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A B S T R A C T   

Flexible polyurethane foam composites with enhanced stiffness and energy dissipation have been prepared via a 
facile layer-by-layer assembly approach. The composite foams consisted of naturally abundant nanoclay/chito
san multilayers (up to six) deposited onto the foam struts via dip-coating. The nanoclay/chitosan polyurethane 
foams were characterised using infrared spectroscopy, scanning electron microscopy, elemental mapping and 
μ-CT scanning. Quasi-static mechanical compression of the foams with 6 bilayers showed a 202% increase in the 
stiffness and a 33% enhancement in the damping loss factor compared to the uncoated pristine foam. Vibration 
transmissibility tests showed that the dynamic modulus of the 6-bilayer coated foams was 3 times that of the 
pristine foam. Remarkably, impact tests registered a 50% decrease in the transmitted impact force of these 
sepiolite/chitosan layer-by-layer coated open cell polyurethane foams, demonstrating their improved energy 
dissipation capability compared to other nanocoated foams in open literature.   

1. Introduction 

Flexible polyurethane foams have been extensively used as cush
ioning materials, with a wide range of applications from furniture to 
automotive interiors [1], due to their intrinsic resilience, energy ab
sorption propensity, and excellent vibration damping performance. 
Compared to pristine foams, flexible polyurethane foam composites 
(FPUFCs) show improved energy absorption and damping properties 
that are useful for more high-end applications, e.g. aerospace, automo
tive and building constructions [2,3], thanks to the additional properties 
provided by the filler/coating material. 

PU foam composites can be prepared either by embedding filler 
particles into the chemicals before foaming [4] or by coating a ready- 
made open-cell PU foam. The latter process provides an easy approach 
for engineering the surface of the foam struts, allowing independent 
control of the foam skeleton and the coating material [5,6] without 
significantly affecting the physico-chemical properties of the original 
foams. The first coated flexible PU foam referenced in literature was 
prepared by Yanagi et al. [7] in 1994 to develop an artificial trachea. 

Widely used on laboratory and industrial scales, the coating process 
depends on the specific coating materials used. In previous studies, 
graphene [8–11], graphene oxide [12–15] and carbon black [16] have 
been explored as coating materials to enhance stiffness, mechanical 
damping, and general dielectric properties. However, environmental 
footprints are always a concern for the use of carbon materials, and the 
external appearance (i.e., colour) of the produced foam composites is 
irreversibly affected by the presence of carbon. On the other hand, 
nanoclays have been used to prepare FPUFCs because of their attractive 
properties and characteristics [2]. Nanoclays are extracted from abun
dant natural sources and cause limited negative impacts on the envi
ronment during processing, use, and disposal [17]. The availability and 
ease of manufacturing guarantees the relatively low cost of nanoclays. 
Nanoclays also feature an intrinsic high modulus (~170 GPa), high 
aspect ratios (200–1000) and excellent thermal stability, making them 
an attractive choice as nanocoatings for foam composites [2]. 

To make an effective coating of the PU foams with the nanoclays, a 
deposition method consisting of layer-by-layer (lbl) assembly is usually 
chosen due to its high controllability [5], a wide range of accessible raw 
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materials and processes, and the simplicity of manufacturing [18,19]. 
The basis of lbl assembly is an ordered formation of a stratified micro
structure on the surface of a substrate. The coating can be built up, 
exploiting intermolecular attractions by dipping the substrate into two 
or more dilute reagent solutions alternately. The attractions can result 
from formation of chemical [20], hydrogen [21] or coordination bonds 
[22], or electrostatic forces [18] between adjacent layers, and between 
the coating layers and the substrate. In practice, a coated FPUFC can be 
readily prepared via electrostatic attraction from two oppositely 
charged coating materials, such as polyelectrolytes, nanoclays [19], and 
acids [18], to improve flame retardancy, gas resistance and general 
mechanical performance. However, a systematic study about possible 
energy damping improvements in lbl assembled PU foams has not been 
performed so far, to the best of our knowledge. 

