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Abstract: In this study, a series of heat-induced shape memory composites was prepared by
the hot-melt extrusion and three-dimensional (3D) printing of thermoplastic polyurethane (TPU)
using wood flour (WF) with different contents of EPDM-g-MAH. The mechanical properties,
microtopography, thermal property analysis, and heat-induced shape memory properties of
the composites were examined. The results showed that, when the EPDM-g-MAH content was
4%, the tensile elongation and tensile strength of the composites reached the maximum value.
The scanning electron microscopy and dynamic mechanical analysis results revealed a good interface
bonding between TPU and WF when the EPDM-g-MAH content was 4%. The thermogravimetric
analysis indicated that the thermal stability of TPU/WF composites was enhanced by the addition
of 4% EPDM-g-MAH. Heat-induced shape memory test results showed that the shape memory
performance of composites with 4% EPDM-g-MAH was better than that of unmodified-composites.
The composites’ shape recovery performance at a temperature of 60 ◦C was higher than that of the
composites at ambient temperature. It was also found that, when the filling angle of the specimen
was 45◦, the recovery angle of the composites was larger.

Keywords: wood flour/thermoplastic polyurethane blend; EPDM-g-MAH; interface bonding;
shape memory

1. Introduction

Shape memory polymers (SMPs) are an important type of stimuli-responsive material that have
the ability to be fixed to a temporary shape and then recover their original shapes in response to
an external stimulus [1–3]. SMPs can be widely applied in intelligent material, aerospace structures,
biomedical devices, piezoresistive sensors, and electronic apparatuses [4–7]. On the basis of elastomers,
the polymer essentially shows excellent shape memory effects and has the advantages of a large
recovery ability, flexible transition temperatures, a light weight, and a superior processing ability [4–6,8].
Thermoplastic polyurethane elastomer (TPU) is a soft material with flexibility, durability, and good
entropic elasticity, and has an excellent shape memory function [9,10]. TPU is a kind of block copolymer
composed of soft and hard segments, which presents a series of characteristics, depending on the ratio
of hard and soft segments [11]. The soft segments are composed of polyester or polyether, and the
hard segments are usually composed of diisocyanate and a benzyl structure [12]. Soft segments serve
as switches to maintain temporary shapes, while the hard segments are used to memorise initial
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shapes [13]. The polyurethane series matrix composites have been widely studied [8,9,14], such as
the polyurethane(PU)/cellulose nanocrystals nanocomposites, cellulose nanowhiskers (CNWs)-PU
composites [6], poly (lactic acid) (PLA)/TPU-cellulose nanofiber nanocomposites [10], TPU/poly
(ε-caprolactone) (PCL) blends, poly(vinyl alcohol) particle-TPU composites [15], and poly (glycerol
sebacate urethane)-cellulose nanocomposites [16].

In recent years, such kinds of shape memory composites have attracted great attention due to
their function of active-shape changing [2,9,16]. However, the major drawback of the material is
that it is difficult to control the sizes and geometries of shape memory structures using traditional
fabrication techniques [2,17]. 3D printing would provide a facile approach to achieving complex
structures of materials, producing cheaper, faster architectures with specially designed sizes and
geometries [17–20]. In this study, we focused on fused deposition modeling (FDM) of 3D printing.
In the FDM process, the material was fed to the heated nozzles in the form of a filament, which was
melted at the nozzles, extruded, and deposited on the printing platform, and a 3D solid structure was
formed layer by layer [19,21–24]. With the advancements of 3D printing and the rapid developments in
smart materials, many studies have been implemented for smart materials based on 3D printing shape
memory architectures [2,9,22,25]. Wei et al. realized 4D active shape-changing structures based on the
SMPs and direct-write fabrication [2]. Monzón et al. controlled the property of the programmed shape
by controlling temperature, and showed that the property of the shape memory of the 3D printed
parts had been retained and could be utilized as a mechanical actuator [9]. Nadgorny et al. proposed
pH-responsive polymers with an affordable 3D Printer [22].

