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A B S T R A C T   

This study investigates the relationships between the morphology, energy absorption, and thermodynamic pa-
rameters of natural latex foams (NLFs) processed by the Dunlop and in-house Talalay methods, using different 
surfactant blends. Both methods involved mixing, moulding, and heating; the additional steps for the Talalay 
method involved cooling and gelation, a gel-freezing technique wherein the frozen foam is exposed to CO2 gas, 
inducing its transformation into a gel. The morphology of the internal structure of the NLFs was studied using 2D 
scanning electron micrographs and 3D micro- computerised tomography images. Two different surfactants, 
potassium laurate and pluronic, were used. Adding the blended surfactants reduced the porosity and increased 
the foam density of the NLF samples, improving mechanical properties. The cell size distribution of the NLF 
samples prepared using the Talalay method was broader than that of those prepared using the Dunlop method. In 
terms of the mechanical properties and energy absorption capabilities, the Talalay process resulted in samples 
with 20% lower compressive strength and 7% lower energy absorption than the control sample. A power-law 
relationship between the energy absorption per unit volume and the compression speed of the different foam 
samples was also observed. The ratio of the internal energy to the total compression force of the NLF samples 
prepared using the Talalay process was also lower than those prepared using the Dunlop process. The empirical 
insights derived from this study show how the mechanical properties and process technology associated with the 
producing of material foams could be improved.   

1. Introduction 

Natural latex foams (NLFs) are structural foams derived from 
concentrated latex compounds harvested from rubber plants, such as 
Hevea brasiliensis. They feature a solid matrix with interconnected 
microvoids. These foams have exceptional qualities that make them 
useful for manufacturing rubber products, notably rubber foams (Kunam 
et al., 2023; Ng et al., 2022). The foam structure confers a high level of 
comfort as well as strong resistance to failure under cyclic loading 

(Prasopdee et al., 2021). Thus, NLFs are applied in everyday products, 
such as cushioned car seats and furniture, footwear, mattresses, and 
pillows (Lin et al., 2023; Oliveira-Salmazo et al., 2016; Ramli, 2022; 
Sirikulchaikij et al., 2020). In addition to the micro-voids or pores, NLFs 
may be fabricated to feature a series of parallel regular-spaced cells or 
compartments resembling a honeycomb-like structure. Honeycomb-like 
materials are commonly used to manufacture lightweight structural 
components (Montgomery-Liljeroth et al., 2023; Sun et al., 2016). 

Rubber foams are typically prepared using the Dunlop (Blackley, 
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1997a; Hui Mei and Singh, 2010; Suksup et al., 2019) or Talalay 
methods (Klommueang and Smitthipong, 2023). The Dunlop method 
creates rubber foam by mixing the latex sap with a vulcanising agent, 
casting the mixture into a mould, and baking it to produce a structure 
with varying cell sizes. In contrast, the Talalay method involves two 
additional steps. After blending the latex sap with the vulcanising agent, 
the mixture is vacuum-sealed and frozen. This gel-freezing technique 
transforms the frozen foam into a gel by exposing it to CO2 gas. After 
freezing, it is heat-treated. This vacuum-sealing and freezing process 
produces an expanded cell structure throughout the foam, resulting in 
softer rubber foams with improved flexibility. 

The mechanical stability of natural latex can be improved by adding 
surfactants with higher numbers of carbon-carbon double bonds, double 
bonds with cis orientations, or hydroxyl groups (Singh and Mei., 2013). 
The ability of the foam materials to absorb energy is an important 
characteristic that can be exploited for impact resistance. There has been 
increasing interest in extending foam applications beyond traditional 
areas, including exploring their energy absorption properties in struc-
tural components for transportation, packaging, lightweight materials, 
and even cellular-level gradational materials. 

In 2017, Singh et al. (Singh and Mei., 2013) purified natural latex 
using a mixture of sodium dodecyl sulfate (SDS) surfactant and urea. 
Their results demonstrated that the latex particles and films made from 
the purified natural latex were more homogeneous and had more 
distinct particles, allowing these purified natural latex films to exhibit 
mechanical properties comparable to that of commercial natural latex. 
Dhaliwal et al. (Dhaliwal et al., 2020) have also studied the mechanical 
effects of surfactants on soy-based polyurethane foams by focusing on 
the morphology of the foam samples. They found that increasing the 
surfactant concentration from 0.5 to 5.0 g resulted in a 17-fold reduction 
in cell size; the surfactant-rich samples also possessed a larger percent-
age of closed cells. Moameri et al. (Al-Moameri et al., 2021) have studied 
the effects of silicone and anionic surfactants on polyurethane foams. 
They found that the mechanical properties, closed-cell content, and 
thermal conductivity of the polyurethane foams depended on the type of 
surfactant used. The surfactant can influence the bubble size within the 
foam structure. 

In addition to the processing method and surfactant treatment, 
rubber foams exhibit different microstructures depending on the prep-
aration method used to create the bubbles. Katkeaw et al. have inves-
tigated using nitrogen gas during the preparation of NLFs (Katkeaw 
et al., 2019). They observed bubble-like shapes similar to those pro-
duced using the Dunlop process but with greater size uniformity. Sir-
ikulchaikij et al. (Sirikulchaikij et al., 2019) have also investigated 
modifying preparatory methods by introducing air microbubbles and 
microbubble fillings. The samples prepared using this 
microbubble-filling method featured bubble-like shapes that were 
nearly spherical compared with those processed using the Dunlop pro-
cess. Thus, the various preparation processes result in distinct micro-
structures, which, in turn, can significantly influence the mechanical 
properties of the foam samples (Katkeaw et al., 2021). 

There is currently a lack of research regarding the effects of different 
surfactant blends on the relationship between the structure and me-
chanical properties of NLFs, especially in the context of the differences 
between the Dunlop and the Talalay processes. The Dunlop approach to 
NLF production is well-documented, whereas the Talalay method lacks 
sufficient technical data. Thus, this study presents a novel method of 
producing NLFs treated with surfactants based on the in-house Talalay 
process. Furthermore, this work investigates the influence of surfactant 
additives on the NLFs produced using the Dunlop and Talalay methods. 
This research studied various surfactants and assessed how they affect 
the foam structure, energy absorption, and thermodynamic properties of 
the foams produced using them. Moreover, an empirical model for 
determining the optimal processing conditions for producing NLFs with 
specific properties was presented, and the surfactant-treated NLFs pro-
duced using the Talalay and Dunlop methods were compared. 

Consequently, these findings will be valuable for rubber scientists 
looking to improve NLF mechanical properties with surfactants and are 
of interest to the rubber industry as it develops a more sustainable 
approach to natural latex rubber foam production. This innovation may 
have applications beyond traditional cushion seats, including structural 
components in transportation, packaging materials, and lightweight 
products. 

