the elasto-capillary number of the foam, given by Ggel*d/γ, and on its gas fraction . This puts again in evidence the importance of the bubble size d and the gas fraction . These considerations do not replace accurate rheological measurements but give an insight into the key parameters which allow fine-tuning the shear elasticity of a hydrogel foam.

Pore connectivity

Pore connectivity is a crucial structural property of hydrogel foams since it allows gases, liquids, cells, etc. to propagate through the foam. It also sets many physical properties of the foam, including its mechanical [START_REF] Gibson | Cellular Solids: Structure and Properties[END_REF] and acoustic properties [START_REF] Trinh | Tuning membrane content of sound absorbing cellular foams: Fabrication, experimental evidence and multiscale numerical simulations[END_REF]. For the particular case of cell culture and tissue engineering, the number and size of interconnections have a tremendous impact on cell growth related to cell migration and the facility with which nutrients and waste are transported throughout the material [START_REF] Hutmacher | Scaffolds in tissue engineering bone and cartilage[END_REF][START_REF] Karp | Scaffolds for Tissue Engineering[END_REF][START_REF] Lutzweiler | Modulation of Cellular Colonization of Porous Polyurethane Scaffolds via the Control of Pore Interconnection Size and Nanoscale Surface Modifications[END_REF]. However, pore connectivity is still poorly controlled, and the detailed mechanisms responsible for the rupture of the thin films leading to pore opening remain to be understood. As of now, a very simple rule of thumbs allows for an approximate control of foam connectivity via foam templating. Globally one notices that apart from a few exceptions most hydrogel foams presented in the literature are open-cell (Table 2). This hints that in the case of hydrogel foams, polymers are either expelled from the thin films or the gelled films are so thin that they break upon drying. In this case, the pore opening corresponds to the zone of the thin films separating neighbouring bubbles in the liquid foam template, which has been confirmed by several authors [START_REF] Dehli | Tailoring and visualising pore openings in gelatin-based hydrogel foams[END_REF][START_REF] Trinh | Tuning membrane content of sound absorbing cellular foams: Fabrication, experimental evidence and multiscale numerical simulations[END_REF]. This allows predicting how the diameter of the pore opening depends on the gas fraction and the foam structure [START_REF] Dehli | Tailoring and visualising pore openings in gelatin-based hydrogel foams[END_REF][START_REF] Trinh | Tuning membrane content of sound absorbing cellular foams: Fabrication, experimental evidence and multiscale numerical simulations[END_REF][START_REF] Princen | Pressure/Volume/Surface Area Relationships in Foams and Highly Concentrated Emulsions: Role of Volume Fraction[END_REF][START_REF] Arditty | Interfacial properties in solid-stabilized emulsions[END_REF]. For example, Figure 13 plots a theoretical prediction of how the ratio of the average pore opening diameter <dw> to the average pore diameter <d> is expected to vary with the gas fraction ϕ (and the liquid fraction 1-ϕ) for monodisperse disordered foams (solid line) (from [START_REF] Princen | Pressure/Volume/Surface Area Relationships in Foams and Highly Concentrated Emulsions: Role of Volume Fraction[END_REF]). The dashed line is a computational prediction for a monodisperse ordered foam. The data (from [START_REF] Dehli | Tailoring and visualising pore openings in gelatin-based hydrogel foams[END_REF]) are obtained for gelatin methacryloyl monodisperse foams which are partly ordered, hence expected to be in-between the theoretical and computational predictions. Figure 13: Ratio of average pore opening diameter dw to average pore diameter d of gelatin methacryloyl monodisperse foams as a function of (1-φ) compared with a model describing the film diameter for disordered monodisperse foams (continuous line, from [START_REF] Princen | Pressure/Volume/Surface Area Relationships in Foams and Highly Concentrated Emulsions: Role of Volume Fraction[END_REF]) and with surface evolver simulations for ordered, monodisperse foams (dashed line, from [START_REF] Pitois | Capillary imbibition in open-cell monodisperse foams[END_REF]). Adapted from [START_REF] Dehli | Tailoring and visualising pore openings in gelatin-based hydrogel foams[END_REF]. Isolated examples exist in which closed-cell hydrogel foams were obtained upon decreasing the gas fraction of the foam template [START_REF] Dehli | Tailoring and visualising pore openings in gelatin-based hydrogel foams[END_REF][START_REF] Testouri | Generation of porous solids with well-controlled morphologies by combining foaming and flow chemistry on a Lab-on-a-Chip[END_REF] or increasing the monomer/polymer concentration in the foaming liquid [START_REF] Trinh | Tuning membrane content of sound absorbing cellular foams: Fabrication, experimental evidence and multiscale numerical simulations[END_REF]. In particular, Trinh et al. [START_REF] Trinh | Tuning membrane content of sound absorbing cellular foams: Fabrication, experimental evidence and multiscale numerical simulations[END_REF] showed how the probability of finding a pore opening of a given size decreases systematically with increasing gelatin concentration (Figure 14). I.e., the more solid content in the continuous phase, the more likely is the foam to have closed pores, i.e., the less likely are the thin films separating neighbouring pores to break. However, truly systematic studies of the thinning and rupture of thin films during gelation have yet to be conducted. Thin film rupture has been studied for non-gelling systems at the scale of isolated freestanding films [START_REF] Rio | Thermodynamic and Mechanical Timescales Involved in Foam Film Rupture and Liquid Foam Coalescence[END_REF][START_REF] Chatzigiannakis | Mimicking coalescence using a pressure-controlled dynamic thin film balance[END_REF][START_REF] Petit | Holes and cracks in rigid foam films[END_REF][START_REF] Chatzigiannakis | Breakup of Thin Liquid Films: From Stochastic to Deterministic[END_REF] leading to the hypothesis that film rupture occurs when, due to film drainage, a critical film thickness is reached for which thermal fluctuations induce bursting. However, working with a gelling film, drainage may stop before the critical thickness for rupture has been reached, preventing its bursting. Moreover, the elasticity gained by the material through crosslinking may decrease the critical thickness for rupture, improving film stability. Systematic experimental investigations are still lacking to verify these assumptions, but recent instrumental developments allowing to monitor solidifying free-standing isolated films may advance the understanding of the rupture of gelling films, and thus pore opening mechanisms in hydrogel foams [START_REF] Andrieux | Microfluidic thin film pressure balance for the study of complex thin films[END_REF].

