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Abstract
Oil palm trunk biochar (OPTB) serves as a flame-retardant additive aimed at enhancing the thermal stability of natural rubber 
(NR) latex foam. This study explores whether OPTB affects the physical and mechanical properties of specialty NR (SpNR) 
latex foam, specifically deproteinised NR (DPNR) latex foam and epoxidised NR (ENR) latex foam. The results indicate that 
the addition of OPTB up to 8 phr insignificantly increases the density of DPNR and ENR latex foams, but significantly at 16 
phr and 24 phr (p < 0.05). Shore F hardness also shows a significant increase with OPTB loading (p < 0.05), while volume 
shrinkage decreases with higher OPTB loading (p < 0.05), thereby enhancing foam dimensional stability. The study also 
found that the addition of OPTB reduced the elasticity of both DPNR and ENR latex foams, resulting in higher hysteresis 
loss ratios as OPTB loading increased from 8 to 16 phr and 24 phr. The highest observed hysteresis loss ratio was 0.32 in 
DPNR latex foam loaded with 24 phr of OPTB. Additionally, OPTB loading up to 24 phr in DPNR latex foam decreased its 
rebound resilience from 66 to 55% and increased its vibration-damping ratio from 0.14 to 0.24. This implies that the addition 
of OPTB to SpNR latex foam alters its physical and mechanical properties, making it ideal for applications requiring good 
vibration damping and impact absorption, such as seat cushions and headliners for vehicles.

Keywords  Specialty natural rubber latex foam · Oil palm trunk biochar · Vibration transmissibility · Compressive stress–
strain · Physical properties

Introduction

The global market size for polymer foam products was val-
ued at more than USD 135 billion in 2023 and is expected to 
grow at a compound annual growth rate (CAGR) of 23.9% 

from 2024 to 2030 [1]. The various applications of polymer 
foam products include automotive seats, bedding, furniture, 
footwear, and sound absorbers in buildings. Polymer foam 
products can be made either from synthetic or from natural 
polymers. Across the past few decades, the market for foam 
products has been dominated by synthetic polymer foams 
(i.e., polyurethane, chloroprene, styrene-butadiene rubber, 
ethylene vinyl acetate) [2]. This is due to the availability 
and easier processability of synthetic polymers compared 
to natural polymers [3]. On the other hand, natural rubber 
(NR) latex is renewable and the only natural polymer that 
can be used to manufacture foam products typically, bedding 
articles [4, 5].

NR latex foam is an open-cell structured foam wherein 
the foam cells are interconnected, resulting in unique porous 
structures [5–7]. NR latex foam is a versatile foam material 
due to its elastic, soft, supportive, durable and breathable 
physical properties [7]. Such properties make NR latex foam 
one of the best materials for use in bedding products such as 
mattresses and pillows [4, 5, 7]. Considering the uniqueness 
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and extraordinary properties of NR latex foam, as well as its 
'green image' due to its natural origin and renewability, it is 
essential to expand the use of NR latex foam beyond its tra-
ditional use as bedding products into new applications, such 
as sound and vibration control foam materials for buildings 
and the transportation industry. The use of green materials 
in product manufacturing aligns with sustainable develop-
ment goals (SDGs) by reducing waste, conserving resources, 
and potentially lowering manufacturing costs compared to 
using synthetic materials. Therefore, the research outcomes 
from this study could offer benefits from both economic and 
environmental perspectives.

Previous work [8] explored the feasibility of replacing 
conventional acoustic foam made of synthetic polymer foam 
with SpNR latex foam. Two types of SpNR latex foam, 
namely DPNR latex foam and ENR latex foam, were inves-
tigated. Three acoustic parameters were evaluated: sound 
transmission loss (STL), sound absorption coefficient (SAC), 
and noise reduction coefficient (NRC). The study revealed 
that the acoustic properties of both DPNR latex foam and 
ENR latex foam are comparable with those of commercial 
grade synthetic polymer foam, making them strong con-
tenders for the next generation of environmental friendly 
acoustic foams, especially when the use of natural materials 
in construction has become a key criterion for sustainable 
building concepts [9–11]. Utilisation of SpNR latex foam in 
this sector is also in line with the environmental, social and 
governance (ESG) practices [12, 13].

However, the main challenge of using SpNR latex foam 
for such applications comes from a safety point of view, 
where the thermal stability of SpNR latex foam must first 
meet the fire resistance requirements [14, 15]. Normally, 
flame retardant agents are added to acoustic foam material 
to improve its fire resistance. The most widely used flame 
retardants are halogen-containing chemicals such as bro-
mine, chlorine, fluorine and iodine [5]. Although these sub-
stances function effectively in imparting flame retardancy 
to foam materials, they emit dangerous gases (hydrogen 
halides, hydrochloric acids, and hydrogen bromides) when 
burned [16, 17]. The process of manufacturing acoustic 
foam material from these materials is also hazardous to 
workers and the environment [18]. Additionally, the use of 
halogen-based flame retardants in SpNR latex foam also 
contradicts the purpose of developing environment-friendly 
SpNR latex foam to promote sustainable building concepts. 
Alternatively, OPTB was evaluated as an eco-friendly flame 
retardant agent [19]. OPTB is also cheaper than SpNR latex 
resulting in cost-savings in the production of foam compos-
ites [19, 20]. The study found that the addition of OPTB to 
NR latex foam decreased the thermal decomposition rate of 
the NR latex foam. Further to that, scanning electron micros-
copy (SEM) was used to visualise the interfacial interac-
tion between the OPTB and SpNR latex foam. OPTB was 

found to be well distributed, either occupying the pores in 
the SpNR foam structure or being embedded within the rub-
ber matrix. This could suggest that a good interfacial adhe-
sion between the OPTB and SpNR latex foam exists, and 
therefore that a high mechanical strength may be obtained 
[21–23]. Thus, the objective of this study was to investigate 
the effect of OPTB loading on the physical and mechani-
cal properties of SpNR latex foam. The knowledge obtained 
from this study holds significance in enhancing our under-
standing of the physical and mechanical properties of the 
OPTB/SpNR latex foam composite, as well as determining 
its potential applications.

