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ABSTRACT
A series of bio-based composites consisting of degradable thermoset poly[xylitol-(1,12dodecanedioate)] (PXD) and hydroxyapatite microparticles (HA) was prepared. Equimolar
amounts of xylitol and 1,12-dodecanedioic acid were reacted under catalyst-free polyesterification
and the synthesized composites (PXDHCy) consist HA particles ranging between 0 wt% and 20
wt%. Crystallinity of the polymer matrix decreased at low content of HA (5 wt%) as the
microparticles hindered crystallization of 1,12-dodecanedioate segment and then increased when
the content of HA was raised (from 10 wt% to 20 wt%) as the polymer chains crystallized on
surface of microparticles. All PXD and PXDHCy are able to hydrolytically degrade with around 7
wt% to 20 wt% mass loss after 16 weeks incubation in water (rate depends on HA content). The
capability of PXD and PXDHCy composites to keep a temporary shape after a deformation process
correlated with the polymer crystallinity whereas the shape recovery was 99 %. The switching
temperatures of PXD and PXDHCy composites ranged around 50 °C (and correlated to the
melting-transition temperature) and did not vary with the loading of HA. A prototype of PXDHCy
composite smart fixation plug was demonstrated and showed excellent potential to be used as biobased fixation device for household appliances.
1. Introduction
Xylitol is a naturally occurring sugar alcohol, abundant in fruit and vegetable fibers [1].
Currently, the main source of commercial xylitol is extracted and processed from corn-cobs that
require 5 months to grow and therefore can be considered as sustainable and environmentally
friendly. Although 1,12-dodecanedioic acid (DA) is currently synthesized in an industrial scale
from petroleum-based butadiene, it also can be obtained by omega-oxidation of lauric acid as well
as oxidation from oil of Vernonia galamensis (seed oil of a plant species) [2-4]. Yeast has been
established as a low cost and sustainable source for cost-effective production of DA. At present,
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DA is mainly used in the production of nylon, paint-pigment, adhesive, and powder coating.
Parallel to the raised demand for bio-based products, numerous chemical manufacturers are
exploring bio-based synthesis-routes to synthesize DA.
In the past decade, a huge number of bio-based polymers were successfully synthesized
utilizing renewable natural resources, with feedstock from plant oil [5-8], sugar [9,10], starch [11],
carbohydrate [12,13], and lignin [14,15]. Exploitation of aforementioned biomasses for non-food
and non-feed applications proved the idea of bio-based derived polymers [16]. The challenge that
most bio-based polymers have a low Young’s modulus as compared to petroleum-based polymers
can be addressed by the incorporation of inorganic fillers or natural fibers into these bio-based
polymers to enhance mechanical performance, electrical conductivity or magnetic properties. For
example, hydroxyapatite (HA) has been incorporated within citric acid-based polyester in order to
enhance the Young’s modulus [17]. HA was shown to be an environmental friendly filler as it can
be obtained from wastes [18-20].
Shape-memory polymers (SMPs) are polymeric materials with the capability to change
shape in a programmable manner. SMPs are capable of being fixed in one or more temporary
shapes and only recover the permanent shape when exposed to specific stimuli, typically “heat”
[21]. The shape-memory effect of polymers has been applied in commercial products as early as
the 1960s in the form of heat shrinkable polyethylene tubes, which are used as wire wraps for the
purpose of electrical insulation [22]. It was also demonstrated that SMPs show significant potential
in application fields ranging e.g. from aerospace, biomedicine, environment, and soft robotics [2325]. Interestingly, few examples of shape-memory properties of bio-based polymers have been
studied [26-28].
In this work, it was explored whether SMPs can be created by the reaction of xylitol with
1,12-dodecanedioic acid to form a bio-based SMP, namely poly[xylitol-(1,12-dodecanedioate)]
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(PXD) network. PXD is a semi-crystalline thermoset, in which xylitol acts as net points while
1,12-dodecanedioic acid links the net points (crystallizable segment) (Scheme 1). In addition, it
was investigated whether the mechanical, structural, thermal, and hydrolytic degradation
properties of this biobased matrix material can be tailored by the incorporation of hydroxyapatite
in different loadings into PXD matrix. Shape-memory properties of PXDHCy composites were
quantified. Lastly, the bio-based composite demonstrated in a prototype smart fixation plug could
potentially be used for numerous fixation purposes. Notably, low switching temperature (around
50 °C) of PXDHCy may seem more user-friendly.
Synthesis of poly [xylitol-(1,12-dodecanedioate)] (PXD) network