Absorption capacity of hydrogel foams

The ability of dried hydrogels to absorb liquid is sought for many applications, such as decontamination or wound dressings. Two aspects are important in absorption applications: the amount of absorbed liquid and the absorption speed. For both aspects, open-cell hydrogel foams offer a great advantage due to their double porosity (Section 5.1) resulting from the foam pores (~ 100 µm) and the hydrogel pores (~ 1 µm) [START_REF] Omidian | Advances in superporous hydrogels[END_REF][START_REF] Chen | Synthesis of superporous hydrogels: Hydrogels with fast swelling and superabsorbent properties[END_REF][START_REF] Kuang | Polysaccharide-based superporous hydrogels with fast swelling and superabsorbent properties[END_REF][START_REF] Omidian | Elastic, Superporous Hydrogel Hybrids of Polyacrylamide and Sodium Alginate[END_REF]. On the one hand, the foam pores offer additional void space, which can be filled by the absorbed liquid. On the other hand, an optimised foam structure may drastically increase the absorption rate during the imbibition process into the hydrogel foam. This "imbibition rate" is fixed by an equilibrium between the driving force (capillary suction) and the flow resistance [START_REF] Pitois | Capillary imbibition in open-cell monodisperse foams[END_REF], i.e., viscous dissipation [START_REF] Langlois | Permeability of solid foam: Effect of pore connections[END_REF]. The driving capillary suction depends on the wetting properties of the hydrogel surface, the surface tension of the liquid and on the size/shape of the pores. The resisting viscous dissipation depends on the viscosity of the absorbed liquid and the size and connectivity of the pores (Section 5.3). Globally, the smaller the pores, the stronger the driving force, but also the viscous dissipation. This contradicting influence of the pore size on both effects gives rise to an optimal pore size (and pore connectivity) for rapid imbibition. Due to the very small pore size of dried non-foamed hydrogels, imbibition tends to be very slow. Using open-cell foams with appropriate pore dimensions and gas fractions, a first rapid imbibition occurs into the foam; the very large surface-to-volume ratio then allows for an efficient imbibition into the porous hydrogel. It is for the same reason that hydrogel beads have been used in the past for absorption applications, since a first rapid absorption arises into the spaces between the beads, from which the liquid then penetrates more slowly but efficiently into the beads thanks to their large surface area. Foams, however, have the advantage that they can be processed in one monolith. Figure 15 nicely illustrates the evolution of the absorption efficiency of hydrogel foams with increasing gas fraction for the example of poly(acrylamide-co-acrylic acid) foams [START_REF] Chen | Synthesis of superporous hydrogels: Hydrogels with fast swelling and superabsorbent properties[END_REF]. While this general idea has been known for a long time, systematic investigations of the intricate interplay between imbibition and foam structure combining experiments, simulations and modelling are only beginning to emerge [START_REF] Pitois | Capillary imbibition in open-cell monodisperse foams[END_REF][START_REF] Langlois | Permeability of solid foam: Effect of pore connections[END_REF].