2. Materials and methods 

2.1. Materials 

Natural latex with a high ammonia concentration (60% dry rubber 
content) was provided by Num Rubber and Latex Co., Ltd., Trang, 
Thailand. The chemicals used in the production of the NLFs included 
50% sulfur dispersion (S; vulcanising agent), 50% zinc-2- 
mercaptobenzothiazole dispersion (ZMBT; primary accelerator), and 
50% zinc diethyldithiocarbamate dispersion (ZDEC; secondary acceler-
ator). The compounds 50% Wingstay L dispersion (WingL; antioxidant), 
50% zinc oxide dispersion (ZnO; activator), 33% diphenylguanidine 
dispersion (DPG; foam stabiliser), and 12.5% sodium silicofluoride 
dispersion (SSF; gelling agent) were only used in the Dunlop process. All 
chemicals were supplied by Thanodom Technology Co., Ltd., Thailand. 

The natural latex and chemicals used in the production of the NLFs 
were selected following previous studies (Prasopdee and Smitthipong, 
2020; Suethao et al., 2021b); these included 0.62 M 10% potassium 
oleate (KO) solution, which is an anionic surfactant and blowing agent, 
with a critical micelle concentration (CMC) of 1.2 × 10−3 M (Con-
stantinides and Steim, 1985). Two additional types of surfactants, 
pluronic (PL) and potassium laurate (KL), were used. PL is a non-ionic 
surfactant, containing 3.9 × 10−3 M 5% pluronic F-127 solution with 
a CMC of 0.56 × 10−3 M (Thapa et al., 2020); KL is an anionic surfactant, 
containing 0.419 M 10% potassium laurate solution with a CMC of 2.51 
× 10−2 M (Malik and Jain, 1967). PL and KL were supplied by S.M. 
Chemical Supplies Co.,Ltd, Bangkok, Thailand. Carbon dioxide gas with 
a purity of 99.5% was acquired from Bangkok Industrial Gas Company 
Limited, Bangkok, Thailand. 

Table 1 presents the notations used in referencing the samples.  
Table 2 presents the composition of the different samples of NLFs pre-
pared using the Dunlop and Talalay methods. 

The PL and KL solutions were used to prepare the samples. No useful 
samples could be manufactured for D-PL75/KO25, D-KL75/KO25, and 

Table 1 
Sample reference notations.  

Sample ID Description 

DC-KO100 Dunlop control sample treated with 100% KOa 

D-PL100/ 
KO100 

Dunlop test sample, treated with 100% PLb and 100% KO 

D-PL25/KO75 Dunlop test sample, treated with 25% PL and 75% KO 
D-PL50/KO50 Dunlop test sample, treated with 50% PL and 50% KO 
D-KL25/KO75 Dunlop test sample, treated with 25% KLc and 75% KO 
D-KL50/KO50 Dunlop test sample, treated with 50% KL and 50% KO 
TC100-KO100 Talalay control sample, 100% foam volume in the mould, treated 

with 100% KO 
TC80-KO100 Talalay control sample, 80% foam volume in the mould, treated 

with 100% KO 
TC60-KO100 Talalay control sample, 60% foam volume in the mould, treated 

with 100% KO 
T100-PL100/ 

KO100 
Talalay test sample, 100% foam volume in the mould, treated 
with 100% PL and 100% KO 

T100-PL50/ 
KO50 

Talalay test sample, 100% foam volume in the mould, treated 
with 50% PL and 50% KO 

T100-KL50/ 
KO50 

Talalay test sample, 100% foam volume in the mould, treated 
with 50% KL and 50% KO  

a KO represented potassium oleate solution. 
b PL represented pluronic solution. 
c KL represented potassium laurate solution. 
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D-KL100/KO100. The D-PL75/KO25 and D-KL75/KO25 samples 
collapsed; the limited amount of KO in these combinations resulted in 
low foam volumes, which, in turn, prevented the samples from 
achieving the gelling process. The D-KL100/KO100 sample also expe-
rienced a collapse, primarily attributed to the bubbles generated by the 
KL and KO solution. 

2.2. Preparation of NLFs using the Dunlop method 

Rubber foams were manufactured via the Dunlop method using the 
steps shown in Fig. 1a; the sample preparation method described follows 
the procedures outlined by previous studies (Prasopdee et al., 2021; 
Suethao et al., 2021b). The natural latex and the necessary chemicals 
were weighed and blended before pouring into the mould (step I). The 
moulds were left at room temperature for 45 min until they reached 
their gel point (step II). They were then heated to 90◦C in a hot-air oven. 
Finally, the NLFs were removed from the moulds, washed, and dried for 
4 h at 70◦C (step III). 

2.3. Preparation of NLFs using the in-house Talalay method 

The Talalay method developed in this study is illustrated in Fig. 1b. 
The rubber foam was initially blended at 80 rpm for 1 min to remove 
ammonia. After adding the surfactant, the solution was mixed for 
10 min at 160 rpm. The vulcanising agent, comprised of S, ZMBT, ZDEC, 
and Wing L, was added to the mixture and blended for 1 min. Similarly, 
a mixture of ZnO and DPG was obtained and blended for 1 minute (step 
I). Following this, various volumes of the latex mixture (60%, 80%, or 
100%) were poured into the moulds (step II). The moulds were securely 
sealed and placed within a temperature chamber. The vacuum pressure 
was gradually reduced to 710 mmHg for 5 min, allowing the foam to 
expand to its maximum capacity (step III). The foam was cooled to 
−30◦C for 10 min utilising a mechanical single-stage refrigeration sys-
tem (step IV). In step V, gaseous carbon dioxide was fed to the moulds at 
a flow rate of 10 L/min for 5 min to initiate gelation. The foam was 
subsequently vulcanised by heating the samples at 90◦C for 1.45 h (step 
VI). The NLFs were subsequently removed from the moulds, rinsed, and 
dried for 4 h at 70◦C (step VII). 

Both Talalay and Dunlop methods involve mixing, moulding, and 
post-processing. However, the Talalay method has additional processes, 

Table 2 
Chemical agents (Fig. S1) used to prepare samples according to the Dunlop and the in-house Talalay methods. Different surfactants were used in each sample. See 
Table 1 for sample notations.  

