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ABSTRACT  

Precise and robust manipulation of air bubbles will favor intense demands from governing 

processes of chemical reactions to enhancing transportation efficiency in multiphase engineering 

systems. Inspired by the working mechanism of mucous lining in lung alveoli, the elastic liquid-

infused material (eLIM) is constructed by infiltrating an interconnected porous elastomer with a 

low-surface-energy lining liquid. With the help of the lining liquid, the pore pressure of the 

interconnected channels in eLIM can be reversibly regulated under mechanical stretching, 

balancing the capillary pressure in the channels with diverse radii and allowing gas flow in these 

channels. Therefore, air bubbles could be transported in and across the eLIM, showing on-

demand control on the bubble contact angle, merging and splitting in an active and precise 

manner. The robust manipulation strategies on air bubbles can find applications in bioreactors 

and many other bubble-involved processes. 
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Dynamic manipulation of air bubbles in liquid environment is crucial in diverse animal 

behaviors.1 For instance, diving bell spiders utilize hydrophobic hairs to trap air bubbles on their 

abdomens and legs for subaqueous living.2 Some moles and water shrews use air bubbles to 

transport odorant for underwater olfaction.3 A variety of industrial processes also substantially 

rely on the mass transfer and dynamic behaviors of bubbles in submerged substrate, such as 

water remediation,4, 5 drag reduction,6, 7 boiling heat transfer,8 and electrolysis.9, 10 Nevertheless, 

the kinetic motion of gas bubbles together with their hydrodynamics of gas-liquid interface 

complicate the bubble-substrate interactions, posing significant technical challenges to the 

precise and robust manipulation of air bubbles in those bubble involved systems and devices. 

There are a couple of examples on the manipulation of air bubbles via materials with special 

surface chemistry and topography by taking advantages of the surface wettability regulated air 

bubble affinity as well as the topographical gradient induced asymmetric Laplace pressure on the 

air bubble.11-14 These materials work well on trapping, collecting and transporting air bubbles in a 

range of diameters.15 However, the drawbacks are also noticeable. On the one hand, 

environmental medium in submerged systems affect largely on the surface 

hydrophobicity/superhydrophobicity and thus may cause irreversible changes on air bubble 

affinity. For example, the superhydrophobic surfaces would lose the underwater gas affinity 

encountering either the degradation of air cushion or the contamination by surfactant.16, 17 On the 

other hand, the effective length of topographical gradient on transporting air bubble is very 

limited, and air bubbles exceeding the length-scale of topographical gradient cannot generate 

sufficient shape distortion and thus Laplace pressure to trigger the motion.18 Therefore, it is 

highly desirable on designing materials to enable robust manipulation strategies on air bubbles in 

aqueous mediums. 
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Natural systems are commonly operated in dynamic ways adapting to environmental changes. 

Particularly, among the human respiratory process, continuous and efficient gas exchanges 

would take place in the lung,19 which contains millions of interconnected and elastic alveoli with 

diameters around 200 to 300 µm. At such length scale, the broad size distribution on alveolus 

results in huge difference on Laplace pressure of the encapsulated air bubbles. To enable 

simultaneous and uniform inhalation and exhalation of all alveoli, a layer of mucous surfactant 

lines out of each alveolus, lowering and balancing the surface tension of alveoli and enabling 

smooth gas flow in the lung (Figure 1a).20 Meanwhile, the lining layer protects the alveoli tissue 

from direct contact of dust and other airborne contaminants.21-24 The synergy of these features 

enables the robust gas exchange and adaptive function of the human pulmonary system in 

diverse climates. 

Inspiring from the working mechanism of alveoli and mucous lining, we herein report a 

mechano-adaptive material – namely ‘elastic liquid-infused material’ (eLIM) – for on-demand 

underwater manipulation of air bubbles. Our system shares the key features as alveoli that air 

bubbles could be impregnated into the eLIM and then transported through the interconnected 

pores and channels along with the distribution of low-surface-energy lining liquid, which will 

further allow on-demand control on the bubble contact angle, merging and splitting in an active 

and precise manner. Furthermore, the immiscibility of low-surface-energy lining liquid also 

grants a self-cleaning feature to eLIM to enable robust function in diverse conditions. All these 

make eLIM a promising platform in areas where air bubble manipulation is instrumental 

including chem/bioreactors, fermentation, catalysis, and electrolysis. 