In closed-cell foams, absorption must occur entirely through the continuous gel phase without the possibility of replacing the gas contained in the pores. Due to the intricate porous network, closedcell foams tend to be even less efficient than dried non-foamed hydrogels for absorption applications as fewer imbibition pathways are available for the liquid. They may, however, provide a mechanical softness to the dry hydrogel, which can be of interest for specific applications.

While hydrogels are commonly dried before their use for absorption applications, hydrogel foams can, in principle, also be used for absorption in the wet state, provided that the foam is open-cell. In the only example known to us [START_REF] Deleurence | Time scales for drainage and imbibition in gellified foams: Application to decontamination processes[END_REF], this was used for decontamination with PVA hydrogels which were dried after absorption of the decontaminants to reduce waste. The opposite process of hydrogel absorption is drying. Most hydrogel foams are used in a dried state with different requirements on the properties of the dried material. Often this concerns the mechanical properties of the dry foam in terms of integrity or softness, or the fact that a certain pore size needs to be maintained for optimal absorption capacities. However, many artefacts can arise during drying due to the significant shrinkage upon water removal. For example, internal stresses may rupture the gel or lead to complete foam collapse; or an open-cell foam may collapse under its own weight. Freeze-drying, which is often used for non-foamed hydrogels, also proceeds very differently in foamed hydrogels. While drying effects have been investigated systematically for particulate hydrogel foams [START_REF] Lesov | Factors controlling the formation and stability of foams used as precursors of porous materials[END_REF][START_REF] Poulard | Structuring Solid Surfaces with Bubble Coatings[END_REF][START_REF] Zabiegaj | Carbon based porous materials from particle stabilized wet foams[END_REF], polymeric hydrogel foams await systematic investigation.

Figure 3 :

 3 Figure 3: (a) Phase diagram of the average bubble diameter ) and initial gas fraction φ for foams of different heights H. Above each curve, the foams maintain all liquid despite gravity-driven drainage. (b) Phase diagram of the average bubble diameter d and the gas fraction φ, showing curves below which foams of different heights H remain their shape under the influence of gravity.

Figure 5 :

 5 Figure 5: Characteristic evolution of the elastic shear and viscous shear moduli, G' and G'' during gelation. (b) Illustration of the variation of tan δ with time during hydrogels gelation. (c) Illustration of frequency sweep at the gel point determined from (b).Redrawn from[START_REF] Testouri | Generation of Crystalline Polyurethane Foams Using Millifluidic Lab-on-a-Chip Technologies[END_REF][START_REF] Raghavan | Rheological study of crosslinking and gelation in chlorobutyl elastomer systems[END_REF][START_REF] Testouri | Highly structured foams from chitosan gels[END_REF].

  shows a PU hydrogel foam with closed-cell structure. Changing the poly(ethylene glycol):glycerol ethoxylate mole ratio, PEG molecular weight, and adding a non-ionic surfactant resulted in the formation of an open-cell structure (Figure6b) with larger pores. What remains unknown is which of these three parameters controls the pore opening. The authors argue that the presence of surfactant induces an open-cell structure but proposed no mechanism to explain this behaviour.

