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Higher fiber loading — smaller pores, denser walls, tortuous cracks
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* Qil palm frond (OPF) fibers were incorporated into polyurethane composite foams.

* OPF loading significantly modified foam cell morphology and pore distribution.

¢ Mechanical strength showed a moderate reduction with increasing OPF content.
B M

This work is licensed under * OPF—PUF composites exhibited enhanced acoustic absorption at mid—high frequencies.

a Creative Commons ¢ Findings highlight OPF fibers as sustainable reinforcement for multifunctional foams.
Attribution-NonCommercial 4.0
International License

Abstract
Publisher  1he development of sustainable acoustic materials is increasingly important for reducing
Universitas  anyironmental impact while maintaining functional performance. In this study, rigid polyurethane
Mumn{\’ﬂ?;g:;’ig (PU) foams reinforced with oil palm frond (OPF) fibers were fabricated with fiber loadings of 0, 5,

10, and 15 wt% to investigate the structure—property—performance relationship. Morphological
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characterization by SEM revealed that increasing fiber content refined pore size from ~539-742
pum in neat PU to ~224—-663 um at 15 wt% OPF, with higher tortuosity and evidence of fiber pull-
out. Mechanical testing showed that maximum compressive stress decreased systematically with
fiber addition (0.19 N/mm? in neat PU to 0.10 N/mm? at 15 wt%), reflecting increased slurry
viscosity, fiber agglomeration, and imperfect interfacial adhesion. Acoustic measurements
demonstrated that 5 wt% OPF provided superior high-frequency absorption (o = 0.95 at 2000 Hz),
while 10 wt% OPF consistently underperformed due to pore blockage. At 15 wt%, absorption
became more stable across mid-to-high frequencies (0.35-0.60), and when combined with a 10
mm air gap, the composites exhibited enhanced broadband performance, particularly between
400-1600 Hz. These results establish a clear link between fiber loading, cell morphology,
compressive strength, and acoustic behavior. Low fiber contents are best suited for hybrid
strength—acoustic applications, while higher loadings combined with cavity backing offer an eco-
friendly route to broadband sound absorbers. The findings highlight OPF fibers as a promising
renewable reinforcement for multifunctional PU foams in building and automotive insulation.

Keywords: Polyurethane foam composites; Oil palm frond (OPF) fiber; Bio-based acoustic
materials; Sound absorption coefficient; Air gap acoustic enhancement

1.Introduction

Polyurethane foams (PUFs) are widely used in automotive [1], construction [2], and industrial
applications [3] because of their light weight, thermal insulation, and ease of processing [4].
However, conventional PUFs face critical challenges. They are derived from petroleum resources,
raising sustainability concerns, and they often exhibit poor durability at elevated temperatures [5],
[6]. More importantly, their sound absorption capability, particularly at low and mid frequencies,
is limited. These shortcomings restrict their effectiveness in noise control applications, where
materials are expected to deliver broad-frequency absorption while maintaining structural
integrity.

Over the past two decades, researchers have explored numerous approaches to improve the
properties of polyurethane foams. Inorganic fillers such as alumina, silica, and metal oxides have
been added to increase thermal resistance [5], while synthetic fibers and mineral reinforcements
have been used to enhance mechanical strength [2]. More recently, attention has shifted toward
natural fibers such as jute, kenaf, coir, sisal, and hemp. These fibers have demonstrated potential
to reinforce polymer foams, alter pore morphology, and improve interfacial adhesion [6], [7].
Several studies report that natural fiber reinforcement can reduce thermal conductivity, increase
char yield during degradation, and provide moderate improvements in mechanical strength [3],
[8]. Despite these efforts, the acoustic potential of natural fiber—reinforced polyurethane foams
has not been explored as thoroughly as their structural and thermal behaviors [4].