Experimental

Chemicals and materials

The oil palm trunk (OPT) that was supplied by Encore Agri-
cultural Industries Sdn. Bhd., Malaysia, is in the form of 
dried, chopped short-length fibres, approximately between 
10 to 20 mm long. The OPT was ground to a size length 
below 500 µm using a rotary mill (Fritsch, Model PULVER-
ISETTE-14), followed by alkaline treatment to enhance its 
exterior surface roughness and porosity as well as reduc-
ing its hydrophilicity. Finally, the OPT was subjected to a 
pyrolysis process using a muffle furnace to produce OPTB. 
Details on the preparation of OPTB have been described in 
more detail elsewhere [19]. The SpNR latex was prepared 
from freshly tapped NR latex collected from MRB Planta-
tion, Johor, Malaysia. The freshly tapped NR latex was care-
fully preserved using an ammonia solution to prevent coagu-
lation, prior to its transfer to the MRB Experimental Station 
at Sg. Buloh, Selangor for further processing. All chemicals 
used in this work are commercially available and used as 
received. For the preparation of SpNR latex, formic acid 
(95%), hydrogen peroxide (30%), ammonium laurate (30%), 
ammonia solution (25%), alcalase (99%) and hydroxylamine 
neutral sulphate (99%) were purchased from Sigma-Aldrich 
(M) Sdn. Bhd. Details on the preparation of SpNR latex 
have also been described elsewhere [24]. For the prepara-
tion of SpNR latex foam, potassium oleate (20%), sulphur 
dispersion (60%), zinc oxide dispersion (60%), zinc diethyl 
dithiocarbamate (50%), zinc dibutyl dithiocarbamate (50%), 
zinc 2-mercaptbenzothiazole dispersion (50%) antioxidant 
dispersion (50%), diphenyl guanidine dispersion (40%), and 
sodium silicofluoride dispersion (50%) were purchased from 
Alpha Nanotech (M) Sdn. Bhd., Selangor, Malaysia.

Preparation of OPTB/SpNR latex foam composites

The fabrication process of OPTB/SpNR latex foam com-
posite is similar to the fabrication process explained in our 
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previous work, and only a brief description is provided 
here [19]. The compounding and gelling formulations are 
shown in Tables 1 and 2, respectively.

Figure 1 shows the overall OPTB/NR latex foam com-
posite fabrication process. In this study, a high-density 
OPTB/SpNR latex foam (0.16 g/cm3) was prepared by 
controlling the weight of the latex and volume expansion 
of the latex foam throughout the foaming process using 
a Kenwood mixer. OPTB was added to the SpNR latex 
foam after the SpNR latex foam was whipped and reached 
the targeted volume marked on the bowl. After adding the 
gelling ingredients, the OPTB/SpNR latex foam compos-
ite was poured into square moulds of 200 mm × 200 mm 
(length × width), with different thicknesses of 10 mm, 
20 mm and 40 mm. Subsequently, the mould lid was closed 
and the OPTB/SpNR latex foam composite was subjected 
to the vulcanisation, washing and drying processes. In this 
study, the effects of different levels of OPTB loading (8 
phr, 16 phr, 24 phr) on physical and mechanical properties 
of the SpNR latex foam were investigated.

Physical properties measurements

Morphological structure visualisation

Hitachi SU1510 low-vacuum SEM was used to visualise 
the morphological structures of the latex foam samples. It 
should be noted that since a low-vacuum SEM was used in 
this study, no metallic conductive coating was required for 
sample preparation. A test portion of 5 mm × 5 mm × 5 mm 
(length × width × thickness) was cut from the sample using 
a razor blade and attached to a sample stub using carbon 
double-sided tape. The specimens were visualised using 
back-scattered electrons operating at an accelerating 
voltage of 2.0 keV. SEM images were captured at × 100 
magnification.

Density measurement

During the foaming process, approximately 250 ml of latex 
foam was poured into a 250 ml square container. Then, the 
latex foam sample was subjected to vulcanisation, washing 
and drying processes. The dry density of the latex foam 
was determined according to Eq. 1.

where Dd is dry density, Ms is the mass and Vs is the volume 
of the specimen, respectively.

Shore‑F Hardness test

The Shore F durometer was used to measure the hardness 
of the 40 mm foam samples. The measurement was car-
ried out according to ASTM D 2240 [25]. A square sample 
size of 200 mm × 200 mm with a thickness of 40 ± 5 mm 
was used. Measurements were taken at five different loca-
tions at least 6 mm apart from each sample. The highest 
and lowest readings were then discarded, and the hardness 
value was calculated from the average of the remaining 
three readings.