Scheme 1
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2. Experimental
2.1 Materials
HA [Mw = 502.32 gꞏmol-1; particle size: <45 μm (98.1%), 45-75 μm (1.4%), >75 μm (0.5%)],
tetrahydrofuran (>99%), xylitol (>99%), and 1,12-dodecanedioic acid (>99%) were purchased
from Sigma Aldrich (Kuala Lumpur, Malaysia) and used as received.
2.2 Synthesis of PXD and PXDHC bio-based composites
Xylitol and 1,12-dodecanedioic acid were melted simultaneously in equimolar amounts at 165 °C
in a reaction flask purged with nitrogen. When all monomers were completely melted, HA (0, 5,
10, 15, and 20 wt%) was added. The temperature of the heating bath was lowered to 155 °C
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followed by a vigorous stirring at 250-300 rpm for 5 h. Afterwards the obtained mixture was cured
by another polycondensation step at 140 °C for 48 h to yield the composites. The final composites
were named PXDHCy, in which y denotes the HA content of the starting mixture.
2.3 Characterization and testing
FTIR: Infrared spectra of samples were obtained with NICOLET IS10-IR Spectrometer (FTIR).
The spectrum was collected at the average of 32 scans with a signal resolution of 4 cm-1 within the
range of 400 to 4000 cm-1.
Swelling in Tetrahydrofuran (THF): Initial mass of the sample (1 cm × 1 cm, about 1-2 mm
thickness) was recorded (Wo). Then the sample was placed in a beaker containing 20 mL of THF
and swollen for 48 h at 22 °C. After this time period the THF swollen sample was quickly placed
inside a small sampling bottle, its weight was recorded (Wsw), and then allowed to dry in an oven
at 60 °C until constant mass was obtained (Wd). Final mass of sample was determined again. For
each composition, five individual experiments were conducted. Gel content (G) and degree of
swelling (Q) were calculated by using following equations: G %
1

𝜌

100% and Q %

100%, where 𝜌 and 𝜌 are the specific densities of the THF and

sample film, respectively.
WAXD: Wide angle X-ray diffraction (WAXD) analyses were conducted by means of a Rigaku
Diffractometer using Cu-Kα radiation (λ = 0.154 nm) with an accelerating voltage of 40 kV and a
current of 30 mA, from 2θ = 5–60° with step sizes of 0.02° at 20 °C.
DSC: Differential scanning calorimetric (DSC) thermograms were recorded under nitrogen
atmosphere using a DSC-820 (Mettler Toledo). First, the sample was heated from room
temperature to 120 °C and then cooled down to -50 °C, followed by a second heating to 120 °C.
Both the heating and cooling rates were fixed at 10 °Cꞏmin-1
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Mechanical testing: Tensile tests from which the elongation at break εp were determined with a
Universal tester (Instron) from dumbbell-shaped samples (thickness around 1.5 mm) as according
to ASTM D412-98a with a speed of 10 mmꞏmin-1 at 25 °C and 70 °C. Five individual experiments
were performed for each composition and temperature. The network strand density, ν (in units of
moles of strand per unit volume of polymer) was calculated from the affine theory of rubber
elasticity: 𝐸

