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Abstract: We describe a method for the fabrication of acoustic metasurfaces, which is based on soft porous polymer materials. 

The materials are obtained using an emulsion templating technique, which allows for the fabrication of soft porous polymers 

with fully controlled porosity values between 0 and 30%. Our approach involves the polymerization of water-in-silicone 

emulsions with controlled water volume fractions. The obtained wet solid monolith samples are dried using three different 

methods. Due to the softness of the polymer matrix such as, polyHIPE hydrogels or like in silica aerogels, the first method – 

regular air drying – leads to a collapse of the material and we present a complete experimental study of the observed kinetics as 

well as a model to account for the observed results. We show that this model can catch the kinetics characteristics. Then, using 

two alternative drying techniques, H2O2-assisted and supercritical drying, we show that it is possible to obtain materials with 

fully controlled porosities.  The speed of sound – or equivalently the material acoustic index – inside the material being 

dependent on its porosity, we obtain a gradient-index acoustic material by spatially controlling the porosity distribution along 

the two dimensions of these metasurfaces. Their ability in terms of wavefront shaping is then demonstrated through a 

deflecting experiment performed in water with a sample having a thickness 5 times smaller than the incident acoustic 

wavelength at ultrasonic frequencies. 

 



 

Introduction 

Metasurfaces are 2D materials of sub wavelength thickness that can provide non-trivial local phase shifts or 

amplitude modulation (or gradient) of the waves. Such devices enable a full spatial control of the wavefront. For 

example, a metasurface with appropriate properties can deflect or focus a beam. In other cases, it may also be used 

to produce twisted beams [1]. Initially introduced for electromagnetic waves, the concept has been extended to 

acoustics [2] and other areas of wave physics. Following those tracks, acoustic gradient index (GRIN) metasurfaces, 

i.e. surfaces in which the acoustic index varies as a function of position in the material, have been the object of 

intense research in the last years, leading to many realizations, mainly for air-borne acoustic waves [2-6]. The 

surfaces are obtained by micromechanical approaches, e.g. 3D printing techniques, and are based on the use of 

labyrinthine structures (with sizes on the order of 1 cm) allowing for a fine control of the wavefront in air at audible 

frequencies. Unfortunately, this smart labyrinthine approach cannot be used in water owing to the much larger 

acoustic impedance of water with respect to air [7]. Therefore, only few devices working in a very narrow frequency 

range [8] have been produced for water-borne acoustics, a domain of great interest for underwater applications and 

medical ultrasound devices. In a recent paper [9], we demonstrated that very thin sheets composed of soft porous 

polymers can be used as acoustic metasurfaces for water-borne ultrasonic waves, which paves the way to the 

realization of many acoustic devices working in fluid phases. However, as previously observed, the fabrication of 

homogeneous soft porous polymer materials is difficult due to the collapse of the structure upon drying [10], a 

problem also encountered for the synthesis of silica aerogels [11], polyHIPEs [12] or soft hydrogels [13]. In this 

paper, we describe the experimental procedure allowing for the production of broadband acoustic GRIN 

metasurfaces made of soft porous materials achieved using an emulsion templating technique (the so-called 

polyHIPEs approach [14, 15]) and specifically adapted drying techniques. We focus on the understanding of the 

drying mechanism and on the structural properties of the obtained samples. We adapt two drying techniques, which 



allows to produce soft samples with fully controlled porosity between 0 and 30 %. Then, we show one examples of a 

device capable of manipulating sound waves with a thickness much smaller than the wavelength  (typically /5). 

 

1. Synthesis of samples 

The wet macroporous monolith samples were obtained by the UV polymerization of a water-in-Poly(dimethyl 

siloxane) (PDMS) emulsion as previously reported by our group [16, 17]. The continuous phase of the emulsions was 

obtained by mixing 12.45 g of silicone-based UV cross-linkable PDMS fluid (Silcolease UV Poly200™ from Bluestar 

Silicones) together with 90 mg of catalyzer (Silcolease UV Cata211™ from Bluestar Silicones), 10 mg of UV sensitizer 

(2-isopropylthioxanthone from Rahn AG) and 50 mg of surfactant (2-octyl-1-dodecanol from Aldrich). In case of 

regular and supercritical drying, water phase containing 1.5 wt. % NaCl was introduced under mechanical stirring 

with a home-made helical device. The size distributions of emulsions were characterized by static light scattering 

using a Mastersizer S apparatus (Malvern) and optical microscopy (Leica DM 2500P microscope). The emulsions were 

introduced into Teflon (PTFE) molds of various thicknesses and maintained between two quartz plates, to avoid 

water evaporation during the polymerization process and achieve samples with smooth surfaces. UV was applied for 

typically 5 min to each faces of the samples. For H2O2-assisted drying, the dispersed phase included various 

proportion of H2O2. 