Determination of volume shrinkage

Volume shrinkage is an important property in latex foam 
technology, as it determines the dimensional stability of 
the finished latex foam products [5, 6, 26]. Volume shrink-
age was calculated as a percentage and measured from 
the difference in dimension between the mould and the 
fabricated foam [26] (Eq. 2). It should be noted that the 
dimensions of the latex foam were measured after the 
sample was kept dry at room temperature (approximately 

(1)Dd =
Ms

Vs

Table 1   The NR latex foam composite compounding formulation 
used in this study

a  DPNR latex; b ENR latex; phr  parts per hundred rubber

Ingredients TSC (%) Dry 
weight 
(phr)

SpNR latex a, b 60 100
Potassium oleate 20 1.50
Sulphur dispersion 60 2.50
Zinc oxide (ZnO) dispersion 60 0.15
Zinc diethyl dithiocarbamate (ZDEC) dispersion 50 0.75
Zinc dibutyl dithiocarbamate (ZDBC) dispersion 50 0.25
Zinc 2-mercaptobenzothiazole (ZMBT) disper-

sion
50 1.0

Antioxidant dispersion (Wing stay-L) 50 1.0

Table 2   The NR latex foam composite gelling formulation used in 
this study

a  DPNR latex; b ENR latex; phr parts per hundred rubber

Ingredient TSC (%) Dry weight (phr)

SpNR latex a, b 60 100
Diphenyl guanidine (DPG) dispersion 40 0.3
Zinc oxide (ZnO) dispersion 60 5
Sodium silicofluoride (SSF) dispersion 50 0.9
OPTB 100 0, 8, 16, 24
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24 °C) for 7 days. The dimensions of the square sample 
were obtained by measuring each centre of the sample 
with a caliper. The volume shrinkage Vsh is found from

where Vm is the mould volume and Vlf is the latex foam 
volume.

Elongation at break measurement

The elongation at break value is a measure of the extensi-
bility of the latex foam. A higher elongation at break value 
indicates that a latex foam can be stretched more before 
breakage occurs. If the elongation at break value of the latex 
foam does not meet the requirements [27], it is more prone to 
breakage and thus requires extra care during handling. The 
elongation at break of the latex foam was determined using 
an Instron universal machine. Parallel side test samples 
with cross-sectional dimensions of 10 mm × 12.7 mm and 
150 mm in length were pulled at a constant rate of 500 mm/
min until the test sample failed. The elongation of the gauge 
length at the breaking point of the test sample was recorded, 
and the elongation at break EB was determined as

(2)Vsh =
Vm − Vlf

Vm

where L0 is the undeformed gauge length, and L1 is the 
gauge length at break.

Mechanical property measurements

Compression test

A compression test was used to evaluate the compres-
sive stress–strain behaviour and hysteresis loss [28, 29]. 
In this study, the test was performed using a 25 kN servo 
hydraulic MTS multi-axis testing machine. A sample size 
of 200 mm × 200 mm × 40 mm (length × width × thickness) 
was used. The compression testing method was created in 
accordance with previous studies [28, 29] using the machine 
software program Blue Hill® to record the data. The speci-
men was positioned between two square platens. The upper 
plate was then gradually lowered until it was in contact with 
the specimen. A maximum preload of 9 N was applied to 
the initial height of each sample. The specimen was then 
compressed up to 50% from its initial height. The loading 
and unloading processes were set to run for five consecutive 
cycles at a rate of 12 cycles per min (cpm). The output of 

(3)EB =
L
1
− L

0

L
0

Fig. 1   The steps involved in the fabrication of the OPTB/SpNR latex foam composite; a compounding, b foaming, c addition of OPTB, d 
moulding, e vulcanising, f washing and rinsing, g drying, and h prototype of the OPTB/SpNR latex foam composite
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the testing machine was obtained in the form of load and 
displacement. The third cycle is reported because it is rec-
ommended as the most stable curve for the hysteresis loop 
research [30]. The output data were analysed to plot a com-
pressive stress–strain curve.

Ball‑rebound resilience test

The rebound resilience (Rs) of latex foam samples was 
measured using a simple ball-rebound device fabricated 
in-house (Fig. 2). The Rs is a crucial indicator for assess-
ing the resilience of foam material. It represents the ratio 
of the mechanical energy returned to the applied mechani-
cal energy, expressed as a percentage, under impact load-
ing conditions. The experiment was carried out in accord-
ance with ASTM D3574 [31]. A steel ball with a diameter 
of 16 ± 0.2 mm and a weight of 16.3 ± 0.2 g was dropped 
vertically from a height of 500 mm on a sample size of 
200 mm × 200 mm × 40 mm (length × width × thickness). 
The maximum ball-rebound height (Rhfinal) was measured 
from recorded videos. The rebound resilience RS was calcu-
lated as the ratio of the ball-rebound height Rhfinal over the 
initial drop height (Dhmax) according to [31].

Vibration transmissibility test

The vibration transmissibility of the foam samples was 
measured using the UCON vt-9008 vibration test machine 

(4)Rs =
Rhfinal

Dhmax

(Fig. 3). The test was performed according to ASTM D3580-
95 [32] under vertical linear motion. A sample size of 
40 mm × 40 mm × 40 mm (width × length × thickness) was 
used, and the weight of each foam block was measured before 
being placed between the base plate and a moveable block. 
Two cylindrical blocks were loaded onto the moveable top 
plate and locked onto the sliding top plate. The vibration 
transmissibility test was generated at a base excitation level of 
1 mm and a frequency range from 3 and 30 Hz. Two Kistler 
accelerometers were initially attached to the base plates and 
sliding top plates to measure the vibration amplitude of the 
base plate (input) and the response of mass (output) to the 
base excitation. In this system, a vertical amplitude, y(t) was 
initially imposed by the shaking table, but the total amplitude, 
x(t) received by the cylindrical blocks (mass) was read from 
the moveable top plate. The vibration transmissibility curve 
between two amplitude signals at the driving frequency was 
obtained from the data acquisition system and the analysis 
package (VSC software). The vibration damping test system 
shown in Fig. 3 is a single degree of freedom (SDoF) system, 
which means that the vibration system is allowed to move only 
in the vertical direction. The vertical linear motion and the 
transmissibility, Tr of the system from the base to the moveable 
top plate are described by

(5)Mẍ + Cẋ + Kz = 0

(6)Tr =
x

y
=

�

1 + (2�r)2

√

(1 − r2)2 + (2�r)2

�
1

2

Fig. 2   Configuration of the ball-
rebound resilience test
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where M is the mass of the block system, x ̈ is the accelera-
tion, C is the damping, x ̇ is the velocity, K is the stiffness 
coefficient, z = x—y where x is the amplitude from the top 
plate and y is the amplitude from the base, ξ is the total 
damping in the system, and r is the frequency ratio.