In this study, the TPU composite filaments were used in combination with an FDM 3D printer to
fabricate the structure of biomass composites with a shape memory performance. However, a major
drawback of TPU matrix composites is their high cost, which may limit their applications. Wood flour
(WF) is an abundant biomass material that is friendly to the environment, low cost, and low density,
and the effect of different contents of WF on the performance of TPU composites was discussed in
our previous research [26]. Using EPDM-g-MAH as a modifier can compensate for the toughness loss
and improve the interfacial adhesion of the TPU/WF [26]. However, few studies have shown that
the appropriate amount of added EPDM-g-MAH is suitable. In this study, the composites were made
by adding 20% WF into TPU. As far as we know, few researchers have added such a large amount
of biomass fiber to composites, which undoubtedly reduces costs. The composite’s optimum ratio
was optimized by adding different contents of EPDM-g-MAH, and the effect of different contents of
EPDM-g-MAH on the properties of composites was explored. Then, the heat-induced shape memory
process and shape memory effect mechanism of TPU/WF composites were investigated under different
experimental conditions.

Firstly, the effects of different contents of EPDM-g-MAH on the tensile properties of WF/TPU
composites were explored. Then, the dynamic mechanical properties, microtopography, and thermal
properties of composites were investigated. In addition, the shape memory properties of the printed
object were analyzed. Finally, the effect of the program temperature of the specimen and the filling
angle in the 3D printing process on the shape memory performance were discussed in detail.

2. Materials and Methods

2.1. Materials

The TPU (Elastollan C85A) and EPDM-g-MAH were obtained from Deansheng Plastic company
(Dongguan, China). The poplar wood flour with an average diameter of 150 µm was supplied by
Lingshou County Mineral Processing plant (Shijiazhuang, China). Before any processing, the TPU and
WF were dried in an oven at 103 ◦C for at least 12 h and EPDM-g-MAH was dried at 80 ◦C for 6 h.
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2.2. Composites Preparation

TPU and WF blends with varying amounts of EPDM-g-MAH loading (2–10 wt %) were prepared
by the melt processing technique. The blends (80:20 wt % of TPU:WF) filled with EPDM-g-MAH were
weighed, and then blended for 10 min using a high-speed mixer (SHR-10A, Zhangjiagang Tongsha
Plastic Machinery Company, Zhangjiagang, China) at room temperature. The mixture was poured
into the twin-screw extruder (SJSH30/SJ45, Nanjing Xiangsu Machinery Factory, Nanjing, China)
at 195 ◦C (die temperature) with a screw speed of 20 RPM, followed by natural cooling, and used
a grinder (PC-180A, Longhe Plastics Machinery Company, Chaozhou, China) to make composite
particles. The average diameter of the composite particles was 4 mm. The prepared composites were
designated as x%-TPU/WF, in which, the EPDM-g-MAH content was x%, designated as 2%-TPU/WF,
4%-TPU/WF, 6%-TPU/WF, 8%-TPU/WF, and 10%-TPU/WF, respectively. The composite particles
were added into a single-screw extruder (SHSJ25, Dongguan Songhu Molding Machine Company,
Dongguan, China) at 190 ◦C with a screw speed of 25 RPM, screw L/D of 12:1, and die size of 3.5 mm.
Then, the composite filaments with a diameter range of 1.75 ± 0.1 mm were obtained by an extruder
and stretched under traction, followed by natural cooling for 24 h. Finally, the specimens were printed
by an MR300 3D Printer with different composite filaments. The 100% TPU (85A TPU) was too soft and
not able to be FDM-printed as samples for various performance tests using our current FDM 3D printer.
Therefore, the study did not process the characterization comparison of 100% TPU. The printing
parameters for the FDM printer are listed in Table 1.

Table 1. The printing parameters used for the FDM printer of EPDM/TPU/WF composites.

Parameter Value

Nozzle size (mm) 1
Layer thickness (mm) 0.2

Infill density (%) 100
Printing speed (mm/s) 25

Nozzle temperature (◦C) 230
Buildplate temperature (◦C) 30

Filing structure rectilinear
Filling angle (◦) 45

2.3. Tensile Tests

The tensile properties of the samples were measured at room temperature using an electronic
universal mechanical testing machine (RGT-20A, Shenzhen Regal Instrument Company, Shenzhen,
China) according to the DIN 53504 test method. The sizes of a dumbbell-shaped specimen were 75 mm
× 12.5 mm × 2 mm (L × W × T) and the test was performed with a speed of 500 mm/min at room
temperature, and the gauge length was 20 mm. The reported values of each composite were calculated
as the averages of eight specimens.