Sample ID DC- 
KO100 

D-PL100/ 
KO100 

D-PL25/ 
KO75 

D-PL50/ 
KO50 

D-KL25/ 
KO75 

D-KL50/ 
KO50 

TC100- 
KO100 

TC80- 
KO100 

TC60- 
KO100 

T100- 
PL100/ 
KO100 

T100- 
PL50/ 
KO50 

T100- 
KL50/ 
KO50 Chemicals 

Wet weight (g) 

NRLa 166.67 166.67 166.67 166.67 166.67 166.67 166.67 166.67 166.67 166.67 166.67 166.67 
KO 16.50 16.50 12.38 8.25 12.38 8.25 16.50 16.50 16.50 16.50 8.25 8.25 
Sb 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
ZMBTc 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
ZDECd 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Wing Le 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
ZnOf 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 
DPGg 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
SSFh 8.00 8.00 8.00 8.00 8.00 8.00 - - - - - - 
PL - 33.00 8.25 16.50 - - - - - 33.00 16.50 - 
KL - - - - 4.12 8.25 - - - - - 8.25  

a NRL represented natural latex. 
b S represented sulfur dispersion. 
c ZMBT represented zinc-2-mercaptobenzothiazole dispersion. 
d ZDEC represented zinc diethyldithiocarbamate dispersion. 
e Wing L represented wingstay L dispersion. 
f ZnO represented zinc oxide dispersion. 
g DPG represented diphenylguanidine dispersion. 
h SSF represented sodium silicofluoride dispersion. 

Fig. 1. Preparation of NLFs from concentrated natural latex (a) using the Dunlop method, (b) using the in-house Talalay method.  
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namely cooling and gelation. 

2.4. Characterisation of the rubber foams 

The foam density, including of the standard deviation, was calcu-
lated using the weight and volume of the NLFs. The foam composition 
was tested using at least three replicates, following the methodologies 
outlined in prior research (Prasopdee and Smitthipong, 2020; Suethao 
et al., 2021b). All functional groups were identified by attenuated total 
reflection-Fourier transform infrared (ATR-FTIR) spectroscopy based on 
the method described in previous studies (Prasopdee and Smitthipong, 
2020; Suethao et al., 2021b). A Ge crystal probe (VERTEX 70, Bruker, 
Billerica, MA, USA) was used to measure the FTIR spectrum of each 
sample between 500 and 4000 cm−1. 

X-ray diffraction (XRD) was used to obtain structural data from each 
sample. The XRD patterns of the NLF samples were collected using a 
diffractometer at 40 kV and 40 mA (Bruker AXS Model D8 Advance, 
Germany). Diffraction measurements were performed at room temper-
ature using Cu–Kα radiation with a wavelength of 0.1546 nm and 
2θ=5◦–40◦. 

A scanning electron microscope (SEM; FEI, Quanta 450, Eindhoven, 
Netherlands) was used to investigate the morphology of the foam sam-
ples in two dimensions. At least three samples from each foam compo-
sition were inspected after the foam samples were coated with gold. The 
average cell size and porosity including the standard deviation of the 
NLFs were obtained by examining the micrographs of all samples using 
ImageJ (Suethao et al., 2021a, 2021b). 

Several physical properties were visualised in three dimensions using 
X-ray micro-computed tomography (micro-CT; SkyScan1173, Bruker, 
USA). The examination was conducted using CT Analyzer software 
version 1.18.9.0+, which analysed the parameters of sub-volume and 
mid-range diameter. Function by structure thickness to determine the 
percentage volume of voids present in the mid-range diameter. These 
visualisations were used to calculate the permeability of the porous 
structures. The X-ray tube used a voltage of 70 kV and a current of 114 
μA. A voxel size of 7 μm was used with a total of 800 slices. Submicron 
calibration was performed based on pixel size, measuring voids or gaps 
with dimensions of at least 7 μm. 

Compression testing was conducted on each NLF sample in triplicate. 
Samples 21.5 mm thick and 45 × 45 mm2 in area were prepared from 
each foam mixture. A texture analyser (TA.XT Plus, Stable Micro Sys-
tems, Godalming, Surrey, UK) was used to measure the compression of 
each NLF to 75% of its original size at room temperature. The test probe 
had a diameter of 100 mm and a speed of 0.1 mm/s. Each NLF was also 
thermo-mechanically evaluated by dynamic mechanical analysis (DMA; 
Mettler Toledo, Columbus, OH) over a temperature range of −80 to 80◦C 
using the temperature sweep mode (Suethao et al., 2021a, 2021b). 

The thermodynamic characteristics of each sample were investigated 
using the texture analyser described in the compression test. Each NLF 
was exposed to temperatures of 298.15, 308.15, 318.15, 328.15, 338.15, 
and 348.15 K, respectively, for 10 min and then compressed in in-
crements of 30% strain to a strain of 70%. The results were used to 
generate a force–temperature graph and fit to a linear equation. The y- 
intercept and slope of the linear equation were used to calculate the total 
compression force (F), which parameterised the sum of the internal 
energy (Fu) and the entropy (Fs) at the compression limit (Suethao et al., 
2021a, 2021b). 

A One-Way ANOVA, followed by a post hoc Tukey test, was con-
ducted (using SPSS Statistics version 29.0.2.0 (20)) to determine the 
statistical significance of differences in sample means among the various 
treatment groups. 

3. Results and discussion 

3.1. Surfactant-treated NLFs prepared by Dunlop method 

Fundamental to the production of latex from colloids is the ability to 
regulate the stability of the latex. Both anionic and non-ionic surfactants 
are frequently used to stabilise anionic latexes in colloids. Typically, a 
single surfactant may be insufficient to produce a latex that satisfies all 
required criteria. Non-ionic surfactants improve the steric stability of 
electrolytes through heating and cooling cycles (Wang et al., 2009), 
while anionic surfactants improve the mechanical stability of latex 
through electrostatic stabilisation (Castelvetro et al., 2006). Thus, 
anionic and non-ionic surfactants are preferred over cationic surfactants 
in acidic conditions because they can attach to negatively charged 
rubber molecules. The chemical structures of PL, KL, and KO are shown 
in Fig. S1. 

In applications involving the manufacture of rubber foams by latex 
gelation, the stability of the NLF must be sufficient to achieve latex 
gelation without significant mould collapse (Blackley, 1997b). In typical 
gel processes, a carboxylate surfactant is applied alone in combination 
with other surfactants. Combinations of carboxylate soaps often increase 
the foam volume more than components used singly. The foaming ten-
dency of long-chain carboxylates in aqueous solutions depends on the 
pH; in particular, the foaming potential of latex is sensitive to pH in the 
range of 6–9, even over short durations (Micheau et al., 2013). This 
sensitivity arises due to the weak nature of the acids used to make these 
soaps, as well as the tendency of un-ionised carboxylic acids and acid 
soaps to form as the pH of the solution decreases. The hydrophobic 
component in the anionic soap also influences its ability to create and 
stabilise foam (Mulligan, 2007). The length of the hydrocarbon chain 
contributes to improving the foaming capacity of the soap while 
decreasing its solubility in water. 

