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Abstract:  

Self-reinforcement of polymer foams by cellular structure manipulation is a cost-effective 

approach to boost their performance and extend their applicable fields. Herein, thermoplastic 

polyurethane (TPU) foams with special wrinkly structures were fabricated via a gas cooling 

assisted scCO2 foaming process which employed a CO2 flow to rapidly reduce the temperature of 

the foam and trigger the release of intramolecular stress in the form of macroscopic distortion via 

the formation of wrinkles on the cell surface. The wrinkly structure could be regulated by the key 

processing parameters, including foaming temperature (T), foaming pressure (P), waiting time 

(∆t), and temperature drop (∆T), in the range of 1.61 μm to 2.16 μm. The wrinkled foams 

demonstrated superior compressive properties, recoverability, and energy absorption in cyclic 

compression tests compared with conventional foams with the same cell size. The wrinkled foam 

with a wrinkle wavelength of 1.77 μm achieved 153.0%, 2.83%, and 99.0% improvement in 

compressive modulus, recovery rate, and energy absorption, respectively. It also displayed a low 

energy loss coefficient of 3.50% which was only 31.48% of the conventional foam. This work 

provides a feasible approach to realize the self-reinforcement of TPU foams by creating wrinkly 

structures on the cell surface, and extends potential applications of wrinkled TPU foams in 

cushion and buffering.  

 

Keywords: Thermoplastic polyurethane; Supercritical CO2 foaming; Wrinkly structure; Gas 

cooling; Compressive property 
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1. Introduction 

Polymer foams are increasingly used in various fields of our daily life, such as aerospace, 

transportation, automobile, building & construction, and medical due to their virtues of relatively 

low cost, lightweight, excellent flexibility, toughness, and impact tolerance, 

thermal/electrical/acoustic insulation properties, and so on.1-9 Since the supercritical carbon 

dioxide (scCO2) foaming technology was first proposed by Nuh,10,11 it has been recognized as a 

promising technique to produce thermoplastic polymer foams on a large scale due to its unique 

advantages of being efficient, economic, and eco-friendly.12 Thermoplastic polyurethane (TPU) is 

an elastomer with excellent elasticity, abrasion resistance, aging resistance, biocompatibility, and 

low-temperature flexibility.13 TPU foams are widely used in applications including sound 

absorption, thermal insulation, cushioning, sports, etc.14,15 Producing TPU foams via scCO2 

foaming is becoming a more and more important approach since it avoids the use of chemical 

blowing agents that are potentially toxic to human beings.16 Developing TPU foams with superior 

performance, especially compressive and energy absorption properties, is beneficial for extending 

their potential applicable fields. 

Manipulating the cellular structure of the foam and introducing nanofillers in the polymer 

matrix are typical means to enhance the mechanical properties of polymer foams. Nanofillers 

such as nano-clay,17 silica,18,19 carbon nanotubes,20 and graphene21-23 have been combined with 

TPU to develop TPU nanocomposite foams with enhanced cell density and mechanical properties. 

However, additional processing techniques like melt extrusion, compounding, and solution 

mixing are required to develop the nanocomposites in the first place, which inevitably increases 

both the material cost and the processing cost. Self-reinforcement of polymer foams by 

manipulating the microstructure is usually a more desired approach to fabricate polymer foams 

with enhanced mechanical properties. For example, Hu et al. fabricated microcellular TPU using 
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two-step batch foaming of 3D printed TPU preform with honeycomb structure, and realized 2.0-

6.5 times improvement in compressive modulus and 3.6-6.4 times improvement in energy 

absorption.24 Liao et al. developed a TPU foam with an oriented cell structure by incorporating 

polyimide gas barrier films in the scCO2 foaming process. The compressive modulus and strength 

of the developed TPU foam increased by as much as 355% and 121%, respectively.25 Wang et al. 