Chitosan, an amino polysaccharide from deacetylated chitin, is an 
abundant naturally derived biopolymer. Chitosan attracts significant 
research activities due to its biodegradability, biocompatibility and 
tenability [23–24]. It carries positive charges because of the protonation 
of its amino group in aqueous media, making it a frequently used reagent 
for lbl assembly. Sepiolite, a mineral with a composition of SiO2 and 
MgO6 in a 2:1 ratio, is a fibrous nano-scaled clay with zeolitic internal 
tunnels. This special structure gives rise to a large aspect ratio and high 
surface area, which accounts for its significant sorption capability. In 
addition, its negative surface charge allows strong complexation with 
positively charged polymers or surfaces. For example, sustainable sepi
olite/chitosan composite films were prepared as interphase constituents 
for a mechanical reinforcement on a hemp/polymer biocomposite [25]. 

However, to the best of our knowledge, lbl assembled sepiolite/chitosan 
composites have not been previously used to improve the mechanical 
energy storage and damping in flexible polyurethane foams. 

In this work, a chitosan/sepiolite nanocoating has been prepared via 
lbl assembly for the purpose of improving the stiffness, energy absorp
tion, and vibration damping of flexible polyurethane foams. The 
morphology and chemical makeup of the treated foams have been 
investigated, while their mechanical behaviour and energy damping 
performance have been assessed via static compression, dynamic vi
bration, and impact tests. 

2. Experimental section 

2.1. Materials 

Bare sepiolite (Sep, molecular formulation Si12O30Mg8(O
H)4(OH2)4⋅8H2O), with a nanorod shape of 20–100 nm in diameter and 
0.2–1 μm in length, was obtained from Sigma-Aldrich Co. Chitosan (CS, 
molecular weight 3×105 g mol− 1) was purchased from Sigma-Aldrich, 
and polyacrylate acid (PAA, 230,000 g/mol, 25% in water) from BDH 
Chemicals Ltd. Ultrapure water with a resistivity of 18 MΩ cm was ob
tained from a Milli-Q Plus system from Millipore and used for cleaning 
and solution preparation. Open-cell flexible polyurethane foams (PUFs, 
apparent density 28.6 kg m− 3) were supplied by SM Upholstery Ltd. 
Cardiff. All materials were used as received unless otherwise stated. 

Fig. 1. Layer-by-layer assembly of CS/Sep coatings onto the PU foam cubes (a); SEM images of pristine PU foam (b) and the 6 bls (c); elemental distribution of 
silicone (d) for the 6 bls. 
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2.2. Methods 

The lbl assembly method was based on previous work [26] with a 
few adjustments. The procedure of CS/Sep coatings is shown in Fig. 1 (a) 
with the details supplied in the Supporting Information. The foam 
samples with a size of 30×30×15 mm were individually coated via 
dipping into CS and Sep solutions sequentially until a designated num
ber of layers had been applied. The coating produced after each CS and 
Sep cycle was denoted as a bilayer (bl), therefore the coated foams were 
marked as 0, 2, 4 and 6 bilayers according to the coating cycles. In Fig. 1 
(b) and (c), the foam with 6 bilayers (6 bls) shows a thick coating with a 
thickness of 6 – 7 μm, making a strong shell to the foam strut and pro
tecting the flexible skeleton. The distribution of Silicon in Fig. 1 (d) 
proves that the clays were distributed around the PU skeleton. 