Figure 6 :

 6 Figure 6: SEM micrographs of two polyurethane hydrogel foams with different compositions. (a): Poly(ethylene glycol) molecular weight= 400, poly(ethylene glycol):glycerol ethoxylate mole ratio= 5:2, stabilizer concentration = 0 wt.%. (b): Poly(ethylene glycol) molecular weight= 1000, poly(ethylene glycol):glycerol ethoxylate mole ratio= 6:1, stabilizer concentration = 5 wt.%. [5]

Figure 7 :

 7 Figure 7: Schematic illustrations of two commonly mechanical foaming techniques: (a) Mechanical stirring of the foaming liquid (blue). (b) Double-syringe technique where two syringes are connected, one containing the gas, the other containing the foaming liquid. Below, suggestions for modified foaming processes: (c) Mechanical stirring in a closed system where the gas can be different from ambient air, and liquids can be added during foaming. (d) Modified double-syringe set-up in which the gelation trigger can be introduced after the formation of a pre-foam.

Figure 8 :

 8 Figure 8: Common gas injection set-up for the batch generation of hydrogel foams. Adapted from [149].

Figure 9 :

 9 Figure 9: Different chip geometries used for microfluidic foaming. The arrows show the directions of the gas and liquid flows. a) Cross-flow geometry, adapted from [164]. b) T-Junction, adapted from [165]. c) Co-flow geometry, adapted from [160].

Figure 10 :

 10 Figure 10: Examples of monodisperse hydrogel foams generated via microfluidic foaming. (a)Alginate foam cross-linked with calcium ions, from[START_REF] Chung | Fabricating scaffolds by microfluidics[END_REF]. (b) Chitosan foam cross-linked with genipin, from[START_REF] Andrieux | Monodisperse Highly Ordered and Polydisperse Biobased Solid Foams[END_REF]. (c) Freeze-dried gelatin methacryloyl foam, from[START_REF] Dehli | Highly Ordered Gelatin Methacryloyl Hydrogel Foams with Tunable Pore Size[END_REF]. (d) Freeze-dried chitosan cross-linked with genipin, from[START_REF] Andrieux | Generation of Solid Foams with Controlled Polydispersity Using Microfluidics[END_REF].

Figure 1 :

 1 Figure 1: a) Scheme of microfluidic foam templating showing the possible alternatives for crosslinking. b) Alternative foam templating route in which the monodisperse liquid foam is a polymer-/monomer-free and is subsequently mixed with the gel-forming solution before subsequent gelation, from [40].

Figure 12 :

 12 Figure 12: (a) A photograph of a monodisperse chitosan foam showing the foam on top and the drained gelled phase on the bottom separated by the red dashed line. (b) SEM micrograph of the same sample after freeze drying. (c) close-up SEM micrograph of the foam region. (d) close-up SEM micrograph of the drained phase. Adapted from [165].

Figure 2 :

 2 Figure 2: (a) Example of hydrogel foam bubble with open and closed pore windows (b) Probability to find a pore opening of radius rc,o for increasing polymer concentration. Adapted from [40].

Figure 15 :

 15 Figure 15: Evolution of swelling ratio Qm with time for poly(acrylamide-co-acrylic acid) hydrogels with increasing porosity obtained through foaming. Adapted from [25].

Table 2 :

 2 Examples of different hydrogel foams generated by chemical foaming. All foams are polydisperse. EDC is 1-ethyl-3,3-[3-(dimethylamino)propyl] carbodiimide hydrochloride, and NHS is N-hydroxysuccinimide.

