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Abstract— Castor oil based polyurethanes (PU) with different 

degradation and mechanical properties have many applications 

both in industry and medicine. In this study, polyethylene glycol 

(PEG), castor oil (CO) and 1, 6 -hexamethylene diisocyanate 

(HDI) were used for synthesis of different kinds of vegetable oil 

based polyurethanes. Five different chemical compositions of PU 

with different molar ratios of PEG, CO, and HDI were prepared 

and casted as solid and porous samples. The samples were then 

characterized by Fourier transform infrared spectroscopy, 

dynamic mechanical thermal analysis, and differential scanning 

calorimetry. Changes in mechanical properties, degradation rate, 

density, and contact angle were also studied. The results showed 

that degradation and mechanical properties were related to the 

ratio of castor oil to polyethylene glycol which made these 

properties controllable. These properties were also affected by the 

porosity, as storage and loss moduli were decreased and 

degradation rate was increased in porous samples compared to 

those of solid ones. 

 

Index Terms— Biomaterials, Degradation, Polyurethane, 

viscoelastic properties.  

I. INTRODUCTION 

Polyurethanes (PUs) are an interesting class family of 

elastomers. These synthetic materials consist of repeated 

blocks of hard and soft segments. The arrangement of these 

segments provides unique properties and a wide range of 

application for polyurethanes [1]. Considering mechanical 

and chemical properties, controllable degradation and 

biostability, biocompatibility, and hemocompatibility makes 

PUs an outstanding material in medicine [2, 3]. Poly (ether) 

urethanes are widely used for long term applications in 

tissues such as heart, liver, blood vessels, and urinary system 

due to their biostability [4, 5]. However, poly (ester) 

urethanes are degradable and used as a matrix for engineered 

tissues [6, 7]. Using vegetable oils as a polyol in PU synthesis 

leads to biodegradable polyurethanes with many medical 

applications such as cardiovascular system regeneration [8], 

peripheral nerve regeneration [9], , cartilage and meniscus 

engineering [10], trabecular bone replacement [11], and 

controlled drug delivery systems [12]. Bio-based PUs in 

comparison with petrochemical derived PUs showed lower 

crystallinity which led to lower stress concentration, and 

consequently the improvement of mechanical properties [7].  
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Among all vegetable oils, castor oil (CO) is the most famous 

source of ricinoleic acid with three functional hydroxyl 

groups, which can be directly used in PU synthesis as the soft 

segment or chain extender without any further modification 

to functionalize it [13]. Castor oil, with a hydroxyl functional 

group on the 12th carbon [14], has a very low toxicity  as well 

as a low cost  making it a valuable renewable agriculture 

resource [15]. In previous studies, it has been shown that 

castor oil based PUs are almost stable in a saline buffer for a 

time period of 95 days. However, adding polyethylene glycol 

(PEG) increased the degradation rate [13]. Polyethylene 

glycol as a hydrophilic polyol increases water permeability in 

bulk as well as surface and make the material more 

susceptible to degradation with non – toxic degradation 

products [16]. Hydrolysis is the most common mechanism of 

in-vivo degradation in this kind of PUs [17]. Therefore, 

polyurethanes based on castor oil and polyethylene glycol are 

ideal materials for biomedical implants and tissue 

engineering applications due to their controllable degradation 

and wide range of mechanical properties. These kinds of 

polyurethanes also showed shape memory properties [18].  In 

urethane synthesis, an active hydrogen atom of hydroxyl 

group reacts with the NCO group in isocyanate and a 

urethane band is formed. Therefore, the ratio of NCO to OH 

plays an important role in final properties. The NCO/OH 

ratio of one, omits any un-functional isocyanate groups [19]. 

Santos et al. [1] showed that additional NCOs could change 

the chemical properties of  PU, even if they reacted 

completely with air humidity or water content of polyol. 

Additional polyol weakened the polymer mechanically due to 

large distances among urethane groups and low cross linking 

[1]. There are many different methods in scaffold fabrication. 