2.3. Characterisation 

Details of the characterisation and the calculation of mechanical 
parameters are given in Supporting Information. Fourier transform 
Infrared (FTIR) spectra were recorded using a PerkinElmer FT-IR Spec
trometer with an attenuated total reflection (ATR) accessory. Samples 
were tested under the resolution of 1 cm− 1 with 4 scans in the wave
number range 4000 to 600 cm− 1. Thermogravimetric Analysis (TGA) 
were performed using a TA Q500 thermal gravimetry system. All sam
ples were between 3 mg and 6 mg and tested in a nitrogen atmosphere, 
over a temperature range from 25 ◦C to 800 ◦C at a ramp rate of 10 ◦C 
min− 1. Scanning electron microscopy (SEM) micrographs were taken 
using a Joel IT300 SEM with a resolution of 5 nm and was used jointly 
with energy dispersive spectroscopy (EDS). The 3D topology of the 
samples has been obtained using μ-CT scanning and processed in Avizo 
2019. A Zeiss Xradia 160 kVp Versa 510 scanner was used for small 
scanning regions (1.3×1.3×1.3 mm), while a modified 225 kVp Nikon/ 
Xtek HMX microfocus scanner was used for general overviews of the 
samples (scanning region of 10×10×10 mm). 

In all mechanical tests, five identical samples were evaluated for 
each group, and used to extract the average and standard deviation, the 
latter shown in the plots as error bars. The foam samples were placed in 
a chamber with constant relative humidity of 52% for at least 48 h. The 
quasi-static compression tests were performed according to ISO604:202 
using a Shimadzu universal test machine with a 1 kN load cell. The foam 
samples were compressed from the top surface at a rate of 1 mm min− 1 

until a maximum strain of 20% while the fifth cycle was recorded for 
analysis because of the Mullins effect [27]. The stress relaxation tests 
have been carried out at a stroke rate of 2 mm s− 1, with a constant strain 
of 30% and testing time of 5 min. In the case of creep tests, the samples 
were compressed at a rate of 1 N s− 1, until the compression force 
reached 5 N. The force was then kept constant for 5 min. The mechanical 
behaviour of coated foams during vibration was evaluated using a 
transmissibility test rig [27] (Fig. S1). The samples were fixed and 

vibrated vertically with a seismic excitation. A custom-built drop tower 
rig as designed by Zhang et al. [28] (Fig. S2) for soft and porous mate
rials has been used to characterise the impact properties of these foams, 
with impact energy 0.2 J and 0.4 J adjusted by the height of the drop 
mass. 

3. Results and discussion 

3.1. Chemical makeup and thermal stability of CS/Sep coatings on PU 
foams 

FTIR was applied to chemically determine the coating layers onto the 
foam samples. Fig. 2 (a) shows the infrared spectra of Sep, CS and 
polyurethane foam in this work before and after treatment. For bare 
sepiolite, the Si-O coordination bands at 1210, 1014 and 978 cm− 1 were 
formed because of the Si-O vibrations [29]. Chitosan shows character
istics signals at 1151 cm− 1 and 1307 cm− 1 due to C-N antisymmetric 
stretching [30] and C–H in the ring [31], respectively. For pristine 
polyurethane, the intense bands at 1375 and 1583 cm− 1 are attributed to 
the C-N stretching vibration and N–H deformation, respectively [32]. All 
those signals can be seen for 4 bls coated foam samples. It proves the 
successful deposition of both sepiolite and chitosan onto the foams 
without any breakage of the polyurethane chemical structure itself. The 
results from FTIR show the specific bands of chitosan, sepiolite and 
polyurethane, with no other new absorption band appearing in the 
spectrum. This indicates a physical nature in the polyurethane – CS/Sep 
coating interactions and in the interactions between the coating layers. 
Fig. 2 (b) shows the TGA results of all the samples. The PU foam and the 
composites showed two thermal degradation stages at 270 ◦C and 
378 ◦C, because of the release of the diisocyanate and the pyrolysis of the 
polyether chain, respectively [26]. This demonstrates that the pyrolysis 
of polyurethane was not affected by the sepiolite coatings. The thermal 
stability of the coated PU foams was however improved, resulting in an 
increased amount of residues at 750 ◦C (~14 % of the 6 bls, compared to 
~2% of the pristine foam). 

