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Abstract
In this study, bio-based thermoplastic polyurethane (TPU) for use in soft actuators is bio-based poly(ether-urethane) made 
using fermented corn, along with bio-derived compounds such as propane-1,3-diol (PDO) as a chain extender. Bio-based 
TPUs were obtained through a solvent-free one-shot synthesis method, and the effects of varying the [NCO]/[OH] molar 
ratio and type of isocyanates on chemical structure, thermal stability, and mechanical properties were investigated. The 
degree of phase separation (DPS) and state of hard segment (HS) / soft segment (SS) of TPU are important factors affect-
ing the thermal and physical properties of the prepared film. These properties depend on the [NCO]/[OH] molar ratio and 
the type of isocyanates used for polymerization. The results showed that, when aromatic isocyanate was used, the degree 
of separation of the HS/SS was improved as the molar ratio increased. The average molecular weight and DPS as well as 
thermal and mechanical properties of 1-isocyanato-4-[(4-isocyanatophenyl)methyl]benzene (MDI)-based TPU samples are 
all higher than those of 1,1’-methylenebis(4-isocyanatocyclohexane)  (H12MDI)-based TPU samples in spite of the lower 
HS content. These findings of this study are expected to contribute to the preparation of fused deposition modeling (FDM) 
3D printing or 4D printing for shape memory polymer from bio-based TPU filaments for use in soft actuators with a shore 
hardness range of 59~84A.
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Introduction

One type of polyurethane material that has recently been attract-
ing increased interest is thermoplastic polyurethane. Thermo-
plastic polyurethanes (TPUs) are unique polymeric materials 
with a wide range of physical and chemical properties. They 
are applied in various industrial fields, such as in synthetic rub-
bers, foams, fibers, elastomers, protective coating, biomateri-
als, membranes, rigid devise, sealants, and adhesives [1–4]. 

TPUs have conventionally been prepared from a dihydroxyl-
terminated precursor (polymer diol), an isocyanate, and a chain 
extender. These materials are characterized by a segmented 
structure that is formed by two types of segments: flexible and 
soft segments (SS) consisting of polyols (polyester or polyether 
diols) and hard segments (HS) composed of products of the 
reaction of isocyanates and chain extenders [5, 6]. The isocy-
anate, a component of the hard segment, has two NCO groups 
capable of reacting with polyols, chain extenders, and crosslink-
ing agents [7, 8]. However, even for isocyanate compounds with 
the same NCO, each compound has a different molecular shape 
and different properties; therefore, different compounds are best 
applied in different fields. Both aliphatic and aromatic isocy-
anates can be used to synthesize TPU [9]. The two most used 
aromatic isocyanates in TPU synthesis are 2,4-diisocyanato-
1-methylbenzene (TDI) and 1-isocyanato-4-[(4-isocyanatophe-
nyl) methyl] benzene (MDI). Although TDI is less expensive 
than MDI, MDI has superior reactivity and polymers based 
on MDI may possess good physical properties. The typical 
aliphatic isocyanates include 1,6-diisocyanatohexane (HDI), 
5-isocyanato-1-(isocyanatomethyl)-1,3,3-trimethylcyclohexane  
(IPDI), and 1,1’-methylenebis(4-isocyanatocyclohexane) 
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 (H12MDI) [10]. The choice of chain extender and isocyanate 
determines the characteristics of HS, and to a large extent, the 
physical properties of a TPU. The most important chain extend-
ers for TPU are linear glycols such as propane-1,3-diol (PDO) 
and butane-1,4-diol (BDO). The polyols typically used to pre-
pare TPUs are dihydroxyl-terminated amorphous and semi-
crystalline polymers with a molecular weight ranging from 
600 to 4000 g/mol [11], preferably from 1000 to 2000 g/mol. 
In general, polyols available for TPU synthesis include polyes-
ters, polyethers, polysiloxanes, polycarbonates, polyolefins, or 
mixtures of two or more of these. TPU synthesized from poly-
esters possess relatively high physical property level, especially 
with respect to elasticity, tensile strength, and initial modulus 
[9]. This property can also be disadvantageous, because of 
the hardening or decrease upon elongation. Polyether-based 
TPU exhibit to lower of viscosity of polyurethane composi-
tion leading to softening, which is beneficial during industrial 
processing [12]. Polyether-based polyol is more suitable in TPU 
synthesis for soft actuators. And the ether-base polyols—such 
as poly(ethane-1,2-diol) and poly (tetra methylene -1,2-diol)—
possess better hydrolytic stability than poly(ester urethane)s, 
in which the SSs undergo fast hydrolysis [13]. However, these 
are susceptible to oxidative degradation, which results in chain 
scission and crosslinking. The melting point is higher as the 
polyether polyol chain length increases [14, 15].

TPUs are traditionally prepared through various synthesis 
methods with different preparation media (solvent–free, in 
solution, in water) according to the sequence in which the 
reactants are added (one–shot process, pre–polymer process) 
[16]. In the pre–polymer process, polyols and isocyanates 
first react to form an isocyanate-terminated pre–polymer, 
which is followed by the second step of chain extension 
wherein the chain extender is added. Numerous TPU elas-
tomers are prepared using NCO pre–polymer intermediates. 
This method allows for the complete reaction of even low 
reactivity polyether diols in the absence of catalysts and 
allows for the intentional preparation of a segmented struc-
ture. In the one-shot process, all the starting materials are 
mixed in one reactor, and polymerization is performed. This 
process which is carried out without the use of solvents is 
typically very fast, specifically in the presence of catalysts. 
Therefore, materials formed utilizing the one-shot process 
are prepared by simultaneously mixing all the coreactants 
directly with the additives [17]. The reaction is very exother-
mic and, depending on the catalysis applied, is substantially 
terminated within 2 to 30 min.