	Ref	Hydrogel type	Polymer	Cross-linker	Foaming reaction	Range of pore diameter d / µm	Open-/ closed-cell	Porosity / %
	[5]	Chemical	Polyurethane	Diisocyanate	Diisocyanate with water	600-1200	Closed to Open	
	[31]	Chemical	Polyurethane	Diisocyanate	Diisocyanate with water			
	[124]	Chemical	Polyurethane	Diisocyanate	Diisocyanate with water	~ 100	Open	~ 80
					Sodium			
	[125]	Chemical	Polyethylene glycol (PEG)	Diacrylate	Bicarbonate with acrylic	~20-80	Open	~ 57-67
					acid			
	[30]	Chemical	Polyethylene glycol (PEG)	Diacrylate	sodium with acid Bicarbonate	100-600		
	[120]	Chemical	Poly(propylene fumarate-co-ethylene glycol)	Poly(ethylene glycol) diacrylate	Sodium with acid bicarbonate	50-200	Open	66-84
					Sodium			
	[126]	Chemical	Gelatin	Glutaraldehyde	carbonate with	280-550	Open	
					acetic acid			
					Sodium nitrile			
	[132]	Chemical	Gelatin	EDC	with sulfamic	~ 230	Open	
					acid			
	[127]	Chemical	Alginate	EDC/NHS	Sodium bicarbonate	180-260	Open	
					Effervescent			
	[128]	Physical	Alginate	Metal salt	compound	NA		
					with acid			
					Sodium			
				Strontium	bicarbonate			
	[122]	Physical	Alginate	carbonate/calcium	with d-	100-400	Open	35-50
				carbonate	glucono-δ-			
					lactone			
					Sodium			
	[129]	Chemical	Chitosan	Glyoxal	bicarbonate	NA		
					with acid			
					Sodium			
	[26]	Chemical	Poly(acrylic acid)	N,N-methylene bisacrylamide	bicarbonate with acrylic acid + acetone	NA	Open and closed	
					as porogen			
	[130]	Chemical	Poly (acrylic acid) (PAA)	Inner cross-linker	Sodium bicarbonate	NA	Open	

Table 3 :

 3 Examples of different hydrogel foams generated by mechanical foaming. Mechanical foaming was ensured by vigorous stirring at high speed.

	Ref	Hydrogel	Polymer	Cross-linker	Foaming	Pore	Open-/	Porosity
		type			technique	diameter d /	closed-cell	/ %
						µm		
	[137,138]	Physical	PVA	Borax	Beater mixer 400		
	[144]	Chemical	PVA /	Tetraethoxys	High shear	500		
			chitosan	ilane	mixer			
	[141]	Physical	Chitosan	Self-cross-	High shear	200 -500		> 80
				link	mixer			
	[145]	Chemical	Chitosan/Gel	Tannic acid	High shear		Open	
			atin		mixer			
	[146]	Physical	Alginate	Calcium ions	High shear mixer	100-200	Open	80-98
	[139]	Physical	Alginate	Calcium	Beater mixer < 500	Open	
				carbonate				
	[147]	Physical	Alginate	Calcium	Beater mixer		Open	
				carbonate				
	[148]	Physical	Propylene	Calcium	Balloon			40 -60
			glycol	carbonate	whisk			
			alginate: PGA					

Table 4 :

 4 Examples of different foam-templated microporous hydrogels generated by gas injection, with the distinction between batch and microfluidic foaming.

	Ref	Hydrogel	Polymer	Cross-linker	Pore	Open-/	Porosity
		type			diameter d	closed-cell	/ %
					/ µm		
				BATCH FOAMING			
	[153] Chemical	Poly(vinyl alcohol)	Glutaraldehyde	210 ± 95	Open	78
	[149] Chemical	Gelatin	EDC	250-360	Open	86-89
	[152] Chemical	Gelatin	EDC	250 ± 20	Open	83
	[150] Chemical	Hyaluronic acid	EDC	100-350	Open	87
	[150] Chemical	Chitosan	Genipin	100-500	Open	92
	[150] Chemical	Alginate	EDC	100-350	Open	85
	[151] Physical +	Alginate	Calcium ions	20-280	Open	66
		Chemical		EDC/NHS			
				MICROFLUIDIC FOAMING			
	[32] Chemical	Chitosan	Genipin	338 ± 8	Open	
					644 ± 30		
	[34] Chemical	Chitosan	Genipin	364 ± 14	Open	99
					322 ± 48		99
	[154] Chemical	Chitosan	Genipin	~ 300	Open and	99
						Closed	
	[155] Physical	Alginate	Calcium ions	50-180	Open	
	[156] Physical	Alginate	Calcium ions	~200 2	Open	87
	[157] Chemical	Methacryloyl	Self cross-linking	240-360	Open and	
			gelatin			Closed	
	[39] Chemical	Methacryloyl	Self cross-linking	~180	Open	54-82
			gelatin				
	[158] Chemical	Polyacrylamide	N,N'-	200-1000 2	Open	
				methylebebiscarylamide			
	[118] Chemical	Chitosan	Glyoxal	~1000 2	Closed	
	[153] Chemical	Poly(vinyl alcohol)	Glutaraldehyde	147 ± 17	Open	63
	[159] Physical +	Alginate	Calcium ions	50-250	Open	63-83
		Chemical		EDC/NHS			
	[160] Physical	Alginate	Calcium ions	31 ± 24	Open	93-96
	[151] Physical +	Alginate	Calcium ions	100-200	Open	70
		Chemical		EDC/NHS			
	[161] Physical +	Gelatin	Glutaraldehyde +	60-90	Open	56-86
		Chemical		Paraformaldehyde			

