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Abstract:

This work involves the study of mechanical and antibacterial properties of auxetic polyurethane
(APU) foams synthesized using castor oil (CO) to ascertain its suitability as a seat cushion in
wheelchairs. Firstly, CO-based PU foams (PU-CO) were synthesized by substituting 25%
synthetic polyol with CO in a polyol blend. Conventional PU foams and PU-CO foams were then
converted to auxetic foams using triaxial compression and heating. The properties such as
chemical composition, microstructure, thermal, mechanical and antibacterial properties of the
foams were analyzed. It was seen that addition of CO increased the antibacterial and
mechanical properties of the foam. Castor oil-based auxetic (CO-APU) foams showed highest
compression strength and storage modulus. An increase in thermal stability of the PU-CO is also
observed as compared to PU foams. These CO-APU foams could be a better alternative to
conventional PU foams for wheelchair seat cushions and in hospital bed applications.
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1. INTRODUCTION

PU foams are commonly used for rehabilitation applications such as wheelchair seat cushions,
hospital beds, prosthetic liners in stump socket interface etc., for cushioning and comfort.
Wheelchair users sit for long periods and therefore pressure relief is most important
requirement in a cushion. One of the major problems faced by users of wheelchairs and
prosthetic limbs are pressure ulcers. Pressure ulcers are injuries to the skin due to pressure
along with shear and friction stresses. If pressure ulcers are left untreated, it can be life-
threatening. Soft tissue protection over the skin area is necessary particularly for individuals
who are bedridden and/or chair bound %,

Various materials are being used to improve the comfort for wheelchair users. However,
problems such as thinning of foams and excessive sweating still persist. Thinning of foams leads
to improper distribution of stresses, and excessive sweating causes infections at the interface
between the skin and the foams. Novel materials such as auxetic foams are being explored for
use in rehabilitation applications 2. Auxetic foams are known to enable uniform pressure
distribution, high indentation resistance and high shear stiffness compared to conventional
foams 1, Lowe and Lakes ¥ found that lower volumetric compression ratio of 2.2 showed the
ideal pressure distribution. However, the type of raw or input foam and its density influenced
the properties of the auxetic foams. Auxetic foams also exhibited higher fracture toughness,
synclastic behavior and higher acoustic absorption and can be used in various applications .
Lakes fabricated the first metallic and polymeric auxetic foams. Several researchers followed his
work and explored various methods to fabricate auxetic foams -1, Auxeticity can be achieved
through triaxial compression followed by heat treatment or through geometric honeycomb
patterns, rotating rigid and chiral structures, etc. Works by various researchers have shown that
auxetic materials can be made to have varying mechanical properties by varying the process
parameters!’12l, This implies that these materials can be customized for a given application.

Properties of PU foams are affected mainly due to raw materials used to synthesize the foam
such as fillers, stabilizers, chain extenders and cross-linking agents. Adverse environmental
impacts are caused by the extensive use of polymers derived from petroleum. Therefore, there
is a huge interest in the development of new environment-friendly polymers with low cost and
controlled life span. Conventional PU foams are made of polyols and diisocynate. These foams
can be converted to biodegradable PU foams using vegetable oils like castor oil, palm oil and,
soy!1314l Researchers have also explored other additives like bark and corn starch®], and bio-
polyols like cellulose/starch®® and sunflower(*”! (Helianthus annuus L). Water-blown porous
biodegradable PU foams can also be made with palm oil-based polyol™8l, Green synthesis from
Kraft lignin®! and modified tung oil, were also used in flexible PU foams synthesis?%. Al-



Mamun et al.,[?!l found castor oil plant or seed (ricinus communis) could minimize the growth
of bacterial infections. Researchers have found that PU-CO foams are biodegradable and also
exhibit antibacterial property?!. Therefore, in this work, CO is used in the synthesis of PU
foams as it can result in foams that are biodegradable and antibacterial. Moreover, CO is easily
available and is affordable.