Although natural fibers are increasingly studied in composites, oil palm biomass, particularly
oil palm frond (OPF) fibers, has received little attention in the context of polyurethane foams. This
is surprising given the abundance of OPF as an agricultural byproduct in Southeast Asia, where
millions of tons are discarded annually. Existing research has focused more on oil palm empty fruit
bunches (EFB) and shells, while OPF fibers remain underutilized. Furthermore, most studies have
emphasized mechanical and thermal characteristics, overlooking systematic investigations into
acoustic performance. In particular, the combined effect of fiber-induced morphological changes
and simple acoustic enhancement strategies such as backing air gaps has rarely been studied in
OPF—-PUF systems.

To address this overlooked area, the present study proposes the incorporation of OPF fibers
into rigid polyurethane foams as a sustainable reinforcement strategy proposes the incorporation
of OPF fibers into rigid polyurethane foams as a sustainable reinforcement strategy for acoustic
functionality. The concept is that OPF fibers will alter pore size distribution, increase airflow
resistivity, and introduce microstructural heterogeneity that promotes viscous and scattering
losses of sound energy. Additionally, an air gap of 10 mm is introduced behind the composite
samples during testing to investigate cavity resonance effects, which are known to enhance low-
frequency absorption. to investigate cavity resonance effects, which are known to shift the
absorption spectrum toward lower frequency bands. By combining fiber reinforcement with cavity-
backed configurations, this study aims to develop a simple yet effective pathway to broaden the
absorption spectrum of bio-based foams.

The primary goal of this research is to establish clear structure—property relationshipsin OPF—
PUF composites. Specifically, the work examines how OPF content influences morphology and
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Figure 1. ‘

Oil palm frond fiber:
(a) Plant;

(b) Palm Fronds;

(c) OPF chips;
(d) OPF fiber
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mechanical strength, and thermal stability, and how these changes translate into acoustic
performance with and without an air gap. By correlating SEM microstructural observations with
functional outcomes, the study seeks to demonstrate that OPF fibers can be used not only to
improve sustainability but also to significantly enhance the acoustic insulation properties of
polyurethane foams.

This work contributes to both scientific understanding and practical application. From a
scientific perspective, it addresses a clear research gap in the acoustic behavior of natural fiber—
reinforced foams, particularly those based on OPF. From a practical standpoint, it highlights an
underutilized biomass resource as a reinforcement that could reduce environmental waste while
delivering multifunctional performance. The findings are expected to benefit the design of eco-
friendly acoustic panels for buildings, automotive interiors, and industrial insulation, where
lightweight, sustainable, and broadband noise-control materials are increasingly demanded.

2.Methods
2.1. Material

The OPF utilized in this study was sourced from oil palm trees that were approximately 10-15
years old. Following the pruning process, fronds were collected and subjected to a series of
preparatory steps to convert them into suitable bio-fiber reinforcement. Oil palm fronds (OPF)
were collected from a plantation in Kampar Regency, Riau Province, Indonesia. The fronds were
cleaned, dried, and mechanically chipped to obtain chips with an average thickness of 5-10 mm.
Polyurethane foam (PUF) was synthesized from commercial-grade polyol and methylene diphenyl
diisocyanate (MDI) supplied by Sutindo Chemical Group, mixed at a 1:1 weight ratio. All chemicals
were used without further purification.

2.2. Fiber Preparation

The OPF fibers were washed thoroughly to remove surface impurities, dried at 80 °C for 24 h,
milled and sieved to obtain a particle size distribution corresponding to 60 mesh (~250 um), as
shown in Figure 1. Prior to composite fabrication, the fibers were oven-dried at 105 °C for 2 h to
ensure moisture content below 10 wt%.

®) @ o i
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2.3. Fabrication of OPF-PUF Composites

Polyurethane foams reinforced with varying OPF fiber loadings (0, 5, 10, and 15 wt%) were
prepared using a free-rise foaming process. Prepolymer foams were produced using a conventional
one-shot process. Component A—comprising catalyst, propylene glycol, surfactant, and deionized
water—was premixed, after which liquid MDI was incorporated at a 1:1 mass ratio with the polyol
to form rigid foams of moderate density. For composites, OPF fibers were dry-mixed into the polyol
before adding the isocyanate and stirring at 1000 rpm for 8 s. The mixtures were then cast into box
molds, allowed to rise freely, and annealed at 70 °C for 30 min, and conditioned at 22 °C and 50%
relative humidity for 24 h before demolding [9]. After two weeks, the samples were cut and tested,
as schematically illustrated in Figure 2.