3.2. 3D morphology of CS/Sep coatings on PU foams 

The morphology obtained from the CT scanning of the pristine foam 
and the one coated with 6 bls in a scanned cube with a side length of 1.3 
mm is shown in Fig. 3 (a) and (b), respectively. It is evident that the 
coating layers were deposited and attached onto the foam ribs, making 
the rib surfaces rough, but without disrupting or destructing the original 
structure of the foam. The orientation and topologic parameters of the 
foam ribs were obtained from a skeletonised model (Fig. 3 c) using the 
methodology described in previous work [33]. Fig. 3 (d) shows an 
inclination of the foam ribs along the direction 3 (indicated as point B), 
while a lower number of ribs is oriented along the direction 1 (point A), 
or direction 2. The original orientation of the foam ribs due to the 

Fig. 2. (a): FTIR spectra of sepiolite, chitosan, PU foam (0 bl), and PU foam coated with 4 layers of the composite (4 bls). The inset shows the enlarged view for the 4 
bls in the wavenumber range 1500 – 800 cm− 1. (b): TGA curves of sepiolite, chitosan and PU foam samples. 
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industrial manufacturing processes [27] was virtually unchanged by the 
presence of the coatings. 

The statistical distributions of the length, diameter and tortuosity of 
the foam ribs of 0 bl and 6 bls from that post-processing are presented in 
Fig. 3 (f), (g) and (h), respectively, with the key parameters listed in 
Fig. 3 (e). The porosity, defined as the ratio of the air volume to the 
sample volume, indicates that the foam volume was overwhelmingly 
occupied by air (97.68% of 0 bl and 95.90% of 6 bls). The sepioli
te–chitosan coatings did not compromise the original porous and 
lightweight topology of the foams. The 6 bls showed a similar rib length 
to the pristine foam, while a slight increase of the rib diameter due to the 
coating materials. The tortuosity was calculated by dividing the rib 

length with the distance between the two ends of the rib [33]. For both 
foam samples, the ribs were only mildly bent (i.e., with a tortuosity of 
1.016 - slightly above 1). In summary, the coatings did not appear to 
have altered the baseline pristine foam structure. 

3.3. Mechanical performance of CS/Sep coated foams 

3.3.1. Quasi-static compression tests for CS/Sep coated foams 
Fig. 4 (a) and (b) shows the stress vs strain load curves and tangent 

modulus (Etan) from the quasi-static compression of the pristine and 
coated samples, along with the key parameters listed in Table 1. The 
Young’s modulus E, calculated as the slope of the fitted stress–strain line 

Fig. 3. 3D topology and morphology of the cross sections for pristine PU foams (a); foams coated with 6 bls (b); the processed and skeletonised models of 6 bls (c); 
the orientation distribution map of 6 bls (d); the main topology parameters (e); a probability density function versus rib length (f); mean diameter (g); and tortuosity 
(h) for the PU foam with 0 and 6 bls. 
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within 0–0.5% strain, is increased by 78.2 kPa from the 0 to 2 bls foams; 
this increase is more pronounced compared to that between the 2 and 4 
bls, or between the 4 and 6 bls specimens. Similarly, the specific Young’s 
modulus Es increased significantly in the samples coated with 0 to 2 
bilayers, then gradually increased above 2 bls (Fig. 4 c). A significant 
increase of the Etan can also be observed after coating with more layers, 
with a zero-strain modulus of 6 bls at ~215 kPa compared to ~65 kPa of 
the untreated foams. For the 0, 2 and 4 bls, the Etan shows a drop with the 
strain until 4%, followed by a plateau until 8% strain, exhibiting a 
nonlinear viscoelastic behavior [34]. The Etan of 6 bls, however, starts to 
rise at ~3% strain and increases due to increased stiffness caused by 
densification of the cell structures. For the case of 6 bls, the coating 
layers thicken the foam ribs, and this facilitates the mutual contact and 
triggers densification at lower strains, compared to foams coated with 
fewer nanoclay layers. 