Several researchers have explored methods to fabricate APU foams. The fabrication process of
metallic and polymeric auxetic foams was first described by Lakes®??, Chan & Evans!® explored
auxetic foam fabrication techniques and introduced a multi stage fabrication method which
reduces surface creasing while fabricating large auxetic foams. Scarpa et al.l*3! used piston-
cylinder for axial compression of the samples during the conversion process. They used
compression ratios up to around 90% followed by heating up to the softening temperatures.
Duncan et al.l'?l showed that use of through-thickness pins in fabrication provides greater in-
plane compression control. Li & Zeng!?* used styrene-acrylo-nitrile (SAN) particles in auxetic
conversion and showed that the addition of SAN particles ensured faster conversion of the PU
foam to APU foam. There are other methods like chemo-mechanical process?® and steam
based methods for closed cell foams!2°! for the conversion of PU foams to APUs. In this work,
multi stage fabrication method is used to fabricate APUs.

Image processing techniques (Digital Image Correlation) by video capturing are commonly used
for the measurement of Poisson’s ratio values of PU and APU foams. Most researchers have
used image processing and correlation methods to calculate the Poisson’s ratio values of the
foams!1%24271 " |n this work, videos of foam samples were captured and the images were used to
determine Poisson’s ratio. Mechanical characterization of APU foams has been performed by
many researchers 12232829 puyncan et al.,[*? and Scarpa et al.,?*! reported higher compression
strength of auxetic foams when compared to conventional foams in quasi-static compression
and impact tests. Bezazi & Scarpal?®?°! found that in high cycle fatigue loading, auxetic foams
had less loss in rigidity than conventional polymeric foams. Martz et al.,'*% found that the
auxetic foams have higher damping capacity than conventional foams. It was seenB! that APU
foams fabricated using lower compression factors had less loss of thickness under low cycle
fatigue loading when compared to APU foams fabricated using higher compression ratios.
Therefore, in this work, compression ratios not exceeding three were used to fabricate APU
foams.

Antibacterial studies on PU foams have been performed by some researchers. Generally PU
foams with chitosan, triclosan, CO and silver chloride etc., exhibit antibacterial
properties!?32331 Ricinus communis, commonly known as castor oil plant belongs to spurge
family (Euphorbiaceae) and is common throughout tropical and warm temperature regions of
the world. This plant has antibacterial property which makes it an attractive candidate to cure



various diseases. The roots, leaves and seed oil of Ricinus communis have potential medicinal
benefits and can be used for inflammation treatment, hypoglycemic, appendicitis, epilepsy,
hemorrhoids, diarrhea, intestinal obstructions and liver disorders!343%l. Zarai et al., have studied
the antibacterial effect of CO against twelve microbial species and they showed that CO inhibits
bacterial growth. Their study also analyzed the strong antibacterial effect against three species -
Bacillus subtilis, Staphylococcus aureus and Enterobacter cloacae!®”!. Momoh et al., found that
the inherent functional groups and active chemical compositions such as tannin, phenol,
saponin, cyanogenic glycoside and flavonoids couble enhances the antibacterial property of CO
381, The aim of this work is to explore the possibility of using CO in the synthesis of auxetic PU
foams to take advantage of the biodegradability and antibacterial properties of CO. While
auxetic properties can be tuned to ensure required pressure distribution in seat cushions,
presence of CO can possibly inhibit the growth of infections which is a major concern in persons
who are wheelchair bound for long periods.

In this work, flexible PU foams with CO additives were synthesized. These foams were then
converted to auxetic PU foams using methodology described by Chan & Evans(®. FTIR,
Morphological analyses (SEM), Dynamic Mechanical Analysis (DMA), uniaxial compression tests
and antibacterial studies were performed on the CO-APU foams and compared to conventional
foams. Poisson’s ratios of all the foams were determined using image analysis?¥l and compared
to conventional PU foams.

2. EXPERIMENTAL SECTION
2.1 Synthesis of foams:

Flexible PU foams are generally made from polyol, diisocyanate and catalyst blends. In this
work, PU foams and PU-CO foams were made using methodology described in Sharma et al.3%,
PU foams were synthesized from polyol and diisocyanate whereas PU-CO foams were
synthesized from polyol blend containing 25 wt% CO and 75 wt% synthetic polyol and
diisocyanatel?). Industrial grade castor oil was procured from the Falcon essential oils,
Bangalore, India.