2.4. Characterization

2.4.1. Morphology

The cellular structure of the foams was examined using a Field Emission Scanning Electron
Microscope (FESEM, Hitachi SU5000). Prior to observation, specimens were sputter-coated with a
thin layer of gold—palladium using a Quorum sputter coater to enhance surface conductivity.
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Imaging was conducted at an accelerating voltage of 10 kV with magnifications in the range of 50—
100x. The obtained micrographs were analyzed to evaluate foam cell size, pore distribution, and
the dispersion of OPF fibers within the polyurethane matrix.
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2.4.2. Mechanical properties
Compressive strength tests were performed using a Shimadzu Autograph universal testing
machine with a maximum load capacity of 20 kN (Figure 3a). The procedure followed ASTM D1621,
ensuring consistency with standardized methods for rigid cellular plastics and enhancing the
reliability of the reported data. To ensure statistical significance and data reproducibility, three
replicates (n=3) were tested for each fiber loading (0, 5, 10, and 15 wt% OPF). Prismatic specimens
(Figure 3b to Figure 3d) with dimensions of 50 x 50 x 26 mm were carefully prepared and inspected
to verify thickness uniformity prior to testing. The specimen geometry is critical, as it influences
load distribution and ensures representative mechanical behavior. A constant crosshead speed of
0.26 mm/s was applied until specimen failure, and the maximum load was recorded for
compressive strength determination.
Figure 3.
Photographs of

selected specimens
following compressive
strength testing:

(a) Shimadzu
Autograph 20 kN
universal testing
machine;

(b) Neat PU;

(c) 5% OPF;

(d) 15% OPF

2.4.3. Acoustic properties

The sound absorption coefficient was measured using a two-microphone impedance tube
system (BSWA, MPA416, 1/4-inch). Two tube setups (Figure 4) enabled measurements across 50—

2000 Hz. Disk specimens (20 mm thick, 33

Power Amplifier  Digital Frequency Analyzer peLabd mm diameter) were prepared following 1SO
10534-2 and ASTM E1050 (Figure 5).

Measurements were conducted under

two configurations: (i) direct placement of

. Sample Holder (Rigid) the specimen against the rigid backing and (ii)

Figure 4. MIC 2 . .
Laboratory /' placement with a 10 mm air gap between the
measurement setup LY specimen and the backing surface to evaluate
for sound absorption \)| Airgap ) the cavity effect on low-frequency
coefficient absorption. placement with a 10 mm air gap
measurement Sample Movable plunger | hatween the specimen and the backing surf-
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Figure 5.

Samples prepared
for sound absorption
test:

(a) Neat PU;

(b) 5% OPF;

(c) 10% OPF;

(d) 15% OPF
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W15 16 17 181 ace to evaluate the cavity effect in shifting
the absorption peaks toward lower
frequencies. Data from the low- and high-
frequency tubes were merged into a single
continuous curve using VA-Lab software
(BSWA), vyielding frequency-dependent
absorption plots for each configuration. The
introduction of an air gap is known to shift
the peak absorption towards lower frequencies; therefore, comparative results with and without
the air gap were analyzed. The noise reduction coefficient (NRC) was calculated as the arithmetic
mean of absorption at 250, 500, 1000, and 2000 Hz for both configurations. NRC distills the
frequency-dependent absorption curve into a single, dimensionless value.

While the acoustic behavior of the composites was evaluated using the two-microphone
impedance tube system, direct measurements of airflow resistivity and absolute porosity were not
conducted. Instead, these parameters were qualitatively inferred by correlating the physical sound
absorption coefficients with the quantitative morphological data obtained via SEM analysis.