However, the growing demand for plastics, including 
TPUs, is associated with serious environmental pollution. 
Specifically, the synthesis and application of TPUs with 
many volatile organic compounds (VOCs) such as isocy-
anates, polyols, catalysts, additives, and so on, emit hazard-
ous pollutants that cause serious environmental pollution. 

The chemical industry is therefore researching new solutions 
that are based on raw materials of natural origin. A new 
trend is to replace petrochemical polyols and chain extend-
ers used in the synthesis of TPUs with materials obtained 
from biomass, including polysaccharides, sugars (e.g., 
xylose, mannose, glucose, galactose, idose, etc.), lignin, 
and vegetable oils (such as soybean oil, castor oil, rubber 
seed oil and palm oil) [18–21]. Biocompatible polyols with 
their non-toxic, biodegradable, and eco-friendly advantages 
are gaining extensive research attention. Recently there are 
many works available at the literature describing selected 
application of the bio-based TPUs obtained with using bio-
based polyol and examples were described below. Miao et al. 
[22, 23] reviewed the recent developments in the synthesis 
of seed oil-based TPUs and applications in the biomedical 
devices. Shin et al. [24] investigated a soft-actuator grade 
thermoplastic polyurethane (TPU) with 73–86 shore A with 
the use of bio-based polyol. And Wehner et al. [25] devel-
oped soft robots by the combined fabrication techniques, 
with the body via molding, microfluidic logic via soft 
lithography, and the pneumatic actuator networks, embed-
ded 3D printing technique to obtain completely soft, autono-
mous robots. Petrovic et al. [26] and many other scientists 
[27–30] investigated novel bio-based shape memory TPU for 
3D printing. This study is focused on green thermoplastic 
polyurethanes (TPU) obtained using bio-based polyol and 
chain extender. Therefore, TPU for soft actuators was syn-
thesized using PO3G (Poly trimethylene Ether Glycol, SK 
Chemical), a bio-polyol made with fermented corn. PO3G is 
a 100% bio-based polyether polyol that can replace existing 
petro–based polyols. It possesses hydroxyl group in a linear 
polymer chain that can directly react with isocyanates to pro-
duce TPUs, and excellent biodegradability as well as thermal 
and oxidation stability [31]. Meanwhile, the application of 
conventional organic solvent–based TPUs also involves the 
emission of VOCs. In response to the increasing awareness 
of environmental protection, we synthesized solvent-free 
bio-based TPUs through one-shot polymerization. One-shot 
synthesis methods are more commonly used in industrial 
applications. The solvent-free and one-shot synthesis of bio-
based TPUs has considerable theoretical and practical value.

In this study, bio–based TPUs were synthesized and 
investigated in terms of their compositions, molecular 
weights, and thermal and mechanical properties. Specifi-
cally, we studied how the chemical composition (e.g., the  
types of HS, lengths of HS, HS contents, etc.) differs accord-
ing to the type of isocyanate (MDI; Aromatic diisocyanate, 
 H12MDI; Aliphatic diisocyanate), and the molar ratio 
[NCO]/[OH] groups [32–36]. The [NCO]/[OH] is controlled 
by the main ingredients used and their contents: isocyanates, 
chain extenders, and polyols. In this study, TPUs with differ-
ent [NCO]/[OH] ratios are typically synthesized by changing 
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the amount of isocyanate while keeping the contents of other 
components constant. The [NCO]/[OH] ratio and the type 
of isocyanate both strongly influence the phase separation 
tendencies between hard and soft segments of TPU that are 
closely correlated with their properties.

Experimental

Materials

We prepared TPUs with different segments by varying the 
molar structure and the molar mass of the HS. The HS con-
sists of 1-isocyanato-4-[(4-isocyanatophenyl)methyl]ben-
zene (MDI), 1,1’-methylenebis(4-isocyanatocyclohexane) 
 (H12MDI), and bio-based propane-1,3-diol (PDO) as the 
chain extender, all of which were obtained from Sigma 
Aldrich. The used bio-based polyol (Polytrimethylene ether 
glycol), PO3G (ecoprol 2000, SK chemical), was a gift 
from SK (Korea). It is produced by a corn sugar and has a 
bio content of 100% with the average molar mass  (Mn) of 
1000 g/mol, hydroxyl number 102.0–124.7 mg KOH/g,  Tm 
12–14 °C, and moisture max. 200 ppm. Dibutyltin dilaurate 
(DBTDL) was purchased from Sigma Aldrich and used as 
a catalyst. All materials were used after moisture removal 
process as received without further purification.

Sample preparation

TPUs were synthesized using a solvent-free one-shot polym-
erization procedure. The molar ratios of the NCO groups of 
MDI or  H12MDI to the OH groups of polyol and PDO were 
maintained at 1:2:1, 1:2.5:1, and 1:3:1, and the resulting 
TPUs were identified as presented in Table 1. The frozen 
MDI was melted in the oven at 80 °C for 4 h. In the one-
shot method, the PO3G polyols  (Mn = 1000) and the chain 
extender PDO were thoroughly mixed in polypropylene 
beakers using a mechanical stirrer, then placed in an oven 
with the temperature maintained at 80 °C. Next, diisocy-
anate  H12MDI or MDI and catalyst DBTDL(0.03wt%) were 
added to the reaction mixture and mechanically stirred at 
room temperature for 1–2 min. As the mixture was stirred 
and polymerized, the transparent liquid mixture became 
opaque, and then TPU was obtained. The reaction mixture 
was poured into a Teflon-coated pan and cured in an oven at 
100 °C for 24 h and kept to complete polymerization. The 
final product was pressed at 180 °C for 5 min to obtain the 
film. After being allowed to cool to room temperature, the 
1–2 mm thick sheet was taken out from the mold and used 
for further structural, thermal, and mechanical analyses and 
characterizations.