The flexible foam may be represented by a model with 
non-linear stiffness (K) and damping (C) due to its non-lin-
ear and viscoelastic behaviour [33, 34]. Therefore, Eq. 6 was 
used to calculate the total damping (ξ total) that occurred in 
the resonance system.

Statistical analysis

The statistical analysis was performed using VassarStats 
software. The one-way analysis of variance (ANOVA) test 
was performed to compare the average values of quantitative 
parameters. The Tukey’s honest significant difference (HSD) 
was applied as a post-hoc test to determine the statistical 
significance between each group. A p-value < 0.05 was con-
sidered statistically significant.

Results and discussion

Morphological structures of OPTB/SpNR latex foam 
composite

Figure 4 shows SEM cross-sectional views of DPNR and 
ENR latex foam composites loaded with varying quantities 
(8 phr, 16 phr, and 24 phr) of OPTB. For ENR latex foam, 

only 8 phr of OPTB was loaded into the latex foam because 
additions of OPTB at 16 and 24 phr caused the foam to 
collapse. The foam failure caused by the addition of OPTB 
was discussed in previous studies [6, 19]. Generally, foam 
collapse is driven by the pressure difference between smaller 
and bigger foam-cell structures and the gravitational force 
that causes the liquid film to drain out of the foam. The addi-
tion of OPTB may potentially contribute to instability of the 
foam-cell structure, potentially resulting in the rupture of the 
liquid film and eventual collapse of the foam. Figure 4 also 
shows that both DPNR and ENR latex foams appeared to be 
open-cell foams, interconnected to each other by struts. The 
addition of the OPTB is seen to fill into the foam cell, pre-
sumably lowering the latex foam porosity. The SEM image 
also illustrates that the OPTB particles are embedded within 
the rubber matrix. This suggests a good interfacial adhesion 
between the rubber and the OPTB as a filler.

Physical properties of OPTB/NR latex foam 
composite

Figure 5 shows the effect of OPTB loading on the density, 
volume shrinkage, hardness and elongation at break of NR 
latex foam. Figure 5a suggests that the addition of OPTB 
up to 8 phr as a filler to both DPNR and ENR latex foams 
slightly increased the density of the foam. However, Tur-
key’s HSD analysis (Table S1) indicates that the increment 
is not significant. This is attributed to the low amount of 
OPTB loaded to the latex foam and the lower density of 
OPTB compared to rubber [19]. However, increasing the 

Fig. 3   Configuration of vibra-
tion transmissibility test
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Fig. 4   SE micrographs showing the morphological structures of OPTB/SpNR latex foam composite. Captured at × 100 magnification

Fig. 5   Effect of addition of OPTB on the physical properties of SpNR latex foam. a density, b volume shrinkage, c hardness, and d elongation at 
break. Error bars indicate standard deviation; (p < 0.05)
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OPTB loading to 16 phr and 24 phr to DPNR latex foam 
resulted in a statistically significant increase in the den-
sity of the latex foam (p < 0.05) (Fig. 5a; Table S1). As 
visualised in Fig. 4, the latex foam constitutes an open-
cell structure, wherein the cell arrangement consists of 
both solid and air phases. The higher the concentration of 
the air phase, the lighter the material and thus the lower 
the density [5, 6]. When OPTB is loaded to the SpNR 
latex foam, the filler occupies the pores of the latex foam 
as visualised in Fig. 4. Therefore, the higher the amount 
of OPTB loaded to the SpNR latex foam the greater the 
amount of OPTB occupying the pores, and hence increas-
ing the concentration of the solid phase relative to the 
gaseous phase. This leads to an increase in the density of 
the SpNR latex foam. The results also show that the Shore 
F hardness value significantly increases with increasing 
OPTB loading, indicating that the foam material is harder 
(p < 0.05) (Fig. 5b; Table S1). This is expected because 
OPTB is harder than SpNR latex foam, thus indirectly 
increasing the hardness of the SpNR latex foam.

Additionally, the neat ENR latex foam has a Shore F 
hardness that is significantly higher (p < 0.05) than the neat 
DPNR latex foam. This could be due to the presence of the 
epoxy group in the rubber chains that makes the ENR latex 
foam become comparatively harder [6, 24]. Although the 
hardness of the neat ENR latex foam is higher than the neat 
DPNR latex foam, the volume shrinkage of the neat ENR 
latex foam is higher than that of the neat DPNR latex foam 
(Fig. 5c; Table S1). This indicates that DPNR latex foam 
and ENR latex foam have different shrinkage characteris-
tics, which may be influenced by different physicochemi-
cal properties of the latex [24]. Figure 5c also shows that 
the higher the OPTB loading, the lower the volume shrink-
age. Previous studies [35, 36], revealed that soft and elastic 
materials like NR tend to shrink more than harder materials 
(e.g. polymer resin) after the manufacturing process. Other 
studies [37–39], also found that the volume shrinkage of NR 
could be reduced by the incorporation of harder materials 
such as silica and carbon black as reinforcing fillers. This 
study found that the addition of OPTB to SpNR latex foam 
reduced the volume shrinkage. OPTB particles occupying 
the latex pores appear to have a stabilising effect that could 
potentially result in improved dimensional stability of the 
final SpNR latex foam products. This characteristic is ben-
eficial as it helps the manufacturer to predict the size of the 
finished products. However, it should be noted that during 
the fabrication process, an increase in the OPTB loading 
led to a decrease in the flow behaviour of the SpNR foam. 
This could cause difficulties in the manufacturing process, 
particularly during the transfer of the SpNR latex foam from 
the bowl mixer to the mould. Therefore, in future studies the 
optimum amount of OPTB loaded to the SpNR latex foam 
should be investigated.