The noise reduction coefficient (NRC) was calculated by Eq. (1).
a250 + a500 + «1000 + «2000
NRC = (1)
4

The notation o250, o500, 1000, and a2000 refers to the sound absorption coefficients
measured at 250, 500, 1000, and 2000 hertz, respectively. Each a value conveys how much acoustic
energy a given medium retains at its matching frequency.

3. Results and Discussion

3.1. Morphological Analysis

The fractured morphology of the neat PU foam (0 wt% OPF) exhibits relatively large and
irregular cells, with diameters ranging from 539 to 742 um exhibited an average cell size of 640.5
pum, with a distribution range of 539—-742 um. The cell walls appear thin and brittle, producing flat
fracture surfaces with minimal tortuosity. Such structural features are consistent with poor crack
resistance and low toughness, as cracks can easily propagate across thin ligaments without
significant deflection. Similar observations have been reported in unfilled PU foams, where large
cell sizes and thin walls correlate with brittle failure behavior and lower compressive strength. For
instance, Olcay et al. [10] measured large average cell sizes in pure PU foams and showed that
those with large pores have lower sound absorption coefficients and reduced mechanical
performance.

The addition of 5 wt% OPF fibers markedly alters the foam architecture, producing a more
heterogeneous cell size distribution (418-897 pum). Upon adding 5 wt% OPF, the mean cell size
shifted to 657.5 um, reflecting a more heterogeneous structure as fibers acted as nucleation sites.
While some larger pores persist, the emergence of smaller cells suggests that the fibers act as
nucleation sites during expansion, interrupting bubble coalescence and promoting finer structures.
The fractured surfaces at this loading appear noticeably rougher, with clear signs of fiber pull-out
and matrix tearing, features that point to enhanced energy dissipation compared to the neat PU.
This behavior can be linked to mechanisms such as fiber bridging and crack deflection, as well as
theincrease in slurry viscosity caused by fiber incorporation, which together suppress uncontrolled
cell growth. Comparable observations have been reported in other natural fiber-reinforced PU
systems, including henequen and cellulose fiber foams, where low fiber additions (typically 1-5
wt%) refined the pore network, increased crack tortuosity, and translated into measurable gains
in compressive modulus and energy absorption [10], [11].

At 15 wt% OPF loading, the cell structure becomes significantly refined, with average
diameters reduced to 224-663 um and noticeably thicker walls. At the highest loading of 15 wt%
OPF, the mean cell size significantly decreased to 443.5 um, confirming that higher fiber content
and increased slurry viscosity effectively limit bubble growth and refine the pore network. The
significant refinement of the pore network at 15 wt% OPF loading (224-663 um compared to 539—
742 um in neat PU) and the appearance of noticeably thicker cell walls provide a structural proxy
for increased airflow resistivity. The highly tortuous crack paths observed in the fractured
morphology suggest a more complex internal geometry, which is theoretically associated with

Mechanical Engineering for Society and Industry, Vol. 6 No. 2 (2026) 354



Figure 6.

Fractured morphology
and cell size
distribution of:

(a) 0 wt%;

(b) 5 wt%;

(c) 15 wt%,;

(d) Fiber matrix
interaction
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increased tortuosity and enhanced viscous losses during acoustic wave propagation. This
densification reflects the combined effect of higher slurry viscosity and fiber-induced nucleation,
which limit bubble growth and coalescence. The fractured morphology shows highly tortuous crack
paths, consistent with improved fracture resistance. These results align with earlier work by
Murmu et al. [12], where renewable natural fiber content in PU foams reduced the average cell
sizes to under ~400 um and produced enhancements in mechanical and thermal behavior.