2. Drying of samples  

 2.1. Regular drying  

In a recent study [10], we showed that the drying of porous samples could lead to collapse phenomena due to the 

negative pressure that takes place inside water droplets as the liquid leaks out of the materials during the drying 

step. Such collapse was only observed in systems where the inside water droplets do not stick to each other before 

the polymerization. In such case, the obtained polymerized materials is of the closed cell type, with no direct 



connections between the pores containing the water. In this case, the permeation of the water from the inside of 

the pores to the exterior occurs through the polymer walls and the materials collapse during drying. As we showed 

before, such a collapse is not observed when the porosity of the sample is connected through micrometric holes 

appearing between the pores during the polymerization process. One possible way to interpret this phenomenon is 

to consider that during the drying, the sample is submitted to a drying pressure:  

Pdrying = 2/R  (1) 

where  is the surface tension of water and R the typical size of the channels by which the liquid is permeating 

through the matrix. For connected droplets such as the ones obtained with aggregated emulsions, one gets R ~ 1 µm 

and Pdrying ~ 0.1 MPa. If the droplets are isolated in the material, water is permeating through the sample and the 

characteristic size is almost molecular and typically smaller than 1 nm, so Pdrying ~ 100 MPa. These values should be 

compared to the Young’s modulus E0 of the PDMS matrix (~ 7 MPa in our case) and explains why the pores collapse 

in the system with a closed porosity (Pdrying >> E0) but not with the opened one (Pdrying << E0). To avoid this 

phenomenon, we identified two different methods that will be presented below. 

First, to further understand the underlying mechanisms of drying, we performed a complete experimental study of 

the drying kinetics and we propose a model to account for the obtained results. 

  2.1.1   Drying kinetics measurements 

First, we examine the spontaneous drying kinetics of monoliths left in an oven at a given temperature      , 

constant humidity). The monoliths have the shape of disks with diameter 32 mm and thicknesses varying between 1 

and 5 mm. In order to simplify the geometry of drying, the edges of the disks were covered by a Teflon tape while 

their faces were freely exposed to the ambient hot air. The drying kinetics was acquired by regularly weighing the 



samples over time for a set of samples with varying water volume fraction (2 to 30%). To quantify the drying rate, we 

express the relative mass loss of water W:  

     
         

         
  (2) 

 

where          ,      stand for the mass of the samples at times  ,    and infinity respectively. We also checked 

that the hygrometry of the oven is not altered by the release of water during drying by evaporating a small volume 

of pure water (     ) also regularly weighted over time; it leads to the linear decrease of the mass (data not 

shown) which is consistent, we believe, with a constant humidity.  

Fig. 1 collects the two main sets of data concerning the drying kinetics: First (Fig. 1, top left) a drying kinetics at 

constant slab thickness and varying initial volume fraction   of water; second (Fig. 1, bottom left) a drying kinetics at 

constant volume fraction but varying slab thickness. 



 

Figure 1: (Top Left) Example of relative mass loss against time for four different initial volume fractions of water dispersed in the silicone 

(slab of thickness        ); the solid line is a fit according to the model              
, see text (eq. (3)), from which we extract 

the final drying time    at which    . The shaded zones indicate the error on the fit, i.e., on   . (Insert). All eleven drying kinetics are 

expressed against the reduced time     , the solid line being              
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). (Top Right) Final drying time against the volume fraction of dispersed water in silicone and a 

linear fit       with                  . (Bottom Left) Relative water mass loss   against time for four different thicknesses of the 

slab (volume fraction of dispersed water      ); (Bottom Right) Final drying time versus thickness of the slab where the line is a fit 

       with                   . 