fabricated TPU foams with tunable cell structures and mechanical properties, and found that 

foams fabricated by the cooling ramp foaming had superior resilience and strength than the foams 

prepared via heating ramp foaming due to smaller size cell and higher cell density.26  

Other approaches have been developed to alter the cellular morphologies of polymer foams 

although mechanical properties were not investigated. For instance, a two-step depressurization 

approach has been used to fabricate low-density bi-modal foams containing large and small cells 

simultaneously.27-29 Wang et al. developed a stretching-assisted foaming process that introduced 

an extension strain on the sample during foaming and led to the formation of TPU foams with 

elongated cellular structures.30-32 We recently fabricated skinless porous TPU films with sub-

micro cell size on the film surface via a surface-constrained foaming process, and demonstrated 

their applications in energy harvesting.33 Although various methods have been developed to 

manipulate the cell structure including cell size, cell density, and cell orientation, there are 

seldom strategies to adjust the morphology on the cell surface.  

Wrinkling phenomenons are ubiquitous in nature with dimensions (like periodicity and 

amplitude) spanning across multiple length scales, which endow the biological surfaces with 

unique and intriguing physical and chemical properties.34-37 Polymeric materials with wrinkled 

surfaces are generally fabricated on bilayer film–substrate systems with mismatch modulus by 

applying external stimuli (e.g. stretching and releasing or thermal treatment) to trigger surface 

instability.38,39 Wrinkled polymers have shown promising potentials in various fields including 
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medical treatment,40-42 energy acquire & absorption,43,44 flexible electronics & wearable 

devices,45-47 and electromagnetic shielding.48 However, most researches focused on the 

development of wrinkled films, the fabrication of wrinkled foams is fairly difficult since it 

requires precise internal stress control in 3D. We have recently developed a dynamic scCO2 

foaming approach that is capable to generate intramolecular stress by the scCO2 flow field and 

trigger the formation of wrinkles on the cell surface during the subsequent foaming process.49 

The wrinkled foams exhibited superior compressive and energy absorption properties.50 

Nevertheless, the process would consume a significant amount of CO2, which is cost-inefficient.  

In the core-shell sphere system, inflation and deflation regulate the pressure difference 

inside and outside of the sphere. A theoretical study showed that the pressure difference would 

result in compressive stress on the sphere system and induce the formation of wrinkles on 

shells.51,52 Following this principle, Stoop et al. depressurized the inner pressure of a 

polydimethylsiloxane (PDMS)-coated elastomer hemisphere and successfully triggered the 

formation of wrinkles on the surface of the PDMS hemisphere.53 In the scCO2 foaming process, 

each cell could be regarded as a core-shell sphere system and the inner pressure would undergo a 

declining trend as the expansion of cells. If one can manipulate the pressure difference inside and 

outside of the cells, it could be possible to realize the formation of wrinkles on numerous cell 

surfaces at the same time.  

In this study, we developed a gas cooling assisted scCO2 foaming method which used a cold 

CO2 flush to rapidly reduce the temperatures of the foams and the CO2 gas inside of the cells. The 

pressure decrease inside of the cells led to the rapid release of intramolecular stress generated by 

the cell expansion in the form of macroscopic distortion, which resulted in the formation of 

micro-sized wrinkles on the cell surface. This process is highly time and cost-effective, and it had 

a minor effect on the morphology of cell size and cell density. The influence of the key 
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processing parameters, including foaming temperature (T), foaming pressure (P), waiting time 

(∆t), and temperature drop (∆T), on the cell sizes and wrinkly structures were investigated in 

detail. The underlying mechanism, as well as the controlling principle of the wrinkly structure, 

were discussed specifically. In addition, the compressive and energy absorbing properties of the 

foams were studied comprehensively. The wrinkled foams with small wrinkle size possess 

excellent self-reinforcement properties with enhanced compressive modulus, strength, 

recoverability, and energy absorption.  