The higher magnification micrograph (Figure 6d) provides critical insight into the fiber-matrix
interaction. highlights the fiber-matrix interaction. The OPF fibers are partially embedded in the
PU matrix, with clear evidence of fiber pull-out and matrix tearing. with evidence of pull-out and
resin coating along the fiber surfaces. This morphology suggests partial interfacial adhesion
imperfect interfacial adhesion, characterized by a combination of mechanical interlocking and
debonding where both mechanical interlocking and debonding coexist. Because the hydrophilic
OPF fibers were used in their untreated state, their compatibility with the hydrophobic PU matrix
is limited, which ultimately restricts the efficiency of stress transfer across the interface. While
fiber pull-out contributes positively to energy absorption, weak adhesion can limit stress transfer
efficiency. Prior studies have shown that surface treatments like alkali-silane modifications
significantly enhance fiber-matrix bonding, reducing pull-out and shifting fracture behavior toward
cohesive failure within the matrix.

Importantly, these microstructural changes also have implications for acoustic performance.
Smaller and more tortuous pores as observed at higher OPF loadings are known to increase viscous
and thermal losses in open-cell foams, thereby improving mid to high frequency sound absorption.
Studies by Yang et al. [13] and Lazzari et al. [14] demonstrate that refining pore size, increasing
tortuosity, and enhancing interconnected porosity correlate strongly with enhanced sound
absorption coefficients in natural-fiber composite panels and PU foams alike.

&

10.0kV 47.4mm x50 SE(L)

~F

' 50.0um

3.2. Mechanical Properties

To clarify the primary drivers of mechanical performance, the bulk density of the PU/OPF
composites was evaluated alongside compressive strength (Table 1). While all samples were
synthesized to maintain a moderate density, the results reveal a systematic decline in compressive
stress from 0.1901 N/mm? (neat PU) to 0.0941 N/mm? (15 wt% OPF). The compressive strength of
the PU/OPF composites shows a steady decline as fiber content increases, dropping from 0.1901
N/mm? in the neat foam to 0.094 N/mm? at 15 wt% OPF. This downward slope (—0.0064 N/mm?
per %OPF) reflects a systematic reduction in load-bearing capacity with each increment of fiber
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Figure 7.

The compressive
stress of the PU/OPF
composites

Table 1.

Physical and mechanical
properties of OPF-PU
composite foams
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addition. The steady decline in compressive strength (from 0.19 to 0.094 N/mm?2) is directly
influenced by the quality of the internal interface. While fibers can act as nucleating agents, the
lack of optimized interfacial bonding between the hydrophilic fibers and hydrophobic matrix
causes the fibers to act as structural defects rather than reinforcements. The presence of fiber pull-
out under compressive loads confirms that the polymer network, rather than the fiber
reinforcement, dominates the load-bearing behavior, as the weak interface fails to facilitate
effective stress distribution.

The relatively small error bars, representing the standard deviation across three replicates
(n=3), indicate reproducible behavior across replicates, underscoring that the trend is inherent to
the composite structure rather than experimental scatter. Similar reductions have been reported
in other natural fiber-reinforced polyurethane foams, where excessive fiber content raises slurry
viscosity, promotes agglomeration, and disrupts cell-wall integrity, ultimately weakening
compressive resistance [10], [12]. While small amounts of fiber can act as nucleating agents and
improve local stiffness, beyond a threshold the reinforcing effect is offset by structural
discontinuities and poor interfacial adhesion, leading to the observed decline in compressive
strength [11], [15].

Several studies on polyurethane foams reinforced with natural fibers report similar
reductions in compressive strength with higher filler loadings. For example, Olcay et al. [10] found
that natural fillers increased heterogeneity in pore structure, lowering compressive strength
beyond 10 wt% content. Likewise, Murmu et al. [12] observed that renewable natural fiber—
reinforced PU foams showed strength enhancement only at very low loading, with higher fractions
leading to reduced wall integrity and premature failure. Comparable results were documented by
Kovuru et al. [16] in composites reinforced with sisal and hemp fibers, where compressive strength
decreased due to stress concentrations at poorly bonded fiber-matrix interfaces.

