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Abstract 

Natural rubber (NR) nanocomposites reinforced with surface-modified precipitated silica (SiO2) were 

synthesized through a two-roll mill compounding and compression-moulding process, then 

systematically evaluated as passive vibration isolator materials for domestic washing machine 

applications. Five silica loadings 0, 5, 10, 15, and 20 phr were investigated. A comprehensive 

characterization suite encompassing tensile testing, Shore A hardness, dynamic mechanical analysis 

(DMA), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM) revealed clear 

structure–property relationships. At the optimal loading of 10 phr silica, Young's modulus reached 4.3 

MPa and tensile strength 19.6 MPa; tan  at 20 Hz was 0.18, indicating a twofold improvement in 

damping over neat NR (tan  = 0.09). Transmissibility ratio calculations based on DMA-derived 

viscoelastic parameters confirmed vibration attenuation of 63–71% at washing machine spin 

frequencies (15–25 Hz), outperforming the unfilled rubber baseline by up to 24 percentage points. 

Thermal analysis showed a 5% degradation temperature (T50) of 342°C at 10 phr, an improvement of 

18°Cover neat NR. SEM confirmed uniform nano-silica dispersion and strong filler matrix interfacial 

adhesion at this loading. These results establish nano-silica reinforcement as a cost-effective, scalable 

strategy for tailoring the viscoelastic response of NR isolator pads in domestic appliance mounting 

systems. 
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INTRODUCTION 

Household washing machines generate centrifugal unbalance forces of 800–1200 N during spin 

cycles, propagating through the chassis to produce audible noise and structural fatigue [1–13]. Passive 

vibration isolation interposing compliant elements between source and receiver remains the most 

practical mitigation strategy. The fundamental 

design principle requires the natural frequency of 

the isolated system to be well below the excitation 

frequency (frequency ratio r > 2  1.41), so that the 

transmissibility ratio (TR) drops below unity and 

net isolation is achieved [2–3]. 

 

Natural rubber (NR) pads have long been the 

material of choice owing to their high internal 

damping, excellent elastic recovery, and ease of 

processing [4]. However, unfilled NR exhibits 

limited tunability of its viscoelastic response; the 

loss factor (tan ) typically falls between 0.08 and 

0.12 at 10–25 Hz [5]. Polymer nanocomposite 

technology overcomes this limitation by 
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incorporating nano-scale inorganic fillers into the elastomeric matrix, exploiting the enormous filler 

surface area (50–200 m²/g) to simultaneously increase stiffness and energy dissipation [6–7]. Among 

available nano-fillers, precipitated silica (SiO2) is particularly attractive due to its surface silanol 

chemistry, enabling covalent grafting of bifunctional silane coupling agents that yield NR/SiO2 

nanocomposites with substantially higher tan  [8]. 

 

Natural rubber is popular choice of material for vibration isolation components, because it has 

exclusive qualities that no other elastomer owns. The main chain mechanism of natural rubber (cis-14-

polyisoprene) is one responsible for excellent elastic recovery property (rebound resilience > 75%), 

very high strength (20-30 MPa), superior resistance to fatigue and tearing, and very low temperature of 

glass transition that essentially means the material behaves elastomeric ally and is stable over the entire 

working temperature range, which is usual for household appliances [4–14]. The inherent loss factor of 

the material means it offers efficient hysteretic damping at the main excitation frequencies of household 

appliances, and its low compression set means it is dimensionally stable even when subjected to a static 

load over time. Apart from that, the material is easily processed using traditional rubber machinery and 

moulding presses, is compatible with a large variety of fillers and coupling agents, and very importantly 

it is a renewable, bio-based polymer that comes from Hevea brasiliensis, So it is the type of material 

that fits the greater aim to make domestic appliances from sustainable materials [13, 15, 17, 19, 25]. 

That these attributes combined high damping, elastic recovery, fatigue endurance, low cost, and renew 

ability are reasons why natural rubber is still the preferred elastomer for engine mounts, machinery 

foundations, and washing-machine isolator pads is easily explained. 