In all cases, the relative mass loss   fits reasonably well a simple law          , or equivalently: 

          
    (3) 



where the final drying time    is defined as        . Experiments suggest that       , see Fig. 1, which we will 

interpret below with a simple model. 

To follow further the drying of the materials, we performed Scanning Electron Microscopy (SEM) observations 

(Hitachi TM-1000) of samples sacrificed during the course of drying: as time passes, we cut several slabs and observe 

their side-views. Interestingly, we observe the progression of a front that separates a zone near the outer surface 

where the porosity has collapsed and an inner zone with preserved porosity, see Fig. 2. Also interesting is the shape 

of the collapsed pores after drying, which are more visible on Fig. 2 (Bottom) and can be compared to the one 

observed by Milner et al. [18]. These authors studied the behavior of an individual water droplet initially stuck into 

PDMS matrices of various softness. As the water leaks out of the internal pore through the matrix, they observe 

various types of deformation of the PDMS material depending on the toughness of the matrix. In “tough” matrices 

(i.e. in their case, as the polymer shear modulus exceeds around        ), they observe a deformation of the pore 

that is very similar to the one observed in our sample (see the Fig. 3 of their paper). In our case, the shear modulus 

was measured to be                  ) and we do observe the same kind of deformation. 

 



 

Figure 2: (Top) SEM side-views pictures of slabs with thickness 2mm and       upon drying; From top to bottom: initial material at t = 0; 

t = 7 h; t = 9 h and t = 11 h. Pictures on left and right are the zoom of the red and blue zones respectively. (Bottom) Zoom picture of the 

dried zone evidencing a peculiar shape for the collapsed pores. 



 2.1.2. Drying kinetics model 

We now derive a very basic view of what is likely to happen during drying. In brief, the slab containing some volume 

fraction   of dispersed water dries because the water permeates from the embedded drops to the surface of the 

slab in contact with an unsaturated atmosphere: the difference of chemical potential of water inside and outside the 

slab is the driving force of the permeation process. Yet, the kinetics is extremely complex because it involves 

describing the concentration field of water solubilized in the silicone everywhere in between the drop, in space and 

time, with droplets behaving as water source up to a point they cavitate and collapse. It is clearly beyond our goal 

and we circumvent such a hard problem with simplifying assumptions. 

 

Figure 3: Sketch of the model: side view of the slab, symmetrical with respect to the plane     and initially filled with a water emulsion at 

volume fraction  . Due to the permeation of water across the silicone to the interface in contact with unsaturated air, the drops empty up 

with time. We assume that there is a drying front at a position      before which all drops are empty (dry zone) and after which they 

remain full (wet zone). 

First, we define in Fig. 3 the geometry of the slab by its thickness    and assume the diffusion problem reduces to a 

one-dimensional problem along the   dimension perpendicular to the faces of the slab. Then, we assume that the 

boundary condition (BC) at the surface of the slab is of fixed concentration of water in the polymer   
 , in local 



equilibrium with the outer concentration    of water in air. In principle, we should set a flux BC but basic estimates 

evidence that the mass transport of water is strongly limited by diffusion inside the slab, not outside, therefore 

justifying a concentration BC. Then, we assume that everywhere deep in the sample—in the wet zone, see Fig. 3—

the silicone is fully saturated with solubilized water at concentration   
    provided by water droplets acting as 

sources; near the interface however, the permeation-induced drying process empties the drops. We therefore split 

the slab into a dry and a wet zone with a well-defined front, as indeed observed experimentally, see Fig. 2, and also 

confirmed by finite element calculations (not shown here). Consequently, the concentration field in the dry zone falls 

(about) linearly from saturation to surface concentration, and induces a drying flux: 

         
      

         (4) 

with    the diffusion coefficient of water in the silicone (            at room temperature). 

Now, we assume that the drying front evolves slowly (justified below), which sets a quasi-static model for the mass 

conservation and provides a kinetic equation for the propagation of the front. The latter moves because the drying 

flux pumps the water, the source being the drop which deliver a molar mass      
      

  
 where      is an 

equivalent concentration (   is the molar volume of liquid water, i.e., the ratio of molar mass and density of water: 

   
  

  
                 ). 