The ΔW (energy dissipated) and ηc (the loss factor) show a gradually 
improved ability in terms of energy dissipation of the foam composite 
until 6 bilayers were coated. Two coating bilayers largely contributed to 
an enhancement of ΔW from 8.3 J/m3 to 24.3 J/m3, which increased to 
25.3 J/m3 when 2 more layers were added. The increment of energy 
dissipated began to drop for samples with 6 bls. Meanwhile, the loss 
factor varied from 0.28 to 0.30 with the presence of 2 bilayers, while a 
slight increase of 0.01 with additional 2 or more bilayers was observed, 
as shown in Fig. 4 (c). The energy can be dissipated via two main 
mechanisms: the deformation of the foam ribs (e.g., bending and 
buckling), and the friction between coating layers or the coating-PU 

interface. For the 2 bls and 4 bls, the tight combination between the 
coating layer and the foam struts along with sepiolite and chitosan 
contributes to a higher damping performance when the foam is 
deformed by bending and buckling. However, for the 6 bls, the energy is 
mainly dissipated by the compression and shear of the foam ribs. This 
change of deformation decreases the local strain in the ribs and then 
reduces the effect of the energy damping [8], which causes only a slight 
improvement of the loss factors ηc between the 4 bls and the 6 bls 
specimens. 

The mean crushing force (MCF) shifted from the pristine foam (7.0 
N) to 6 bls (9.4 N), indicating a better capability for resisting crushing 
loads with the presence of the coatings. The values of the specific energy 
absorption (SEA) also show an effective improvement of the damping for 
the coated samples, suggesting that the significant energy absorption 
effect is facilitated by the coating - PU foam interactions, rather than the 
inter-layer interactions. 

As a vital role in determining the load bearing capability of polymers, 
stress relaxation and creep performance are tested, as shown in Fig. 4 (d) 
and (e), respectively. In Fig. 4 (f), the stress rate Rs slightly decreased 
when the foam was coated with 2 bilayers, and this is due to the stiff
ening effect from the added nanoclays. The rate then increased with the 
presence of more coating layers because gradual slippage occurring 
between the nanoclay layers tends to cause more deformation of the 
foam composite under continuous loading. The sample with 6 bilayers 
underwent the largest interface slip, causing the highest Rs. In the case of 
creep (Fig. 4 e), the coated foam samples only exhibited a small creeping 

Fig. 4. The mechanical and quasi-static energy dissipation properties of the PU foam coated with 0, 2, 4 and 6 bls. The stress vs strain load curves (a); tangent 
modulus (b); specific Young’s modulus and loss factor (c); stress relaxation curves (d); creep test results (e); and stress relaxation rates (f). 

Table 1 
Physical and mechanical characterisation results for the foam samples with 0, 2, 4 and 6 bls from the quasi-static tests.  

Samples Weight of the CS/Sep coatings 
(mg) 

Density, ρ (kg/ 
m3) 

Young’s Modulus, E 
(kPa) 

ΔW (J/ 
m3) 

Mean crushing force, MCF 
(N) 

Specific energy absorption, SEA (J/ 
kg) 

0 bl – 28.0 ± 1.2 55.4 ± 6.8 8.3 ± 1.5 7.0 ± 0.4 53.0 ± 3.5 
2 bls 41.8 ± 5.5 31.1 ± 0.5 133.6 ± 7.9 24.3 ±

1.6 
8.2 ± 0.2 61.1 ± 2.3 

4 bls 71.6 ± 7.7 33.3 ± 0.7 150.5 ± 5.6 25.3 ±
1.0 

8.6 ± 0.2 60.8 ± 1.4 

6 bls 89.1 ± 17.6 34.6 ± 1.6 167.5 ± 8.1 23.5 ±
1.6 

9.4 ± 0.6 62.5 ± 3.0  
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deformation (~5% strain) during the first 20 s due to the coating- 
stiffened skeletons, unlike the pristine foam that deformed rapidly, 
showing a sharp increase (35% strain) at the beginning of the test. These 
coatings rigidify the foams which leads to a lower deformation with 
time; this effect is enhanced by the presence of more coating layers. The 
foam with 6 bls underwent densification when the strain was above 6% 
(see Fig. 4 a), which improved the stiffness and caused the lowest creep 
amongst all of the samples. 