3.1.1. Structure and morphology 
The FTIR spectra of the NLFs, derived from the respective prepara-

tory methods, are presented in Fig. 2 to examine the differences in the 
main peaks in the FTIR spectra from NLFs prepared with different sur-
factants (Johns and Rao, 2008; Karolewicz et al., 2014; Nisha et al., 
2012; Prasopdee et al., 2021; Suethao et al., 2021a). The transmittance 
bands of the NLFs exhibited typical bands at 2851–2959 cm−1, 
1663 cm−1, and 1450 cm−1, which correspond to the presence of CH3 
groups and CH2 stretching, C––C stretching, and the C-H bending of CH2, 
respectively. The absorption peak between 926 and 1127 cm−1 was 
attributed to C-S stretching, suggesting that the sulfur atoms are cross-
linked to the rubber molecules. Additionally, NLFs produced using the 
pluronic exhibited C-O-C stretching at 1016 cm−1, which correlated 
with the predominant band of the pluronic solution. A band that rep-
resented C––C stretching was observed at 1663 cm−1. Asymmetric 
COO− and symmetric KO and KL stretching bands were observed at 
1548 cm−1 and 1526 cm−1, respectively. 

The spectra of the NLFs revealed no appreciable differences. The 
molecular structure of the rubber foam was then analysed using XRD 
(Fig. 3). The XRD patterns of all the NLF samples exhibited a charac-
teristic NR peak at 2θ = ~19◦ (Johns and Rao, 2008), corresponding to 
solid styrene–butadiene rubber (Eyssa et al., 2021). 

Fig. 3 presents the crystalline peaks of the samples prepared with PL 
and KL, which were consistent with those reported in previous studies 
(Lomer, 1958; Wenchao et al., 2018). Despite variations in experimental 
conditions, the XRD patterns of the NLF samples remained relatively 
similar. This consistency can be attributed to each sample containing the 
same amount of rubber and added chemicals, with only a 10–20 wt% 
difference accounted for by the use of different surfactants. The crys-
talline peaks of the pluronic can be clearly seen at 2θ = 19.12◦ and 
23.27◦, which correspond to the crystal planes (hkl) at (100) and (200), 
respectively. In the PL, there was an overlap due to the distinctive rubber 
peaks. Hence, the peaks in this area of the spectrum were obscured. In 
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the KL, distinct peaks at 2θ = 8.33◦ and 28.77◦ and a small broad peak at 
36.23◦ were observed at (003), (−214), and (218), respectively; these 
can be attributed to the influence of KL. 

Fig. 4 shows that all NLF samples exhibited an open-cell morphology 
with all cells connected. Although this structure has been observed in 
polyurethane foams (Iizuka et al., 2021), they were prepared by 
crushing the foam until all cell walls were destroyed, resulting in a 
highly connected, open-cell structure. In contrast, these NLF samples 
were prepared by stirring the foam, following the Dunlop method. The 
foaming process of the Dunlop preparation method resulted in hetero-
geneous bubbles of varying sizes, which consequently led to a mixture of 
large and small cells. The interconnectivity between each cell means 
that the cell walls were also connected, with cells of different sizes 

containing varying amounts of matrix resembling the microstructures 
commonly found in natural structures, such as bamboo plants and 
human bones (Andrew et al., 2021). In closed-cell structures, the foam 
cells are separated by thin walls, unlike in open-cell structures, in which 
the foam cells are linked to other cells (Zhang et al., 2012). Foam pos-
sesses superior mechanical and physical properties, allowing it to serve 
as both a structural and functional material. These properties encompass 
specific flexibility, sound absorption capacity, and energy absorption 
capacity. In particular, the ability of foam materials to absorb energy can 
be exploited for impact resistance applications (Alem et al., 2014; Tao 
et al., 2021; Zhang et al., 2020). 

The morphology of the foams prepared using the Dunlop method 
depended on the chemical formula used. The cell density of each NLF 

Fig. 2. ATR-FTIR spectra of the NLF samples: (a, b) NLFs produced using PL, (c,d) NLFs produced using KL.  

Fig. 3. XRD spectra of the NLF samples: (a) NLFs produced with pluronic loading, (b) NLFs produced with potassium laurate loading.  

Fig. 4. SEM images of the NLF samples produced using the Dunlop method: (a1) DC-KO100, (b1) D-PL100/KO100, (c1) D-PL25/KO75, (d1) D-PL50/KO50, (e1) D- 
KL25/KO75, and (f1) D-KL50/KO50. All images displayed at 50× magnification. Images processed using ImageJ in Fig. S4. 
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sample was calculated following the methods described in a previous 
study (Prasopdee and Smitthipong, 2020); the results of these calcula-
tions are presented in Table 3. Images produced by ImageJ are also 
presented in Fig. S2. 

In samples produced using PL (DC-KO100), the foam volume 
decreased as the KO content decreased (Table 3). In addition, PL acted as 
a filler: as the PL content increased, the matrix content also increased. 
This increased matrix content increased density, as seen in D-PL50/ 
KO50. However, the D-PL100/KO100 formula had a slightly higher 
density than the DC-KO100 formula, which could be attributed to the 
increased amount of PL. 

In samples produced using KL, increasing the amount of KL used 
resulted in increased density due to the more compact molecular 
structure of KL compared with KO. Carboxylate soaps are typically 
employed in the Dunlop method, and the nature of the hydrophobic 
component in an anionic soap also influences its ability to create and 
stabilise foam. In general, increasing the length of the hydrocarbon 
chain improves the foaming capacity of the surfactant while diminishing 
its solubility in water (Denkov et al., 2020). 

Table 3 also describes the differences in the morphology of the 
samples manufactured with PL; however, the average cell size did not 
differ significantly due to the heterogeneous nature of the cell size dis-
tribution across the samples. Of the samples analysed, D-PL50/KO50 
had a low percentage of porosity and the highest density; this was due to 
the increased amount of matrix in this sample from the reduced KO and 
increased PL content. D-KL50/KO50 had the lowest porosity due to its 
low KO and high KL content, reducing cell density. Thus, despite all 
samples exhibiting similar average cell sizes, the cell density increased 
with increasing porosity, consistent with previous studies (Prasopdee 
and Smitthipong, 2020; Yang et al., 2017). This study shows that this 
relationship holds even with blended surfactants (KO + PL or KO + KL) 
at varying concentrations. Previous studies had only focused on varying 
the KO concentration (Prasopdee and Smitthipong, 2020). 

Three-dimensional images of the morphology of the control NLF and 
the prepared NLF samples were obtained using an X-ray micro-CT sys-
tem. Initially, 2D projections (radiographs) of the morphology of each 
sample were captured from various angles. A 360◦ rotation was required 
to visualize the 3D structure of the sample in this study. Subsequently, 
the cross-section of each sample was reconstructed from the projection 
data to create a 3D image, as shown in Fig. 6. In this image, the grey area 
represents the interconnected foam, while the blue area represents the 
pore area, which can be utilized to calculate the cell size distribution. 
The control formula (DC-KO100; Fig. 5a) had a cell size distribution that 
was relatively large compared with samples containing both surfactants. 
In contrast, samples with added PL and KL exhibited remarkably narrow 
cell size distributions, particularly in the case of D-KL50/KO50 (Fig. 5c). 