Equating these two fluxes yields: 

                   
      

         (5) 



assuming that     at    . We thus recover a diffusion equation for the drying front with an effective diffusion 

coefficient           
      

      . We define the final drying time such as        , leading to          , 

which leads to a more compact writing:                . It is worth mentioning that this quasi-static approach is 

not universal and requires the wet-to-dry interface to move slowly as compared to the time it takes for the 

solubilized water concentration field to equilibrate to a linear profile by diffusion in the dry zone [19]. The argument 

is even made stricter with         , which eventually leads to     
     . With   

              , our quasi-

static approximation remains valid for       , in line with our experiments where         . Translating the 

front kinetics into the relative mass loss, we obtain a simple law:           
   , in fair agreement with 

experiments, and the prediction: 

               
      

       (6) 

which is also compatible with experiments, see Fig. 2. Indeed, we get       with                 s which 

yields      
      

                           , and        with              s m   which yields 

     
      

                           . The two values agree reasonably well considering the different 

experimental uncertainties and the approximations made in this model. It is quite unfortunate that the solubility and 

mobility of water in this precise formulation of PDMS at      is unknown. However, transposing to values extracted 

from literature at room temperature in another PDMS [20], we get     
                    . We believe the 

agreement is satisfying with our value because a higher temperature should imply a higher solubility along with a 

larger mobility of water molecules. 

 

 



 2.2. Supercritical drying  

An alternative method to avoid the collapse of the materials upon drying one consists in eliminating the existence of 

the water/gas interface during drying by using supercritical CO2 as performed by Martina et al. [21]. This technique is 

commonly used for the drying of silica to obtain aerogels [11]. However, since liquid CO2 is not miscible with water, 

water is progressively exchanged with ethanol by plunging the wet material in a water bath and slowly enriching the 

medium with liquid ethanol using a peristaltic pump. At the end of this exchange process, one obtains ethanol 

droplets embedded in the PDMS matrix. The material is then introduced in a tank reactor in which the pressure and 

temperature can be adjusted. The reactor is then slowly pressurized with CO2 at a constant flow rate of 11 g/min and 

the pressure and temperature are adjusted to P = 11 MPa and T = 50 °C and kept constant during the drying process. 

CO2 mixes with ethanol resulting in a single supercritical phase in these conditions. Pure CO2 being constantly 

introduced into the reactor, the ethanol is slowly extracted, and the system finally only contains supercritical CO2. 

The pressure is then slowly decreased to 0.1 MPa (over 1 hour) and the temperature is decreased to ambient 

conditions. Thus, the system never crosses any phase transition lines and no liquid-gas interface is present in the 

system.  

 2.3. H2O2-assisted drying  

The third method consists of introducing a proportion of hydrogen peroxide (H2O2) in the dispersed water phase 

[22]. H2O2 is spontaneously decomposed in H2O and O2 (gas) and the nucleation of the gas bubbles inside the pores 

allows for a release of the negative pressure endured by the material during the drying process. As a consequence, 

as drying occurs, one expects the nucleated gas bubbles to expand and replace the liquid that permeates through 

the polymer matrix. However, the decomposition reaction of hydrogen peroxide in oxygen and water has a very low 

rate constant at room temperature and in the absence of any catalyst. As a consequence, the decomposition of H2O2 

does not occur during the emulsification process and only starts during the enlightening of the material with the UV 

lamp and the following drying step that is completed at 80°C. Indeed, kinetic measurements of oxygen production 



(not shown here) show that the rate constant of the reaction increases by more than one order of magnitude when 

increasing the temperature from 20°C to 80°C. 

To observe the drying process, , the samples were UV polymerized and then rapidly put in a thermally controlled 

Peltier microscope cell at a drying temperature of 80°C and observed at different times. Due to the difference in 

refractive indices of PDMS, water, and air, the drying phase fronts are visible, and the change in the drying front can 

be clearly observed. We performed these observations for both the OH457-H2O and OH457-H2O2 systems. The 

optical microscopy pictures obtained at different times after the UV polymerization in these two cases are presented 

on Fig. 4. 

At t = 0, the images were taken just after the sample’s introduction in the Peltier cell at a temperature of 80 °C. 