 

2. Experimental Methods 

2.1 Materials 

TPU pellets with a density of 1.12 g/cm3 and a Shore hardness of 87A were purchased from 

Aohua Plastics Co., Ltd, China. The CO2 with a purity of 99.9% was supplied by Zhengzhou 

Yumeng Gas Co., Ltd, China.  

2.2 Fabrication of wrinkled TPU foam 

Figure 1 illustrates the process of scCO2 foaming with gas cooling to prepare TPU foams 

with wrinkly structure. Briefly, pre-dried TPU pellets were placed in a vacuum-assisted hot 

compression machine (Y002, Zhengzhou Craftsman Machinery Equipment Co., Ltd, China) and 

molded at 200 °C under a pressure of 4000kg for 12 minutes with a vacuum degree of -84kPa. 

The molded TPU samples with 3 mm were placed in a high-pressure vessel and flushed with CO2 

for 2 min to eliminate the air in the vessel. Then, the vessel was pressurized to the saturation 

pressure P using CO2, which was regulated by a Teledyne ISCO 260D high-pressure syringe 

pump. Subsequently, the vessel was preheated to the saturation temperature T. The pressure and 

temperature were maintained constant for 2 hours to saturate the TPU samples with scCO2. Then, 

the outlet valve was opened to depressurize the vessel to the atmospheric pressure followed by 
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waiting for a short time (Δt) and gas cooling using scCO2 flow. In the gas cooling stage, the 

pressure of the syringe pump was set to 5 MPa while maintaining the outlet valve open, so that 

the foamed TPU samples could be cooled by the CO2 gas. Ultimately, the foamed TPU samples 

were taken out from the vessel once the temperature dropped in it reached ΔT and naturally 

cooled to room temperature.  

 

 

Figure 1. Schematic illustration of wrinkly TPU foams fabrication strategy. 

 

The effects of critical factors in the gas cooling assisted scCO2 foaming including foaming 

temperature (T), saturation pressure (P), waiting time (Δt), and temperature drop (ΔT) on the 

morphology of TPU foams were investigated by 9 trials of experiments listed in Table 1. TPU 

foams prepared under different conditions are labeled as T-P-Δt-ΔT. Trial 10 was conducted to 

investigate the effect of continuous gas-cooling on the formation of wrinkle structure. In the trial, 

TPU was foamed at 110 °C under 16 MPa, then the pressure was set to 5 MPa after depressurize 

while maintaining the outlet valve close for 1min followed by gas release and removing the 

foamed sample from the vessel.  
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Table 1. Nine trials of experiments with different parameters were carried out in this study. 

 T (°C) P (MPa) Δt (s) ΔT (°C) 

1 100 16 0 10 

2 110 16 0 10 

3 120 16 0 10 

4 110 12 0 10 

5 110 20 0 10 

6 110 16 15 10 

7 110 16 30 10 

8 110 16 0 0 

9 110 16 0 20 

 

2.3 Characterizations of foam structure 

The thermal property of TPU was measured using a DSC apparatus (DSC Q2000, TA 

Instruments). TPU sample was heated from 30 °C to 180 °C and equilibrated for 3 min. 

Subsequently, it was cooled to -80 °C and then reheated to 180 °C. All heating and cooling cycles 

were conducted at a given rate of 5 °C/min. The morphologies of wrinkled TPU foams were 

investigated using field emission scanning electron microscopy (SEM, JEOL, Japan) at an 

acceleration voltage of 15 kV. The TPU foams were fractured using clamps after soaking in liquid 

nitrogen for 20 minutes, followed by coating a thin layer of gold on the fractured surface. The 

cell size, cell density, and wavelength of wrinkles were measured from SEM images using 

Image-Pro Plus software. More than 100 cells were measured to acquire the average cell size for 

each foam. The cell density was measured and calculated using the following equation:  



 

9 

 

3 / 2
2

 = f

nM
N

A

 
 
 
 

1111

 

(1) 

Where Nf (cm-3) refers to the cell density of the samples, M is the magnification factor, n is 

the number of cells within a micrograph, whose area is A (cm2). 