3𝜈𝑅𝑇 1

2.5Ф

Ф , where E is Young’s modulus, R is universal gas constant,

T is temperature, and Ф is volume fraction of particulate filler [29].
Investigation of morphology: Tensile-fractured surfaces of the PXDHCy composites were
analyzed by Field Emission Scanning Electron Microscope (FESEM, Zeiss) at an accelerating
potential difference of 3-15 kV in a secondary electron mode. Each sample was put under strain
until breakage and uniformly coated with a thin layer of gold by a sputter coater (JFC-1200 Finer
Coater, Jeol). The distribution of hydroxyapatite (HA) particles within a composite matrix was
observed by using an Energy Dispersion Spectroscope (EDS, Oxford Instrument). Particle
mapping sensitive to carbon, oxygen, calcium, and phosphate atoms was performed on the same
specimens as used for FESEM photography.
Hydrolytic degradation test: Environmental degradation properties of PXD and PXDHCy
composites were determined by quantification the mass loss of samples (1 cm × 1 cm, about 12 mm thickness) after incubation in 50 mL distilled water at room temperature (22 °C). The
incubation medium was refreshed every 7 d to prevent saturation. After each time interval, the
sample was taken out, washed with distilled water followed by drying for 4 d at 60 °C. Five
individual experiments were performed for each of the formulations at each time point. The final
result was the averaged value. The weighing and drying processes were repeated until a constant
mass was obtained.
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Thermocyclic mechanical analysis: Shape-memory properties of PXD and PXDHCy composites
were quantified in cyclic, thermomechanical tests with a Microforce Tester Instron 8848 under
strain-controlled programming and stress-free recovery conditions. The tests consisted of four
steps: (1) stretching the samples to ɛ1 = 50% under tensile load at Thigh = 70 °C, (2) cooling to Tlow
= 10 °C while ɛ1 was kept constant, (3) release of stress at Tlow, keeping this temperature for 10
min, and afterwards (4) heating to 70 °C. From the strain-stress curve, maximum strain during
shape programming (ɛ₁), strain in stress free condition (ɛ₂), and the residual strain after shape
recovery (ɛ₃) were obtained. The cycle was repeated 5 times from which the shape-fixity ratio (Rf)
and shape-recovery ratio (Rr) were calculated by using following equations: Rf =
Rr =

ɛ₁ ɛ₃
ɛ₁ ɛ₃

ɛ₂
ɛ₁

× 100% and

× 100%, where N denoted the Nth cycle [30]. Please note that elongation at break

of PXDHC0 at 70 °C is around 12% and thus, the ɛ1 during step (1) for PXDHC0 was set to 10%.
Statistical analysis: Data are expressed as mean ± standard deviation. The statistical significance
between two sets of data was calculated using two-tail Student’s t-test. Data were taken to be
significant, when a P-value of 0.05 or less was obtained.
3. Result and discussion
PXDHCy composites with HA contents between 0 wt% and 20 wt% were prepared
according to the procedure described in the experimental part. Experimentally, it was found that
formulation with 25 wt% of HA was too brittle to handle and thus, this research work only focuses
on synthesis, characterization, and testing of composites with HA percentage of (5 wt% to 20
wt%). Besides, PXDHCy was found to be difficult to gel at temperatures lower than 140 °C and
also, the value of gel content did not change much even when the polycondensation step was
extended for an additional 24 h. FTIR spectra PXDHCy composites with HA as well as PXD for
reference are shown in Fig. 1. The bands at 1737 cm-1 (C=O) and 1080 cm-1 (C-O), which can be
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assigned to ester bonds, were determined in all spectra of PXD and composites [31]. Compared to
neat HA and PXD, no new bands were observed in the FTIR spectra of the composites, indicating
no significant chemical interaction between PXD and HA. However, all bands were slightly shifted
when compared to the spectra from the neat polymer PXD and the HA filler with composites that
may be explained by the interaction of HA with the hydrogen-bonds of PXD. Presence of HA
might influence the chain length between net points. Similar IR spectra of thermally crosslinked
polyesters/inorganic filler composites were reported [32].