Initially, both samples appear very dark, which is due to the strong scattering of light induced by the difference of 

optical index between the water that is contained inside the droplets and the continuous PDMS phase. As time 

passes, a drying front is observed between a semi-transparent region that appears at the edge of the sample and 

moves towards the center. The red arrow shows the direction of propagation of this drying front. The undried region 

appears dark due to the light scattering by water-filled pores.  

In both samples (and up to t = 10 min), the presence of the semi-transparent region indicates that the system 

becomes less scattering, which is due to the collapse of the pores as the water phase escapes the material. At t = 10 

min, a difference of behavior is observed between the two systems: in the OH457-H2O2 system, a dark zone starts to 

appear again at the edge of the sample, which indicates the reappearance of a strong scattering of light by the 

sample. This means that upon drying pores opens again in the first system but not in the case of the OH457-H2O, 

which still remains almost transparent up to 35 minutes after the beginning of the experiment. By contrast the 

OH457-H2O2 system remains completely dark, which is due to the presence of air inside the pores. This means that, 

after a given amount of time (about 10 minutes in our case), the nucleation of O2 gas bubbles occurs in the system, 



which leads to a release of this internal stress that applies to the pores during drying and the pores reopen to reach 

back their initial size and shape.  

 

Figure 4: In-situ optical microscopy observations of the drying kinetics of cross-linked emulsions stabilized with OH457 containing 

(left column) or not (right column) H2O2 in the dispersed phase. The samples are maintained at T = 80°C, squeezed between two 

glass slides and drying occurs from the border of the sample towards its center following the direction of the red arrow.               

Scale bar: 200 µm 



Such method allows the system to be simply dried at room pressure while avoiding the step of exchange of water 

with ethanol. To achieve the targeted porosity, we optimized the concentration of H2O2 and found out the 

concentration of 15% to be the optimal one to achieve the targeted porosity.  

3. Characterization of the porous samples  

The microstructures of obtained dried porous samples with the two above methods were again characterized by 

SEM. Fig. 5 (A) and (B) show the images of dried porous samples obtained with the H2O2-assisted (A) and the 

supercritical drying (B) techniques. The images are very similar and exhibit, in both cases, perfectly circular pores 

with a size distribution (Fig. 5 (C)) very close to the one of the initial emulsions. The sizes were obtained using ImageJ 

software for the analysis of the SEM pictures, while static light scattering experiment was performed to characterize 

the initial emulsion droplets size distribution. The porosity of the samples performed with the three drying 

techniques were then measured using a home-made setup measuring the Archimedes force acting on samples 

immerged in a water–glycerol mixture. The obtained values were more precise than the ones obtained by direct 

calculation from the mass and the dimensions of the samples. Fig. 5 (D) shows the final porosity (%) as a function of 

the dispersed water phase volume fraction (%) in emulsion for the three drying techniques. In the case of regular 

drying, a large difference between the final porosity of dried sample (that never exceeds 5% whatever the initial 

water volume fraction in the emulsion) and the dispersed water phase volume fraction in the initial emulsion is 

measured, which is a direct consequence of the pores collapse during drying, as observed in a previous study [10]. In 

contrary, supercritical and H2O2-assisted drying allow for a remarkable control over the samples porosity as 

evidenced by the data of Fig. 5 (D) where the porosity is roughly equal to the initial water volume fraction.  

To determine the surface area of the samples, they were also all submitted to nitrogen adsorption measurements. 

The BET analysis of our samples (not shown here) led to very low values of the specific surface area, i.e. less than 0.5 

m2/g for all our samples, which is the detection limit of the apparatus. This means that these samples do not exhibit 

any microporosity (pores in the nanometer range). Thus, a rough calculation of the expected surface area for such 



samples can be made by considering the contribution from the macropores that were observed using SEM. In this 

case, the surface specific area SS of a sample of volume Vtot , porosity and mass density  should be equal to:  

    

     

     
     

     
 

  

  
 

Where Vpore = 4/3  R3 and Spore = 4 R2 are the volume and the surface of one pore of radius R, respectively. For the 

samples with the highest porosity ( = 30 %) and having a radius R ~2.5 µm (see Fig 5C) and a density of around 

700 kg/m3, we thus obtain a very low specific surface area SS ~ 0.5 m2/g, in good agreement with the BET results. 