Electro-spinning and 3D printing are used for thin layer of 

tissue while porogen leaching and solvent casting methods 

provide a thick scaffold making the pore size and the 

percentage of porosity controllable. High interconnectivity of 

pores is a challenge in porogen leaching method [20] which 

can be enhanced by selecting the size and amount of the 

added salt particles. In the present work, we aimed to 

synthesize and characterize different kinds of polyurethanes 

based on castor oil and polyethylene glycol. Different molar 

ratios of castor oil, polyethylene glycol, and hexa-methylene 

diisocyanate (HDI) were prepared and casted in the forms of 

solid and porous scaffolds. The effects of the chemical 

composition of materials on the surface, thermal, and 

viscoelastic properties were examined by contact angle 

measurements, differential scanning calorimetry (DSC), and 

dynamic mechanical thermal analysis (DMTA).  
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By comparing the mechanical properties and degradation rate 

of the solid and porous samples, the effect of porosity on 

these properties was investigated. To our knowledge, there 

has been no study comparing the properties of porous castor 

oil based polyurethane samples with those of solid ones. 

Testing different polyurethanes composites with tunable 

thermomechanical properties and degradation rates, this 

study provides new data on the properties of porous 

renewable resources-based polyurethanes. 

II. MATERIALS AND METHODS 

A. Materials 

Castor oil (Sigma-Aldrich, Germany), Polyethylene glycol 

2000 (Merck, Germany), 1, 6-Hexa-methylene diisocyanate 

(HDI, Merck, Germany), were used for polyurethane 

synthesis. All the materials were used as received without 

any further modification. Lysozyme (Sigma-Aldrich, 

Germany) was used for degradation study. 

 

B. Polyurethane Synthesis 

HDI, 20 wt. % aqueous solutions of PEG, and castor oil (with 

hydroxyl number of 2.7) with different molar ratios (PPUs) 

were mechanically mixed for 150 min at 70 °C under N2 

atmosphere. The mixture was casted in a Teflon mold and 

dried at room temperature for 2 days. Another solution of 

HDI and castor oil with the molar ratio of 3:2 (MPU) was 

mechanically mixed for 120 min at 70 °C under N2 

atmosphere. A 30 wt. % solution of PPUs in chloroform was 

added to MPU and mixed for an extra 30 min to obtain a 

homogenous solution. Final chemical compositions of all the 

samples were presented in Table 1. Five groups of the PU 

samples (PU1 to PU5) were made by changing the ratio of 

CO:PEG:HDI from 4:0:4 in PU1 to 0:4:4 in PU5 (Table 1). 

The amounts of HDI, PEG and CO were adjusted in a way 

that a 1:1 molar ratio of hydroxyl and NCO groups was 

established to omit any un-reacted NCO.  

A part of the solution was casted in a Teflon mold having a 

10 mm diameter and 4 mm thickness for preparing of the 

solid discs. Another part of solution was casted in a 

strip-shape Teflon mold with the dimension of 80×6×4 mm 

for preparing of the tensile testing samples. For fabrication of 

the porous discs, 106-355 µm sieved table salt was added to 

the remaining solution and then centrifuged at 2000 rpm for 

10 min [20]. The extra solution was removed, and the mixture 

of polymer and salt was casted in the Teflon mold with the 

same dimension of the solid strips and solid discs. 

Afterwards, all the samples were dried at room temperature 

for 48 h, and the porous samples were placed in water for 2 

more days to  

Table 1 Chemical composition of the PU samples. 

code HDI (gr) CO (gr) 
PEG 

(gr) 

Molar ratio of 

CO:PEG:HDI 

PU1 15.29 56.48 - 4:0:4 

3:1:4 PU2 18.68 51.77 1.13 

PU3 23.36 43.1 2.83 2:2:4 

PU4 33.64 31.06 6.12 1:3:4 

PU5 56.06 - 13.60 0:4:4 

 

remove the salt. The samples floated in water when the salt 

has completely removed. 

C. Characterization 

For morphological analyses, the samples were coated with a 

thin layer of gold by sputtering machine (Ion Tech Ltd., 

Teddington, U.K.), and then a scanning electron microscope 

(SEM) (Philips XL 20, Philips Export B.V. Eindhoven, The 

Netherlands) was used to image the samples. 

In the water uptake and degradation studies, 3 porous and 3 

solid discs of each chemical composition were placed in 10 

ml of water and kept for up to 28 days in a humidified 

incubator at 37°C. The samples were removed from water 

after 3, 7, 14 and 28 days and weighed with an analytical 

balance. The percentage of water uptake was calculated 

according to the following equation: 

Water uptake (%) = (mwet – m0)/m0 × 100,   (1) 

where m0 and mwet were the dry  and wet masses of 

samples, respectively.  