Measurements

Structure characterizations

Weight-average molecular weight (Mw), average molar 
mass (Mn), and polydispersity index (PDI) were measured 
by gel permeation chromatography (GPC) using a Viscotek 
GPCmax VE-2001. THF was used as a mobile phase sol-
vent at a flow rate of 1 mL  min−1 at 60 °C. The column 
was 300 × 810 mm. Fourier transform infrared spectros-
copy (FT-IR) measurements were performed using a Nico-
let Nexus FT-IR spectrometer (Perkinelmer, UK) over the 
range 400 − 4000  cm−1 equipped with an attenuated total 
reflectance accessory (ATR).

Thermal characterizations

Differential Scanning Calorimetry (DSC) was conducted 
on a thermal analyzer DSC 8500 analyzer (TA Instrument, 
USA). All the samples were weighted between 2 and 10 mg. 
The measurements were carried out in a heating–cooling-
heating cycle from –70 °C to 250 °C where the heating rate 
was 20 °C/min under a nitrogen purge. Dynamical mechani-
cal thermal analysis (DMA) of the TPU films was performed 
on a DMA Q800 analyzer (TA instruments, USA) in the 
tensile mode at the frequency of 1 Hz. The samples were 
first cooled to − 100 °C before being heated to 150 °C at a 
rate of 4 °C/min.

Thermogravimetric analysis (TGA) was conducted using 
TGA Q500 (TA Instrument, USA), which was run at a tem-
perature range from 40 °C to 650 °C with a ramp heating rate 
of 10 °C/min in the presence of nitrogen atmosphere. The 
weight of each sample was ca. 5 mg. The weight losses of 
5% and 50% as well as maximum degradation rate and ash 
residue at 600 °C were registered.

Table 1  Formulation design of bio-based TPUs samples

a  Hard segment concentration is defined as the ratio of the mass of 
non-polyol components to the total mass of the polymer
b  Bio-content is defined as the ratio of the mass of bio-based compo-
nents to the total mass of the polymer

Sample Diisocyanate OH/NCO/OH HS content 
(wt%)a

Content of bio-
based sources 
(wt%)b

HP-2.0 H12MDI 1:2.0:1 37.1 63
HP-2.5 H12MDI 1:2.5:1 41.8 58
HP-3.0 H12MDI 1:3.0:1 46.0 54
MP-2.0 MDI 1:2.0:1 37.1 63
MP-2.5 MDI 1:2.5:1 41.6 58
MP-3.0 MDI 1:3.0:1 45.7 54
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Mechanical characterizations

Shore A hardness was measured at room temperature using a 
Zwick Roell GS-706 N(TECLOCK, Japan) analogical hard-
ness testing apparatus following the UNE-EN ISO 868:1998: 
Plastics and ebonite. Determination of indentation hardness 
by means of a durometer (Shore hardness) standard proce-
dure at (23 ± 2) °C and 50% relative humidity. Mechanical 
properties of the TPUs films were obtained using an auto-
graph tester from Instron 4201 (Simadzu, Japan) to measure 
the stress–strain behavior of the samples with tension.

Results and discussions

Average molecular weight

The  Mn,  Mw, and PDI of the TPUs were determined by GPC 
analysis, and the relevant data are summarized in Table 2. 
The  Mn and  Mw of TPUs were in the respective ranges 
of 26,796–32,996, and 44,160–60,141. The  Mw of TPUs 
increased substantially with increasing [NCO]/[OH] molar 

ratio. As the [NCO]/[OH] molar ratio increases, the number 
of urethane units contained in hard domains increases as 
well, thus resulting in a higher molecular weight [36, 37]. 
The MP-series have higher molecular weights than the HP-
series despite having similar hard segment mole ratios, as 
presented in Table 2.

The PDI values of TPUs were in the range of 1.65–1.82, 
which are highly consistent with the molecular weights. The 
low PDI values indicate that the prepared TPU samples have 
a narrow molecular weight distribution. However, some of the 
materials have a PDI lower than 1.70 (the theoretical value for 
linear step-growth polymers according to Flory’s theory is 2), 
[38] which might suggest that the conversions of polymeriza-
tions are not sufficiently high for a one-shot bulk reaction. In 
the case of MP-2.5 and 3.0, PDI is closer to 2, so MDI is better 
for one-shot bulk polymerization reaction with a short polym-
erization time. This is true for almost of the TPUs, and it is 
nevertheless enough for polymer processing (injection and 
extrusion) and various other applications. These phenomena 
lead to differences in the TPU FT-IR spectra, DSC thermo-
grams, and mechanical properties, as discussed below.

Chemical structure characterization

The chemical structures of the synthesized TPUs were 
obtained through Fourier transform infrared (FT-IR) spectros-
copy. As shown in Fig. 1, all the obtained materials showed 
the presence of the characteristic groups typical for TPUs. 
There was no absorption band at 2270  cm−1 related to the 
NCO groups, thus indicating that the polyurethane reaction 
between hydroxyl and isocyanate groups occurred completely 
[12]. The N–H bond stretching vibration of urethane groups 

Table 2  Average molecular 
weight  (Mn/  Mw) and 
polydispersity index (PDI) of 
bio-based TPUs

Sample Mn Mw PDI

HP-2.0 26,796 44,160 1.65
HP-2.5 28,664 51,310 1.79
HP-3.0 31,802 53,859 1.69
MP-2.0 27,115 44,521 1.64
MP-2.5 33,655 60,114 1.79
MP-3.0 32,996 60,141 1.82