The results also show that the addition of 8 phr, 16 phr 
and 24 phr of OPTB significantly increased the elongation at 
break of DPNR latex foam (Fig. 5d; Table S1). The improved 
elongation at break for DPNR latex foam loaded with OPTB 
could be due to good interfacial adhesion between the OPTB 
filler and the rubber matrix, which is in agreement with pre-
vious studies investigating interactions between NR latex 
foam and kenaf fibre [23, 39]. However, no further signifi-
cant difference was observed between DPNR latex foam 
loaded with 8 phr, 16 phr and 24 phr OPTB. The reason 
for this is unclear, but possibly due to excessive concentra-
tion of OPTB that cause localised stress especially at weak 
areas, thus resulting in flaws in the latex foam. For ENR 
latex foam, the addition of 8 phr of OPTB to ENR latex foam 
is not found to be significantly different to the neat ENR 
latex foam at the 95% confidence interval. The reason for 
this is unclear and needs further investigation. One possible 
reason is due to the fact that ENR molecules contain epoxy 
groups that limit the extensibility of the latex foam [6, 24].

Mechanical properties of OPTB/NR latex foam 
composite

Figure 6 shows the effect of the addition of OPTB on the 
compressive stress–strain of SpNR latex foam. It is obvious 
that both the neat DPNR and ENR latex foam are viscoelas-
tic materials creating a hysteresis loop between the loading 
and unloading cycles. Previous studies [40, 41] stated that 
during loading, the cell walls of the foam undergo a bend-
ing process.

Owing to the open-cell characteristics of the foam cells, 
air is released from the foam through its open-cell structure. 
Upon unloading, air is drawn back into the foam cell struc-
ture. The recovery rate of the foam cell relies on the foam's 
breathability or porosity, and the material's relaxation behav-
iour. During cyclic loading and unloading, the mechanical 
response of both ENR latex foam and DPNR latex foam 
in the unloading phase does not follow the loading path. 
There is a lag or hysteresis loop between the two phases. 
The hysteresis loop represents the energy dissipated as heat 
during each loading–unloading cycle. This energy loss is 
attributed to internal friction and molecular rearrangements 
within the rubber structure [42].This study found that the 
neat ENR latex foam exhibits a larger difference hysteresis 
curves compared to the neat DPNR latex foam. In vibra-
tion control applications, such as in vibration damping, hys-
teresis is crucial for absorbing and dissipating mechanical 
energy. Therefore, ENR latex foam is expected to exhibit 
better vibration damping properties compared to DPNR 
latex foam. However, the addition of OPTB resulted in an 
increase in stress magnitude, which also increased the hys-
teresis of the DPNR latex foam. The results show that DPNR 
latex foam loaded with 24 phr has the greatest compressive 
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stress among all other latex foam composites. This could be 
attributed to the increased hardness of the material, which 
limits the flexibility of the foam [42, 43].

Table 3 reports the effect of different levels of OPTB 
loading on the compressive stress of SpNR latex foam at 
various strains (5%, 15%, 25%, and 50%, termed as S5, 
S15, S25, and S50 respectively), extracted from the load-
ing–unloading data. The results show that the greater the 
OPTB loading, the greater the compressive stress value at 
every strain level. A previous study [43] proposed that the 
increase in compressive stress with higher density could be 
due to the increased contribution of solid material present 
in foam cells. This is in line with the SEM results shown in 
Fig. 4 demonstrating that OPTB particles filled the foam-cell 
structure becoming embedded in the rubber matrix. This in 
turn increased the concentration of solid material in the latex 
foam, subsequently increasing the density and hardness of 
the latex foam (Fig. 5).

Another piece of information that can be gained from 
compressive stress–strain data is the hysteresis loss ratio that 
can be calculated from the hysteresis loop (the gap between 
the loading and unloading curve) of the foam materials. 

Hysteresis is defined as the energy loss (dissipation energy) 
per cycle of deformation [41]. It is well understood that the 
area under the loading curve is the total mechanical energy 
input, whilst the area under the unloading curve is the return 
of stored energy and the area between the two curves is the 
dissipated energy that is converted to heat [30]. The impor-
tance of the hysteresis study is that it gives a strong indicator 
about a material’s ability to absorb and dissipate energy [44]. 
The hysteresis loss ratio Hlr is given by

where H is the amount of hysteresis (dissipated energy, given 
by the difference between the area under the loading and the 
unloading stress–strain curves) and E is the supplied energy 
during loading (given by the area under the loading curve).