A 0.1 wt. % solution of lysozyme in DMEM culture 

medium was prepared as an enzymatic degradation solution. 

Dried porous and solid discs were weighed with the accuracy 

of 0.1 mg (m0) and placed into 10 ml of degradation solution. 

All the samples were incubated at 37°C for 28 days. For each 

chemical series, 3 samples were removed after 3, 7, 14, and 

28 days, washed with distilled water and dried at room 

temperature for 72 h. Then the samples were weighed (md) 

and percentage of weight loss was determined based on the 

following equation:  

Weight loss (%) = (m0-md)/m0 × 100 .    (2) 

Apparent densities of the porous and solid discs were 

calculated by dividing the dried weight (md) by the specimen 

volume based on dimensions of their cylindrical geometry. 

KRUSS-K14 digital surface tension measuring system 

(Kruss, Germany) was used to determine polar and disperse 

surface energies as well as contact angle according to 

Owens-Wendt-Rabel-Kaeble method [21]. The 

measurements were performed at room temperature with two 

different liquids of water and formamide.  

A BOMEM Fourier transform infrared (FTIR) 

spectrophotometer was used to observe the chemical 

composition of the samples within the wave numbers of 600 

to 4000 cm-1. 

Changes in the mechanical properties, tensile and 

compressive moduli, were investigated by performing 

compression and tensile tests. For the compression study, 

porous and solid discs with the diameter of 10 mm and the 

thickness of 4 mm were placed in a DTM (Dynamic Test 

Machine, Zwick/Roller, UTM HTC 400/25, Germany) and 

exposed to a deformation rate of 0.5 mm/min. Tension tests 

were applied on the porous and solid strips with the 

dimension of 80×6×4 mm with a deformation rate of 10 

mm/min. Each measurement was repeated with 3 different 

samples.   

Dynamic mechanical thermal analysis (DMTA) of 

samples were performed in a Triton DMTA machine 

(TTDMA model, UK), at 3 different frequencies of 0.1, 1 and 

10 Hz at room temperature in a compression mode using 

solid and porous discs. The displacement loading amplitude 

was set at 20 µm.  
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Enthalpy changes of samples indicating glass temperature 

(Tg), crystallinity temperature (Tc), and heat of fusion (ΔHf) 

were examined using a Mettler Toledo differential scanning 

calorimetry (DSC) machine in a temperature range of -50 to 

200 °C at a heating rate of 10 °C/min. 

D. Statistical Analysis 

Analysis of variance (ANOVA) followed by Tukey’s 

multiple comparison test were used to determine significant 

differences in mechanical properties with a p < 0.05. 

III. RESULTS AND DISCUSSION 

SEM images of porous samples are shown in Fig.1. High 

interconnectivity of pores was enhanced by combining the 

centrifugation of salt with the salt leaching method suggested 

by Sin et al. [20]. The pores showed a quite uniform size and 

distribution with the average size of ~300 µm.  

Figs 2 and 3 show the water uptake and degradation of 

samples in a time period of 28 days, respectively. Water 

uptake for solid discs showed a non linear trend in a 28-day 

period of time (Fig. 2a), whereas this trend for all porous 

discs was completely linear (Fig. 2b). In solid discs water 

uptake decreased after 14 days. For both solid and porous 

samples, the lowest values of water uptake were related to 

PU1 without any polyethylene glycol in all time points. In 

general, water uptake was in the range of 5 to % 80 for solid 

discs and 100 to % 250 for porous discs. 

 

 
Fig. 1 SEM images of porous samples of interconnected 

pores shown in (a) small and (b) large magnifications. 

 

 
Fig. 2 Water uptake of (a) solid and (b) porous discs in a 

time period of 4 weeks. 

 
Fig. 3 Degradation of (a) solid and (b) porous discs in a 

time period of 4 weeks. 