2.2 Thermal analysis

TG-DTG (Thermo gravimetric-derivative thermo gravimetric) analysis was performed using Seiko
thermo-analyser (model Sl 7200) to find the softening temperature of the foams. PU and PU-
CO foam samples of nearly 2.2 milligrams weight were heated up to 600°C temperature at a
10°C/min heating rate in a high pure nitrogen atmosphere. Softening temperatures for both the
samples were determined and used in the auxetic conversion process. Both the PU and PU-CO
foams showed thermal stability until 200°C in TG-DTG analysis. Therefore, a temperature 200°C
was selected for the fabrication process.



2.3 Fabrication of auxetic PU foams

Synthesized PU foams were converted to APU foams using thermo-mechanical process which
involved triaxial compression and multi-stage heating. In the first stage of compression, the
foams of 140 x 95 x 30 mm?3 volume were squeezed inside an aluminum box of volume 120 x 80
x 20 mm? and then closed with aluminum plate to maintain a volumetric compression ratio or
compression factor (CF) of 2.07. Foams of 155 x 105 x 35 mm? volume were squeezed inside the
same aluminum box and closed with an aluminum plate for a compression ratio of 2.96. An
industrial furnace is initially pre-heated up to 200°C temperature. The aluminum box containing
the compressed foam is then inserted into the furnace for 30 min. The foam is then cooled to
room temperature followed by stretching for about 10 minutes. The heating and stretching
process is then repeated once more. This fabrication process is adopted from Smith et al.,[*” by
varying process parameters. Using the above process, conventional PU foams and PU-CO foams
are converted to auxetic foams.

2.4 Measurement of Poisson’s ratio

Poisson’s ratio of the foams were measured by capturing the video of the samples where one
end of the foam was stretched up to nearly 30 mm while the other end was fixed to a wooden
board. Thereafter, the video was converted to a series of images. Finally, using a MATLAB code,
the boundary of the foam at different stages of stretching was found (Fig. 1). The displacement
at the horizontal and vertical mid-lines were then measured and used to compute the Poisson’s
ratio.

Il. Binary image
Ty

{

lll. Boundary image

Fig. 1: Figures showing (l) image captured from video and (ll) processed using image processing
techniques (MATLAB) to determine the boundary (Ill) of the foam sample.



2.5 Fourier Transform Infrared (FTIR) analysis

FTIR spectral analysis was performed to investigate the chemical structure and different
functional groups. FTIR spectra were recorded for PU foams and auxetic foams using FTIR
(Shimadzu Crop Iraffinity?) spectrophotometer from 400-4000 cm™ wavenumbers at 30 scans
per specimen with 4 cm™ resolution. FTIR samples of foams were prepared by pressing the
foam samples with Pottasium Bromide (KBr) to form pellets.

2.6 Scanning Electron Microscopy (SEM)

Cellular morphologies of PU, auxetic PU foam (APU), PU-CO and auxetic PU-CO (CO-APU)
samples were found using Scanning Electron Microscope (SEM) of Carl Zeiss, Germany. Samples
were made into rectangular specimens and sputter-coated with gold particles (thin layer) on a
specimen surface before observation.

2.7 Uniaxial compression tests:

Uniaxial compression tests were performed using mechanical testing machine of Z.05 model,
Zwick/Roell, Germany. Stress—strain curves were captured at loading under room temperature
for the samples of PU, PU-CO, APU and CO-APU foams (auxetic foams with two different
compression ratios). Foams were placed between the two discs of machine and compressed
with the strain rate of 1 mm min™ at initial force of 0.01 N. These tests were conducted for all
the foams up to 80% strains. A standard sample size of 50 mm x 50 mm x 20 mm was used.

2.8 Dynamic Mechanical Analysis (DMA)

DMA was carried out in a Seiko instruments-Sii Nano Technology. Foam samples of dimensions
10 x 8 x 2.5 mm? were tested using an initial frequency of 1 Hz and a compression clamp. The
samples were heated at a rate of 5° C per min from 30 to 120°C.