This may be due to the addition of KL, which increased the foam density 
of the latex, resulting in smaller cell sizes, as observed from the SEM 
images. In addition, samples containing PL were found to have narrower 
and smaller cell size distributions (Fig. 5b), similar to the properties of 
samples containing added KL. However, the cell size distribution of the 
NLF sample was heterogeneous, which was consistent with the SEM 
measurements. 

The CT analyser software was used to determine the average cell size 
and percent porosity of the control NLF and the NLFs prepared using PL 
and KL. These foam samples were chosen because D-PL50/KO50 and D- 
KL50/KO50 exhibited high foam densities and low porosities, indicating 
superior mechanical properties. Table S1 shows that all samples 
measured by micro-CT had average cell sizes and porosities that were 
twice as large as those measured by SEM. Furthermore, the micro-CT 
analyses of the foam samples provided more information about the 
open pore characteristics and the randomness of the cell distributions. 
Consequently, the 3D images obtained from micro-CT analysis were 
more precise than the average cell sizes obtained from 2D SEM images. 
In addition, the control DC-KO100 sample had a slightly higher cell 
volume than the other samples. In general, the addition of blended 
surfactants resulted in a decrease in total cell volume. 

3.1.2. Physical and mechanical properties 
The compressive stress–strain curve of the NLF samples prepared 

using the PL and KL surfactants is presented in Fig. 7. D-PL25/KO75 had 
a density similar to that of the control NLF (Fig. 7a). As the amount of KO 
decreases and the amount of PL increases, the long hydrocarbon chains 
of the micelles in the pluronic solution micelles can become entangled 
(Jeong et al., 2016), resulting in increased tensile strength owing to 
presence of a chained network, consequently leading to higher densities 
than the control. This effect can be seen in the D-PL50/KO50. In the 
NLFs prepared using KL (Fig. 7b), the KL formed small bubbles, reducing 
bubble volumes and significantly increasing densities (Atrafi and Paw-
lik, 2017). These results showed that the KL has a slightly greater in-
fluence on the structure of the NLFs than the PL. There was a noticeable 
effect on the sample density even when only 25% KL and 75% KO were 
used. 

Table 4 shows that the energy absorption capabilities of the NLF 
samples are related to their mechanical properties. Among the PL sam-
ples, D-PL50/KO50 exhibited the greatest energy absorption capability 
(134 kJ/m3); this was higher compared with the results obtained from 
the KL samples, in which the energy absorbed by D-KL50/KO50 was 
124 kJ/m3. However, the addition of surfactants (both PL and KL) 
improved the mechanical properties and energy absorption of the NLF 
samples. 

The effects of compression speed on the energy absorption of the 
control rubber foam were studied by subjecting the sample to 
compression rates of 0.1, 0.3, 0.5, 2.0, and 5.0 mm/s at 25◦C (Fig. 7c). 
As the compression speed increased, the absorbed energy also increased, 
suggesting an improvement in the sample mechanical properties. This 
improvement could be attributed to the elastic response of the NLF at 
different compression speeds. The compression speed affected the 
compressive response of the NLFs, which is consistent with the behav-
iour of polystyrene and polypropylene foams (Krundaeva et al., 2016; 
Morton et al., 2020). Furthermore, a power-law relationship between 
the energy absorption capabilities (W) of the NLFs and the speed of 
compression (V) can be expressed as follows: W ~ V 0.02. The influence 
of the compression speed on the mechanical properties of the NLF 
samples is also consistent with the time–temperature law (Ferry, 1980). 

The normalised energy absorption tests for all samples are presented 
in Fig. S3. The foam samples were compressed at speeds of 0.1 and 
5 mm/s. The x-axis of the graph describes the normalised peak stress, 
which was calculated by dividing the stress at 50% strain by the Young’s 
modulus of vulcanised rubber (Gibson and Ashby, 1997). The y-axis 
represents the normalised energy per unit volume, which was deter-
mined by dividing the energy absorption (W) of each sample by the 

Table 3 
The foam density, average cell size, porosity, and cell density of all NLFs pre-
pared using different surfactants. All values were calculated from measurements 
made with ImageJ.  

Sample 
ID 

Foam 
density 
(kg/m3) 

Average cell 
size (±100 
μm) 

Porosity ( 
±1.00%) 

Cell density ( 
±1000 cm¡3) 

DC-KO100 96±2a 379a 46.51b 31,562a 

D-PL100/ 
KO100 

99±2a 379a 42.82ab 31,496a 

D-PL25/ 
KO75 

96±4a 380a 44.43ab 31,266a 

D-PL50/ 
KO50 

107±1b 385a 39.89a 29,553b 

D-KL25/ 
KO75 

102±1b 355a 41.30b 37,988c 

D-KL50/ 
KO50 

105±1b 394a 34.00c 27,671b 

a-c: Different letters within the same column represent statistically significant 
differences (*p < 0.05, Tukey test). 
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Young’s modulus. Fig. S3 shows that the normalised energy per unit 
volume increased as the density and normalised peak stress increased, 
which is consistent with the behaviour of polypropylene foams 
(Rumianek et al., 2021). In particular, higher compression speeds 
resulted in higher normalised energy absorption capabilities and peak 
stresses. D-PL50/KO50 exhibited the greatest peak stress and energy 
absorption values at both compression speeds. The energy absorption 
values were primarily calculated from the plateau region in the 

cell-buckling phase, which occurred at approximately 50% strain. 
a,b: Different letters within the same figure represent statistically 

significant differences at the rubbery plateau, *p < 0.05, Tukey test. 
The storage modulus (E’) of all samples was measured using DMA. 

The DC-KO100 sample had a storage modulus at the rubbery plateau 
higher than those observed in the other foam samples, regardless of the 
surfactants used (Fig. 8). This result was due to the high porosity of the 
control sample, suggesting that the rubber matrix was much more 

Fig. 5. Histograms of cell volume versus cell size illustrating the cell size distributions of NLFs determined from 3D micro-CT images, using foam samples produced 
using the Dunlop method: (a) DC-KO100, (b) D-PL50/KO50, and (c) D-KL50/KO50. 

Fig. 6. Three-dimensional micro-CT images of the foam samples: (a) DC-KO100, (b) D-PL50/KO50, and (c) D-KL50/KO50.  

Fig. 7. Graphs of the stress versus strain curves of the NLFs prepared using the Dunlop method with (a) PL and (b) KL surfactants, compared with NLFs with only KO 
surfactant treatment. The final densities are presented at the end of each curve. (c) Graph of log W versus log V describing the influence of compression speed on the 
energy absorption capabilities of the control samples of NLF (i.e. with only KO surfactant treatment) following a power-law relationship. a-d: Different letters within 
the same figure represent statistically significant differences in compressive strength, *p < 0.05, Tukey test. 
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compressible due to its many air bubbles, resulting in longer relaxation 
times compared with the other samples (Phuhiangpa et al., 2020). The 
samples containing the KL and PL had similar trends, with the control 
sample and D-KL25/KO75 exhibiting higher porosities, implying greater 
air bubble volumes, increased compressibility, and longer relaxation 
times. 