 

Enzymatic degradations of PU discs were also investigated 

for both solid and porous discs using a 0.1 wt. % solution of 

lysozyme in DMEM culture medium (Fig. 3). The ratios of 

degradation rates for porous scaffolds to those of solid ones 

were calculated to be; 49, 42, 8, 23 and 18 for PU1, PU2, 

PU3, PU4 and PU5, respectively.  
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Therefore, porosity was obviously helpful in bulk 

degradation. The weight loss was higher for PU5 (containing 

the most amount of PEG) in solid discs compared to those of 

other solid PUs in all time points. However, the degradation 

rate of porous discs had the highest value of % 1.32 per day 

for PU2.  

The values of density for both solid and porous discs were 

provided in Table 2. The highest and lowest values of density 

in both solid and porous discs were related to PU1 and PU4, 

respectively. 

Contact angle values as well as surface tension energies 

were also presented in Table 2. Water and formamide were 

used to measure surface tension and contact angle values. 

The surface energy of a material can be described as being the 

sum of the polar and disperse interaction parts. The bonding 

of an adjacent material depends on how similar the two 

materials are with respect to the polar and disperse part of 

energy. PU5 and PU2 showed the lowest (81.9) and highest 

(88.5) values of water contact angles respectively (Table 2).  

The presence of urethane band was confirmed as shown in 

Fig. 4. Amine stretching band and hydrogen bonded N–H 

vibration band were stronger in those samples of PU3, PU4 

and PU5 at about 3340 cm-1. O–H stretching of carboxylic 

acid group showed a strong yoke shape peak at about 2850 

and 2930 cm-1 in those samples of PU1 and PU3. Urethane 

band for PU1 as the control sample was observed at 1745 

cm-1 which was related to the stretching vibration modes of 

ester group. Another peak in this sample was amide C=O 

stretching at 1649 cm-1. This peak was also appeared in PU5 

and PU3 at about 1620 cm-1. C–N stretching vibration modes 

were observed in PU3 at 1274 and 1241 cm-1, PU4 at 1278 

and 1235 cm-1, and PU5 at 1278 and 1240 cm-1. Ether 

stretching vibration was only observed in PU3 and PU5 at 

1145 and 1161 cm-1, respectively. 

Compressive and tensile moduli for solid PU discs are 

shown in Fig. 5. PU5 with the highest amount of PEG had the 

highest values for both compressive and tensile moduli. The 

compressive modulus of PU1 without any PEG and the 

tensile modulus of PU2 had the least values of the 

compressive and tensile moduli respectively. All the values 

in each data series were significantly different (p < 0.05) 

except that of compressive modulus between PU3 and PU4 

(as indicated with star symbols in Fig. 5).  Similarly, the 

compressive and tensile moduli for the porous PU discs are 

presented in Fig. 6. There were no significant differences 

between compressive moduli of porous PU1 and PU4. All the 

other values in both data series of compressive and tensile 

moduli were significantly different (p < 0.05). The lowest 

value of compressive modulus was related to porous PU2. In 

tensile tests, porous PU1 without any PEG showed the 

highest value of modulus with a large difference compared to 

the other porous PUs. 

The influence of higher amount of PEG also translated to 

higher amount of crystalline domains in the polymer. These 

crystalline domains changed the viscoelastic and thermal 

properties of the samples in other studies [13]. Viscoelastic 

properties of the solid discs were represented by tan δ, 

storage modulus (E´) and loss modulus (E´´) (Table 3). In all 

of the solid discs, tan δ increased by increasing the frequency 

with the highest values belonging to those of PU2 samples. 

For storage modulus, the trends were almost constant for 

different chemical compositions except those of PU2 and 

PU3 in which a slight increase of storage modulus was shown 

at higher frequencies. Loss modulus also showed an 

increasing trend in all samples with frequency. PU3 had the 

highest value of loss modulus at all frequencies. 

The viscoelastic properties of the porous discs were 

presented in Table 4. All the properties, tan δ, storage 

modulus (E'), and loss modulus (E") showed exactly the same 

trend of those of the solid discs. Comparing the data of the 

solid discs properties (Table 3) with those of the porous ones 

(Table 4) indicated that porosity caused an increase of about 

% 57 in tan δ and decreases of % 33 and % 51 in storage (E') 

and loss (E") moduli respectively. 

DSC curves for different PU composites are shown in Fig. 