Fig. 1  FT-IR spectra with relation to characteristic groups in TPUs
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appears at 3330  cm−1 due to the presence of hydrogen bond-
ing. It is known that the N–H bond can be observed in two 
separate bands: hydrogen-bonded N–H at 3275–3300  cm−1 
[39] and the free N–H bond at 3500  cm−1 [40]. The C-H 
asymmetric and symmetric stretching vibrations in the -CH2 
groups were observed as bimodal bands with the maxima 
at 2850 and 2950  cm−1, respectively [41]. The double band 
observed in the range of 1680–1740  cm−1 corresponds to the 
carbonyl group (C = O) stretching vibrations [42, 43]. FT-IR 
spectrum analysis is a particularly useful tool for character-
izing the variations in the functional groups of TPU, such as 
carbonyl (C = O) groups from urethane. The most common 
strong interaction in polymers and one that is essential to the 
properties and phase behavior of a range of important mate-
rials is hydrogen bonding. FT-IR is uniquely sensitive and 
considered to be diagnostic for, the formation of such bonds, 
and we have explored the use of this technique to quantita-
tively measure the fraction of hydrogen–bonded groups in 
polyurethanes. The intermolecular hydrogen–bonds signifi-
cantly affect the degree of phase separation (DPS) of TPU. 
The FT-IR spectra for TPUs are displayed in Fig. 1 while the 
degrees of hydrogen–bonds calculated using Eq. (1) [44] are 
summarized in Table 3. The results show that the H-bonded 
C = O only exists in HS while free C = O is merely scattered in 
SS. Therefore, DPS could be calculated based on the amounts 
of free carbonyl bonded and H-bonded –C = O in the amor-
phous and ordered regions. The band observed at 1530  cm−1 
is connected to the stretching vibration of the –CN bonds of 
the urethane groups [45]. The strong absorption band appear-
ing at 1104  cm−1 is attributed to the free ether bond (C–O–C) 
of the used polyether polyol. The band maximum associated 
with the antisymmetric stretching vibrations of the non-asso-
ciated ether group is found at the band of 1104  cm−1, while 
the band of 1063  cm−1 is related to the hydrogen bond interac-
tion between N–H and C–O–C groups [46].

(1)DPS (Degree of phase separation) ∶ R∕(R + 1)

R =
Ab(Absorption intensity of hydrogen bonded C = O)

Af(Absorption intensity for free C = O)

The [NCO]/[OH] molar ratio The N–H bond stretching vibra-
tion of urethane groups that appears at 3330  cm−1 is due to 
the presence of hydrogen bonding. It is commonly known 
that the N–H bond can be observed in two separate bands: 
hydrogen-bonded N–H at 3275–3300  cm−1 and the free N–H 
bond at 3500  cm−1. The intensity of the N–H bond vibra-
tion increased as the [NCO]/[OH] molar ratio applied during 
polymerization decreased. This region also shows a little 
shoulder at 3500  cm−1 in all the curves, which corresponds 
to the non–H–bonded N–H group [47]. The formation of 
hydrogen bonds leads to the creation of HS, which is con-
ducive to the process of micro–phase separation. Therefore, 
the fraction of hydrogen–bonded HSs is a relative measure 
of the degree of phase separation in TPUs. As presented in 
Table 3, there were only small differences in DPS among 
the materials containing different [NCO]/[OH] molar ratios. 
DPS slightly increased with increasing [NCO]/[OH] molar 
ratio, in correlation with the increasing hard segment con-
tent. According to the available literature, materials with 
higher HS contents are characterized by better microphase 
separation because of the increased long-range connectiv-
ity of HS, which can cause the formation of interconnected 
hard phase [48]. These results indicate that, in the case of HP 
and MP, the DPS increased with the increased [NCO]/[OH] 
molar ratio in the same way, and this result can be expected 
to affect the physical properties of the prepared film.

The kind of isocyanate In the case of the MP-3.0 (R = 1.67) 
sample, 62.5% of hard segments relate to hydrogen bonds. 
For the HP-3.0 sample (R = 1.25), slightly fewer hydrogen 
bonds were generated in the sample, with some limitations 
on the phase separation function depending on the isocy-
anate type. Further increasing the amount of isocyanate to 
create HS phase favors the elevation of the hydrogen bonds 
bonding the hard segments, as indicated by the correspond-
ing increase in the R index. Prior research has shown that 
materials with a higher content of the hard segments pos-
sess more urethane groups [49]. Comparing the HP-3.0 and 

DPM (Degree of phase mixing) ∶ 1 − DPS

Table 3  Deconvolution of the 
FT-IR absorbance bands in 
the range between 1750 and 
1680  cm−1 occurring in the 
prepared TPUs

Sample HS Absorption intensity of C = O band R DPS DPM

Free C = O 
1730  cm−1

H-bonded C = O 
1700  cm−1

HP-2.0 36.4 32.233 37.409 1.16 0.537 0.463
HP-2.5 41.0 27.480 32.486 1.18 0.542 0.458
HP-3.0 45.1 19.237 19.237 1.25 0.555 0.445
MP-2.0 32.6 28.100 45.160 1.61 0.616 0.384
MP-2.5 37.0 27.420 44.520 1.62 0.619 0.381
MP-3.0 40.8 23.620 39.410 1.67 0.625 0.375
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MP-3.0 samples, the MP-3.0 sample shows higher DPS 
(0.625) despite having lower HS content. These groups can 
connect with the ether groups from polyols, thus increasing 
the interactions between HS and SS and prompting phase 
separation. In the MP-2.0 sample, it could be concluded 
that more than 60% of the HS was microphase separated, 
while only 40% of the HS seemed to be mixed within the 
polyether polyol matrix. However, the amount of H-boned 
C = O groups was affected not only by the HS content but 
also by the type of isocyanate. In conclusion, DPS slightly 
increased for TPUs prepared with the MDI as isocyanate. A 
correlation between band intensity and isocyanate type was 
observed with the higher peak at 1063  cm−1 with the MDI. 
Bistric et al. [50] prepared poly(ether-urethane)s based on 
MDI, poly(tetramethylene)glycol (Mw = 1000 g/mol) and 
BDO that had 34 and 51% of HS and showed from 0.61 to 
0.69 of DPS, respectively. This dependence was confirmed 
by Niemczyk et al. [51]. Kasprzyk et al. [52] synthesized 
poly(ether-urethane)s, which showed 0.6 of DPS value. 
Fuensanta and Martín-Martínez [53] synthesized TPU with 
mixture of polyethers, that indicates lower degree of phase 
separation between the hard and soft domains in strongly 
dependent on the content of hard segments and used polyol.