3.3.2. Dynamic vibration and transmissibility tests for CS/Sep coated 
foams 

Commonly used for load bearing applications such as automotive 
seatings, PU foam cushions are now designed for high levels of damping 
to increase ride comfort and safety [35]. This leads to a better absorption 
of kinetic energy and a more effective transformation into heat during 
vibration. The coated foam samples have been tested using a custom- 
built transmissibility test rig [27] (shown in Fig. S1) with the transfer 
functions shown in Fig. 5 (a). Compared to pristine PU foams (~52 Hz), 
foams with 2 and 4 bilayers showed the highest resonance frequency 
(~78 Hz), with the 6 bls sample showing a maximum frequency of 
~100 Hz. This is because the foam skeleton is strongly supported by the 
clay-chitosan coatings, which stiffen the composite and increase the 
resonance frequency. 

The dynamic modulus Ed (also called the storage modulus), loss 
factors ηd and loss modulus El of the foams coated with 0, 2, 4 and 6 bls 

have been identified from the resonance and transmissibility amplitudes 
according to the equations in Supplementary Information, as shown in 
Fig. 5 (b), (c) and (d). Five types of top masses were attached on the top 
of the samples to modify the resonances of the systems. The Ed of the 
foams tended to increase first, and then plateaued at higher frequencies. 
This is because the smaller resonance frequencies correspond to larger 
top masses, which provide larger pre-compression levels and greater 
dynamic deformations during the transmissibility test. According to the 
results from the quasi-static tests (Fig. 4), the larger deformation also led 
to a smaller modulus. This can be also verified by evaluating the results 
with different base accelerations (see Fig. S3 of the Supporting Infor
mation). The shift of the Ed at higher frequencies is noticeable, with 
higher values for more coating layers due to the stiffening effect from the 
clay coatings. In Fig. 5 (b), the maximum Ed values are 0.11 MPa, 0.22 
MPa, 0.25 MPa and 0.34 MPa for the 0, 2, 4 and 6 bls foams, respec
tively, much larger than their corresponding static Young’s modulus 
(Table 1). This is partially due to the pneumatic force exerted on the 
porous material and the higher strain rates during the dynamic tests 
[27]. Furthermore, the smaller dynamic strain at higher resonance fre
quencies with a small top mass could partially lead to the enhancement 
of the Ed, compared with the quasi-static test results. 

The loss factor ηd of the samples is shown in Fig. 5 (c), indicative of 
the ability of the foam to dissipate vibration energy. For the PU foam 
system used in this work, the vibration energy can be dissipated through 
different mechanisms: (1) coating-foam interfacial friction, (2) coating- 

Fig. 5. The transfer functions (a), dynamic modulus (b), loss factor (c), and loss modulus (d) of samples coated with 0, 2, 4 and 6 bls at a base acceleration of 0.69 g.  
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coating interfacial friction, (3) deformation and viscosity of the PU foam 
structure, and (4) pneumatic damping of the air. Although the interfacial 
sliding between coatings can help to enhance the energy dissipation of 
the foam [8,9], the ηd of the coated samples was slightly lower than the 
0 bl. This is because the small stiffness of the 0 bl leads to the larger 
dynamic deformation compared with the coated foam, which results in 
larger damping from the viscoelastic load deformation of the PU and the 
pneumatic force provided by the airflow. The damping enhancement 
introduced by the micro friction of the coating layer cannot compensate 
for the reduction in damping caused by a larger stiffness and a smaller 
deformation. The ηd of the different foams all increased with the 
decreasing resonance frequency. The low resonance frequency corre
sponds to a heavier top mass, larger precompression, and larger dynamic 
deformation, which introduces higher damping from the viscosity of the 
PU of the foam and airflow effects. 