7. In this figure, no exothermic or endothermic peak was 

observed in PU1 without PEG. Biological polyols lead to 

presence of some crystalline domains in polymeric matrix 

[22] which was observed in other samples except PU1. Glass 

transition temperature for PU1 was – 30.35 °C, and this low 

temperature confirmed the elasticity and softness of material 

[9]. At glass temperatures above zero, the elasticity would be 

limited by hard segments of material leading to higher 

mechanical properties [9, 22]. The exothermic peaks at 27.4, 

56.8, 58.9 and 55.8 °C for PU2, PU3, PU4 and PU5 

respectively (Fig. 7) were related to the degree of crystallinity 

caused by PEG. 

Castor oil is a naturally occurring vegetable oil consists of 

90% ricinoleic acid and 10% oleic and linoleic acids. The 

functionality of CO is caused by hydroxyl group and is 2.7. 

The functionality of PEG2000 is also 1.96. In urethane 

synthesis, an active hydrogen atom of hydroxyl group reacts 

with the NCO group in isocyanate and a urethane band is 

formed. HDI has 2 NCO groups. Therefore, for a complete 

urethane synthesis, the NCO/OH ratio of one should be 

considered in calculations [23]. 

 

Table 2 Density, contact angle, and surface tension of different PU compositions. 
parameter PU1 PU2 PU3 PU4 PU5 

Density (g/cm3) 
solid 0.721 0.914 0.893 0.629 0.73 

porous 0.367 0.531 0.504 0.346 0.425 

Contact angle (water) 82.7 88.5 86.8 82.2 81.9 

Contact angle (formamide) 70.8 87.6 88 74.8 74.6 

Surface tension (mN/m) 26.1 19.2 20.6 24.3 24.5 

Disperse part (mN/m) 16.6 5 3.9 11.8 11.7 

Polar part (mN/m) 9.5 14.2 16.7 12.6 12.8 
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Fig. 4 FTIR spectra of polyurethane samples. 

 

 
Fig. 5 Compressive and tensile moduli for the solid PU 

discs. All the values are significantly different except 

those indicated by the symbol "*" (p < 0.05). 

 
Fig. 6 Compressive and tensile moduli for the porous PU 

discs. All the values are significantly different except 

those indicated by the symbol "*" (p < 0.05). 

 

In the present study, CO, PEG and HDI were used to 

synthesis different composition of polyurethane with solid 

and porous structure, and the role of porosity in mechanical 

and structural properties was investigated. Salt leaching 

method was used to fabricate the porous structures. The 

average pore size in the range of 200-500 µm has been  

 

 

Fig. 7 DSC thermograph of different PU composition. 

considered as the proper size for tissue engineering 

applications [20]. In our experiments, using meshed salts in 

the range of 106-355 µm resulted in an average pore size of 

300 µm (Fig. 1). These porous structures affected the water 

uptakes and degradation rates of samples (Fig. 2 and 3). 

Water uptakes in porous discs were 4 to 5 times higher than 

those of solid discs. Degradation rates were also higher in 

porous discs compared to those of solid discs. It has been 

suggested that PEG improved hydrolytic degradation and 

compared to other vegetable oils, castor oil changed water 

permeability and degradation from bulk [22]. In our 

experiment, both the enzymatic and hydrolytic degradation 

played a role in weight loss. Comparing the weight loss in 

solid discs (up to % 2.5) with those of porous discs (up to % 

35) indicated the role of porosity in accelerating the 

degradation process (Fig. 3). 

Surface properties and contact angle play an important role 

in biomedical applications regarding to the interaction of 

cells and tissues with the scaffold material. An optimum 

value of contact angle for fibroblast cell attachment is in the 

range of 60 - 80° [24, 25]. In our experiment, the values of 

water contact angles varied from 81.9 to 88.5. Polar part of 

energy, as an important driving force for cell attachment in 

medical applications, also varied from 9.5 mN m-1 for PU1 

to 16.7 mN m-1 for PU3 (Table 2). 