Thermal analysis

Differential Scanning Calorimetry (DSC) was conducted 
to investigate the thermal behavior of the obtained TPUs 
and confirm their segmented structures. The thermal effects 

such as the glass transition of flexible segments, melting, 
and crystallization (including cold crystallization) were 
recorded and are presented here as endothermic and exo-
thermic curves. The DSC thermograms generally showed 
three types of transitions for TPU: the glass transition tem-
peratures of the SS/HS and the melting temperature of the 
HS/SS. Figure 2 shows DSC curves of the MP and HP 
series, and the results are summarized in Table 4. When 
considering the thermal analysis of TPU, it is necessary to 
examine the transition temperatures according to SS and 
HS phase separation. In a typical process, due to the ther-
modynamic incompatibility between the SS and the HS, 
phase separation occurs in the TPU materials, which results 
in separated peaks in  Tg,  Tm of SS and  Tg,  Tm of HS [54]. 
In a TPU with perfect phase separation, the SS forms the 
continuous phase while the HS phase is dispersed in this 
continuous phase in the form of lamellae, spherulites, etc., 
which act as physical cross-linkers [44]. Depending on the 
degree of phase separation, the transition temperatures may 
or may not appear clearly. The glass transition of the SS is 
dependent on the molecular weights of the polyols, types 
of raw materials used, and contents of the HS [55].

The [NCO]/[OH] molar ratio In terms of [NCO]/[OH] ratio, 
the  Tg of HP-series decreases with the [NCO]/[OH] ratio, 
while the opposite occurs for MP-series. In the case of HP-
series, this is interpreted to be a result of the increasing 
miscibility of the HS and SS and to indicate the presence 
of partial mixing of the HS within the SS microphase. The 

Fig. 2  Differential scanning calorimetry of first heating ramp measured at 20 °C/min from −100 °C to 200 °C for the sample series based on 
TPUs
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sample of the MP-series presented a higher  Tg of SS, as 
higher contents of HS are well phase-separated, therefore 
increasing the DPS, as confirmed by FT-IR analysis. Moreo-
ver, since the  Tg of SS is strongly dependent on the degree 
of miscibility between HS and SS [56, 57], the  Tg is shifted 
toward higher temperatures with increasing HS content. This 
 Tg shift may be explained by the increasing amount of HS 
“mixed” in the soft matrix. Further, the  Tg of HS observed 
around 130–140 ℃ on MP-series could originate from a HS–
rich phase separation, or longer HS, as the HS average length 
increases with higher HS content; [58, 59] it could also stem 
from a mix of both situations. This may be indicative of a 
kinetically favorable and stable phase separation.

The DSC cooling curves provide information about 
the crystallization behaviors of the TPUs. The decrease 
in [NCO]/[OH] substantially promoted the crystalliza-
tion kinetics of the bio-based TPUs, while lower [NCO]/
[OH] was shown to lead to broader peaks (higher DPM 
by FT-IR), as evidenced by the DSC’s crystallization 
peaks. Sample MP-2.5 showed a 50 ℃ higher crystalli-
zation temperature  (Tc) than sample MP-2.0. The  Tm of 
SS was slightly increased as [NCO]/[OH] increased. The 
length of HS blocks forms the upper limit to the size of 
the HS crystals in the chain direction, which in turn deter-
mines the melting point and thus the thermal stability. As 
shown in Fig. 2, the temperature range in which most HS 
melts is seen to shift toward a higher temperature as the 
HS content increases. The  Tm values at higher tempera-
tures (155 ℃–192 ℃) related to the dissociation of a long-
range ordering, which was related to mixing between HS 
and SS. These multiple peaks at higher temperatures were 
also associated with the melting of HS crystallites, phase 
separation into different domain sizes, and microcrystal-
line structures [51, 60]. In particular, samples of MP-2.0, 
MP-2.5, and MP-3.0 showed increased high-temperature 
 Tm peaks along with shifts to higher temperatures, which 
were attributed to better HS ordering and the formation 
of stronger and more stable HS domains. Moreover, these 
samples also showed defined bimodal  Tc behaviors, thus 
indicating the formation of more than one crystallite type.

The kind of isocyanate The phase separation between HS 
and SS depends on their respective lengths and affinity for 
each other, which is closely related to their abilities to estab-
lish hydrogen bond interactions. As a result, it is affected by 
the chemical composition and HS content in the synthesized 
TPUs. In this way, the slight increase in  Tg observed for the 
MP-series means that there is only a relatively large amount 
of HS mixed within the soft domain, thus resulting in a 
higher degree of microphase separation for this TPU series, 
owing to the increase of molecular weight and crystallin-
ity. These results are consistent with the FT-IR spectra in 
the C = O region, which show the involvement of hydrogen-
bonded and free carbonyl groups. The crystallinity and  Tm 
of the hard phase are drastically affected by the HS length 
distribution. Various researchers [15, 55, 61, 62] have shown 
that the properties of TPUs can be improved by using uni-
form HS, as these lead to more complete phase separation. 
Isocyanate type was found to affect the  Tm of TPUs at a 
higher temperature using MDI. The melting of HS was regis-
tered as multiple melting endotherms (MME) in the MP-2.0 
sample. MME can be attributed to distinct crystal popula-
tions with different melting temperatures linked to thermal 
history. In the case of high SS content, it was shown that 
the MME were due to SS rich-micro-domains that appeared 
in a hard ordered phase in materials based on MDI. There 
was also disordering in the HS, as well as partial miscibil-
ity of the hard phase in SS, as confirmed by the decrease in 
crystallization [63, 64]. The differences in the  Tm behaviors 
of the TPU materials suggest that they have different physi-
cal origins. The lower temperatures can be attributed to the 
melting of suitable or less-ordered structures of SS, but the 
higher temperatures are associated with greater-order struc-
tures. The materials obtained from the aromatic isocyanates 
show a higher glass transition temperature than the materi-
als obtained from the aliphatic isocyanates. The lower glass 
transition temperatures observed for TPUs obtained using 
the aliphatic isocyanates are a result of the improved sepa-
rations of the phases [65–68]. The presence of an aromatic 
isocyanate in the HS produces a stiffer polymer chain with 
a higher melting point.