 

Silica reinforcement helps to increase natural rubbers properties in a few complementary ways at the 

nano scale level. In the first place, the very large specific surface area of precipitated nano silica (BET 

150-200 m2/g) creates a continuous interphase region around each particle where polymer chains are 

less mobile, as a result, storage modulus (E') is increased and the loss modulus (E") is raised at the same 

time, which leads to the high tan seen in well-dispersed NR/SiO systems [8–9]. In the second, surface 

silanol groups (SiOH) on silica particles react with bifunctional silane couplers (TESPT/Si-69) to create 

strong covalent bonds between the filler and the rubber in the form of SiOC and SC, resulting in the 

reduction of filler agglomeration (Payne effect) and enhanced load transfer [10]. Thirdly, the nano-silica 

network offers extra pathways for energy dissipation through stick slip movement of chains at the filler 

surface, leading to hysteretic damping increases of 80-120% compared to pure NR [9–11]. Lastly, the 

inorganic silica is a thermal and oxidative protective layer, slowing down the movement of volatile 

degradation products and raising the 50% degradation temperature (T) by 15-250C, which was shown 

in this study and  in line with previous NR/silica results [12].The hydrodynamic reinforcement effect 

of nanoscale rigid inclusions increases tensile modulus and hardness in a controllable manner allowing 

designer to tune stiffness, damping and durability through a single composition parameter silica loading. 

Recent studies on hybrid bio based and surface modified nano fillers confirm that these mechanisms 

are broadly transferable to other sustainable polymer filler systems [18, 20, 21,23, 24]. 

 
A direct comparison between conventional (unfilled or carbon black filled) rubber isolators and silica 

nano composite isolators clearly demonstrates the advantage of the latter which is the reason why they 
are becoming the preferred choice for modern household-appliance applications. Conventional NR 
isolators can deliver a quick return to their original shape and decent damping level (tan 0.08-0.10) but 
their stiffness is not easily adjustable, thermal stability is rather limited and they produce more heat 
when being repeatedly strained; carbon-black-filled grades can increase hardness and resistance to wear 
but at same time heat produced due to internal friction is higher and a dark color that is inconvenient 
for many appliance uses is given. Then again, the silica nano composite isolators (TESPT-modified) 
bring about the combination of what comes next benefits: a higher loss factor (tan up to 0.18 at the 
10phr optimum), a higher Young's modulus (2.1-6.8 MPa across 0-20 phr), T improved by 180C , less 
heat build-up due to lowering of the Payne effect and a light/translucent look that is in line with 
consumer products. What is more, for a similar pad shape, they can bring about 19 percentage point 
increase in vibration isolation efficiency (52% -71%) from which an extra noise decrease by 6dB is 
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estimated. The disadvantages are a somewhat longer optimum cure time (8.5- 11.2 min) that results 
from the acidic silica surface and also the necessity to use a silane coupling agent, both Still are factors 
that can be managed from an economic and industrial perspective. Comparable benefits of nano and bio 
based reinforcement strategies have been reported for thermoplastic and natural fibre composite systems 
[17, 22,23, 24, 26]. 
 

MATERIALS AND METHODS 

Materials 

Natural rubber grade RSS-3 (Mooney viscosity ML(1+4) at 100°C = 72 MU) served as the 

elastomeric matrix. Precipitated silica (Hi-Sil 233, BET surface area 150 m²/g, primary particle size 20 

nm) was selected as nano-filler. TESPT (Si-69, Evonik) served as silane coupling agent at 8 wt% 

relative to silica [9]. Vulcanization system: ZnO (5 phr), stearic acid (2 phr), TBBS (1.5 phr), sulfur 

(2.5 phr) [4]. 

 

Nanocomposite Synthesis 

Compounding was performed on a two-roll mill at 60°C. Five nanocomposite formulations were 

prepared at 0, 5, 10, 15, and 20 phr silica (NR-0 through NR-20). Cure characteristics were determined 

at 160°C using an MDR. Sheets were compression-moulded at 160°C and 10 MPa for optimum cure 

time (t90), then conditioned at 23 ± 2°C and 50 ± 5% RH for 24 h. 