Investigation of mechanical properties of samples showed 

the dependency of the mechanical properties to chemical 

composition as well as porosity (Figs. 5 and 6). It has been 

suggested that the tensile strength of elastomers increased as 

propylene glycol amount decreased [23]. In our study, the 

tensile moduli of solid discs increased by increasing the 

amount of PEG (Fig. 5). However, no relationship was 

observed between the chemical composition and tensile or 

compressive moduli. These behaviors could be explained 

based on increase of intermolecular interactions and crosslink 

efficiency. In PU1, castor oil was used as the polyol for 

polyurethane synthesis; however, castor oil acted as the chain 

extender in those samples containing PEG rather than a 

polyol [23]. Therefore, crosslink density increased by 

increasing the amount of PEG, resulted in higher tensile 

modulus. Different ratios of CO to HDI has been reported to 

lead to a wide range of tensile moduli from 11 to 300 MPa 

[7]. In our study, considering the chemical composition of the 

specimens containing PEG, the tensile modulus for different 

molar ratios of  
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Table 3 tan δ, storage modulus (E'), and loss modulus (E") of the solid discs obtained from DMTA results . 
 tan δ Storage Modulus (E') (Pa) Loss Modulus (E") (Pa) 

Frequency 

(Hz) 
0.1 1 10 0.1 1 10 0.1 1 10 

PU1 0.007 0.010 0.031 1299000 1303000 1321000 8811.54 13979.6 40944.6 

PU2 0.091 0.174 0.298 265396 309903 415400 24082 54005.3 123736 

PU3 0.060 0.114 0.235 966346 1051698 1273115 57990 120144 299447 

PU4 0.021 0.042 0.099 683311 703051 758065 14672.6 29609.6 74813.3 

PU5 0.032 0.043 0.083 1256267 1292314 1372261 39871.6 55704.8 113928 

 

Table 4 tan δ, storage modulus (E'), and loss modulus (E") of the porous discs obtained from DMTA results . 
 tan δ Storage Modulus (E') (Pa) Loss Modulus(E") (Pa) 

Frequency 

(Hz) 
0.1 1 10 0.1 1 10 0.1 1 10 

PU1 0.013 0.024 0.084 398966 402552 416175 5252.9 9740.9 35218.5 

PU2 0.098 0.182 0.340 166608 192321 259284 16341 35023 88158.6 

PU3 0.087 0.157 0.295 259231 293632 379605 22590 46092 112032 

PU4 0.041 0.067 0.143 180978 189714 211916 7449.6 12794 30367 

PU5 0.041 0.065 0.134 241447 253122 281123 9946.5 16502 37714.9 

 

CO:PEG:HDI increased from 0.4 (PU2)  to 3.2 MPa (PU5) 

(Fig. 5), indicating the stiffening effect of PEG in 

PEG-containing samples. 

Investigation of dynamic mechanical thermal behavior of 

elastomers showed that only a small amount of PEG caused 

an increase in tan δ (PU2 in our study), and higher amount of 

PEG decreased this parameter. In other studies, increasing 

the mass ratio of PEG to CO caused a slight shift in tan δ, 

associated with glass transition temperature, to lower 

temperature [13]. This study also reported that the amplitude 

of tan δ became smaller as PEG content increased. This 

phenomenon is attributed to the decrease in degree of 

freedom for segmental mobility of the polymer chain as a 

result of increase in physically effective crosslink density, as 

it was already observed in mechanical properties. Tan δ, 

storage modulus (E'), and loss modulus (E") showed similar 

trends in solid and porous discs but in different values 

(Tables 3 and 4). 

Similarly, this phenomena was also observed in DSC 

results, when the PU1 without any PEG showed no 

exothermic or endothermic peaks (Fig. 7), and the presence 

of PEG caused the formation of crystalline domains [22]. 

This could be translated to typical two-phase behavior related 

to the PEG–CO segments. 

IV. CONCLUSION 

Porous and solid samples of different compositions of 

polyurethane using vegetable oil based raw material (castor 

oil) and polyethylene glycol were prepared and their 

chemical, mechanical, and degradation properties were 

studied. Both the compressive and tensile moduli of the solid 

PUs had the highest values when containing the most amount 

of PEG (PU4 and PU5). Whereas, in porous samples, the 

compressive and tensile moduli were higher for those 

samples without any PEG (PU1). Degradation rate and water 

uptake were related to both the porosity and chemical 

composition. Porosity increased the degradation rate of the 

PUs up to % 49 in a time period of 28 days. PEG also 

increased the water uptake and weight loss. Controllability of 

hydrophilicity and degradation rate of this class of PU 

materials make them very suitable for biomedical 

applications.  
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