2.4. Scanning Electron Microscopy (SEM)

SEM images were observed with the field emission scanning electron microscope (JSM-7500,
JEOL, Tokyo, Japan). The TPU/WF composites samples were fractured in liquid nitrogen, sputter-coated
with gold, and then examined with SEM. The SEM images were taken from multiple points of the
treated specimens.

2.5. Dynamic Mechanical Analysis (DMA)

DMA of the samples was conducted in a tensile mode utilizing a dynamic mechanical analyzer
(DMA 242C, Netzsch, Bavaria, Germany). Samples for DMA were printed with composite filaments in
a rectangular shape (30 mm × 5 mm × 2 mm) and the properties were measured with a temperature
sweep of 5 ◦C/min and a frequency of 1 Hz over a temperature range of −100 to 100 ◦C.
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2.6. Thermogravimetric Analysis (TGA)

The thermal stability of the TPU/WF composites was measured using a TG 209 analyzer
(Netzsch Instruments, Bavaria, Germany). Approximately 5 mg samples were weighed and then
placed in an aluminum pan. Then, the samples were heated at a heating rate of 10 ◦C/min from 25 to
600 ◦C under N2 atmosphere.

2.7. Differential Scanning Calorimetry (DSC)

The thermal performances were evaluated using a DSC 214 analyzer (Netzsch Instruments,
Bavaria, Germany) under N2 atmosphere. About 5 mg samples were weighed and then placed in
an aluminum pan. To eliminate thermal history and remove residual moisture, the first scan of the
specimen was heated from −25 up to 230 ◦C and remained at 230 ◦C for 5 min. The samples were
cooled to −25 ◦C and then reheated to 230 ◦C to obtain the fusion point of composites. All scans were
performed at the same heating rate of 10 ◦C/min.

2.8. Shape Memory Effect Characterization

As a rectangular strip with a size of 80 mm × 8 mm × 1.2 mm, the specimens for the shape
memory behavior test were printed by the FDM printer. The shape memory behaviors of different
specimens were compared under different temperature conditions (ambient temperature or 60 ◦C
in oven). The effect of filling angle on the shape memory properties of composites was studied.
The 3D printed samples with an original shape (So) with an initial angle (Ao = 180◦) were heated in
a temperature above the soft segments melt temperature of TPU (Tm1) for 2 h. Secondly, the samples
were bent into a temporary shape (St) with a fixed angle (At) and placed in a temperature below glass
transition temperature (Tg) for 12 h to fix the temporary shape. Finally, the shape recovery process
was monitored by placing the temporary samples at the corresponding temperature. By measuring the
angle between the straight ends of the bending specimen, the shape recovery angle was determined
and the value was directly read from the protractor. Additionally, the recovery angle (Ar) of the
samples recovery shape (Sr) was recorded. The shape recovery ratio (Rr) was defined as follows:

Rr% = (Ar − At)/(180 − At) × 100% (1)

The results represented the averages of at least three repeated specimens. The shape recovery
demonstrations of the TPU/WF composite specimens were recorded by a video camera.

3. Results and Discussion

3.1. Mechanical Properties

Figure 1a shows the stress-strain curves of the TPU/WF composites modified with different
contents of EPDM-g-MAH. Compared to the unmodified-TPU/WF composites, the EPDM-g-MAH
modified TPU/WF composites showed a significant increase in stress related with the increasing
strain. The results of tensile properties were summarized and are presented in Figure 1b. It can
be seen that the tear elongation of the TPU/WF composites was enhanced effectively, and reached
a maximum for the samples modified by 4% EPDM-g-MAH. The tear elongation increased from
205.26% (unmodified-TPU/WF) to 591.17% for 4%-TPU/WF, achieving a 2.9-fold improvement.
The ANOVA test indicated that, compared to the unmodified samples, the increase of tear elongation
was significant at the α = 0.001 level (P-value = 2.4 × 10−10). This greatly improved the toughness of
composites. The improvements in tear elongating may be attributed to the high interfacial adhesion
supplied by the esterification reaction between EPDM-g-MAH and WF [26]. When comparing the
tensile strengths of the unmodified samples and samples of 4%-TPU/WF, although the large errors are
shown in Figure 1b, the ANOVA test showed that the increase of tensile strength was significant at the
α = 0.05 level (P-value = 0.048). The physical crosslinking between TPU and EPDM can also promote
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the interface bonding of composites. Therefore, the stress can be transferred effectively from WF to the
TPU matrix, and the tensile properties of the composite can be improved.Polymers 2018, 10, x FOR PEER REVIEW  5 of 14 
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Figure 1. Tensile stress-strain curves (a) and tensile strength and tear elongation (b) of TPU/WF
composites with different EPDM-g-MAH loading values.