Table 4  Summary of DSC 
results of bio-based TPUs

Sample SS  Tg(℃) SS  Tm(℃) Tc(℃) HS  Tg (℃) HS  Tm(℃) ΔH (J/g)

HP-2.0 –48.2 - - 156.9 0.91
HP-2.5 –54.1 - - - 174.9 2.74
HP-3.0 –54.4 - - - 173.7 2.23
MP-2.0 –50.4 52.5 71.0 141.1 145.2 2.31

165.7
179.6

MP-2.5 –47.4 66.0 120.7 - 175.7 4.92
MP-3.0 –46.1 67.8 115.7 128.7 192.9 6.64
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Dynamic mechanical thermal analysis (DMA) The results 
of dynamic mechanical thermal analysis are presented in 
Fig. 3 and Table 5 as a functional relationship of the stor-
age modulus (G′), loss modulus (G″) versus temperature. 
The storage modulus defines the energy stored elastically 
by the materials at deformation, and it provides information 
about the polymer stiffness [69]. The  Tg was expressed as 
the temperature at which the loss modulus G″ reaches its 
maximum. The  Tg of TPU can be detected by both DSC and 
DMA, and the  Tg values found by both analysis methods are 
similar to each other. However, no melting transition can 
be detected in the DSC thermogram, while at least the flow 
behavior of TPU can be observed in the DMA. The results 
show that there was a low  Tg of the SS; a high  Tflow due to 
the melting of the HS; a high modulus at very low tem-
peratures (−100 °C); a lower modulus above the  Tg of the 
SS phase, which was only slightly temperature-dependent; 
and a low loss modulus. In the rubbery plateau region, the 
modulus above the  Tg of the SS depends on the reinforcing 
effect of the HS on the soft matrix [44]. The storage modulus 
of G′25 increased significantly as the HS content increased. 
With phase-separated HS, the modulus increased signifi-
cantly with higher HS content, thus causing the materials to 
become stiffer. The flex temperature  (Tflex) is defined as the 
temperature at the start of the rubber plateau region, which 
is the intercept of the tangents. The flow temperature  (Tflow) 
was defined as the temperature where the storage modulus 
G′ reached 1 MPa; the storage modulus of the rubbery pla-
teau is determined at room temperature. The modulus at the 
rubbery plateau in the  Tflex –  Tflow region is a function of the 
HS crosslink density and reinforcement by the separated HS. 
TPUs from segmented copolymers can typically be made 

with a range of rubbery modulus values by changing the 
hard segment content [58].

The [NCO]/[OH] molar ratio As the [NCO]/[OH] molar ratio 
increased, the  Tflow of the corresponding TPU increased 
from 85 to 149 °C. These  Tflow results are due to the melt-
ing of the phase-separated HS, and the observed increase 
in  Tflow may be the result of increased hydrogen bonding in 
the HS domain [70]. The  Tflow decreases with decreasing HS 
content. The materials with the highest content of HS were 
characterized by the broadened peak of the storage modulus 
due to the limitations of the soft segment flexibility [71]. 
This result is consistent with those that have been obtained 
using other systems.

The kind of isocyanate The  Tflow of the MP-series is consid-
erably higher than that of the HP-series. This phenomenon 
has been attributed to the solvent effect theory of Flory [72]. 
In MP-series, the rubbery plateau is extended, and it displays 
a higher rubbery modulus and sharper peak than HP-series. 
The constant value of this storage modulus indicates that 

Fig. 3  Storage modulus (G′), loss modulus (G″) versus temperature for the obtained bio-based TPUs

Table 5  Summary of DMA results of bio-based TPUs

Sample Tg (℃) G′25(MPa) Tflex (℃) Tflow (℃)

HP-2.0 -53 3.99 28.0 85
HP-2.5 -54 8.81 57.0 122
HP-3.0 -54 34.65 72.0 149
MP-2.0 -47 10.53 21.4 136
MP-2.5 -43 13.54 23.6 133
MP-3.0 -43 24.50 28.7 173
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no phase transitions occur within this temperature range, 
and that phase separation is more effective. These results 
are attributed to the existence of a higher degree of phase 
separation in the samples of the MP-series due to the higher 
DPS, as indicated by the FT-IR results.

The structural proposal in Fig. 4 was supported by the 
segmented structure of TPU, which can serve as a guideline 
to elucidate the morphology of these polymers. The size 
and shape of the hard domains in the TPU were evaluated 
using atomic force microscopy (AFM) [73–76]. The samples 
exhibited two types of phase contrast: a dark, featureless 
matrix corresponding to the SS and bright elements [76]. 
The shape of the hilly was significantly different when the 
HP-series and MP-series were compared. 3D AFM images 
show the surface physical structure and quantify the surface 
roughness  (Ra). Accordingly,  Ra was observed 180, 1177 nm 
of HP-series and MP-series respectively. The HP-series 
showed a sharp hilly, whereas a more rounded hilly was 
observed in the MP-series. The MP-series show the larg-
est hilly surface with large globules and the high roughness 
value. These characteristics are affected by the isocyanate 
type, and micro-phase separation of the HS and SS.