The value of tan δ (Fig. S4) represents the energy loss exhibited by 
the sample. The value of tan δ was not appreciably different in the 
samples prepared using a PL surfactant because the viscoelastic prop-
erties of the sample matrices were relatively similar. The value of tan δ in 
D-KL50/KO50 was high due to its low porosity and high matrix content, 
resulting in a high degree of energy loss. 

3.1.3. Thermodynamic parameters 
This section describes the foaming thermodynamics, the process of 

gas diffusion in foams, its influence on foam instability, and the kinetics 
and processes associated with film fractures that eventually result in 
foam collapse. Aqueous foams are sufficiently stable when the fluid 
phase contains one or more surface-active compounds. Disparate gas 
pressures between foam bubbles of varying sizes cause gases to move 
between the smaller bubbles and the larger bubbles that surround them. 

As noted in Section 2.4, the total compression force (F) is the sum of 
the forces related to the internal energy (Fu) and the entropy (Fs). The 
force contributed by Fu is related to the mechanical properties of the 
foam at the compression level, while the force contributed by Fs relates 
to the molecular structure at the compression level. In Fig. S5, the ratio 
of Fu/F decreased slightly when the temperature increased from 298.15 
to 338.15 K. At higher temperatures, the ability of natural rubber to flow 
can also explain the discrepancy in the Fu/F ratios (Prasopdee et al., 
2021; Suethao et al., 2021b). The rubber molecules in the control foam 
exhibit similar degrees of freedom at various compression strains 

(compression limits) (Prasopdee et al., 2021; Suethao et al., 2021b). 
However, the data indicated that the compression limit at high strain 
falls within the range at which stress-induced crystallisation occurs, 
which is out of the scope of this study. In addition, previous studies have 
revealed the presence of a phenomenon known as thermoplastic inver-
sion that occurs during thermal expansion at low deformations (Pra-
sopdee and Smitthipong, 2020; Suethao et al., 2021a). All of the foam 
samples (from both scenarios) exhibited higher foam density levels than 
the control DC-KO100 sample, suggesting that they had a similar degree 
of freedom at various compression limits due to the stability of the de-
grees of freedom exhibited by the molecules at both temperatures. 

3.2. Surfactant-treated NLFs produced using the Talalay method 

This section described the results of the Talalay method in fabri-
cating surfactant-treated NLFs. The findings were compared with those 
derived from the Dunlop method, as presented in Section 3.1. 

3.2.1. Structure and morphology 
Fig. 7 presents the 2D SEM images of the foam samples produced 

using the Talalay method. The foams produced by the modified Talalay 
method exhibited an open-cell structure and heterogeneous cell sizes. 
The TC100-KO100 sample (Fig. 9a) exhibited larger cell sizes than the 
corresponding DC-KO100 (Fig. 4a) sample, almost certainly due to the 
vacuum system utilised in the Talalay method, which causes smaller 
cells to combine into larger cells. Moulds containing 60%, 80%, and 
100% foam by volume were prepared before being transferred. Samples 
produced with lower foam volumes exhibited larger cell sizes 
(Fig. 9a–c). The average cell size and porosity were determined from the 
SEM images using ImageJ, as described in Section 3.1.1 (Table 5). 

Table 5 presents the data obtained from the SEM images of the NLFs 
produced using the Talalay method (Fig. 9). The morphological analysis 
of the samples was complicated by the combination of stirring tech-
niques and vacuum processes used in this method. In contrast, the foam 
samples produced using the Dunlop method were only subjected to 
stirring. Blended surfactants (i.e. KO + PL or KO + KL) also affect the 
morphology of the foam samples produced using the Talalay method; 
both the addition of PL (filler effect) and KL (small bubble effect) 
resulted in foam samples with low porosities and high matrix contents. 
However, T100-PL100/KO100 exhibited a high foam density and low 
porosity because of the vacuum used during the Talalay method. 
Because PL acts as a type of filler, the matrix content of the samples 
increased, resulting in a higher foam density and, consequently, a 
morphology significantly different from the control sample. 

The 3D morphological information and the cell size distribution of 
the NLFs were investigated using micro-CT. Fig. 10 presents the 3D 
morphology of TC100-KO100. The cell size distribution of this sample 

Table 4 
Energy absorption of foam samples at 25◦C at a compression speed of 0.1 mm/s. 
All values were calculated from Figs. 5a and 5b using Origin, version 9.0, by 
determining the area under the curve at 50% strain, a linear plateau zone that is 
not influenced by the densification zone. Thus, an increase in the area under the 
stress–strain graph in this section indicates an increase in energy absorption.  

Sample ID Energy absorption (±3 kJ/m3 or kPa) 
DC-KO100 88a 

D-PL100/KO100 117ab 

D-PL25/KO75 113ab 

D-PL50/KO50 134c 

D-KL25/KO75 117ab 

D-KL50/KO50 124b 

a-c: Different letters represent statistically significant differences (*p < 0.05, 
Tukey test). 

Fig. 8. Graphs of the storage modulus (E’) versus temperature to illustrate the dynamic mechanical properties of the NLFs produced by the Dunlop method using (a) 
PL surfactants and (b) KL surfactants compared with NLFs with only KO surfactant treatment. a,b: Different letters within the same figure represent statistically 
significant differences at the rubbery plateau, *p < 0.05, Tukey test. 
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(Fig. 11a) was wider than the DC-KO100 control sample (Fig. 5a). 
Similarly, TC100-KL50/KO50 (Fig. 11b) exhibited a cell size distribution 
wider than that of D-KL50/KO50 (Fig. 5c), suggesting that the cell size 
distributions in the NLFs produced using the Dunlop method were nar-
rower than those produced using the Talalay method. The Talalay 
method implemented in this study consists of two main stages: (i) the 
stirring stage that homogenises the foam and the added chemicals and 
(ii) the vacuum stage that modifies the morphology of the foam sample. 
These could contribute to the broader cell size distribution results from 
the foam samples processed by the Talalay method. 

Table 6 presents the morphological information acquired from the 
SEM images and micro-CT scans and compares the effect of different 
surfactants and processes on the morphology of the foam samples. The 
porosity of the foam samples produced by both preparation methods 
tended to decrease when blended surfactants were added, as did the 
total cell volume of the foam samples. However, both preparation 
methods resulted in foams with highly heterogeneous cell sizes — it was 
thus difficult to determine the average cell sizes obtained from each 
method. The average cell size and porosity of the NLFs obtained from the 
micro-CT scan technique were double those obtained from the SEM 
images due to the 3D nature of the morphological data obtained from the 
micro-CT scan, which allowed more detailed morphological analyses. 