Fig. 1. FTIR spectra of PXD, HA, and PXDHCy composites
Gel content of PXD and PXDHCy are recorded in Table 1. After being incubated in THF,
approximately 24 wt% of the PXD matrix was extracted, indicating the gelation of PXD achieved
around 76 wt%. It was found that the percentage of gelation remained unchanged even when the
duration of curing exceeded 72 h, which may be attributed to the increase in steric hindrance
caused by the dense xylitol based crosslinks or the increase of viscosity. HA is an inorganic
compound soluble in water neither nor THF. By taking the insolubility properties of HA as basis,
a theoretical gel content curve was drawn for each formulation of PXDHCy composites (Fig. 2A).
Although gel content of PXDHCy composite was expected to increase with higher loading of HA,
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all the experimental values were lower than that of theoretical values. There is a considerably
deviation between experimental results with theoretical values.

Fig. 2. (A) Gel content of PXD and PXDHCy composites and (B) Swelling degree of PXD and
PXDHCy composites. Solid cubes connected with solid lines are the actual experimental results.
Hollow cubes connected with dash lines are the theoretically calculated value.
In PXDHCy composites matrix, HA act as foreign particles this might block the PXDHCy
polymer chains from crosslinking during thermal curing. As a result, the gelation ability of
PXDHCy pre-polymer was reduced. Although experimental values were lower than that of the
theoretical values, the deviations between actual values and theoretical values were found to be
smaller with increasing amount of HA. It was found that the addition of HA into PXDHCy matrix
showed two counteracting effects: For PXDHCy composite with low loading of HA, the
crosslinking ability of PXDHCy matrix was restricted due to the presence of HA particles resulting
in a reduction in gel content. As loading of HA increased, PXDHCy matrix may force to form a
physical interaction with HA particles, which could be realized by unreacted hydroxyl groups.
Although the gel content was still lower than the theoretically calculated value, the deviations
could be reduced. The finding about existence of interaction between HA and PXDHCy matrix
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was proved by WAXD pattern and DSC thermogram analysis, which are discussed in the next
section.
Fig. 2B displays swelling degree of PXD and PXDHCy composites by incubation in THF.
HA does not contribute to the swelling ability. Thus, the degree of swelling depends on the
polymer-solvent interaction which, as expected, the swelling degree of PXDHCy decreased
gradually with loading of HA. Degrees of swelling of sample with 0 wt%, 5 wt%, 10 wt%, 15
wt%, and 20 wt% of HA are about 568%, 545%, 506%, 464%, and 446% respectively. Theoretical
degree of swelling of PXDHCy composites were calculated based on the assumption that HA is
not soluble or swell in THF.
It was found that experimental values of swelling degree are slightly deviated from the
calculated theoretical values. For composites with low loading HA, presence of HA particles will
hinder the crosslinking capability of polymer network leading to lower gel content and higher
degree of swelling. As loading of HA increased, the interaction between HA particles with PXDD
matrix will become better and thus, some of the PXD chains had been absorbed on the particles
surface and limit from swelling in THF. As a result, composites with a higher loading of HA
showed a lower degree of swelling. In referring to sol-gel analysis, the effects of addition HA
particles within PXD matrix could be shown in two different ways. Inorganic and organic materials
do not show direct chemical interaction. Thus, the shielding effect of HA particles on crosslinking
capability of PXD matrix is under prediction. However, extra hydroxyl groups due to non-equal
starting materials possibly induce physical interaction between HA particles and PXD matrix. It
can be concluded that there is competition between two counteracting factors in accordance to the
analysis.
Influence of the HA on the crystallinity of the PXDHCy composites was investigated by
means of WAXD. Fig. 3A and Fig. 3B show WAXD patterns of PXD and PXDHCy composites
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before- and after extraction, respectively. The diffraction peaks of HA, which can be assigned to
each of the planes as marked in its pattern (Fig. 3C) in accordance to ICPDS files HA [33], are
present in all PXDHCy composites. In the diffraction patterns, position of HA peaks in all
PXDHCy composites remain almost constant regardless of HA content, indicating that physical
blending of HA particles with pre-polymer of PXD does not alter crystalline structure of HA
[34,35]. The PXD is a semi-crystalline polymer which provides a sharp and characteristic
diffraction peak at 2θ = 21° attributed to the crystalline segments from 1,12-dodecanedioic acid as
deduced from a control experiment. In this control experiment, 1,12-dodecanedioc acid was
substituted by 1,6-hexanedioic acid in the synthesis procedure and an amorphous polymer was
obtained (data not shown). Clearly, the intensity of this peak was found to be reduced for PXDHCy
composite that may be caused by the decrease of PXD content. When Fig. 3A and 3B are compared
it can be observed that this peak becomes narrow and sharp. Furthermore, the diffraction peak
attributed to the HA becomes more visible after extraction, which also can be explained by the
decrease of PXD after extraction.
The addition of inorganic filler in polymer matrix could generally influence the behavior
of polymer crystallization in two counteracting manners [36]. On one hand, the inorganic particles
can hinder the motion of polymer segments during crystallization. On the other hand, physical
interaction between inorganic particles and polymer segments enables crystallization occurring
already at a higher temperature compared to the bulk material [37]. Polymer crystallinities of PXD
and PXDHCy were quantified by deconvolution of diffraction pattern [38]. Calculated polymer
crystallinity (Xc) of PXD and PXDHCy composites before- and after extraction are depicted in Fig.
3D. Although the change in crystallinity (before- and after- extraction) does not occur in a
consistent manner, extracted samples show higher degrees of crystallinity than unextracted
samples, which can be attributed to hindered crystallization by the soluble content of the reaction
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mixture. Generally, the presence of only a small HA content reduced the crystallization of PXD
matrix, resulting in a decrease of crystallinity [39]. On the other hand, physical interaction between
HA and PXD polymer chain enabled the formation of polymer crystalline structures on the surface
of the HA particles. When HA acted as nucleating agent, PXD polymer chain segments crystallized
on the surface of HA particles, which may cause the increase in polymer crystallinity [40]. These
results are in agreement with similar findings of HA in polymer matrices [37].