However, when the EPDM-g-MAH content was higher than 4%, both the tensile strength
and tear elongation were decreased. When comparing the tensile strengths and tear elongations
of the composites between 4%-EPDM-g-MAH and 8%-EPDM-g-MAH, the ANOVA test showed
that the decreases were significant at the α = 0.001 level (P-value = 4.01 × 10−6) and α = 0.001 level
(P-value = 0.0017), respectively. The appropriate content of the modifier is related to its coverage
on the surface of WF particles. If the content of the modifier is very low, it is difficult to form
a good interface to achieve the ideal effect due to the modifier making incompletel contact with
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the WF particle surface. With the increase of EPDM-g-MAH loading, more MAH was contained in
the EPDM. When being mixed with WF and TPU, the more severe reaction between the MAH and
WF partially limited the chains motion of EPDM and the deformation of TPU particles, resulting in
the failure to effectively induce the matrix to generate plastic flow for improving the properties of
the blend system [27–29]. Therefore, the tear elongation decreased, but it was still better than that
of the unmodified composites. The addition of the elastomer EPDM-g-MAH decreased the tensile
strength of the composites, which was consistent with the results of elastomer-toughened plastics [28].
Moreover, when the EPDM-g-MAH content was 4%, the composites had the highest tear elongation,
which benefited the shape memory recovery of composites [3]. Therefore, the optimum content of
EPDM-g-MAH was 4% in the composites.

3.2. Morphology of the TPU/WF Composites

The morphology of the unmodified-TPU/WF and different contents of EPDM-g-MAH-modified
TPU/WF composites were examined by SEM. Figure 2a shows that the interface of the
unmodified-TPU/WF had a few cracks (as the red arrow shown in Figure 2a), and the interphase
was clear, indicating that the interface adhesion between TPU and WF was poor. Figure 2b shows
that there was a good adhesion as no fiber pullouts or gaps appeared in the 4%-TPU/WF composites,
and the interface between WF and TPU became blurry (as the red arrow shown in Figure 2b) [29].
With an increase of EPDM-g-MAH content, WF was uniformly dispersed in the TPU matrix and some
small aggregations were observed (as red arrows shown in Figure 2c,d), as shown in Figure 2c,d.
This phenomenon led to quite poor tensile properties, as the poor interaction would affect the transfer
of load to WF. The results stated clearly that, when the EPDM-g-MAH content was 4%, the compatibility
of WF and TPU could be improved by EPDM-g-MAH. Therefore, the content of the EPDM-g-MAH
played a crucial role in the improvement of the interfacial bonding between the WF and the TPU
matrix. This phenomenon is in accordance with the results of the tensile property test.
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Figure 2. The cross-sectional SEM images showing the microstructure of TPU/WF composites:
(a) unmodified-TPU/WF composites; (b) 4%-TPU/WF composites; (c) 6%-TPU/WF composites;
(d) 8%-TPU/WF composites.
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3.3. Dynamic Mechanical Analysis

Dynamic mechanical analysis was performed on unmodified-TPU/WF, 2%-TPU/WF,
4%-TPU/WF, 6%-TPU/WF, 8%-TPU/WF, and 10%-TPU/WF, respectively. The Tg was obtained from
the peak temperature of tan delta (tan δ) in the curves shown in Figure 3. It can be seen that the Tg

values of the EPDM-g-MAH-modified composite were all higher than those of unmodified-TPU/WF.
Additionally, the growth trend of Tg with EPDM-g-MAH-modified composites could be explicated by
two aspects. On the one hand, with an EPDM-g-MAH added, a high cross-linking degree within TPU
and the EPDM of EPDM-g-MAH resulted in a limitation of the mobility of TPU and WF chains [1,30].
On the other hand, the reaction of the anhydride groups on EPDM-g-MAH and the –OH groups on
WF caused stronger interfacial interactions between TPU and WF.
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Figure 3. The tan delta (left) and a zoomed in view of the peak area (right) of TPU/WF composites
with different contents of EPDM-g-MAH.