The loss modulus El (shown in Fig. 5 d) demonstrates the damping 
behaviour and the overall energy dissipation capability of the material 
under cyclic loading [36]. Due to the larger Ed as well as the moderate ηd, 
the sample with 6 bls exhibited the greatest El values (51.3 kPa at 88.5 
Hz) among all the samples. The sample coated with 2 and 4 bls showed 
similar El, while the pristine foam had the lowest possible El value. The 
pristine foam, even though it was heavily deformed during the tests, 
ultimately exhibited the worst damping performance due to the lack of 
friction and insufficient intrinsic stiffness. 

It is worth mentioning that, with the increase of the base amplitude, 
the levels of vibration increase. These can lead to the potential triggering 
of microcracks in the coatings of the struts. The presence of cracks makes 
the composite softer, leading to a decrease of the resonance frequency. 
The difference caused by the base acceleration level becomes larger in 
the case of the coated foams, which marks the presence of a significant 
nonlinearity of the system. The base acceleration also affects the Ed, and 
ηd as discussed in detail in the Supporting Information. 

3.3.3. Impact behaviour of the CS/Sep coated PU foams 
Energy-absorbing PU foams are widely used in seat cushions, bum

pers, and side impact protection systems [37]. A method to evaluate the 
energy absorption properties under impact is to use a drop-tower 
experimental rig developed in previous work [28]. During the drop- 
tower tests, the kinetic energy was kept constant (maximum 0.4 J in 
this work). The reaction peak force represents the maximum force 
transmitted through the impacted foam samples. As shown in Fig. 6 (a) 
and (b), the coatings provided a significant reduction in the impact force 
compared to the pristine foam, with two bilayers already providing a 
24% attenuation for an impact of 0.2 J, and an even larger 36% atten
uation in the case of 0.4 J. The presence of 6 bls led to a ~ 50% reduction 
in the peak force compared to the pristine foam, for both levels of kinetic 
energy tested. The clay-chitosan coating systems used in this work can 
change the impact mechanical behaviour of the foams in two ways. First, 

Fig. 6. Impact test results for the PU foam samples coated with 0, 2, 4 and 6 bilayers. (a) Transmitted force at 0.4 J; (b) peak force values; (c) coefficient of restitution 
e for each group of foams; efficiency parameters Ee for energy groups of (d) 0.2 J and (e) 0.4 J; and (f) stress at the peak of the efficiency parameters for each foam 
group; SEM images of (g) pristine foam and (h) the 6 bls after five repeated impacts with 0.2 J. (i): a comparison of the reduced peak force/pressure of the sepiolite 
chitosan nanocoated foams described in this work and analogous values from other studies. 
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materials dissipate energy mainly at the plateau stage of the stress–strain 
loops [37], and the foams with higher apparent density (cf. Table 1) 
usually reach a plateau at larger stresses, leading to an increased impact 
energy absorption. Secondly, the micro friction of the coating layers 
helps enhance the impact energy dissipation. On the other hand, the 
coatings stiffen the foam skeletons, so that they are not as vulnerable to 
the external impact force as the bare PU foam scaffold. Therefore, even 
the final dissipated energy Wfinal is essentially the same for all samples 
(Fig. S5), the stiffer coated foams showed a reduction in the transient 
absorbed energy Wmax. 