While the maximum compressive stress decreased systematically from 0.19 N/mm? to 0.094
N/mm?, the OPF fibers effectively 'reinforced' the acoustic energy dissipation pathways (Figure 7).
As shown in the morphological analysis, fiber addition refined the pore size from ~539-742 um to
~224-663 um and increased crack tortuosity. Therefore, while the fibers act as a structural diluent
that weakens the load-bearing capacity due to increased slurry viscosity and imperfect interfacial
adhesion, they simultaneously function as a morphological modifier that enhances sound
absorption performance. The reduction in compressive strength can be attributed to three main
mechanisms. First, high fiber loading increases slurry viscosity, impeding uniform foam expansion
and promoting irregular cell formation, as shown in our SEM analysis (large heterogeneity at 5 wt%
and smaller, denser but brittle cells at 15 wt%). Second, lignocellulosic fibers tend to agglomerate
at higher concentrations, forming defects that act as crack initiation sites. Third, interfacial bonding
between hydrophilic OPF
fibers and the hydrophobic
PU matrix is not fully
optimized, leading to fiber
pull-out under compressive
loads. Studies by Andersons
et al. [11] and Kuranchie et
al. [17] confirm that weak
fiber—matrix adhesion limits
stress transfer, with
compressive stress
dominated by the polymer
network rather than
reinforcement.
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Sample Code OPF Fiber Loading (wt%) Bulk Density (kg/m3)* Max. Compressive Stress (N/mm2) n
Neat PU 0 0.0483 0.1901 + [0.0229] 3
PU/OPF 5% 5 0.0393 0.1527 + [0.0204] 3
PU/OPF 10% 10 0.0377 0.1205 + [0.0156] 3
PU/OPF 15% 15 0.0340 0.0941 + [0.0066] 3

3.3. Acoustic Properties
The sound absorption behavior of the PU/OPF composites demonstrates a strong

dependence on both fiber loading and air gap configuration. Without an air gap, the neat PU
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Figure 8.

Sound absorption
coefficient:

(a) Without airgap;
(b) With 10 mm air
gap
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exhibits modest absorption, with values rising gradually toward high frequencies and reaching
~0.75 at 2000 Hz. This is typical of open-cell PU foams, which are more effective in the upper
frequency range due to increased viscous and thermal losses in smaller pores [5], [10], [18], [19].
The addition of 5 wt% OPF markedly enhances high-frequency absorption, achieving nearly 0.95 at
2000 Hz, indicating that fiber incorporation increases airflow resistivity and improves energy
dissipation. The addition of 5 wt% OPF achieved a high-frequency absorption of nearly 0.95 at 2000
Hz, a result attributed to inferred increases in airflow resistivity driven by fiber-induced structural
heterogeneity. Although specific resistivity values were not measured, the observed 'pore
blockage' and reduced permeability at 10 wt% offer functional evidence that fiber loading directly
alters the flow resistance of the open-cell network, thereby dictating the dissipation of acoustic
energy [20]. Similar enhancements have been reported for kenaf and rice plant reinforced PU
foams, where fibers™ disrupted cell uniformity and increased tortuosity, thereby promoting viscous
damping [10], [13], [21].

Interestingly, the 10 wt% OPF composite displays flatter absorption performance, with
coefficients between 0.35-0.45 across the measured spectrum. Previous studies show that when
fiber content exceeds the threshold for uniform dispersion, pore blockage and reduced
permeability occur, leading to diminished acoustic efficiency [11], [12]. In contrast, the 15 wt% OPF
sample achieves a more balanced response, with coefficients between 0.35-0.60 and gradual
improvement above 1000 Hz. This behavior can be linked to fiber agglomeration and disrupted
open-cell connectivity, as also reflected in its SEM morphology. This suggests that although higher
fiber contents reduce compressive strength, they stabilize airflow resistivity, providing a favorable
compromise between structural morphology and absorption capability [22], [23], [24], [25].