Fig. 3. (A) WAXD patterns of PXD and PXDHCy composites before extraction; (B) WAXD
patterns of PXD and PXDHCy composites after extraction; (C) WAXD pattern of HA; (D)
Crystallinity of PXD and PXDHCy composites. Solid cubes connected with solid line are the
crystallinity before extraction. Hollow cubes connected with dash lines represent the crystallinity
after extraction.
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The thermal properties of PXD and PXDHCy composites were analyzed by means of DSC.
In the cooling curves, the crystallization temperatures (Tc) of all PXDHCy composites were higher
than neat PXD (Fig. 4A). This implies a dominance of the physical interaction between HA and
PXD matrix and as a result the PXD matrix is able to crystallize on surface of HA particles at
higher temperatures compared to neat PXD. Nucleating effects of HA increased when the HA
content within the PXD matrix increased.
In the DSC curves (along heating direction), all PXDHCy composites showed higher glasstransition temperature (Tg) and melting-temperatures (Tm) when compared to neat PXD (Fig. 4B).
Restriction on micro-Brownian motion of polymer molecular chains caused by the presence of HA
particles might be the reason for a higher thermal transition temperature of the polymer/HA
composite compared to the neat polymer [41]. Nevertheless, existence of the physical interaction
between polymer matrix and HA particles will also provide a higher thermal transition
temperature. The Tm of PXDHCy composites remained at about 55 °C and did not change when
the HA loading increased (Fig. 4B). Obviously, there are two contrary effects caused by HA
particles in the polymer matrix. As discussed by Lei and co-workers, inorganic particles may
hinder crystallization of a polymer matrix, resulting in reduction of Tm. In contrast, stronger
physical interaction within an inorganic/organic matrix could be shown by an incremental change
in Tm. Our research indicates a balance between the two counteracting effects caused by addition
of HA particles. Under these extraordinary conditions, Tm of the PXDHCy composites neither
increased nor decreased when the HA content was varied.