(7)Hlr =
H
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Fig. 6   Effect of OPTB addition on stress–strain of a DPNR latex foam and b ENR latex foam

Table 3   Stress value of the latex OPTB/SpNR latex foam at different 
strains

Type of material S5
(kPa)

S15
(kPa)

S25
(kPa)

S50
(kPa)

DPNR (control) 1.29 2.90 4.06 8.80
DPNR/8 phr OPTB 1.30 5.05 8.39 19.81
DPNR/16 phr OPTB 1.61 6.18 12.02 32.02
DPNR/24 phr OPTB 3.15 9.32 15.60 46.73
ENR (control) 0.99 3.16 5.53 15.26
ENR/8 phr OPTB 1.34 4.88 8.80 19.33

0.0

0.1

0.2

0.3

0.4

0.5

DPNR ENR

Hy
st

er
es

is
lo

ss
ra

	o

Type of material

Control
8 phr OPTB
16 phr OPTB
24 phr OPTB
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Error bars indicate standard deviation; (p < 0.05)
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Figure 7 shows the Hlr of the OPTB/SpNR latex foam 
composites. The results shown in Fig. 7 are reported aver-
ages and standard deviations from three separate specimens 
evaluated from loading and unloading cycles of the latex 
foam. The neat DPNR latex foam has the lowest Hlr, whilst 
DPNR latex foam loaded with 24 phr OPTB has the highest 
Hlr. DPNR latex foam is a predominantly elastic material, 
thus able to store a high amount of energy due to defor-
mation. A previous study [45] revealed that the high Hlr is 
associated with the energy-consuming mechanisms of foam 
cell collapse and possibly by friction between the various 
structural elements of the collapsing foam cell. During com-
pression, when compressive stress is applied to the foam 
cell network, it generates a resilient response [40, 45, 46]. 
The term ‘resilience response’ refers to the foam's inherent 
capability to react and recover after experiencing compres-
sive stress. In this context, resilience describes how well 
the foam can absorb and disperse energy when subjected to 
compression. Understanding these mechanisms is essential 
for optimising the performance of foam materials in various 
applications.

The resilient response of a foam material is influenced 
by various effects, namely the relaxation effect, pneumatic 
effect, and adhesive effect. The relaxation effect represents 
how the foam responds over time when compressed, and it is 
influenced by the material's characteristics, such as the glass 
transition temperature (Tg) and its inelasticity. The pneu-
matic effect is associated with the expulsion of air from the 
foam cells during compression. As the foam is compressed, 
air is released, contributing to the overall resilient response. 
Thus, the pneumatic effect is dependent on the morpho-
logical characteristics of the foam material, typically foam 
cell structure. Finally, the adhesive effect is the interaction 
between the struts and the foam structures that causes fric-
tion. The research findings in this study indicate that the 
addition of OPTB as a filler alters the resilience response of 
the latex foam. The higher the concentration of OPTB, the 
higher the hysteresis loss ratio. This implies that incorporat-
ing OPTB as a filler impacts the elasticity of the latex foam. 
Additionally, the distribution of OPTB within the rubber 
matrix induces a change in the morphological structure of 
the latex foam. As a result, impacting both the pneumatic 
and adhesive effects. Determining whether the addition of 
OPTB to latex foam is beneficial or detrimental depends on 
the specific goals and performance criteria of the intended 
application, warranting further study.

Figure 8 depicts the relative Rs properties of the OPTB/
NR latex foam composite. According to ASTM D3574 [31], 
the Rs property of a foam material is proportional to the 
reaction force applied on the surface of the object. Generally, 
a foam material with an Rs greater than 40% is categorised 
as 'high resilience foam material. Figure 8 clearly shows that 
all foam samples examined in this study have Rs properties 

exceeding 40%, suggesting that all foam samples, whether 
neat or loaded with OPTB, are high resilience foam material. 
However, the Rs value decreases when loaded with OPTB. 
This finding is consistent with a previous study [47], which 
found that increasing the amount of calcium carbonate and 
kaolin filler as filler reduced the foam’s Rs properties. The 
study shows that the neat DPNR latex foam demonstrates a 
higher Rs compared to the neat ENR latex foam. However, 
the Rs property decreased upon the addition of OPTB. As 
evident from the graph in Fig. 8, the decrease in Rs value 
of DPNR latex foam loaded with 8 phr is greater than the 
decrease observed in ENR latex foam loaded with 8 phr 
OPTB. This study observed the relationship between Rs and 
Hlr is proportional. Foam samples with lower Hlr tend to 
exhibit higher Rs, indicating that they dissipate less energy 
during deformation. Conversely, foams with higher Hlr 
exhibit lower Rs, suggesting greater energy loss. Then, it 
can be observed that the increase in Hlr of DPNR latex foam 
loaded with 8 phr is greater than the increase observed in 
ENR latex foam loaded with 8 phr OPTB.

Assuming that no energy is lost due to air friction, the 
gravitational potential energy of the steel ball is fully con-
verted to kinetic energy when it is dropped on the surface of 
the latex foam. Equation 8 was used to calculate the impact 
energy Ei of the steel ball,

where Ei is the impact energy, m is the ball mass (0.016 kg), 
g is the gravitational acceleration (9.81 m/s2), and h is the 
height of the ball drop (0.5 m).

The impact energy was therefore 78.5 mJ. If the kinetic 
energy returned to the ball from the latex foam was fully con-
verted to gravitational potential energy during the rebound, 

(8)Ei = mgh
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the energy returned to the ball was calculated using Eq. 8, 
where h now represents the height of the rebound. Thus, 
the ratio of energy returned REreturned to the ball is obtained 
by dividing the energy returned Ereturned to the ball by the 
impact energy of the ball. This REreturned is proportional to 
the latex foam Rs properties. The ratio of energy absorbed 
REabsorbed and the amount of energy absorbed Eabsorbed by the 
latex foam were then calculated using

where Eabsorbed and Eimpact are the energy absorbed by the 
foam and ball impact energy, respectively.