 

Characterization 

Tensile properties were measured per ISO 37 Type 2 on a Zwick/Roell Z010 (500 mm/min; n = 5). 

Shore A hardness per ISO 868 [16]. DMA in tension mode (TA Q800) over 1–100 Hz at 0.1% strain 

and 25°C. TGA (Q500) from 30°C to 600°C at 10°C/min under N2. SEM (JEOL JSM-6390) on cryo-

fractured Au/Pd-coated surfaces at 10 kV. 

 

MATHEMATICAL MODELING 

Viscoelastic Stiffness from DMA Data 

For a rectangular pad of area, A and thickness h, the complex compressive stiffness is: 

k(f) = [E(f) + i E(f)] · A/h (1) 

For pad dimensions 80 × 80 × 30 mm, total stiffness of four pads in parallel is k_total = 4k. The 

equivalent viscous damping ratio is: 

 (f) = tan  (f) / 2 = E(f) / 2E(f) (2) 

Natural Frequency and Transmissibility 

For machine mass m = 65 kg on four rubber pads, the undamped natural frequency is: 

n = (4EA / hm) (3) 

Force transmissibility ratio at fexc = 20 Hz (1200 RPM spin): 

TR =  [(1 + (2r) ²) / ((1− r²) ² + (2r) ²)] (4) 

where r = fexc / fn. Vibration isolation efficiency: 

VIE (%) = (1  −  TR) × 100 (5) 

RESULTS AND DISCUSSION 

Cure Characteristics 

Optimum cure times (t90) increased from 8.5 min at 0 phr to 11.2 min at 20 phr, reflecting retardation 

by the acidic silica surface. Maximum torque (MH) increased systematically with loading. All 

compounds exhibited reversion-free cure plateaus, confirming suitability for mould processing at 

160°C. 
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Mechanical Properties 
Tensile and hardness results are summarized in Table 1. 

 
Young's modulus increased monotonically from 2.1 MPa (NR-0) to 6.8 MPa (NR-20). Tensile 

strength peaked at 19.6 MPa at NR-10, then declined due to filler agglomeration above the percolation 
threshold (~12 phr). Shore A hardness increased from 52 to 71 over the same range. 

 
Dynamic Mechanical Analysis 

Full DMA results at 20 Hz are compiled in Table 2. 
 

Loss factor tan  at 20 Hz peaked at 0.18 for NR-10 a 100% improvement over neat NR (0.09). At 
higher loadings, tan  declined as the percolated silica network constrained polymer chain mobility. 

 
Vibration Isolation Performance 

Table 3 presents isolation performance calculated from Equations (1)–(5). 
 

NR-10 achieves the best isolation performance (VIE = 71%), combining low natural frequency (8.9 
Hz, r = 2.25) with the highest damping ratio ( = 0.09). NR-0 achieves only 52% VIE. Despite higher 
stiffness, NR-20 delivers only 61% VIE due to reduced damping. 
 
Thermal Analysis 

TGA thermograms under nitrogen are given in Table 4. 
 
Table 1. Mechanical properties of NR/SiO2 nanocomposites. 

Formulation Silica (phr) E (MPa) UTS (MPa) Shore A 

NR-0 0 2.1 14.2 52 

NR-5 5 3.2 17.8 59 

NR-10 10 4.3 19.6 65 

NR-15 15 5.6 18.1 68 

NR-20 20 6.8 15.3 71 

 
Table 2. DMA results at 20 Hz and 25°C. 

Form. E' (MPa) E'' (MPa) tan   

NR-0 3.0 0.27 0.090 0.045 

NR-5 4.1 0.53 0.129 0.065 

NR-10 5.4 0.97 0.180 0.090 

NR-15 6.3 1.01 0.160 0.080 

NR-20 7.2 0.94 0.130 0.065 

 
Table 3. Vibration isolation performance at 20 Hz. 