The wavelength of the wrinkles (λ) formed on the surface was measured from the SEM 

images using Image-Pro Plus software. The wavelength was referred to the distance between the 

vertices of adjacent wrinkles (Figure S1),54 and the measurements were performed on the 

wrinkles located at the bottom of the cells to minimize the effect of view error (Figure S2).  

The density of TPU foams was measured using a scale, and the porosity of TPU foams were 

calculated using the following equation.  

𝑉𝑓 = 1 −
𝜌𝑓

𝜌𝑠
1111 

Where Vf refers to the porosity of TPU foam, ρf is the density of TPU foam, ρs is the density 

of solid TPU.  For each TPU foam, the density measurement was conducted three times and the 

average value was calculated. 

2.4 Characterization of compressive properties 

The compressive properties of TPU foams were measured using a universal testing machine 

(UTM2203, Shenzhen Suns Technology Stock Co., Ltd, China). Cuboid TPU specimen with 

sizes of 4 mm × 4 mm × 4 mm was used for cyclic compressive tests. At least 5 specimens was 

measured for each group. Cyclic compressive tests were performed by compressing the samples 

to 50% strain and released to 0% stain for 100 cycles at a cross-head speed of 10 mm/min. The 

samples were also cyclically compressed to 80 % strain for 10 cycles at a cross-head speed of 10 

mm/min to evaluate their response at a high strain. In addition, cyclic compressive tests with the 

constant stress of 0.2 MPa were performed on different foams at a cross-head speed of 10 
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mm/min for 10 cycles. The recovery rate was defined as the percentage of deformation recovered 

in a cycle relative to the total deformation in that cycle. For each TPU foam, the cyclic 

compressive test was conducted five times, and the most representative compressive curves were 

presented.  

The instant resilience performance of different TPU foams was characterized by calculating 

their energy absorption and release values in each loading-releasing cycle. By integrating the 

compression curve of each cycle, the energy loss ΔU and the energy loss coefficient ΔU/U in the 

cyclic compression processes can be calculated. The calculation formulae of ΔU and ΔU/U are as 

follows: 

   -Loading UnloadingU A A =  (2) 

 

nloading -
/ = 100%

Loading U

Loading

A A
U U

A
 

 
(3) 

Where, ALoading and AUnloading are the areas enclosed by the stress-strain curve of the loading 

and unloading process, respectively, the energy absorption and energy release during the cyclic 

compressive processes.  

 

3. Results and Discussion 

3.1 Cell morphology and wrinkly structure  

TPU samples were uniformly foamed under all the nine trials of experiments, and all foams 

showed normal cell diameter distribution (Figure S3). Six groups of foamed samples showed 

obvious wrinkly structures on their cell surfaces, while the other three groups had conventional 

smooth cell surfaces. The wavelengths of the wrinkles formed on all wrinkled foams displayed 

normal distribution with sizes ranging from 1.61 μm to 2.16 μm (Figure S4). Figure 2a-c shows 

the cellular morphology and the wrinkly structure of TPU foams fabricated under different 
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temperatures. It is found that there is no wrinkle on the cell surface of TPU foams foamed at 

100 °C, while wrinkles could be seen when the saturation temperatures were 110 °C and 120 °C. 

The average cell size (Figure 2d) was increased from 18.2 μm to 28.7 μm, and the cell density 

(Figure 2e) was decreased from 1.22108 /cm3 to 5.39108 /cm3 as the foaming temperature was 

increased from 100 °C to 120 °C, which was because of the melt strength reduction of TPU with 

the increase of temperature.55 The average wavelength results indicated that the wavelength of 

wrinkle was increased from 1.77 μm to 2.15 μm when the foaming temperature was enhanced 

from 110 °C to 120 °C suggesting the great influence of temperature on the wrinkly structure.  