3.2.2. Physical and mechanical properties 
In general, the morphology of the NLFs influences the mechanical 

properties of the foams. The NLFs obtained from the Dunlop method had 
higher compressive strengths than those obtained from the Talalay 
method, regardless of the chemical formulation used (Figs. 12a, 12b, 
and 12d). The improved mechanical properties of the NLFs produced 
using the Dunlop method compared with those produced using the 
Talalay method can be explained by the narrower cell size distribution 
exhibited by the former samples. This is consistent with the behaviour of 
polypropylene and rubber foams, as revealed in previous studies (Gong 
et al., 2020; Rostami-Tapeh-Esmaeil et al., 2021). DC-KO100 and 
TC100-KO100 exhibited similar foam densities but different cell size 
distributions and compressive strengths (Fig. 12a). 

Fig. 12a also shows how the volume of foam in the mould affects the 
mechanical properties of the foams produced using the Talalay method. 
The compressive strength of NLFs increased as the foam volume in the 
mould increased, consistent with the morphological data. The T100- 
PL100/KO100 sample exhibited the highest compressive strength 
(Fig. 12c), consistent with its morphology. 

The compressive energy absorbed by the NLFs bends and buckles the 
cell walls. Table S2 presents the energy absorption capabilities of the 
different NLF samples obtained from the two preparation methods used 
in this study. The compressive strengths and energy absorption capa-
bilities of NLFs produced by the Talalay method were lower than those 
produced by the Dunlop method, likely due to the stirring and vacuum 
techniques used in the former method. 

Fig. 13a presents the linear relationship between the normalised 
energy per unit volume and the normalised peak stress of foam samples 
produced by the two preparation methods. The samples produced using 
the Dunlop method had higher normalised peak stresses and higher 

Fig. 9. SEM images of the NLF samples derived from the Talalay method. (a1) TC100-KO100, (b1) TC80-KO100, (c1) TC60-KO100, (d1) T100-PL50/KO50, (e1) 
T100-PL100/KO100, and (f1) T100-KL50/KO50. All images were displayed at 50× magnification. Images processed using ImageJ can be found in Fig. S6. 

Table 5 
A comparison between the samples prepared using the Talalay-based method. 
Properties include foam density, average cell size, porosity, and cell density of 
the NLFs. All data were calculated using ImageJ.  

Sample ID Foam 
density 
(kg/m3) 

Average cell 
size (±100 
μm) 

Porosity ( 
±1.00%) 

Cell density ( 
±1000 cm¡3) 

TC100- 
KO100 

94±3bc 396bc 49.12d 27,658c 

TC80- 
KO100 

82±3b 425c 56.81e 22,691b 

TC60- 
KO100 

72±3a 468d 62.63 f 17,006a 

T100- 
PL100/ 
KO100 

110±4c 276a 29.75b 79,789 f 

T100- 
PL50/ 
KO50 

93±3bc 324ab 25.89a 50,490e 

T100- 
KL50/ 
KO50 

90±4bc 363b 32.69c 35,998d 

a-f: Different letters within the same column represent statistically significant 
differences (*p < 0.05, Tukey test). 

Fig. 10. Three-dimensional images of the foam samples produced using the 
custom Talalay-based method acquired by micro-CT using the CT analyser 
software, version 1.18.9.0+: (a) TC100-KO100, and (b) T100-KL50/KO50. The 
grey area in the 3D images represents volumes of interconnected foam, while 
the blue area describes the pore area. 
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energy absorption capabilities than those produced by the Talalay 
method. The energy absorbed by the foam samples depended on the 
formulation and the preparation techniques used. Fig. 13b shows that 
the energy absorption is related to the compression speed via a power 
law, according to the behaviour of the control samples produced using 
both preparation methods. Regardless of the preparation method, the 
energy absorbed by the NLFs increased with compression speed. DC- 
KO100 exhibited a higher energy absorption than TC100-KO100 for a 
given compression speed. 

The power-law relationship between the energy absorption per unit 
volume (W) and the compression speed (V) of the different rubber foams 
was investigated in greater detail. The specific trends were found to 
differ depending on the preparation method used. According to the 
rheological model of rubber, the energy dissipation characteristics of 
rubber foams are related to their viscoelastic properties (Smitthipong 
et al., 2004). The power-law relationship between the energy absorbed 
and the compression speed could be described using the dissipation 
function of a rubber foam with a fractional exponent (β); the value of β 
was similar for all rubber foams tested. In most cases, the logarithmic 
energy absorption per unit volume (W) increased linearly with 

Fig. 11. Histograms of the cell volume versus cell size illustrating the cell size distributions of NLFs determined from 3D micro-CT images, using foam samples 
derived from the Talalay method: (a) TC100-KO100 and (b) T100-KL50/KO50. 

Table 6 
Foam density, average cell size, porosity, and cell density of NLFs produced 
using different preparation methods and different surfactants.  

Sample 
ID 

Average cell size Porosity Total cell 
volume 
from micro- 
CT ( 
±5 mm3) 

SEM ( 
±150μm) 

Micro-CT 
(±300μm) 

SEM ( 
±1.00%) 

Micro-CT 
(±1.00%) 

DC- 
KO100 

379a 725b 46.51c 89.38ab 311b 

D-KL50/ 
KO50 

394a 535a 34.00b 88.58ab 302a 

TC100- 
KO100 

396a 880c 49.12d 90.13b 309b 

T100- 
KL50/ 
KO50 

363a 753bc 32.69a 87.88a 300a 

a-d: Different letters within the same column represent statistically significant 
differences (*p < 0.05, Tukey test). 

Fig. 12. Graphs of the compressive stress versus strain curves of the NLFs: (a) samples produced using the Talalay method with only KO surfactant treatment 
(compared with control sample produced using the Dunlop method), (b) comparing surfactant-treated samples produced using the Talalay (T100-PL50/KO50) and 
the Dunlop (D-PL50/KO50) methods, (c) surfactant-treated samples (compared with control sample) produced using the Talalay method, and (d) surfactant-treated 
samples produced using the Talalay (T100-KL50/KO50) and the Dunlop (D-KL50/KO50) methods. a-d: Different letters within the same figure represent statistically 
significant differences in compressive strength, *p < 0.05, Tukey test and One-way ANOVA. 
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logarithmic compression speed (V), which can be described in the form 
W ~ V β. Here, the fractional exponent (β) is dependent on the test 
method, as well as the properties of the rubber foam matrix. For 
example, in the case of a rubber foam sample prepared using both 
methods, the value of β was approximately 0.01–0.02. 