From the equations above, the damping properties of 
DPNR and ENR latex foam were determined and tabulated 
in Table 4. It is apparent that the lower the REreturned to the 
ball, less energy is transferred back to the ball upon impact. 
This suggests that more energy is absorbed by the latex foam 
during the collision. Table 4 clearly shows that the Eabsorbed 
by the latex foam increased when OPTB was loaded into 
the latex foam. This absorption of energy helps to reduce 
the rebound effect and disperse impact forces, which is 
beneficial in applications where shock absorption and cush-
ioning properties are important. For example, in the trans-
portation industry, where high crashworthiness is crucial 
for safety, the use of latex foam for headliners contributes 
to passenger safety by mitigating potential head injuries. It 
acts as a protective barrier between passengers and hard sur-
faces, thereby reducing the risk of head trauma in collision 
scenarios.

Figure 9 shows the vibration transmissibility of commer-
cial polyurethane foam (CPUF), commercial memory foam 
(CMF) and SpNR latex foam examined in this study. Two 
regions can be identified: the amplification region where the 
value of the vibration transmissibility response is greater 
than unity, and the isolation region, where the vibration 
transmissibility response is less than unity [48]. According 
to Chan et al. [33], in the amplification region, the resonance 
peak corresponds to the vibration-damping property of the 

(9)REabsorbed = 1 − Rs

(10)Eabsorbed = Eimpact

(

REabsorbed

)

material, and the lower the resonance peak, the higher the 
vibration-damping property (Table 5). The lowest resonance 
peak was observed in CMF, followed by ENR latex foam, 
CPUF, and DPNR latex foam. CMF foam is a well-known 
material effective in damping vibrations compared to both 
CPUF foam and NR latex foam [33, 48]. This effectiveness 
is due to its unique viscoelastic properties, which allow it 
to absorb and dissipate vibrations more efficiently. Thus, 
CMF foam is now becoming the material of choice for seat 
cushions compared to conventional CPUF foam. While CMF 
foam is known for its excellent vibration damping properties, 
it is made from petroleum-based chemicals and synthetic 
materials akin to CPUF foam. These materials may pose 
higher environmental impacts compared to NR latex-based 
foam. Additionally, CMF foam tends to degrade over time 
and may not offer the same durability as NR latex-based 
foam [7]. This degradation could potentially lead to health 
concerns due to off-gassing and chemical exposure, particu-
larly in enclosed environments such as vehicles. Therefore, 
exploring DPNR latex foam and ENR latex foam as substi-
tutes for CMF and CPUF foam in applications like vehicle 
seat cushions could be useful.

When comparing the neat DPNR latex foam to the neat 
ENR latex foam, it can be observed that the resonance peak 
of the neat ENR latex foam is reduced, indicating that the 
neat ENR latex foam possesses a higher level of damp-
ing capability compared to DPNR latex foam. This could 
be attributed to the intrinsic damping properties of ENR 
as explained by previous study [5]. Figure 9 also show the 
effects of different levels of OPTB addition to DPNR and 
ENR latex foams on the vibration transmissibility at differ-
ent frequencies. The addition of 8 phr of OPTB to the DPNR 
and ENR latex foams did not show a substantial change in 
resonance peak value, but instead a shift to a higher fre-
quency. According to previous studies [33, 49, 50], mate-
rial's properties such as stiffness and damping, can affect 
the natural frequency and, subsequently, the resonance peak. 
Stiffer materials with higher damping properties generally 
have higher natural frequencies. As stiffness and damping 
properties increase, the resonance peak tends to occur at 
higher frequencies. Hence, the transition of the resonance 

Table 4   Effect of the addition 
of OPTB on the damping 
properties of SpNR latex foam

* Average of three replicates. The values ± indicate the standard deviation

DPNR ENR

Control 8 phr OPTB 16 phr OPTB 24 phr OPTB Control 8 phr OPTB

Rh (m) 0.328 ± 0.006 0.315 ± 0.010 0.292 ± 0.012 0.275 ± 0.006 0.287 ± 0.004 0.285 ± 0.005
Ereturned (J) 0.051 ± 0.001 0.049 ± 0.002 0.046 ± 0.001 0.043 ± 0.001 0.045 ± 0.001 0.045 ± 0.001
REreturned 0.657 ± 0.012 0.630 ± 0.020 0.583 ± 0.024 0.550 ± 0.013 0.573 ± 0.008 0.570 ± 0.011
Rs 0.657 ± 0.012 0.630 ± 0.020 0.583 ± 0.024 0.550 ± 0.013 0.573 ± 0.008 0.570 ± 0.011
REabsorbed 0.343 ± 0.012 0.370 ± 0.020 0.417 ± 0.024 0.450 ± 0.013 0.427 ± 0.008 0.430 ± 0.011
Eabsorbed (J) 0.027 ± 0.001 0.029 ± 0.002 0.033 ± 0.002 0.035 ± 0.001 0.033 ± 0.001 0.034 ± 0.001
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peak from lower to higher frequencies may suggest an 
increase in the stiffness and damping properties of the latex 
foam. The study also observed that increasing the concentra-
tion of OPTB from 8 to 24 phr in DPNR latex foam led to 
a steady decrease in the resonance peak value in the higher 
frequencies. This indicates that increasing the concentration 
of OPTB in the latex foam could result in a higher vibration-
damping value. An increase in damping properties dissi-
pates more energy during vibration, reducing the amplitude 
of resonant vibrations. This is in agreement with a previ-
ous study [51] which found that an increase in oil palm ash 
and egg shell powder concentration in the NR compound 
increased damping properties and therefore decreased trans-
missibility at resonance frequency. Based on these results, 
it can be concluded that neat ENR latex foam shows bet-
ter vibration-damping properties compared to neat DPNR 
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Table 5   Effect of the addition of OPTB on the vibration characteris-
tics of SpNR latex foam

Type of material Resonance peak Resonance 
frequency 
(Hz)