It can be seen in Figure 3 that the Tg of the 4%-TPU/WF composites was the highest one. When the
content of EPDM-g-MAH was more than 4%, the Tg of the composites decreased. This may be because
when the content of the EPDM-g-MAH content was 4%, the contact between the modifier and the
WF was the most complete, forming a good stress transfer. When the EPDM-g-MAH content was
higher than 4%, the reaction between MAH and WF was more intensive, and a large number of WF
concentrated in TPU/WF composites, which can cripple the interfacial interactions between TPU and
WF, thus reducing the restriction on the mobility of molecular chains [16,28]. This phenomenon was in
agreement with the aforementioned tensile and SEM properties. In this study, the cooling temperature
of the shape memory test was set to −25 ◦C, which was below the Tg of the prepared shape memory
TPU/WF composites.

3.4. Thermal Property Analysis

The thermal stability of the unmodified and modified x%-TPU/WF series composites was
investigated by TGA. The TGA and DTG curves of TPU/WF composites are presented in Figure 4.
The unmodified-TPU/WF composites showed a two-degradation stage, as clearly indicated by the
two DTG peaks (black line in Figure 4b); however, all the TPU/WF composites modified with different
contents of EPDM-g-MAH presented a three-stage decomposition process. It can be inferred that
the third decomposition stage (417–486 ◦C) was due to the addition of EPDM-g-MAH. The first
and second degradation stages mainly correspond to the degradation temperature of WF and TPU,
respectively [31–33].
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Weight loss curves (Figure 4a) revealed that the initial degradation temperature of 4%-TPU/WF
composites (about 282 ◦C) was significantly higher than the other composites (about 20 ◦C higher).
In other words, the first degradation temperature of TPU/WF composites can be significantly improved
by the addition of EPDM-g-MAH. It can be concluded that the thermal stability of 4%-TPU/WF
composites was increased compared to the unmodified-TPU/WF composites. The improvement in the
thermal stability of 4%-TPU/WF composites due to the suitable content of EPDM-g-MAH promoted
the interfacial interactions between WF and TPU [31]. This was consistent with the results of the above
mentioned properties.

The DSC second thermograms of unmodified-TPU/WF, 2%-TPU/WF, 4%-TPU/WF, 6%-TPU/WF,
8%-TPU/WF, and 10%-TPU/WF are presented in Figure 5. Figure 5 shows three endothermic peaks
at around 15–40 ◦C (Tm1), 170–190 ◦C (Tm2), and 50–60 ◦C (Tm3), which corresponded to the melting
temperature of the soft segments, hard segments, and WF, respectively [12,34,35]. It can be seen from
the DSC thermogram that the un modified composites had three endothermic peaks, which was mainly
because the compatibility between WF and TPU was poor, so the melting peaks of soft segments and
WF were relatively obvious. As can be seen from the curve of the 2%-TPU /WF composites, the melting
peak (Tm1) of soft segments shifted to the right and the melting peak (Tm3) of WF shifted slightly to
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the left. This may be because when the EPDM-g-MAH content was 2%, it was incompletely contact
with WF particles, resulting in a small increase in compatibility. When the content of EPDM-g-MAH
was 4%, 6%, 8%, and 10%, the composites had two main obvious melting peaks, i.e., Tm1 and Tm2.
The results indicated that the addition of EPDM-g-MAH significantly improved the compatibility of
the composites. The Tm1 of soft segments was often used as the program temperature to actuate the
shape memory property of shape memory composites [4,36]. In this study, the program temperature
of the shape memory test was set to 60 ◦C, which was higher than Tm1 of the prepared shape memory
TPU/WF composites.
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3.5. Shape Memory Properties of TPU/WF Composites

In order to ensure a comparable evaluation of the heat-induced shape memory effect, each group
contained two types of specimens (Unmodified and 4%-TPU/WF), while each type was tested at 60 ◦C
in an oven or in the ambient temperature at the same time, respectively. The Rr of the composites
under two conditions and the images of the final changing state of the composites at 120 min are
shown in Figure 6. It can be seen in Figure 6 that the Rr of both the unmodified and 4%-TPU/WF
composites at 60 ◦C was higher than the Rr at ambient temperature. The observation confirmed that the
temperature was a critical factor for the heat-induced SME. When the program temperature was 60 ◦C,
it promoted the shape memory performance of TPU/WF composites. In addition, it was found that
the Rr of 4%-TPU/WF composites was slightly higher than the Rr of unmodified-TPU/WF composites,
which indicated that the 4%-TPU/WF composites had better shape memory behavior. The results
were consistent with the tensile test results.