This is an advantage compared to other thermoplastic 
elastomers, which often show a decrease in the rubbery pla-
teau region with increasing temperature because of incom-
plete phase separation or partial melting of the HS. The 
MP-series showed high values for  Tg, G′25,  Tflex, and  Tflow 
as compared to the HP-series. The regions of rubbery pla-
teau between  Tflex and  Tflow were further extended as well. 

Typically, because of the thermodynamic incompatibility 
between the SS and the HS, phase separation occurs in the 
TPU materials, which results in elastomeric properties.

Thermogravimetric analysis (TGA) curves for TPUs 
prepared under different conditions are shown in Fig. 5 while 
the corresponding data are summarized in Table 6.

The [NCO]/[OH] molar ratio Four stages of thermal degrada-
tion could be observed for all the TPUs. The temperature of 
5wt % weight loss (T5) is typically considered as the onset 
decomposition temperature. The results showed differences 
at the beginning of thermal degradation (T5) depending on 
the [NCO]/[OH] molar ratio. It could also be seen that with 
increasing [NCO]/[OH] molar ratio, molecular weight and 
T5 increased. Despite the presence of a single-step drop, 
there are two peaks in the derivative curve (%/°C) due to 
a change in the curve slope as it descends; TPUs present 
two decomposition stages: a first step at 330–370 °C which 
is related to HS decomposition and a second step around 
425 °C which is related to SS decomposition [42]. All TPUs 
prepared in this work showed this characteristic, and the 
rate of weight loss was dependent on [NCO]/[OH]. With 
the increase in [NCO]/[OH], the maximum weight loss rate 
for the first and second decomposition step decreases. All 
TPUs with a higher HS content also showed a higher weight 
loss rate for the first decomposition step and a lower weight 
loss rate for the second decomposition step. In conclusion, 
an increase in [NCO]/[OH] led to a corresponding increase 
in thermal stability.

Fig. 4  A schematic representation of the bio-based TPU with two types of isocyanate
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The kind of isocyanate As a general trend, MP-series showed 
T5% that were 10 °C higher than those of HP-series. In par-
ticular, the MP-3.0 sample is characterized by the best ther-
mal stability in the initial stage of decomposition. Thus, in 
MP-3.0, higher temperatures are needed to obtain 5 and 10% 
weight loss than are needed in other materials. From the point 
of view of thermal properties, it is therefore advantageous 
to use MDI as isocyanate. This relationship was reversed in 
the first step of degradation  (THS) at a higher temperature, 
which suggests a more cross-linked structure of the polymer. 
Further, the materials obtained from aromatic isocyanate 
show higher thermal stabilities than materials obtained from 
aliphatic isocyanate. It was therefore found that the type of 
isocyanate has a greater effect on thermal stability.

Mechanical properties

Figure 6 and Table 7 lists the mechanical properties for all 
the samples at room temperature (initial modulus, tensile 
strength, and elongation at break) and hardness (Shore A). 

The mechanical performances of TPUs are closely related 
to their compositions; in general, HS could act as physical 
crosslinks and reinforcing units, while SS is responsible for 
the material flexibility due to the long linear polyol chain.

The [NCO]/[OH] molar ratio From the data in Table 6, it can 
be concluded that the bio-based thermoplastic poly(ether-
urethane)s prepared with the highest [NCO]/[OH] molar 
ratio have the highest content of HS. The initial modulus 
values of HP-series and MP-series respectively ranged 
from 446.42–2146.28 MPa and from 145.58–1039.92 MPa. 
Therefore, the initial modulus values increased with the 
amount of HS contents in the polymer, which was associ-
ated with higher stiffness and content of hard segments [42]. 
The same relationships were shown for all prepared sam-
ples with respect to tensile strength and elongation at break. 
The increase in HS content from 37.1 to 46 wt% resulted 
in a corresponding increase in tensile strength from 3.29 to 
23.45 MPa. The increase in [NCO]/[OH] molar ratio also 
led to higher tensile strength. The HS content also deter-
mines the tensile strength, while the SS content relates to 
the elongation at break values. The elongation at break is 
also related to the decrease in the chain mobility, and the 
permanent set after the break suggests the possibility of 
macromolecular chains returning to the states in which they 
were before the test [77]. The HP-2.0 displayed the highest 
elongation at break (1718%) as well as tensile strength val-
ues above 20 MPa. Meanwhile, the HP-3.0 showed higher 
hardness (Shore A) than HP-2.0. Thus, the value of hard-
ness increased as the content of hard segments increased, 
which is suggested by the FTIR data to be due to the higher 
stiffness of these materials. Hardness also increased with 

Fig. 5  TGA curves and their derivative curves of bio-based TPUs

Table 6  Thermal decomposition characteristics of the obtained bio-
based TPUs

Sample T5% (℃) T10% (℃) T50% (℃) THS (℃) TSS (℃)

HP-2.0 289.3 305.3 360.2 335 388
HP-2.5 297.5 314.7 363.5 350 404
HP-3.0 299.8 314.2 368.6 352 410
MP-2.0 285.3 303.7 361.4 340 404
MP-2.5 293.9 308.9 382.5 361 425
MP-3.0 308.1 330.1 395.2 361 442
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increasing [NCO]/[OH] molar ratio. The samples of HP2.0, 
HP2.5, and HP3.0 showed elongations at break of 1718,  
450, and 528%, respectively. These differences in the elon-
gation at break are related to decreases in the chain mobil-
ity, which was confirmed for the HP-series by the shifting 
of the  Tg temperature to higher values. Hardness is closely 
connected with the crosslink density in HS. This resulted 
in the reduced elasticity of the samples, which led to more 
rigid materials. The MP-series had the highest hardness, 
with values ranging from 71 to 79 Shore A. As the cross-
link density increases, the stiffness of the materials increases 
as well. Available literature presents a lot of studies about 
thermoplastic poly(ether-urethane)s. The most of presented 
TPUs based on poly ether polyols showed tensile strength 
in the range from 4 to 40 MPa, elongation at break up to 
900%, hardness up to 30 °ShD, and Young’s modulus in 
the range from 18 to 60 MPa. Materials obtained in this 
work possess mechanical properties comparable with other 
presented works [7, 13, 18, 49, 50]. Kasprzyk and Datta 

[36] investigated bio-ether based TPU that presented ten-
sile strength 5–19 MPa, elongation at break up to 590%, 
hardness up to 36°ShD. According to Zhang et al. [24] 
among the mechanical properties of TPU film using castor 
oil, tensile strength was 11 MPa, elongation at break up to 
233%, the thermal properties were  T10% = 275 °C, and  THS /
TSS = 290 °C/350 °C.