RESULTS AND DISCUSSION 
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The bio-inspired eLIM could be constructed by infiltrating an elastic interconnected porous 

substrate with a low-surface-energy liquid – the infused liquid should wet the porous substrate in 

submerged conditions and can bear readily redistribution under mechanical deformation of the 

substrate.25-27 In accordance with the alveolar system, bubble manipulation via eLIM is based on 

both the elastic deformation of the substrate and the capillary action due to the reconfiguration of 

the infused liquid (Figure 1b). When operating underwater, bubble sitting on the surface of eLIM 

could invade along with the expansion of substrate and with the redistribution of the infused 

liquid. When the applied strain is released, the captured bubble also could be squeezed out with 

the contraction of the substrate and with the back flow of the infused liquid. The mechanism 

could be explained well by considering the eLIM system as a modeled poroelastic material.25 In 

this regard, when stress is generated onto the porous substrates, the pore-fluid pressure will 

decrease, with the pressure drop  PS = -B, where  is the stress sensed by the substrate and B 

represents the incompressible constituent of the system.25, 28, 29 Meanwhile, the interface of 

infused liquid will cave inwards porous channels to balance PS by Laplace pressure PL = 

2l/rm, where l is the interfacial tension of infused liquid/gas and rm is the radius of meniscus 

curvature (Figure 1b).30 Therefore, by stretching the eLIM in submerged conditions, the change 

of pore pressure, liquid redistribution and air bubble transportation are highly interactive and 

could happen simultaneously. Similar to the lining mucus of alveolar system, a low-surface-

energy liquid could effectively decrease the overall magnitude of the Laplace pressure of pores 

with diverse radii in the eLIM. Effective inflation of the interconnected pores and channels could 

be performed at low operating stress, enabling maximal accommodation of air cushion inside the 

eLIM and thus the capability of on-demand bubble manipulation. 
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To realize the eLIM, porous matrix was fabricated by thermal curing silicone elastomer with a 

sacrificial template method. Sodium chloride (NaCl) powders as template were added into glass 

mould, followed by infusing a silicone precursor (SYLGARD 184) diluted by ethyl acetate 

(Figure S1). After curing the precursor and dissolving the NaCl, elastic porous silicone was 

obtained (Figure 1c). The structure, morphology and mechanics of the porous silicone can be 

controlled by adjusting the size and filling ratio of NaCl powders (Figure S2). In this work, the 

optimal Young’s modulus of the porous silicone is ~120 kPa with an average pore size at 60 m 

and 50% porosity, and the maximum strain can be up to 80% with 0.15 MPa for sample 

membrane at 1 mm thickness, respectively. Such porous silicone is hydrophobic in air and shows 

high bubble affinity when it is put underwater – a deposited air bubble will spread and vanish 

quickly on the surface. A perfluoro-lubricant (Fomblin, average molecular weight, 1800) was 

selected as infusing liquid, due to the low surface energy (17.1 mN/m) and excellent stability to 

cover the porous substrate in water (Figure S3).16, 31 Moreover, this perfluoro-lubricant is no 

cytotoxicity and even stable in submerged, extreme pH, salinity, and UV environments.32,33 The 

eLIM was finally obtained by adjusting the infusing amount of the perfluoro-lubricant on to the 

porous silicone (Figure S4). 

ELIM exhibits a characteristic strain-dependent pore volume change and lubricant 

redistribution under mechanical deformation, which validates our discussed poroelastic model 

previously. When uniaxial stress is gradually applied, the pores and channels of the substrate are 

expanded accordingly, and infused lubricant is reconfigured along the channels in the stretched 

substrates. To better characterize pore volume change, the ratio of pore volume (Vp) to the matrix 

volume (Vm) of eLIM is thus defined as void ratio (Vp/Vm). Figure 1d shows that the void ratio of 

eLIM filling with 20 L/cm2 lubricant changes gradually and reversibly with the applied strain, 
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which is fundamental in the manipulation of air bubbles. Moreover, Figure 1e shows a 

connective performance of air bubbles on the eLIM sample under strain 0% and 40%. At 

relaxing state, the air bubbles keep stationary, because pores and channels are blocked by infused 

lubricant. At strain 40%, the stretched eLIM could mediate the transportation of the small bubble 

to the big one under unbalanced Laplace pressure, because the pores and channels are 

reconnected with the redistribution of the infused lubricant under strain (Movie 1). 