2.9 Antibacterial susceptibility tests

The antibacterial activity of all foam samples against both gram positive of Staphylococcus
aureus and Staphylococcus epidermidis and gram negative of Pseudomonas aeruginosa and
Escherichia coli bacterial strains were studied and compared in vitro using microbroth dilution
method. The bacterial strains were inoculated into 10 ml of nutrient broth (Hi-Media
Laboratories, India) and incubated in an orbital shaking incubator (CIS-24 PLUS LCD - incubator)
for 24 h at 37 °C. The freshly prepared overnight bacterial cultures were diluted in 0.9% sterile
saline solution and bacterial suspensions were adjusted to 1.5x10° CFU/ml using ELISA plate
analyzer (Readwell TOUCH, ROBONIK) at A=600 nm. After dilution, the samples (PU, PU-CO and
CO-APU) were immersed into different wells of sterile 48-well plates containing the bacterial
suspensions (1.5x10% CFU/ml) and incubated at 37 °C for 24 h under constant agitation. In



control wells, only bacterial suspensions were taken. After incubation of 24 h, the samples
were removed from the wells and 20 ul of each bacterial suspension were inoculated onto
nutrient agar plate (Hi-Media Laboratories, Mumbai-India) and incubated for about 24 hrs at 37
OC. At the end of incubation period the bacterial colonies were enumerated by eye and the
total amount (CFU/ml) of colonies were observed for each sample.

3. RESULTS AND DISCUSSION
3.1 Thermo gravimetric-Derivative thermo gravimetric (TG-DTG) analysis:

TG-DTG plots (Fig.2) show the variation in the percent weight of the sample with increase in
temperature. The rapid decrease in the weight of the foams indicates the softening
temperature. PU foams showed a multi-stage softening (at 280°C and 390°C) and PU-CO
showed softening at 360°C. In the case of PU foams, the first peak at 280°C indicates the
decomposition of urea and urethane bonds while the second peak at around 390°C represents
the polyether group breakdown 1. Presence of CO in the PU sample alters the polymer
morphology as CO has shorter chain length as compared to synthetic polyol. Introduction of
shorter molecules in PU leads to an increase in 15 decomposition temperature. Similar results
were observed by Shaik et. al “?! for PU-CO foam which shows 1% degradation at around 360 °C
and onset of 2" degradation around 480 °C. The results indicate that the inclusion of CO
increases the thermal stability of the foam i.e., the CO based PU foam start to decompose at a
slightly higher temperature than the conventional PU foam.
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Fig. 2: TGA-DTG analysis of PU and PU-CO foams: Temperature versus weight percentage of PU and PU-

CO foams (a) obtained from thermo gravimetric analyzer and thermographs of PU (b) and PU-CO (c)
foams.

3.2 Poisson’s ratio:

Poisson’s ratio results of PU, PU-CO, APU and CO-APU foams are shown in Figs 3(a) and 3(b).
Auxetic foams were made using two different compression factors: 2.07 (CO-APU-1) and 2.96
(CO-APU-2). In both APU and CO-APU, foams fabricated using higher compression ratio showed
relatively higher auxetic effect. When PU foams are subjected to triaxial compression, the pores
of the foams are filled with the buckled ribs. The foam then undergoes a permanent set while
heating. In case of higher compression factors, the number of ribs that buckle and fill the voids



are higher. When tension is applied in the longitudinal direction, the unbuckling of the ribs
causes expansion in the lateral direction. This effect is more in case of higher CF auxetic foams
due to the presence of higher number of ribs in the same volume of the foam.

It can be seen that, in all the auxetic foams, the auxetic effect reduced with increase in
displacement. Initially, expansion of all the buckled ribs contributes to the auxetic effect. Once
a buckled rib is completely unbuckled, it does not contribute to the auxetic effect. As the
displacement increases, more ribs are completely unbuckled and the auxetic effect is reduced.
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Fig.3: Poisson’s ratio vs displacement curves for (a) PU and APU, and (b) PU-CO and CO-APU
foams.