Considering the dynamic mechanical properties, DC-KO100 had the 
highest storage modulus at the rubbery plateau (Fig. 14a), consistent 
with its observed foam morphology. Typically, the static and dynamic 
mechanical properties of NLFs depend on their morphology and foam 

density. Fig. S7a shows that DC-KO100 exhibited a smaller degree of 
hysteresis than TC100-KO100 due to narrower cell size distribution, 
consistent with the results of previous studies (Rostami-Tapeh-Esmaeil 
et al., 2021). Fig. S7a also shows that TC60-KO100 exhibited the lowest 
degree of hysteresis, consistent with this sample exhibiting the lowest 
foam density and, consequently, the lowest viscoelastic properties 
(Suethao et al., 2021a). Fig. 14b shows that T100-PL50/KO50 exhibited 
a higher storage modulus at the rubbery plateau than D-PL50/KO50, 
reflecting the difference in cell density between the two samples. 
However, the overall effects of the fillers and their morphology gave 
both samples similar hysteresis behaviours (Fig. S7b). 

Fig. S7c shows that all the samples produced with the Talalay 
method had similar storage moduli. Rubber foams exhibiting lower 
percentage porosities (T100-PL50/KO50) and higher matrix contents 
also exhibited higher degrees of hysteresis (Fig. S7d). This result is 
similar to those observed in aluminium alloy–polyurethane porous 
composites (Bao and Li, 2019). Fig. S7e indicates that T100-KL50/KO50 
displayed a greater storage modulus on the rubbery plateau than 
D-KL50/KO50 while demonstrating comparable hysteresis behaviours 
(Fig. S7f). This was consistent with the behaviours observed in the 
T100-PL50/KO50 and D-PL50/KO50 samples. 

3.2.3. Thermodynamic parameters 
This section elaborates on the influence of process design technology 

on the thermodynamics of rubber foams. Figs. 14c and 14d show that the 
Fu/F of the control sample prepared using the Talalay method (TC100- 
KO100) was lower than the Fu/F of the control sample prepared by the 
Dunlop method (DC-KO100); this was consistent with the results of the 
compression test. Generally, the internal energy of a polymer is related 
to the added heat, the work required to change its volume, and the work 
required to deform the polymer (Suethao et al., 2021b). Hence, poly-
mers with higher compressive strengths (i.e. a higher force per area 

Fig. 13. Graphical representations the energy absorption capacities of NLFs. (a) 
Scatter plot of normalised energy per unit volume versus normalised peak stress 
describing the energy absorption capacities of NLFs produced by the Dunlop 
and Talalay methods with different surfactants, and (b) graph of log W versus 
log V showing the influence of compression speed on the energy absorption 
capabilities of control samples of NLF derived from the Dunlop and Talalay 
methods (i.e. with only KO surfactant treatment) following a power-law 
relationship. 

Fig. 14. Graphs of storage moduli (E’) versus temperature for NLF (a) samples produced using the Talalay and Dunlop methods with only KO surfactant treatment, 
and (b) surfactant-blended samples, i.e. T100-PL50/KO50 and D-PL50/KO50, produced using the Talalay and Dunlop methods. Graphs of compression force (Fu/F) 
versus compression limit of the NLFs, from samples produced using the Talalay and Dunlop methods with only KO surfactant treatment, at (c) 298.15 K and (d) 
338.15 K., a,b: Different letters within the same figure represent statistically significant differences at the rubbery plateau, *p < 0.05, Tukey test and One- 
way ANOVA. 
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required to deform the rubber) tend to exhibit higher internal energies. 
However, due to their high foam densities, both samples exhibited 
similar entropic stabilities at both temperatures, consistent with previ-
ous studies (Prasopdee et al., 2021; Suethao et al., 2021b). Due to the 
wide distribution of cell sizes in TC100-KO100, its thermal expansion 
tended to vary under low deformations or high compression limits, 
overshadowing potential entropic effects. Generally, rubber foams with 
higher compressive strength exhibit superior mechanical properties, 
while those with high tan δ values exhibit high hysteresis or high energy 
losses. The foam density of the samples produced using the Talalay 
method could be controlled by varying the volume of foam added to the 
moulds, especially when the same formulation was used (TC100-KO100, 
TC80-KO100, or TC60-KO100). When two rubber foams with similarly 
low foam densities obtained through the use of different formulas and 
preparation methods were compared, TC100-KO100 was observed to 
have a higher compressive strength and lower degree of hysteresis than a 
rubber foam with 4 phr of charcoal produced using the Dunlop method 
(Prasopdee and Smitthipong, 2020). In other words, the Talalay method 
presented in this study can be used to prepare rubber foams with low 
foam densities, good mechanical properties, and low levels of energy 
loss. 

4. Conclusions 

While the Dunlop and custom Talalay methods for foaming natural 
rubber are well-established, there is a notable lack of information about 
the effects of surfactant treatments on this process. This study presents 
the effects of different surfactants on NLFs for the first time through a 
comprehensive assessment of the relationships between the foam 
structure, energy absorption, and thermodynamic properties. To pro-
vide a basis for comparison, the findings from the surfactant-treated 
NLFs produced through the custom Talalay method were compared 
with those from the Dunlop method. This study is summarised as 
follows. 

The morphological structure of the NLFs produced using the Dunlop 
method had a narrow distribution of small cell sizes determined from 2D 
SEM images and 3D micro-CT images. However, the overall cell size was 
found to be heterogeneous. Adding PL and KL surfactants resulted in 
lower porosities, yielding higher foam densities and enhanced me-
chanical properties. Increased amounts of PL increased the matrix con-
tent of the NLFs, while increasing the KL content resulted in the 
formation of small bubbles, decreasing the bubble volume of the foam. 
Another observation was that the energy absorbed by the foam 
increased as its compression speed increased, consistent with the effect 
of the time–temperature relationship on the energy absorption capa-
bilities of the NLFs. 

The distribution of cell sizes in the NLFs produced using the Talalay 
method was broader than those produced using the Dunlop method due 
to the addition of stirring and vacuuming techniques. The NLFs pro-
duced using the Talalay method also exhibited 20% lower compressive 
strengths and absorbed 7% less energy compared to those produced 
using the Dunlop process, regardless of the formulation. This difference 
can be attributed to the aeration during the foaming process. Different 
energy absorption values and morphologies were observed with distinct 
preparation methods. The NLFs produced via the Talalay method 
exhibited lower Fu/F ratios than those produced using the Dunlop pro-
cess, leading to variations in the mechanical properties of the samples 
despite their comparable entropic stabilities. 

This study showed that Talalay-produced, surfactant-treated NLFs 
have lower densities, enhanced mechanical properties, and reduced 
energy loss compared with Dunlop-produced NLFs. However, the 
Dunlop method remains the more cost-effective choice. Additionally, 
this study is important because it presents a novel and comprehensive 
understanding of the thermodynamics and structure properties of NLF 
between the Dunlop and in-house Talalay methods, which has not been 
done previously. A potential limitation of this research is challenge of 

controlling conditions during sample preparation. Furthermore, the in-
fluence of temperature and humidity is also significant. Consequently, it 
is essential to consistently maintain optimal conditions during sample 
preparation. Nevertheless, the main finding underscores the crucial 
need to choose the NLF production method most suited to the specific 
application requirements. 
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