Unlike other reported systems, eLIM shows robust, continuous and reversible tunability on the 

configuration and the contact angles of depositing air bubbles. As shown in Figure 2a, on a 

typical sample of 20 L/cm2 infused lubricant, BCA of a 3 L air bubble changes gradually from 

85° to 5° with growing strain from 0% to 20% and it can fully recover when the strain is released 

(Movie 2). The change of BCA is subject to the configuration of the distribution of the infused 

lubricant. Furthermore, parametric studies reveal that the sensitivity (ratio of the change of BCA 

to the applied strain) of the strain-based adjustment can be precisely controlled by 

simultaneously tuning the amount of infused lubricant and the size of the probing air bubble 

(Figure 2b and c). For example, for the same BCA change, eLIM infused with more lubricant 

needs larger strains to generate sufficient void volume to accommodate the air bubble, and 

smaller air bubbles are much easier to be impregnated into the eLIM. 

The tunability on BCA is robust and the eLIM system can maintain function in multiple 

repeating cycles (Figure 2d). This is ascribed to the synergetic effect of excellent elasticity of the 

porous substrate, the flowability of the infused lubricant and its immiscibility to environmental 

medium. Wettability of the liquid-infused substrate is not altered after multiple repeating cycles 

performed in water. As a comparison, when bare porous substrate (without infusing lubricant) is 

put in water, the trapped air cushion in the substrate will be replaced by surrounding water 
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shortly (Figure S6). Actually, current superhydrophobic bubble-manipulating materials are 

limited to the robustness in submerged conditions, because they are likely to be impregnated by 

water due to hydraulic pressure and gas diffusion.16 All these results prove the robust and precise 

tunability of eLIM for bubble contact angles control. 

The eLIM offers a platform for operating multi-bubble behaviors including transportation, 

merging and splitting. As shown previously in Figure 1e and here in Figure 3a, a fast and steady 

bubble merging can be performed based on the way of the strain applications. Initially, three 

bubbles with different radii are collected by eLIM with similar BCAs. As the strain gradually 

increases, gas bubbles steadily transport through the interconnected channels and are temporarily 

reserved in eLIM. As described previously, during the stretching, the pore pressure drops, and 

the bubble transportation and the lubricant redistribution happens simultaneously to 

accommodate the additional volume from the air bubbles. Therefore, the volume of all three 

bubbles drops simultaneously. When a larger strain is reached, the smallest bubble completely 

impregnates into the eLIM, and two caps are left for the bubbles of larger volume (Movie 3). As 

eLIM snaps back in tension, the pore pressure is removed and the trapped air cushion moves 

outwards, forming a water-gas cap again; then the Laplace pressure at water-gas interface will 

increase until an equilibrium state is reached. It is worth noting that all air cushion trapped in the 

interconnected channels will only be propelled outside eLIM from the water-gas interface site 

with a smaller Laplace pressure, resulting in the merging of multiple bubbles. 

To enable multipurpose and precise manipulation of air bubbles, the eLIM can be further 

engineered with patterns of controlled geometry and porosity to adjust the mechanic response 

and thus control the pore pressure and capillary pressure sensed in the system. As illustrated in 

Figure 3b, a radial hollowed region (radius: 0.5 mm, depth: 0.5 mm) is fabricated to induce a 
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thinner thickness on the porous substrate, and a non-uniform strain distribution will be thus 

generated when stretching the eLIM sample: the thinner thickness at the hollowed region will 

respond with a higher strain and thus a larger pore deformation during the stretching process, 

comparing to the surrounding region. Therefore, when the stress is relaxed, the reserved gas in 

the eLIM will escape from the thinner region where the curvature is smaller. A bubble will be 

precisely transported from any site to the patterned site (Movie 3). Similarly, this strategy can be 

used in transmembrane merging and splitting of bubbles. As shown in Figure 3c, two smaller 

bubbles sitting on eLIM can first impregnate into the eLIM during the stretching and a bigger 

bubble is generated at the patterned sites on the other side of the substrate during the relaxing. As 

shown in Figure 3d, bubble-splitting manipulation can also be observed by adjusting the 

patterned sites. It is worth noting that there is almost no change on the bubble volume before and 

after the transportation, merging and splitting process, indicating strong reliability of our system, 

which results from low-surface-energy infused lubricant (Figure S7). 