13

Fig. 4. (A) DSC cooling scans of PXD and PXDHCy composites; (B) DSC heating scans of PXD
and PXDHCy composites.
Tensile tests of PXD and PXDHCy composites were performed at 25 °C and 70 °C
respectively, and the mechanical properties and typically recorded stress-strain curves are shown
in Table 1 and Fig. 5. At ambient temperature, PXD and PXDHCy composites behave like
thermoplastic materials and undergo permanent yielding as well as stress whitening because of
tensile force. Conversely, all samples show elastomeric properties when heated above Tm. In this
aspect, elastomers differ considerably from thermoplastics, as the latter will not regain the original
shape once stress is removed. Tensile properties of PXDHC0 at low temperature are comparable
to other semicrystalline polymers [42]. At both temperatures, PXDHCy composites were stiffer
when loaded with HA, indicated by increased Young’s modulus (E), which may suggest good
interfacial interaction between the PXD matrix and the embedded HA particles without the need
of extra surface treatment. In comparison, other bio-based polymers (e.g. PLA and PCL) required
surface modification on HA for enhancement of interfacial properties or otherwise, the mechanical
properties may not significantly improve [43,44]. Mechanical properties of PXD and PXDHCy
composites decreased upon heating from 25 °C to 70°C. Taking PXDHC20 as an example, tensile
strength and Young’s modulus were decreased from 17.0 ± 1.0 MPa to 1.20 ± 0.09 MPa and 508
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± 11.3 MPa to 2.90 ± 0.20 MPa while the elongation at break increased from 8.7 ± 1.5 % to 52.0
± 1.5 %. Though elongation at break of PXD and PXDHCy composites are quite low, the stresses
at break at room temperature are relatively high, which justifies the proposed application of a
shape-memory polymer-based as smart fixation plug where the device needs to sustain high
stresses.

Fig. 5. Stress-strain curves of PXD and PXDHCy composites at different temperatures; (A) 25 °C;
(B) 70 °C.
FESEM micrographs and EDS particles mappings of the tensile-fracture surface of
PXDHCy composites with 5, 10, 15, and 20 wt% of HA are shown in Fig. 6. Tensile-fractured
surface of the PXDHCy samples with 5 wt% and 10 wt% of HA reveal a fractured fibrous texture
of the polymer matrix with an overall smooth polymer surface that cover agglomerated HA
particles. In contrast, PXDHCy samples with 15 wt% and 20 wt% of HA showed a relatively rough
surface, suggesting significant adhesion of HA particles to PXD matrix for composites [45].
Particle mapping was performed on PXDHCy composites by means of EDS to explore the
distribution of calcium (Ca) and phosphorus (P) as the main components of hydroxyapatite. These
particles maps provided visual evidence for a homogenous dispersion of HA particles within PXD
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matrix. EDS spectroscopy studies were performed at the same area where the micrographs of
FESEM were taken. From the map of elemental distribution, it can be concluded that the physical
interface interaction of HA particles and PXD matrix effectively improves the dispersity of HA.