  

Figure 2. SEM images of TPU foams fabricated with different foaming temperatures (T): (a) 

100-16-0-10 foam, (b) 110-16-0-10 foam, (c) 120-16-0-10 foam; (d) average cell diameter, (e) 

average cell density, and (f) average wavelength of wrinkles for different foams  

Foaming pressure has significant effects on cellular morphology because it affects the cell 

nucleation in the foaming processes. Figure 3a-c shows the morphology of TPU foams prepared 

with different saturation pressure. It is clear that the cell size of the foams was decreased (Figure 

3d) accompanied with a great increase of cell density (Figure 3e) as the foaming pressure was 
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increased from 12MPa to 20MPa since high cell nucleation rate under high pressure would cause 

the competing growth of cells and lead to smaller cell size.56 In addition, it was found that no 

wrinkle was formed on the cell surface of the 110-12-0-10 foam, but dense wrinkles were 

observed when the saturation pressure was increased to 16 MPa and 20 MPa. As shown in Figure 

3f, the wavelengths of wrinkles for the TPU foams prepared at 16 MPa and 20 MPa were 1.77 

μm and 1.61 μm, respectively, which implies that the wrinkle size is negatively correlated with 

the foaming pressure.  

 

Figure 3. SEM images of TPU foams fabricated with different foaming pressure (P): (a) 110-12-

0-10 foam, (b) 110-16-0-10 foam, (c) 110-20-0-10 foam; (d) average cell diameter, (e) average 

cell density, and (f) average wavelength of wrinkles for different foams 

 

The waiting time (∆t) prior to the gas cooling is a governing factor that influences the 

growth time of cells before the gas cooling. The morphologies of TPU foams prepared with 

different ∆t were shown in Figure 4a-c. It is seen that the difference in average cell size (Figure 

4d) and cell density (Figure 4e) among various foams were insignificant as the increase of 
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waiting time from 0s to 30s. However, wrinkly structures were formed on all these foams, and 

the average wavelength was gradually increased from 1.77 μm to 2.16 μm as the increase of 

waiting time from 0s to 30s. It is clear that the wavelength of the wrinkles is positively correlated 

with the waiting time in the gas cooling assisted foaming process.  

 

Figure 4. SEM images of TPU foams fabricated with different waiting time (∆t): (a) 110-16-0-10 

foam, (b) 110-16-15-10 foam, (c) 110-16-30-10 foam; (d) average cell diameter, (e) average cell 

density, and (f) average wavelength of wrinkles for different foams 

 

The temperature drop (ΔT) caused by the gas cooling is the key to generating the wrinkly 

structure on the cell surface. The ΔT of 0 °C indicates no gas cooling was applied, which is 

equivalent to the conventional scCO2 foaming. It was found from Figure 5a-c that wrinkles are 

absent on the surface of the 110-16-0-0 foam, while dense wrinkles were presented on both 110-

16-0-10 foam and 110-16-0-20 foam. The cell size of different foams was reduced from 19.8 μm 

to 17.9 μm as the ΔT was increased from 0 °C to 20 °C as shown in Figure 5d. The cell density of 

the foams showed an opposite trend (Figure 5e). As shown in Figure 5f, the wavelength of 
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wrinkles was reduced from 1.77 μm to 1.67 μm when the ΔT was increased from 10 °C to 20 °C, 

which means that greater temperature drop is favorable for the formation of smaller and denser 

wrinkles. In addition, no wrinkly structure was formed on the cell surface of TPU foam fabricated 

under 5 MPa pressure without the gas-cooling process (Figure S5), which suggested that 

continuous gas-cooling is an important factor for the formation of wrinkly structures. 