Transmis-
sibility at 
11 Hz

CPUF 6.11 12.60 3.83
CMF 4.11 12.41 1.69
DPNR (control) 6.62 12.40 3.45
DPNR/8 phr OPTB 6.79 15.71 1.35
DPNR/16 phr OPTB 6.01 16.21 1.46
DPNR/24 phr OPTB 4.24 16.60 1.28
ENR (control) 5.40 13.51 1.86
ENR/8 phr OPTB 5.71 15.80 1.53
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latex foam. Adding 8 phr of OPTB to both DPNR and ENR 
latex foams had little effect on their damping capabilities. 
However, increasing OPTB to 24 phr in DPNR latex foam 
notably reduced the resonance peak value, even surpassing 
ENR latex foam in damping effectiveness. Unfortunately, 
there is no data on the impact of 24 phr OPTB in ENR latex 
foam due to foam collapse at 16 and 24 phr concentrations, 
as detailed in our the previous work [19]. Future studies 
should explore methods to increase OPTB concentration in 
ENR latex foam without causing foam collapse. Thereby, 
a comparative study between the effect of adding 24 phr 
OPTB into ENR latex foam and DPNR latex foam could be 
conducted.

Previous studies [45, 52] stated that seat cushion applica-
tions in the transportation industry require material capa-
ble of damping vertical vibration frequencies below 11 Hz 
because this is the range that can cause the whole-body 
vibration syndrome. According to a recent study [33], the 
addition of natural fibres to foam material helped to improve 
its damping performance. This study found that the vibration 
transmissibility curve of the DPNR latex foam loaded with 
OPTB at 24 phr exhibits the lowest curve at < 11 Hz, making 
this combination the most promising damping material for 
seat cushion applications. The information obtained from the 
vibration transmissibility was used to calculate the damping 
ratio of the material (Table 6). As expected, the damping 
ratio of the DPNR latex foam loaded with 24 phr OPTB was 
the highest. This result implies that a higher OPTB loading 
in the latex foam led to an increase in resistance to the trans-
missibility of vibration waves. According to Chan et al. [33], 
the vibrational damping effect of a foam material is further 
improved when the fibres are well-dispersed in the foam. As 
visualised in Fig. 4, the OPTB not only disperses within the 
rubber matrix, but also fills the latex foam cells. Owing to its 
good filler-rubber interfacial adhesion, the walls of the foam 
will move together with the fibres when vibration is applied 
[53]. Additionally, the cellular structure of the OPTB also 
helps minimise the transmission of vibrations in the mate-
rial by dissipating the vibrational energy not only through 

air inside the latex foam cells, but also through the porous 
structures of OPTB [33, 54].

Nevertheless, while having a high damping ratio within 
the amplification region is very beneficial, it might affect 
the effectiveness in the isolation region [48]. As shown in 
Table 6, the neat DPNR latex foam has the lowest attenua-
tion frequency compared to other materials. This is expected 
because the softer the material, the lower the attenuation 
frequency [48, 55]. However, the addition of OPTB to the 
latex foam resulted in increased stiffness, which conse-
quently delayed its vibration isolation to higher frequen-
cies. As explained in previous studies [49, 56], vibration-
damping is different from vibration isolation in the sense 
that it reduces vibration transmissibility by using a high 
mass or high stiffness material. It reduced the magnitude of 
vibration transmission in the amplification region, typically 
the resonance frequency range of the material. On the other 
hand, vibration isolation reduces the magnitude of vibration 
transmission by isolating certain frequency ranges through 
energy absorption, resulting in much greater attenuation than 
damping. These opposing system properties have become a 
challenging issue for engineers and researchers to address. 
A stiffer material could lead to very low resonance peaks, 
which could become the ideal system in terms of vibration-
damping. However, such a system would be delaying the 
vibration isolation region. The easiest way to determine 
whether a vibration damper or vibration isolator is needed is 
to identify the frequencies of concern. Selecting the correct 
isolator will lower the resonance peak and shift the frequen-
cies of concern to the isolation region, preventing them from 
penetrating the system. When the system’s resonance peak 
cannot be reduced further and the frequencies of concern are 
located near or at the resonance peak, damping is the appro-
priate method of vibration control. Nevertheless, in many 
industrial applications, the ability of the material to dampen 
input vibration over a wide frequency range is important and 
thus has become a study of interest in future work.

Conclusions

The study investigated the effects of adding OPTB on the 
physical and mechanical properties of DPNR and ENR latex 
foams to assess their potential applications. The results 
show that the addition of OPTB up to 16 phr and 24 phr 
significantly increased the density and Shore F hardness 
of DPNR latex foam, while reducing its volume shrinkage 
(p < 0.05), thereby improving the dimensional stability of 
the latex foam. Studies on compressive stress–strain and 
rebound resilience indicated that the addition of 8 phr, 16 
phr, and 24 phr OPTB into both DPNR and ENR latex foams 
reduced the elasticity of the material. The highest hyster-
esis loss ratio of 0.32 and the lowest rebound resilience of 

Table 6   Effect of addition of OPTB on damping ratio of SpNR latex 
foam

Type of material Attenuation fre-
quency (Hz)

Damping ratio
(x)

DPNR (control) 16.90 0.14
DPNR/8 phr OPTB 24.22 0.15
DPNR/16 phr OPTB 24.01 0.17
DPNR/24 phr OPTB 26.06 0.24
ENR (control) 20.21 0.18
ENR/8 phr OPTB 23.00 0.18
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55% were observed in DPNR latex foam loaded with 24 phr 
of OPTB. Additionally, vibration damping of DPNR latex 
foam increased from 0.14 to 0.24 when 24 phr of OPTB was 
loaded into the latex foam. Such properties are beneficial for 
applications that require significant impact absorption and 
vibration damping, such as headliners and seat cushions for 
the transportation industry.
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