The kind of isocyanate The tensile strength and elongation 
at break of bio-based TPUs obtained using MDI as isocy-
anate respectively ranged from 30.69 to 11.07 MPa and from 
977 to 489%. The hardness of a material is its ability to resist 
deformation, indentation, or scratching. Shore A tests are 
the most common method used to measure the hardness of 
TPUs, and their results are related to the initial modulus; as 
the initial modulus increases, the Shore A values also tend 
to increase. Because of their block copolymer nature, TPUs 
with hardness values between Shore 60A and 85A can be 
obtained by varying the ratio of HS to SS. The hardness, 

Fig. 6  Tensile stress–strain curves of the bio-based TPUs

Table 7  Mechanical properties 
and hardness of TPUs

Sample Initial Modulus (MPa) Tensile strength (MPa) Elongation (%) Energy(J) Shore A

HP-2.0 145.58 ± 0.73 3.29 ± 0.02 1718.6 ± 8.59 0.26 ± 0.001 59
HP-2.5 266.82 ± 1.33 7.34 ± 0.04 450.7 ± 2.25 0.13 ± 0.001 78
HP-3.0 1039.92 ± 5.20 23.45 ± 0.12 528.7 ± 2.64 0.91 ± 0.005 84
MP-2.0 446.42 ± 2.23 30.69 ± 0.15 977.8 ± 4.89 2.41 ± 0.012 71
MP-2.5 1062.12 ± 5.31 10.07 ± 0.05 698.4 ± 3.49 0.37 ± 0.002 73
MP-3.0 2146.28 ± 10.73 11.07 ± 0.06 489.9 ± 2.45 0.53 ± 0.003 79
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modulus, load-bearing capacity (compressive stress), and 
strength of TPUs typically increase with increasing HS 
content. TPU obtained using  H12MDI is more flexible and 
has a higher elastic modulus and tensile strength than TPU 
obtained using MDI. The HS of TPU prepared using MDI 
were more hydrogen bonded and phase separated than those 
of HS contained  H12MDI, which showed stiffer and stronger 
polymers.

Conclusions

Recently, there has been increased interest in developing bio-
based polyols and TPUs owing to the environmental issues, 
which will lead to a growing demand for materials with soft 
and strong properties. In order to meet these demands of the 
times, this study aimed to synthesize a bio-based TPU. We 
used bio-based polytrimethylene ether glycol (PO3G) as a 
polyol, 1-isocyanato-4-[(4-isocyanatophenyl)methyl]benzene 
(MDI) and 1,1’-methylenebis(4–isocyanatocyclohexane) 
 (H12MDI) as the isocyanate, and bio-based propane-1,3-diol 
(PDO) as the chain extender. Bio-based TPUs with [OH]/
[NCO]/[OH] molar ratios ranging from 1:2:1 to 1:3:1 was 
successfully synthesized using a solvent-free one-shot pro-
cess. Considering the [NCO]/[OH] molar ratio, the  Mw 
of TPUs increased in the ranges from 44,160–60,141 g/mol. 
The degree of phase separation (DPS) also increased, and it 
is expected that this result will affect the thermal and physical 
properties of the prepared film. Considering the isocyanate 
type, the MDI-based TPU samples showed higher average 
molecular weight and degree of phase separation (DPS) 
than  H12MDI-based TPU samples, despite having a lower 
content of HS. Due to these results, the MP samples have 
better ordered, stronger, and more stable HS domains. SS 
 Tg, SS  Tm,  Tc, HS  Tg, and HS  Tm of MP-3.0 were shown by 
DSC analysis at –46.09 °C, 67.84 °C, 115.7 °C, 129.69 °C, 
and 192.92 °C, respectively.  Tflex and  Tflow of MP-3.0 were 
found by DMA analysis to be 28.7 and 173 °C, respectively. 
According to TGA, the materials obtained from aromatic 
isocyanate showed higher thermal stability than materials 
from aliphatic isocyanate. The mechanical properties of 
MP-series can be seen to be higher than those of HP-series. 
From the previous results, it was found that when an aromatic 
isocyanate (MDI) was used when synthesizing TPU with a 
bio-based ether polyol, a sample having excellent thermal 
and physical properties that was also soft could be obtained. 
These findings of this study are expected to contribute to the 
preparation of fused deposition modeling (FDM) 3D printing 
or 4D printing for shape memory polymer from bio-based 
TPU filaments for use in soft actuators with a shore hardness 
range of 59~84A. In the future, we would like to investigate 
whether these TPU sample values are suitable for FDM 3D 
printing filaments for soft actuators as well as investigate the 

properties of the filaments using an extruder and whether 
these TPU samples can be used as a shape memory polymer 
for 4D printing filaments. 4D printing of actuator provides 
a good chance to access stimulus-responsive soft robots for 
potential applications. Owing to the advantages of custom-
ized and personalized fabrication of bio-related materials, 4D 
bioprinting shows great potential in biomedical applications. 
For example, tailor-made suture, ischemic stroke devices, 
vascular repair device, and theragrippers can be achieved by 
4D printing.
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