 

Figure 5. SEM images of TPU foams fabricated with different temperature drop (∆T): (a) 110-

16-0-0 foam, (b) 110-16-0-10 foam, (c) 110-16-0-20 foam; (d) average cell diameter, (e) average 

cell density, and (f) average wavelength of wrinkles for different foams 

 

3.2 Formation mechanism and influencing factors of wrinkly structure 

We have demonstrated that the gas cooling assisted scCO2 foaming is capable to produce 

TPU foams with special wrinkly structures on the cell surface. Based on the morphology 

evolution as the change of processing conditions, we can deduce the mechanism for the formation 

of wrinkly structures on the cell surface in the gas cooling assisted scCO2 foaming process. As 

illustrated in Figure 6a1, the cell expansion that occurs in the foaming stage is triggered by the 
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internal high pressure of CO2 gas (
2COP ) and 

2COP  exceeds the surface tension of the TPU matrix 

( Polymer gas − ). As the growth of the cell, an equilibrium state would reach when the internal 

pressure is balanced by the surface tension.11 Afterwards, the CO2 in the cells will diffuse out 

from the foamed TPU gradually because of the pressure difference with the atmosphere during 

the solidification of TPU matrix. In conventional foaming, this process is quite slow so the 

intramolecular stress generated in TPU matrix during cell expansion could be gradually released, 

which normally causes uniform shrinking of cells and leads to the formation of smooth cell 

surfaces (Figure 6a2). This is the case for the 110-16-0-0 foam which has uniform cellular 

morphology and a smooth cell surface.  

 

 

Figure 6. Schematic illustration of the formation mechanism of wrinkly structure in TPU foams. 

(a1) cell expansion in conventional foaming, (a1) smooth cells formed in conventional foaming, 
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(b1) small pressure difference with low ∆T, (b2) large wrinkles formed in gas cooling assisted 

foaming with low ∆T, (c1) large pressure difference with high ∆T, (c2) dense wrinkles formed in 

gas cooling assisted foaming with high ∆T. 

 

When the gas cooling was applied in the scCO2 foaming, a rapid temperature drop (∆T) 

would occur after or during the cell expansion depending on the waiting time (∆t). The 

temperature drop will cause the increase of Polymer gas −  and the decrease of 
2COP , which would 

accelerate the shrinkage of the cells as shown in Figure 6b1. In this process, the intramolecular 

stress in the TPU cell surface could not release by molecular chain relaxation. Instead, the 

intramolecular stress tends to release in the form of macroscopic distortion via the formation of 

protuberous structures and wrinkles with large wavelengths (Figure 6b2). When the ∆T was 

further increased, the macroscopic distortion on the cell surface would be more significant, so 

that a labyrinth-like wrinkly structure was formed on the cell surface as shown in Figure 6c.  

In addition to the ∆T, it was found that T, P, and ∆t had great influence on the formation of 

wrinkly structure. At a low foaming temperature (e.g. 100 °C), no wrinkles were formed since the 

TPU molecular chains were difficult to be stretched at a low temperature which led to insufficient 

intramolecular stress in the cell wall. The wrinkle wavelength for the foams prepared at T of 

110 °C and 120 °C were 1.77 μm and 2.15 μm, respectively, with the same ∆T of 10 °C, which 

implies that the low Polymer gas −  at high temperature is favorable for the formation of large 

wrinkles. The effect of foaming pressure (P) is significant on the structure of wrinkles. No 

wrinkles were formed at a low P of 12 MPa, and the wrinkle sizes for the foams prepared under 

16 MPa and 20 MPa were 19.9 μm and 12.6 μm, respectively. The smaller wrinkle size at higher 
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P was caused by the high intramolecular stress generated by the fast expansion of cells under 

high 
2COP , as well as the large 

2COP  reduction in the gas cooling stage.  

Interestingly, the waiting time (∆t) had obvious influences on the wavelength of wrinkles but 

negligible effects on the cell size. With a long ∆t (e.g. 30s), the intramolecular stress induced by 

cell expansion has more time to release by molecular chain relaxation rather than macroscopic 

distortion, which resulted in the formation of wrinkles with a large wavelength of 2.16 μm. 