Form. fn (Hz) r  TR VIE (%) 

NR-0 11.4 1.75 0.045 0.483 52 

NR-5 10.0 2.00 0.065 0.392 61 

NR-10 8.9 2.25 0.090 0.292 71 

NR-15 8.2 2.44 0.080 0.318 68 

NR-20 7.6 2.63 0.065 0.385 61 

 
Table 4. Thermogravimetric analysis results. 

Form. T50 (°C) T10 (°C) T50 (°C) Residue (%) 

NR-0 324 338 — 2.1 

NR-5 336 351 +12 4.8 

NR-10 342 357 +18 7.4 

NR-15 344 360 +20 10.1 

NR-20 347 364 +23 12.9 
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Table 5. Design summary – isolator configuration comparison. 

Parameter Rigid mount NR-0 NR-10 

Max. Transmitted Force (N) 1005 483 293 

Transmissibility Ratio (TR) 1.00 0.481 0.292 

Isolation Efficiency (%) 0 52 71 

Natural Frequency fn (Hz) — 11.4 8.9 

Dynamic Stiffness (kN/m)  1230 1380 

Damping Ratio  — 0.045 0.090 

Max. von Mises Stress (MPa) — 1.50 1.85 

Factor of Safety (FOS) — 12.0 9.73 

 

T50 increased from 324°C (NR-0) to 347°C (NR-20), with the largest gain at low loadings. The silica 

surface acts as a physical barrier to volatile degradation product diffusion. All formulations exceed the 

80°C service temperature specification for domestic appliances. 

 

Morphological Analysis 

SEM micrographs revealed progressive change in fracture morphology with silica loading. NR-5 and 

NR-10 showed uniformly distributed nano-scale protrusions (100–200 nm) without visible 

agglomerates, confirming effective TESPT-mediated dispersion below the percolation threshold. NR-

15 and NR-20 exhibited visible micron-scale aggregates (1–3 µm), explaining the reduction in tensile 

strength and tan . EDS confirmed uniform Si distribution in NR-10 (Si:C = 0.042; theoretical   0.038). 

 

DESIGN IMPLICATIONS FOR ISOLATOR PADS 

Table 5 summarizes key design parameters for a four-pad isolation system. 

 

NR-10 achieves a 19 percentage-point improvement in VIE over the unfilled baseline while 

maintaining a factor of safety of 9.73 against tensile rupture. Estimated noise reduction improves from 

~7 dB (NR-0) to ~13 dB (NR-10) relative to rigid mount, approaching the 15 dB target for Class A 

certification under ISO 10816. 

 

CONCLUSION 

• Five NR/SiO2 nanocomposites (0–20 phr) were prepared by two-roll mill compounding with 

TESPT-modified silica. SEM and EDS confirmed well-dispersed nanoparticle distributions 

below the percolation threshold (~12 phr). 

• Young's modulus increased monotonically from 2.1 to 6.8 MPa; tensile strength peaked at 19.6 

MPa at 10 phr, reflecting competition between hydrodynamic reinforcement and aggregate-

induced stress concentration. 

• DMA showed tan  at 20 Hz peaked at 0.18 for NR-10 a 100% improvement over neat NR 

attributed to enhanced interfacial viscoelastic dissipation at the silica–rubber interface. 

• Transmissibility modelling confirmed NR-10 delivers the best vibration isolation efficiency of 

71% at 20 Hz (1200 RPM), compared to 52% for unfilled rubber and 0% for rigid mount. 

• TGA confirmed thermal stability (T50= 342°C) far exceeding domestic appliance service 

requirements, with an 18°C improvement over neat NR at the 10 phr optimum. 

• The optimal NR-10 formulation (80 × 80 × 30 mm pads, four-pad corner layout, Shore A 65) is 

recommended for implementation in the 65 kg washing machine isolator design. 

 

Future work will focus on experimental validation using a vibration test rig, investigation of long-

term creep and fatigue performance, and parametric optimization of pad geometry using response 

surface methodology. 
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