Here we demonstrate the application of eLIM as adjustable pressure-limiting valve for 

controlling excessive gas bubbles in multiphase system. Controllable release of excessive 

bubbles is crucial in diverse engineering systems, such as chem/bioreactors, fermentation and 

wastewater treatment. One of the main challenges associated with releasing bubbles is that it 

requires sophisticated pressure-limiting valve that is expensive and susceptible to contamination. 

Thus, we suggest eLIM with robust and on-demand bubble manipulation capability for 

controlling excessive bubbles in a proof-of-concept bacterial reactor. As a demonstration, a glass 

chamber filled with culture medium containing Escherichia coli (E. coli) is connected to air inlet 

and pressure sensor, with the other end mounted and sealed with an eLIM membrane (Figure 4a). 

Under constant flow ventilation, bubbles gather on eLIM and the internal pressure of the 
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chamber gradually increases, resulting in mechanical stretching of eLIM membrane (Figure 4b). 

With the increase of the internal pressure, the gradual stretching of eLIM membrane will 

facilitate bubble transportation cross the membrane (Figure S8). The escaping of excessive 

bubbles from the chamber results in the regulation of the internal pressure, during which the 

eLIM membrane serves as a pressure-limiting valve. In addition, because of the presence of low-

surface-energy lubricant, eLIM was granted self-cleaning feature. To demonstrate this self-

cleaning function, we monitored the bacterial fouling on eLIM and porous 

polytetrafluoroethylene (ePTFE) membrane, respectively. It could be found that, compared with 

traditional hydrophobic ePTFE membrane, eLIM membrane exhibits no detectable residue of E. 

coli after culture (Figure 4c). 

Actually, the ability on pressure regulation by the eLIM-based pressure-limiting valve is 

highly controllable. In our system, the critical pressure (PC) for releasing bubbles is subject to 

Laplace pressure (PL) of infused liquid meniscus and pressure (PE) deriving from deformed 

eLIM. Therefore, the PC can be described as follow: 

PC = PL + PE ~ 2l/rp + 2Eh( - sin)/R 

R is the radius of the eLIM membrane mounted chamber and E, h, 2, rp is elastic modulus, 

thickness, bend angle and pore radius of the eLIM membrane, respectively (Figure S8). 

Consequently, the critical pressure can be rationally adjusted by tuning the above mentioned 

parameters individually or simultaneously in the eLIM membrane. Indeed, Figure 4d and e prove 

that the critical pressure decreases with increasing pore radius and grows as increasing thickness 

of the eLIM membrane, which is consistent with the equation above. 

CONCLUSION 



 11 

In summary, a bio-inspired eLIM has been proposed and designed to mimic the features and 

functions of the alveolar system in manipulating air bubbles in submerged conditions. The eLIM 

is realized by infiltrating porous silicone with low-surface-energy perfluoro-lubricant to enable 

stable overcoat on the porous silicone and reversible distributing under mechanical regulation in 

aqueous solution. Our results show that eLIM presents a conceptual strategy to manipulate 

bubbles, which is mainly dependent on the reversible adaption of the infused liquid-gas interface 

for responsive deformation of substrate. Therefore, in eLIM system the bubble manipulation will 

be independent on interface wettability of outside media, endowing manipulation strategy with 

precision and universality. This stimulus-triggered eLIM will favor intense demands in 

membrane separation, fermentation, medical devices, biomedical fluid handling, multiphase 

chemical and biochemical reactions, where both advanced membrane technique and on-demand 

gas bubble manipulation are highly desired. 

EXPERIMENTAL SECTION 

Fabrication of elastic liquid-infused material (eLIM). Firstly, sodium chloride (NaCl) 

powders as template were added into glass mould. Then the mixture of silicone (Sylgard 184, 

Dow Corning Corporation, USA) precursor, curing agent and ethyl acetate at a weight ratio of 

10:1:15 also were infused into this mould. In addition, this mixture of silicone/NaCl was cured at 

70°C for 5 h. An elastic interconnected porous silicone was obtained by dissolving NaCl 

particles. Secondly, the perfluoro-lubricant (Fomblin, average molecular weight, 1800) was 

infused into the porous silicone to fabricate eLIM and tuned the infusing amount. 

Characterization of bubble manipulation. Water contact angle and bubble contact angle were 

measured by OCA20 equipment (Data Physics, Germany) at room temperature, respectively. The 

eLIM stretching was carried out using a uniaxial stretcher, with a thread pitch of 0.6 mm. The 
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eLIM was mounted by screwed clippers on a pair of arms of the stretcher which is placed under 

water. And the snapshots of bubble manipulation were recorded at 30 frames per second (fps). 