However, the difference in cell size was negligible for the foams with different ∆t. It is believed 

that the cell shrinkage is determined by the shrinkage during gas cooling and the shrinkage in 

nature cooling. For a highly elastic polymer like TPU, the shrinkage may take several days to 

fully complete. The shrinkage is basically caused by the combined effects of diffusion of CO2 

inside the cells and the release of intramolecular stress in TPU matrix. Therefore, extending ∆t 

had limited influence on the final cell size while maintaining other conditions constant. In 

addition, DSC results indicated that the TPU had a tiny crystallization peak at 59 °C in the 

cooling process, and a small melting peak was detected at 154 °C, which means that the TPU 

used was nearly amorphous. Thus, the pseudo-crosslinking structure formed by the hard segment 

would not play a significant role in the expansion and contraction process. 

3.3 Compressive performance of the wrinkled foams  

TPU foams with micro-sized closed cells have been extensively used in the application of 

cushion and buffering due to their excellent elasticity and energy absorption ability.54-57 To 

investigate the influence of wrinkly structure on the compressive property of TPU foams, cyclic 

compression tests were performed for up to 100 cycles on different TPU foams. In order to avoid 

the effect of cell size and cell density, wrinkled TPU foams prepared under different ∆t were 

selected since their cell sizes were all about 19.6 μm. These wrinkled foams were denoted as 

WF1.77, WF1.94, and WF2.16 according to their wavelength. In addition, conventional foamed 
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TPU (110-16-0-0 foam) was chosen for comparison since its cell size (19.4 μm) is close to the 

wrinkled foams. The conventional foam was denoted as CF for simplicity. In addition, the cell 

density and porosity of CF, WF1.77, WF1.94, and WF2.16 are 0.221 g/cm3, 0.218 g/cm3, 0.220 

g/cm3, 0.218 g/cm3, and 0.785, 0.788, 0.786, 0.788, respectively. Therefore, the cell diameter, 

cell density, foam density, and porosity of selected foams were close, which means that the 

difference in their mechanical property would mainly attributed to the wrinkly structure presented 

on cell surface.  

Figure 7a shows the representative strain-stress curves of different TPU foams. It is clear 

that all foams had large hysteresis loss in the first cycle, then the cyclic compressive curves were 

gradually stabilized. The maximum compressive stress (max) of four TPU foams at the 1st, 10th, 

25th, 50th, and 100th cycles was compared in Figure 7b, from which it is obvious that the max of 

the WFs was significantly higher than the CF, and the max was higher for the WFs with smaller 

wrinkle wavelength. At the 100th cycle, the improvement in max of WF1.77, WF1.94, and 

WF2.16 were 91.8%, 64.8%, and 40.3%, respectively, compared to the CF. The compressive 

moduli (E) calculated from the compression curves in each cycle of different foams were 

compared in Figure 7c. The E was reduced gradually as the increase of pressing cycles and the 

decrease became insignificant after the foams were pressed for 25 cycles. After compression for 

100 cycles, the reduction in E were 16.1%, 9.3%, 10.9%, and 13.9% for CF, WF1.77, WF1.94, 

and WF2.16, respectively, which suggested that the WF with a small wrinkle size is more tolerant 

to cyclic compression. Comparing among different foams, the trend of E was the same with the 

max results, and the WF1.77 showed a 153.0% improvement in E compared with the CF after 

100 cycles of compression. These results further manifested the significant reinforcement effect 

of wrinkly structures on the TPU foams. Furthermore, the recovery rate results (Figure 7d) 

showed that the recovery rates of all foams were gradually increased and stabilized with the 
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increase of compression cycles because of the gradual stabilization of the unrecoverable damage 

and deformation in the foams. It was noticed that both the initial recovery rate and the recovery 

rate in the 100th cycle of wrinkled foams were much higher than the conventional foams, and the 

WF1.77 showed the highest recovery rate among all WFs suggesting that the presence of 

wrinkles on the cell surface would impede the bending of the cell wall and facilitate the recovery 

of the deformation.58 In addition, the wrinkled foams with smaller wrinkle sizes exhibited higher 

energy absorption than the conventional foam as shown in Figure 7e, which was contributed by 

the stiffer cell wall and the high recoverability.  