 

Figure 5: Characteristics of the final porous materials: (A-B) SEM pictures of the final materials obtained with (A) H2O2-assisted 

drying (B) supercritical drying ; (C): Pore size distributions(PSD) obtained from the SEM pictures for supercritical drying (the same is 

obtained for H2O2-assisted drying, not shown here) and water droplet size distribution (DSD) from static light scattering experiment 

on the initial emulsions; (D): evolution of the materials final porosity as a function of initial water volume fraction of the emulsions 

for the three drying methods. The solid lines on (D) are simple guides to the eyes. 



4. Acoustic properties 

 4.1. Acoustic properties of the bulk materials 

The experimental device used to measure the acoustic velocity in the samples consists of two identical piezoelectric 

transducers with diameters 30 mm (Olympus 301). One transducer serves as a source and the other one as a 

receiver. These are placed face to face on a manual device, graduated, linearly sliding for varying the distance 

between the transducers, thereby enabling an accurate measurement of the sample thickness. The transducers are 

broadband with a central frequency of 500 kHz. For each given porosity, the measurements are performed on two 

samples with thicknesses of 2 and 3 mm (with a constant diameter of 32 mm). Using a pulse generator (Olympus 

5077PR-40-E), the transmitting transducer is excited by an electrical pulse of amplitude 400V with a repetition rate 

of 100 Hz allowing thereby the generation of a wideband acoustic signal. The acoustic signal transmitted and 

detected by the receiver is displayed on an oscilloscope (type Lecroy 9450A). The thickness of the sample is 

equivalent to the wave propagation distance. Because of the high dissipation of waves in the sample that is due to 

the macroporous nature of the materials, the excitation signals with frequencies centered around 500 kHz are totally 

absorbed before reaching the receiver. So, the receiver thus only detects the waves of lowest frequencies (normally 

20 to 200 kHz), which are less dissipated than the one of highest frequency.  

We then performed the acoustic characterizations of the obtained samples and measured the evolution of the 

longitudinal phase velocity (CL) as a function of the materials porosity (Fig. 6). From this curve, the evolution of the 

acoustic refraction index (n) as a function of porosity ( ), was deduced as ratio of phase velocities in porous material 

and water (n = CL, material /CL, water). As in previous papers [17, 23], we compared our data to theoretical predictions 

[24], expecting the following equation to describe the behavior of CL as a function of porosity : 

       
     

   
   
   

 
  (7) 

(a) (b) (c) 



Where CL(0), K0 and G0 are, respectively, the sound speed (≈ 1100 m/s) and the bulk isotropic and shear moduli of 

the pure non porous matrix. We measured G0 ≈ 3 +/- 1 MPa and estimate K0 = 0 CL(0)2 ≈ 1 000 MPa, where 0 is the 

mass density of the pure matrix (≈ 103 kg/m3). Using such values and equation (7), we get the data plotted on Fig. 6, 

in reasonable agreement with our experimental results.  

It clearly comes out that the velocity only depends on the material’s final porosity whatever the used technique of 

drying. The curve also shows that porosity larger than 5% cannot be obtained using classical drying due to the partial 

collapse of the material. From these studies, we deduce that porous materials with very well controlled porosity and 

consequently very well-defined acoustic index can be obtained. In the next section, we use these materials to 

fabricate an acoustic device, as an example of what can be achieved with these materials. 

  

Figure 6: Evolution of the phase velocity as a function of the porosity at a fixed frequency of 90 kHz for the materials prepared with 

the three different drying methods. Solid line: Calculation of the acoustic velocity using equation (7) in the text with K0 = 1000 MPa 

and G0 = 3 MPa. 

 

 



 4.2. Fabrication of the final GRIN samples 

In a recent paper, we showed that such well-defined porous materials can be assembled to obtain gradient index 

(GRIN) acoustic metasurfaces [9]. In this section, we briefly show how the samples were technically assembled and 

present one example of acoustic device as wave deflector. 