Antifouling property of eLIM membrane. Green fluorescent protein (GFP)-tagged 

Escherichia coli (E. coli) was cultured in 30 mL of LB broth. The antifouling test was studied by 

sealing open end of culture chamber with eLIM and ePTFE (average pore size of 0.2 m, 

Sterlitech) membrane, respectively. During this culture, LB broth containing E. coli was injected 

air bubbles resulting in droplets splashing on eLIM or ePTFE membrane. After culture, the 

treated eLIM and ePTFE membrane were slightly washed with deionized water and then stained 

with dye SYTO 9 in PBS solution for 20 min. Whereafter, adhered E. coli on the eLIM and 

ePTFE membrane were detected by Nikon Eclipse Ni-E fluorescent microscope with an 

excitation of 488 nm. 
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Figure 1. Bio-inspired design of elastic liquid-infused material (eLIM). (a) Scheme illustrating 

the spontaneous inhalation and exhalation of alveoli with different radius with the assistance of 

mucous lining. (b) Inspired by alveoli, eLIM is designed to manipulate bubble by mechanical 

stimulation. Under an increased tension, air bubble on eLIM begins to invade into the expanded 

pores and channel. When the applied tension is removed, the bubble is squeezed out with the 

recovery of the elastic substrate. (c) Top and cross-section SEM images of the porous silicone 

substrate show interconnected porous architecture. (d) The change of void ratio (Vp/Vm) of eLIM 

as a function of applied strains. The perfluoro-lubricant is applied at 20 L/cm2. (e) Snapshots 

showing the bubble transportation in eLIM resulting from stretch-induced liquid redistribution 

and the corresponding pore connectivity. The eLIM membrane is blocked by infused liquid at 

relaxing state, and is permeable when 40% strain is applied. And the white arrow represents the 

connectivity performance of pore and channel in eLIM. 
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Figure 2. Reversible tunability on bubble contact angles. (a) Optical snapshots showing the 

shape evolution of air bubble (3 L) on eLIM (20 L/cm2 perfluoro-lubricant) under varying 

strains. (b) Comparison of BCA as a function of applied strains on the eLIM filling with different 

amounts of lubricant. 3 L air bubble is used in the tests. (c) Tuning the BCA as a function of 

strain for different bubble volumes (1 L ~ 6 L). (d) Repeating test on the BCA after 100 

cycles. 2 L air bubble is used and a maximum 20% strain is applied, respectively. 
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Figure 3. On-demand merging and splitting of air bubbles. (a) Scheme showing the merging 

mechanism of bubbles: two independent bubbles were both temporarily impregnated into eLIM 

membrane and then squeezed out as one bubble by stretching stimulation. The snapshots validate 

this hypothesis of bubble merging. The volume of bubble i, ii and iii is 2 L, 4 L and 2 L, 

respectively. (b) Scheme showing the progress of applying eLIM for transporting gas bubble 

from any sites to the patterned site where the Laplace pressure is smaller. The snapshots validate 

this hypothesis. The volume of bubble T is 2 L in snapshots. (c) Scheme showing the 

manipulation progress of transmembrane bubble merging on patterned site. The snapshots 

validate this hypothesis. The volume of bubble M1 and M2 is 2 L in snapshots, respectively. (d) 

Scheme showing the dynamic process of transmembrane bubble splitting. The snapshots validate 

this hypothesis. The volume of bubble S is 2 L. 
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Figure 4. ELIM as adjustable pressure-limiting valve. (a) Scheme showing the eLIM-based 

pressure-limiting valve for controlling excessive bubbles in bacterial reactor. (b) Snapshots 

demonstrating the mechanical stretching of eLIM membrane under the action of air pressure 

(side view). Excessive air bubbles will accumulate at the eLIM membrane before they could 

escape. (c) Antifouling properties of eLIM and ePTFE membrane before and after bacterial 

culture. No adhension of E. coli is observed on eLIM membrane after culture. A significant 

amount of residual E. coli is left on ePTFE membrane. Scale bar is 200 m. (d) The time-

dependent pressure changes of the chamber by using eLIM membranes with different porosity. 

The critical pressure of the eLIM-based pressure-limiting valve decreased with the increase of 

the pore size in the membrane. (e) The time-dependent pressure changes of the chamber by using 

eLIM membranes with different thickness. The critical pressure increased with the growth of the 

membrane thickness. 
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