In fact, strictly speaking, the pressure in a foam bubble depends on its number of neighbours[START_REF] Exerowa | Foam and Foam Films, Theory, Experiment, Application[END_REF][START_REF] Weaire | The physics of foams[END_REF][START_REF] Cantat | Foams -Structure and Dynamics[END_REF], i.e., the number of films. The less neighbours a bubble has, the higher is its pressure. Statistically, smaller bubbles have less neighbours, which is why they are at higher pressures. A foam in which all bubbles have the same number of neighbours would not coarsen. This could be reached with a perfectly periodic foam. However, experimentally this is impossible to reach. The presences of a few defects is sufficient to start coarsening around the defect. However, in comparison to polydisperse foams, the coarsening process is slowed down.

Estimated optically from micrographs.

Conclusion

While hydrogels have been used for decades, hydrogel foams have only recently started to make their way into applications despite their great promise in tuning their mechanical or absorption properties over a wide range. This delay is partly due to the challenge of matching foam and hydrogel formation, each process having its own characteristic timescales which are often controlled through the same formulation parameters in a conflicting manner. We therefore advocate here the approach of "liquid foam templating", in which an initially liquid foam with controlled stability and morphology is gelled in a second step. As such, one can build on the vast scientific know-how established for liquid foams (generation, stability, structure) over the last 30 years. We summarised here some of the key elements to keep in mind during the formulation of hydrogel foams via liquid foam templating.

Hydrogel foams raise many interesting and challenging scientific questions, most of which still await to be tackled in a systematic manner. Some of the main questions include:

(1) How does the foam influence the gelation process and the final gel properties in comparison to a bulk gel made with the same formulation? (2) Which mechanisms control the pore opening process in hydrogel foams? (3) How can the mechanical properties of the wet and dry foam be predicted? (4) How are foam structure and gel properties coupled in the drying and absorption processes? How can they be optimised?

While some of this know-how has been established for superabsorbing hydrogel foams due to their importance for hygiene applications, it remains in the hands of the concerned R&D departments. A profound academic understanding of the associated phenomena will, however, become of increasing importance to ensure the necessary flexibility to respond to increasingly strict environmental regulations. The increasing use of bio-derived polymers requires the development of reliable protocols despite the natural variability of the formulations.

While we concentrated here on "classic hydrogels" in order to maintain the focus on the foams, future work should, of course, combine the foam properties with the "modern" capacities of hydrogels (superabsorption, self-healing, hybrid-hydrogels, stimuli-responsiveness, drug delivery, etc.). It will be important to understand how the different hydrogel features translate to the overall foam properties.

While we discussed mostly how the foam will be useful for hydrogel applications, future work may treat the opposite question: how can hydrogel features be useful for foam applications? Classic hydrogel foams have already been exploited as metamaterials [START_REF] Maimouni | Micrometric Monodisperse Solid Foams as Complete Photonic Bandgap Materials[END_REF][START_REF] Wintzenrieth | Propagation du Son et Diffusion de la Lumière dans les mousses[END_REF], andinternal stresses or other gel features may be exploited to create novel types of foam structures with optimized metamaterial features.

While this review focuses on hydrogel foams, many non-aqueous gel systems await to be foamed. Moving away from water raises many challenging questions of current research as to finding appropriate stabilizing agents.

In summary, hydrogel foams will continue to offer an exciting playground for interdisciplinary work uniting chemists, physical chemists, physicists and biologists around a set of common fundamental and applied questions.
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