3.3 Fourier Transform Infrared (FTIR) analysis

FTIR results show that there is no significant change in the chemical structure of the foams
before and after conversion to auxetic foams. As expected, the results showed (Fig. 4)
difference in PU and PU-CO foams although the difference is not prominent. In the case of PU
and APU foams, the peak at 3286.7 cm™ refers to N—H stretch and peaks at 2971.3 and 2865.8
cm! originates from C-H stretch, peak at 1723.36 cm™ refers to C=0 groups and the peak at
1532.41 cm™® corresponds to N-H stretching. The peak at wave number 1086.85 cm™ is a result
of C—O—C stretching. For CO-PU foams, peak at 3344.57 cm™ refers to O—H stretching and the
peaks at 2968.45 and 2860.63 cm™ refers to C-H stretch and peak at 1723.21 cm™ represents
C=0 group, peak at 1535.34 cm™ represents N-H bending and the peak at 1089.78 cm
indicates C—O—C stretching.
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Fig.4: FTIR spectra for (a) PU and APU foams, (b) PU-CO and CO-APU foams

3.4 Scanning Electron Microscopy (SEM)

Cellular morphology of all foams was studied using SEM (Fig.5). Auxetic foams had buckled ribs
(Fig.5. b, ¢, e and f) due to the triaxial mechanical compression and heating process. Buckling is
high for auxetic foams with higher compression factor (CF) 2.96 (Figs c and f) and the pores
were filled with buckled ribs. This phenomenon is same for both PU and PU-CO foams when
these are converted to auxetic foams (APU and CO-APU).



Fig.5: SEM images (100 X) for conventional PU foams and auxetic PU foam, (a) PU foam, (b) APU-1 foam,
(c) APU-2 foam, (d) PU-CO foam, (e) CO-APU-1 foam, (f) CO-APU-2 foam

3.5 Uniaxial compression tests:

The compression test data shows that the response of PU and PU-CO foams to compression
(Fig.6(a)) is similar to that of most other conventionally available PU foams with a relatively
linear stress-strain relationship in the first stage (elastic region) followed by a plateau region
(elastic collapse) and densification (strain hardening). With the addition of CO, the PU-CO foam
had reduced plateau than that of PU foam. The reduction in plateau region in the case of PU-CO
can be attributed to the chemical reactions during fabrication of PU-CO!3?l,



After conversion to auxetic foams, the response to compression shows that there is almost no
plateau region or elastic collapse in both PU and PU-CO foams (Fig. 6(b) & 6(c)). Initially auxetic
foams exhibits large deformations (up to approx. 25% of strain) andafter certain strain limit
(from 25 to 30% of strains), they exhibit higher stiffness. Auxetic foams are soft at lower strains
and are becoming stiffer as the strain increased. This change in the mechanical behavior of the
foam is due to the buckling of the ribs during the fabrication process. When the foam is
triaxially compressed, the ribs buckle and occupy the voids in the foam. The heating and cooling
process causes these structures to set in that fashion (as is shown in the SEM images, Fig 5).
During the compression tests, the buckled ribs in the APU foams ensure deformation for a
longer period than conventional foams thereby avoiding the elastic collapse (plateau region) in
the stress-strain curve. These additional deformations due to the buckled ribs occur until
approximately 30% strain (Fig. 6(b)). Beyond this strain, the voids are completely filled and
hence more force is required for further deformation. Similar response to compression was
seen in both APU and CO-APU foams (Figs. 6(d) and 6(e)).
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Fig.6: Stress-strain curves for (a) PU and PU-CO foams, (b) PU and APU (2.07 and 2.96 CF)
foams, (c) PU-CO and CO-APU (2.07 and 2.96 CF) foams (d) APU and CO-APU (2.07 CF) and (e)
APU and CO-APU(2.96 CF) foams.