The schematic of the heat-induced shape memory effect mechanism of the TPU/WF composites
and the shape memory effect of the 4%-TPU/WF composites at 60 ◦C are shown in Figure 7. When the
soft segment of TPU was at a high temperature, the molecular chain was extended and orientated
under external forces; as a result, they could be deformed to any shapes. When it was cooled below
the Tg of the soft segment, these molecules were in a glassy state and maintained the temporary
shape [6,9]. After removing the external forces, the deformed shape would retain the temporary
state [9]. Once the temperature was over the Tg again, the soft segment began to partially melt
and the specimen recovered slowly due to conformation hysteresis [9,37,38]. When it was heated to
a temperature above Tm of the soft segment, the soft segment melted, and the deformed structures
could return to their original printed shapes automatically. In addition, the effects of the hard segments
of TPU and WF were seen on the modulus and strength of the composites at high temperature, so that
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the composites were deformed in the range above the melted point of the soft segments and below the
melted point of the hard segments, without causing fracture or plastic deformation [2].Polymers 2018, 10, x FOR PEER REVIEW  10 of 14 
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In order to observe the influence of the filling angle on the shape memory performance of the
specimen, the different filling angles of the specimen and the final change state of the specimen after
the shape memory performance test were recorded, as shown in the Figure 8. It can be seen in Figure 8
that the final recovery angle of the sample with 45◦ was greater than 22.5◦ and 0◦. It may be due to the
maximum recovery stress of the inclined surface of the specimen at 45◦ in the recovery process [39].
Similarly, when the filling angle was 22.5◦, the recovery force of the specimen was greater than 0◦.
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3.6. Demonstrative Object

Figure 9 shows the instantaneous shapes of a man model during shape recovery. The object was
fabricated from the TPU/WF composite comprising 4% of EPDM-g-MAH with the 3D printer, in which
the filling angle was 45◦. During the recovery in the oven, from the shape St to shape Sr, it can be seen
that, quickly after heating, the object moved autonomously, gradually returning to its original shape.

Polymers 2018, 10, x FOR PEER REVIEW  11 of 14 

 

In order to observe the influence of the filling angle on the shape memory performance of the 
specimen, the different filling angles of the specimen and the final change state of the specimen after 
the shape memory performance test were recorded, as shown in the Figure 8. It can be seen in Figure 
8 that the final recovery angle of the sample with 45° was greater than 22.5° and 0°. It may be due to 
the maximum recovery stress of the inclined surface of the specimen at 45° in the recovery process 
[39]. Similarly, when the filling angle was 22.5°, the recovery force of the specimen was greater than 
0°. 

 
Figure 8. Samples printed from different filling angles and final shape changes of samples after the 
shape memory performance test. 

3.6. Demonstrative Object 

Figure 9 shows the instantaneous shapes of a man model during shape recovery. The object was 
fabricated from the TPU/WF composite comprising 4% of EPDM-g-MAH with the 3D printer, in 
which the filling angle was 45°. During the recovery in the oven, from the shape St to shape Sr, it can 
be seen that, quickly after heating, the object moved autonomously, gradually returning to its original 
shape. 

 
Figure 9. Heat-induced shape memory effect of a man model: the design of the man model (a); So (b), 
St (c); the recovery state of the model at 2 min (d) and 20 min (e); Sr (f) at 50 min. 

4. Conclusions 

In this work, a series of heat-induced shape memory TPU/WF composites with different contents 
of EPDM-g-MAH were prepared through hot-melt extrusion and 3D printing. The introduction of 
EPDM-g-MAH can improve the compatibility of TPU and WF. The change of EPDM-g-MAH content 

Figure 9. Heat-induced shape memory effect of a man model: the design of the man model (a); So (b),
St (c); the recovery state of the model at 2 min (d) and 20 min (e); Sr (f) at 50 min.