Furthermore, the cyclic compression property of the foams at high strain (e.g. 80%) was 

investigated. As shown in Figure 7f, the WF1.77 still had the highest compressive strength and 

recovery rate among all foams, and the wrinkled foams significantly outperformed the 

conventional foam. The energy absorption results (Figure 7g) demonstrated more obvious self-

reinforcing effects of the wrinkly structure on the TPU foams. The energy absorption was 

increased by 147.0 % for the WF1.77 compared with the conventional foam. In addition, the 

cyclic compressive property of the foams with constant compressive stress was investigated for 

ten cycles. As shown in Figure 7h, the compressive strain of the CF was 50% under a 

compressive stress of 0.2 MPa, while the compressive strain of WF1.77, WF1.94, and WF2.16 

were 27.9%, 33.9%, and 40.9%, respectively, which suggested low compressive deformation of 

the wrinkled foams. The energy loss coefficient results (Figure 7i) indicated that the energy loss 

relative to the energy absorption (∆U/U) of the WF1.77 was the lowest among all foams and the 

value in the 10th cycle was greatly lower than that of the 1st cycle. The ∆U/U of the WF1.77 was 

3.50%, which was only 31.48% of the CF in the 10th cycle, which implies that the dense wrinkly 

structure is favorable for reducing energy loss and improving energy absorption while 

maintaining low energy loss. 
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Figure 7. Cyclic compressive properties of wrinkled foams (WF) with different wrinkle 

wavelengths in comparison with the conventional foam (CF): (a) compressive stress-strain curves 

with a constant compressive strain of 50%, (b) compressive strength (σmax) at 50% strain in 

different cycles, (c) compressive modulus (E) in different cycles, (d) recovery rate in different 

cycles, (e) energy absorption in different cycles, (f) compressive stress-strain curves with a 

constant compressive strain of 80%, (g) energy absorption in different cycles, (h) compressive 

stress-strain curves with a constant compressive stress of 0.2 MPa, and (i) energy loss coefficient 

(∆U/U) in different cycles. 
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4. Conclusion 

In this study, TPU foams with special wrinkly structures were fabricated via a novel gas 

cooling assisted scCO2 foaming process which introduced a period of CO2 flow to rapidly reduce 

the temperature of the foamed TPU. The increase of matrix surface tension and the decrease of 

pressure inside the cells in the gas cooling process triggered the release of cell expansion 

intramolecular stress in the form of macroscopic distortion via the formation of wrinkles on the 

cell surface. The wrinkly structure was affected by the key processing parameters including 

foaming temperature (T), foaming pressure (P), waiting time (∆t), and temperature drop (ΔT). 

The wrinkly structure was not formed at a low temperature (e.g. 100 °C) or a low pressure (e.g. 

12 MPa), or without the gas cooling step. Low T, high P, and large ΔT are favorable for reducing 

the wavelength of the wrinkles. Prolonging ∆t will cause the increase of wrinkle wavelength, 

while it had negligible influence on the cell size and cell density. Compared with conventional 

foams, the wrinkled foams demonstrated superior compressive properties, recoverability, and 

energy absorption in cyclic compression tests. The foams with denser and smaller wrinkles 

exhibited remarkable self-reinforcement effects. The wrinkled foam with a wrinkle wavelength of 

1.77 μm achieved 153.0%, 2.83%, and 99.0% improvements in the compression modulus, 

recovery rate, and energy absorption, respectively. It also possessed a low energy loss coefficient 

of 3.50% which was only 31.48% of the conventional foam. 
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