The introduction of a 10 mm air gap substantially alters absorption performance, particularly
at low to mid frequencies (Figure 8b). For neat PU, absorption remains poor, confirming that the
improvements arise primarily from fiber reinforcement. With the air gap, the 5 wt% OPF composite
shows a strong peak (~0.78 at 1000—1400 Hz), consistent with the resonance effect of the backing
cavity that extends absorption into lower bands With the air gap, the 5 wt% OPF composite shows
a strong peak (~0.78 at 1000—1400 Hz), which is consistent with the resonance effect of the backing
cavity that enhances mid-frequency absorption and shifts the peak toward lower bands compared
to the samples without a gap [13], [26], [27]. By contrast, the 10 wt% OPF composite again
underperforms, remaining flat between 0.3-0.45, underscoring the detrimental effect of
agglomerated fibers. The 15 wt% OPF composite, however, benefits substantially, with absorption
values of 0.45-0.60 across 400—1600 Hz. This performance reflects the synergy between fiber-
induced  resistivity  and
cavity-induced resonance, a

phenomenon also reported
L~ 10% 1 . .

—— 15% in natural fiber nonwovens
and PU-EFB composites [28].

The NRC values further
confirm these trends (Figure
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Figure 9.
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o Noise Reduction Coefficient (NRC) of OPF/PU Composites bands [26], [27], [29].
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0.1 Overall, these findings

highlight that fiber loading

0.0 0% OPF 5% OPF 10% OPF 15% OPF and air gap configuration

OPF Riber Loading (mesh 60) must be co-optimized. While

low fiber content (5 wt%) is particularly effective for high-frequency absorption, higher loading (15
wt%) becomes advantageous when combined with a backing cavity, broadening absorption into
the low—mid frequency range. higher loading (15 wt%) becomes advantageous when combined
with a backing cavity, broadening absorption into the mid-frequency range (400-1600 Hz). This
interplay confirms that PU/OPF composites can be tailored as sustainable sound absorbers by
balancing fiber dispersion, matrix adhesion, and structural design.

The findings of this study reveal a distinct trade-off between the structural integrity and
acoustic functionality of the OPF-PU composites. While the Noise Reduction Coefficient (NRC)
improved from 0.40 to 0.50 (with a 10 mm air gap), the maximum compressive stress experienced
a systematic reduction of approximately 47% (dropping from 0.19 N/mm? to 0.094 N/mm?2). This
inverse relationship suggests a 'favorable compromise' where the refinement of the pore network
and increased tortuosity which are essential for acoustic energy dissipation simultaneously act as
structural diluents that weaken the load-bearing capacity. Consequently, these composite foams
are not intended for primary structural applications. Instead, they are specifically designed for non-
load-bearing applications, such as eco-friendly acoustic panels for building interiors, automotive
door liners, and industrial insulation where lightweight, sustainable, and broadband noise-control
properties are the priority over high compressive resistance.

4. Conclusion

This work demonstrates that incorporating oil palm frond (OPF) fibers into polyurethane
foams establishes a clear structure—property—performance relationship. Increasing fiber content
refines pore morphology and promotes tougher fracture paths, but also reduces compressive
strength due to higher slurry viscosity, agglomeration, and limited interfacial bonding. The findings
highlight OPF fibers as a promising renewable reinforcement for multifunctional performance.
While they lead to a moderate reduction in mechanical strength, their ability to refine pore
morphology and establish tougher fracture paths allows them to be strategically tuned for either
lightweight structural components with added damping or for high-performance broadband
acoustic insulation panels. These results indicate that for applications requiring higher structural
integrity, future work should explore surface treatments to overcome the natural hydrophilic-
hydrophobic mismatch observed in this study. From an acoustic standpoint, low fiber loading (5
wt%) produced superior high-frequency absorption, while higher loading (15 wt%) combined with
an air gap broadened performance into the mid-frequency range; in contrast, 10 wt% composites
consistently underperformed due to poor dispersion. Together, these findings reveal that OPF
fibers can be strategically tuned to design eco-friendly foams tailored either for lightweight
structural components with added damping or for broadband acoustic insulation panels, marking
a step forward in the sustainable use of agricultural byproducts for advanced material applications.
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