Fig. 6. FESEM micrographs and EDS particles mapping on tensile fracture surface of PXDHCy
composites. Scale bars represent 50 μm.
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Fig. 7. (A) Mass loss of PXD and PXDHCy composites in distilled water at different time intervals;
(B) pH of water after immersion of PXD and PXDHCy composites at different time intervals.
Fig. 7A shows the percentage of mass loss of PXD and PXDHCy composites during
incubation in distilled water at room temperature. Distilled water was selected to simulate the
hydrolytic degradation of disposed biopolymers by rain on a landfill. It was found that all of the
PXD and PXDHCy composites were just degraded by immersion in distilled water (eco-friendly
disposable bio-based composites). It can be concluded that the degradation of PXD involves three
stages, which is similar to thermally crosslinked polyesters [32]. Three stages can be identified in
the mass loss profile of PXD during incubation in water. In the first stage, sol content, which is
not part of the PXD crosslinked network, degraded in advance of gel content because the sol has
short chain molecules resulting a relatively fast mass loss in the earlier stage of degradation (up to
week 2). In the second stage, caused by this gain in volume, water will penetrate into sample matrix
and mass loss caused by the hydrolysis of ester bonds, gradually reaches an equilibrium plateau
(from week 2 to week 6). In the last stage, the gel fraction started to degrade into sol. However,
the process took some time and the degradation rate was slow during this stage. When a certain
time point is reached, cleavage of bonds of the formerly three-dimensional crosslinked polymer
network was completely degraded into a linear polymer chain and subsequent degradation results
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in a linear mass loss (after week 6). As stated, the weight loss is due to the aqueous hydrolytic
degradation of PXD. The process involved cleavage of ester structures into carboxyl and hydroxyl
groups. Cleavage of the ester structures during incubation in water was evidenced by the decrease
in pH of the medium caused by the formation of carboxyl groups (Fig. 7B).
Although all of the PXDHCy composites degraded in a similar pattern as observed for the
degradation of PXD, the degradation rate was affected by the presence of HA particles. PXDHCy
composites showed slower degradation rate when compared to PXD. This result is in line with the
degradation behavior of other polyester/hydroxyapatite composites [36]. The slow degradation of
PXDHCy composites can be explained by a buffering effect of the HA in the incubation medium
[46-48]. In addition, the HA increases crystallinity and semicrystalline materials with a higher
crystalline weight fraction are known to degrade slower. As promising green-chemistry material,
it may be possible for PXD and PXDHCy composites with advanced biodegradability to replace
petrol-based materials, thereby to overcome the challenge of disposal and landfill. Unlike PLA (a
common known biodegradable polymer) that requires a plethora of requirements to effectively
decompose (e.g. anaerobic condition, temperature above 60 °C, and presence of microbes) and
which are difficult to fulfill in a landfill).
The shape-memory effects of PXD and PXDHCy composites were quantified by means of
cyclic thermomechanical tests under strain-controlled conditions. PXDHCy is a classical
thermally-induced shape-memory material, which becomes elastic when heated above Tm of the
PXD domains. In this flexible state, a deformation into a new temporary shape can be applied.
Cooling of the samples below the crystallization temperature of the PXDHCy while load was
maintained enabled fixation of the temporary shape. Once the sample is heated above Tm of the
PXDHCy, shape recovery occurs and sample reverses into its original shape. Fig. 8A shows
exemplarily the shape-memory cycles of PXDHC20 from which the shape-fixity ratio (Rf) and
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shape-recovery ratio (Rr) were determined, Rf and Rr of the other samples can be assessed from
Fig. 8B. As shown in the tensile test results, the presence of HA particles enhanced strain at break
of the matrix, suggesting that PXDHCy composites can be deformed into temporary shapes, which
differ more from the original permanent shape as compared to samples solely from PXD. Fig. 8C
illustrates proposed polymer network architecture of PXD in which xylitol acts as net points while
1,12-dodecanedioic acid act as switching segment (crystallizable segment).

Fig. 8. (A) Results of strain-controlled cyclic thermomechanical test of sample PXDHC20; (B)
Shape-memory properties of PXD and PXDHCy composites; (C) Schematic representation of
polymer network architecture of PXD.