The coefficient of restitution e (Equation S12) indicates essentially 
the level of dissipation of the kinetic energy during the impact. As 
illustrated in Fig. 6 (c), the e decreased with the number of coatings and 
it was lower for the 0.4 J impact force results, while it showed a slightly 
more erratic trend between the coated foams with 0.2 J. This means that 
more impact energy has been dissipated in the foams coated with more 
layers with higher energy. The energy dissipation by the coated PU foam 
mainly originates from: (1) the viscoelastic deformation of the foam 
skeletons, (2) the pneumatic damping of the airflow [37], (3) the friction 
between coating layers and the PU foam struts, and (4) the friction be
tween coating layers. Therefore, the coated foams showed an improved 
impact energy dissipation capacity and lower e because of the micro 
frictions present between the coating layers. 

An efficiency parameter Ee (cf. Equation S11) is shown in Fig. 6 (d) 
and (e) as a function of the stress. Each curve shows a maximum Ee at a 
specific stress, which defines the optimum usage of the material for 
impact applications [28]. In Fig. 6 (f), all the PU foam samples in this 
work showed a maximum Ee at a similar stress (between 10 and 20 kPa) 
in the 0.2 J group, while the stress increased for the 0.4 J group (be
tween 11 to 40 kPa). Compared to uncoated foams, the coated ones 
showed the peak at higher stresses, with their efficiency curves gradu
ally softening. Therefore, the coating materials enhanced the optimum 
stress range for foams designed to absorb impact energy. 

The morphology of the pristine foam and that with 6 bls after five 
repeated impacts are compared in Fig. 6 (g) and (h). As shown by the 
yellow circles, the edges of the uncoated foam appear abrased. The 
coating materials however still bonded to the foam struts, which helped 
supporting and stiffening the PU skeleton. Therefore, the foams were 
protected from being damaged by the impact, and the energy damping 
was improved. It results in a similar increase in the impact force between 
the uncoated and 6 bls samples, shown in Fig. S6. Fig. 6 (i) illustrates the 
reduction of the peak force or pressure from impact tests described in 
previous studies [38–46]. For example, Lu et al. [38] fabricated a hi
erarchical porous composite using PU foams, carbon materials and 
polymer matrix that provided a transmitted impact force reduced by 
37% compared to the untreated foam. Hosur et al. [41] prepared novel 
sandwich panels with 1 wt% clay modified PU foam cores, resulting in a 
15% reduction in impact peak force. A shear thickening gel (STG)/PU 
foam composites were made by Liu et al. [42]. With 30% STG, the 
impact force showed ~15% decrease compared to that of the pristine PU 
foam. Moreover, Yang et al. [45] created a silica aerogel incorporated 
PU foam composite, which achieved a 37% reduction in the peak impact 
force with 15% aerogels into the foam structure. The coated PU foam 
composite prepared in this work reduced the impact force more effec
tively compared to other PU foam composites described in the literature 
and showed an excellent energy damping behaviour. 

4. Conclusion 

In this work, a nanoclay/PU foam composite has been designed and 
successfully fabricated via facile layer-by-layer assembly technology. 
The chitosan/sepiolite coatings reinforced the PU foam skeleton, 
resulting in overall enhanced quasi-static and dynamic mechanical 
performance, as assessed by the comprehensive mechanical tests. Both 
the Young’s modulus and the dynamic modulus of the modified foams 
were three times that of untreated PU foams, and the increased loss 

modulus along with the decreased impact force showed enhanced 
cushioning effect of the coated PU foam composites. These improve
ments are attributed to the interfacial friction, stiffening, and 
augmented resistance of deformation of the composite by the presence 
of the coating layers. Impact peak forces reductions were also signifi
cantly improved up to a factor of 3, compared to other composite foam 
systems described in the literature. The findings of this work provide a 
simple and effective method for PU foam composites preparation for 
enhanced mechanical and damping performances in PU foam applica
tions. Whilst in this work we have focused on the quasi-static 
compression test, it will also be interesting to perform cyclic compres
sion tests, e.g. for 100 cycles as reported in [10,47,48]. 
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