3.6 Dynamic Mechanical Analysis (DMA)



The ratio between loss and storage modulus, tan 6, of a viscoelastic material describes its
damping!*3-44, Fig.7 shows the tan & versus temperature of all the foam samples determined
using DMA. As expected, both PU and PU-CO foams showed gradual decrease in damping with
increase in temperature. It can be seen that addition of CO had improved the damping
characteristics of the PU foam. Sharma et al.3% also showed that the presence of CO increases
the viscous dissipation than the recovery (elastic) of the CO based foams. Upon conversion of
the foams to auxetic foams, APU and CO-APU foams showed reduction in damping when
compared to PU and PU-CO foams respectively. This reduction of damping can be attributed to
more number of cross linkages in the micro structure of APU and CO-APU foams which makes it
more dense / elastic. Between the two CO-APU foams, the foam with higher compression ratio
(2.96 CF CO-APU) showed higher damping properties possibly due to higher content of CO in a
given volume of foam. APU foams showed almost similar damping after 50°C temperature.
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Fig. 7: tan 6 versus temperature of (a) PU and APU foams (b) PU-CO and CO-APU foams
3.7 Antibacterial properties:

The PU and APU foams mostly showed heavy or partially heavy growth of bacteria indicating
insufficient antibacterial activity (Fig 8. and Tables 1-4). APU foams with 2.96 CF showed better
antibacterial activity in comparison to the ones with CF of 2.07. CO-based foams showed a
much better antibacterial effect when compared to PU foams. CO-APU foams with higher CF
showed greater antibacterial effect than the other CO-based foams. In general, bacterial
growth decreased with the increase of the CF. The increase in density (due to higher CF) of the
foam increases the content of CO in the same volume of the foams. The compact sample
network possibly had become a barrier for bacteria spreading throughout the foams and
enables the biofilm formation. Overall, PU-CO and CO-APU foams displayed sufficient
antibacterial effect against gram positive strains over gram negative strains.
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Fig.8: Antibacterial assessment of PU, PU-CO, APU-1, CO-APU-1, APU-2 and CO-APU-2 against
(a) S. Aureus, (b) E. Coli, (c) S. Epidermidis and (d) P.Aeruginosa bacteria.



S. aureus

Sample name Growth Assessment
PU Heavy Insufficient effect
APU-1 Heavy Insufficient effect
APU-2 Partially heavy Partially insufficient effect
PU-CO Partially medium Limit of efficacy
CO-APU-1 Partially medium Limit of efficacy
CO-APU-2 Partially medium Partially limit of efficacy

Table 1: Antibacterial assessment against S. aureus.

E.coli

Sample name Growth Assessment
PU Heavy Insufficient effect
APU-1 Partially heavy Partially Insufficient effect
APU-2 Partially heavy Partially insufficient effect
PU-CO Heavy Insufficient
CO-APU-1 Partially heavy Partially limit of efficacy
CO-APU-2 Partially heavy Partially limit of efficacy

Table 2: Antibacterial assessment against E.coli.

S. Epidermidis

Sample name Growth Assessment
PU Heavy Insufficient effect
APU-1 Heavy Insufficient effect
APU-2 Partially heavy Partially insufficient effect
PU-CO Partially medium Partially limit of efficacy
CO-APU-1 Partially medium Partially limit of efficacy
CO-APU-2 Medium Limit of efficacy

Table 3: Antibacterial assessment against S. Epidermidis.

P.Aeruginosa

Sample name Growth Assessment
PU Heavy Insufficient effect
APU-1 Heavy Insufficient effect
APU-2 Partially heavy Partially insufficient effect
PU-CO Partially medium Partially limit of efficacy
CO-APU-1 Partially medium Partially limit of efficacy
CO-APU-2 Partially medium Partially limit of efficacy

Table 4: Antibacterial assessment against P.aeruginosa.




4. CONCLUSION

Our study indicates that the use of CO in the fabrication of auxetic foams results in higher
strength (CO-APU-2 has higher compressive strength (0.06 MPa; Fig 6(c) when compared to PU
foam (0.02 MPa; Fig 6(b)) and better antibacterial properties (Fig 8 and Tables 1-4) than in
conventional PU foam. Moreover, the use of CO makes the foam biodegradable. In the present
work, samples of size 120 mm x 80 mm x 20 mm were made and tested. Further studies on
large (seat size) foams and testing using standardized methodologies for seat cushions!*>! and
human trials to study pressure distribution capacity of large foams are needed. Overall, our
results are encouraging and indicate a possibility of realizing a low-cost, easy to manufacture
smart seat cushions that are antibacterial and provide better stress distribution and comfort to
the users.
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