In the initial experiments, the shape-memory properties of a smart fixation application of
this bio-based composite plug for household appliances were investigated. First, the demonstrator
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was heated to 70 °C followed by an elongation of about 50 % using a custom-made stainless steel
sample extender (Fig. 9A). The deformed prototype was then cooled to room temperature to fix
this temporary shape similar to the shape-programming procedure described for the cyclic,
thermomechanical investigations. Photographs of the sample in programed shape were taken after
1 hour and 2 years to show short-term and long-term shape fixity of sample PXDHC20. Shaperecovery procedures were conducted by placing the demonstrator (in its temporary shape) into a
water bath of 70 °C (Fig. 9B). The fixation capability of the demonstrator was explored in another
experiment. The fixation demonstrator was placed at each end into a device consisting of two
PMMA blocks each providing an insertion hole. Once both blocks were joined, the shape-memory
effect was initiated. Even when a load of 12.5 kg was hung over the lower acrylic block, the
fixation device still did not disintegrate and was capable of keeping both parts fixed (Fig. 10). Last
by no means least, it is important to mention that the synthesis and fabrication of PXDHCy does
not involve any harsh solvents or exogenous reaction initiators or catalysts.
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Fig. 9. Proposed application as smart fixation plug. (A) Photographs show programming of sample
PXDHC20, short-term shape fixity, and long-term shape fixity of sample in temporary shape. (B)
Photographs exhibiting the self-expansion of bio-based composite plug during incubation in
distilled water at 70 °C. Scale bars represent 1 cm.
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Fig. 10. Demonstration experiment of the bio-based composite in a fixation application, sample
PXDHC20 (weight of load is 12.5 kg). Scale bar represents 3 cm.
4. Conclusion
In this work, a new class of bio-based composites was developed from hydroxyapatite,
xylitol, and 1,12-dodecanedioic acid. The results indicate two counteracting effects caused by HA
addition within the PXD matrix on the structural and thermal properties. All PXDHCy bio-based
composites and the PXD reference compound showed excellent shape-fixity ratio (Rf) higher than
93% and shape-recovery ratio (Rr) higher than 99%. Results showed all of the PXD and PXDHC
composites able to degrade hydrolytically, which can be considered as environmentally friendly
materials. A prototype smart fiation plug was demonstrated by using PXDHC20 composite as the
material basis. The demonstrator could be plugged into small insertion holes in a compacted
temporary shape and then self-expand upon reheating to fix two parts together. The discussed
PXDHCy bio-based composites were prepared from bio-based feedstocks via a relatively simple
method and potential to be used in numerous fixation purposes.

22

TABLE
Table 1. Physical, thermal, and mechanical properties of PXD and PXDHCy composites at 25 °C and 70 °C, respectively
Sample IDᵃ

PXDHC0
PXDHC5
PXDHC10
PXDHC15
PXDHC20

T = 25°C

T = 70 °C

Gᵇ (%)

Qᵇ (%)

Tgᶜ (°C)

Tmᶜ (°C)

σᵈ (MPa)

εᵈ (%)

Eᵈ (MPa)

σᵈ (MPa)

εᵈ (%)

Eᵈ (MPa)

νᵉ (mol/m³)

76.0 ± 0.9

568 ± 14

-1

48

5.7 ± 0.9

26.8 ± 9.9

116.1 ± 16.2

0.05 ± 0.02

11.7 ± 4.2

0.56 ± 0.03

65.4 ± 3.5

7

55

12.8 ± 2.9

12.8 ± 9.4

367.5 ± 10.1

0.61 ± 0.08

61.6 ± 9.4

1.23 ± 0.15

135.8 ± 16.6

11

55

15.1 ± 1.2

11.3 ± 2.1

439.5 ± 13.8

0.79 ± 0.08

57.8 ± 7.2

1.82 ± 0.23

187.7 ± 23.7

14

55

15.8 ± 1.1

10.7 ± 2.2

470.4 ± 18.7

0.92 ± 0.08

57.4 ± 7.6

2.11 ± 0.25

200.7 ± 23.8

17

55

17.1±1.0

8.7 ± 1.5

507.8 ± 11.3

1.21 ± 0.09

52.0 ± 1.5

2.90 ± 0.20

251.5 ± 17.3

74.2 ± 0.6
76.0 ± 1.0
77.6 ± 0.4
79.4 ± 0.5

545 ± 10
506 ± 13
464 ± 12
446 ± 21

Note
ᵃ Samples denoted as PXDHCy, in which y indicates the HA content in wt%.
ᵇ Gel content (G) and degree of swelling (Q) of samples determined by swelling experiment in THF at 22 °C.
ᶜ Glass-transition temperature (Tg) and melting-transition temperature (Tm) were obtained from differential scanning calorimetric
thermograms.
ᵈ Tensile strength (σ), elongation at break (ε), and Young’s modulus (E) determined by tensile tests at 25 °C and 70 °C.
ᵉ Network strand density (ν) calculated from affine theory of rubber elasticity.
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