On Fig. 7 (B), we present the sample that was used for beam deflection, which requires a linear gradient index along 

the X direction:    

               
       

 
                                   

where X indicates the axis of the porosity gradient, = 5 degrees is the chosen deflecting angle and d = 2 mm is the 

sample thickness, We define the width of each stripe (interval in X) as 10 mm. Based on the results plotted on fig.6, 

the porosity of each stripe is then determined. 

The GRIN sample was obtained using the procedure described in fig.7 (A), by layer by layer deposition of emulsions 

having required initial water volume fraction. Thanks to the immediate UV polymerization of each layer, no mixing of 

the emulsions was observed, and the porosity domains are very well separated.  



 

  

Figure 7: (A) Schematic of the procedure used for the fabrication of GRIN metasurfaces. From top to bottom: a thin polymer mold 

(nylon of polylactic acid (PLA) for example) is fabricated using a 3D printer. Emulsions with chosen volume fractions are introduced 

in each compartment and the system is then polymerized and dried (using supercritical CO2). (B) The final material is obtained and 

exhibit acoustic indices, which are respectively for each stripe (from right to left in the picture): 2.18; 2.69; 3.06; 3.61; 4.16; 4.41; 

4.69; 5.11; 5.68; 6.25; 6.53; 6.81; 7.04; 7.27; 7.5 

 



 4.3. Acoustic properties of the GRIN metasurface 

To evidence the ability of our metasurface in terms of wavefront shaping, ultrasonic experiments were carried out in 

a water tank. A large planar ultrasonic (US) transducer (150 mm x 40 mm) was used to generate plane waves 

propagating along the Z-axis as shown in Fig.8 (left). The central frequency f was here of 150 kHz corresponding to an 

incident wavelength 0 of 10 mm for these water-borne waves. The acoustic pressure field was then scanned in the 

XZ-plane thanks to a tiny hydrophone (1 mm in diameter) mounted on motorized linear stages. 

 

Figure 8: Measured pressure fields at 150 kHz coming from a large flat ultrasonic transducer with no sample (left), with the 

deflecting metasurface (right). The black bar indicates 1 cm. 

When the US transducer is covered by the linear GRIN metasurface, the wavefronts passing through this sub-

wavelength coating are still planar but slightly tilted from the initially horizontal X-axis as shown in Fig. 8 (right). The 



measured angle of deflection is 5° in good agreement with the theoretical design of the metasurface index-profile. 

These results inspire us to realize materials exhibiting spatial modulation of refractive index by modulating the 

porosity inside the materials. We explore this opportunity to the realization of the devices that are referred to as 

“soft acoustic gradient index metasurfaces”, which can be used to focus, steer, or to create acoustic vortex beam. 

These results are discussed in detail elsewhere [9]. 

Conclusion  

Using an emulsion templating method coupled to different drying techniques, we show that obtaining soft porous 

materials with closed cells geometry and controllable values of their porosity can only be obtained using specific 

drying techniques.  The regular air drying of these materials with no specific precautions leads to collapsed materials, 

in agreement with previous results [10, 18] with uncontrolled values of their porosity. By contrast, and in agreement 

with results from the literature [21, 22], drying using supercritical CO2 or with systems containing H2O2 in the cells 

lead to materials with fully controlled porosity. In these two cases, we show that the material final porosity is equal 

to the initial water content in the emulsion.  

When the samples are dried in atmospheric conditions (regular drying), our data show that the drying kinetics obeys 

a simple law of the type:     
 

  
 
   

in good agreement with the model that is developed in this paper. The 

required drying time is also shown to scale as the square of the sample thickness and linearly with the initial water 

volume fraction, which is also depicted by our model. 

Using an adapted ultrasound acoustic setup, we show that the longitudinal wave acoustic velocity in the porous 

samples, and consequently the materials acoustic index, depend critically on their porosity, following a well-

established model [24]. By a spatial control of the porosity distribution, along the lateral dimensions of the samples, 

we show that it is possible to obtain gradient index acoustic metasurfaces allowing acoustic wavefront shaping while 

being much thinner than the incident wavelength. The procedure is simple and easily up-scalable, adaptable to any 



types of acoustic transducers and exhibits a unique versatility in terms of wavefront shaping. The obtained devices 

are broadband and active for acoustic waves travelling in water. 
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