4. Conclusions

In this work, a series of heat-induced shape memory TPU/WF composites with different contents
of EPDM-g-MAH were prepared through hot-melt extrusion and 3D printing. The introduction of
EPDM-g-MAH can improve the compatibility of TPU and WF. The change of EPDM-g-MAH content
resulted in different tensile properties of TPU/WF composites. The tensile test results showed that
both the tear elongation and tensile strength of the composites firstly increased and then decreased as
the EPDM-g-MAH content increased. The experimental results showed that, when the EPDM-g-MAH
content was 4%, the WF could disperse well in the composites, and strong interfacial bonding between
WF and TPU was achieved, which can highly improve the composites’ tear elongation without
compromising the strength. At the same time, SEM, DMA, TGA, and DSC also indicated that the
interface compatibility of the composites was best when the addition of EPDM-g-MAH was 4%.
In addition, the 4%-TPU/WF composites had a better recovery ratio than unmodified-TPU/WF
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composites. The shape memory property tests suggested that the temperature was important for
affecting the heat-induced shape memory, as well as the filling angle of the specimen. Furthermore,
the results of this work can provide useful guidelines for researchers. It is expected that the more
interesting behaviors of heat-induced biomass composites and other more challengeable actuation
functions, such as soft robotics, sensing, smart products, flexible electronics, and four-dimensional
(4D) printing, will be developed [2,9,22].

Author Contributions: H.B. and M.X. conceived and designed the experiments; H.B., G.Y., and Z.R. performed
the experiments; H.B., G.Y., and R.G. analyzed the data; H.B., M.X., and L.C. wrote the paper.

Funding: This work was supported by the National Key R&D Program of China (2018YFD0600302) and the
Special Project for Double First-Class-Cultivation of Innovative Talents of China (000/41113102), for which we are
very grateful.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, W.X.; Lu, H.B.; Liu, Y.J.; Leng, J.S. Sodium dodecyl sulfate/epoxy composite: Water-induced shape
memory effect and its mechanism. J. Mater. Chem. A 2014, 2, 5441–5449. [CrossRef]

2. Wei, H.; Zhang, Q.; Yao, Y.; Liu, L.; Liu, Y.; Leng, J.S. Direct-write fabrication of 4d active shape-changing
structures based on a shape memory polymer and its nanocomposite. ACS Appl. Mater. Interface 2017, 9,
876–883. [CrossRef] [PubMed]

3. Li, Y.; Chen, H.; Liu, D.; Wang, W.; Liu, Y.; Zhou, S. pH-responsive shape memory poly(ethylene
glycol)-poly(Îµ-caprolactone)-based polyurethane/cellulose nanocrystals nanocomposite. ACS Appl.
Mater. Interface 2015, 7, 12988–12999. [CrossRef] [PubMed]

4. Shi, S.; Shen, D.; Xu, T. Microstructural and mechanical property evolutions of shape memory polyurethane
during a thermodynamic cycle. J. Appl. Polym. Sci. 2017, 135, 45703. [CrossRef]

5. Wang, W.; Liu, Y.; Leng, J.S. Recent developments in shape memory polymer nanocomposites: Actuation
methods and mechanisms. Coord. Chem. Rev. 2016, 320–321, 38–52. [CrossRef]

6. Mendez, J.; Annamalai, P.K.; Eichhorn, S.J.; Rusli, R.; Rowan, S.J.; Foster, E.J. Bioinspired mechanically
adaptive polymer nanocomposites with water-activated shape-memory effect. Macromolecules 2015, 44,
6827–6835. [CrossRef]

7. Duan, L.; D’Hooge, D.R.; Spoerk, M.; Cornillie, P.; Cardon, L. Facile and low-cost route for sensitive
stretchable sensors by controlling kinetic and thermodynamic conductive network regulating strategies.
ACS Appl. Mater. Interface 2018, 10, 22678–22691. [CrossRef] [PubMed]

8. Zhang, C.S.; Ni, Q.; Fu, S.Y.; Kurashiki, K. Electromagnetic interference shielding effect of nanocomposites
with carbon nanotube and shape memory polymer. Compos. Sci. Technol. 2007, 67, 2973–2980. [CrossRef]

9. Monzón, M.D.; Paz, R.; Pei, E.; Ortega, F.; Suárez, L.A.; Ortega, Z. 4D printing: Processability and
measurement of recovery force in shape memory polymers. Int. J. Adv. Manuf. Technol. 2017, 89, 1827–1836.
[CrossRef]

10. Barmouz, M.; Behravesh, A.H. Shape memory behaviors in cylindrical shell pla/tpu-cellulose nanofiber
bio-nanocomposites: Analytical and experimental assessment. Composites Part A 2017, 101, 160–172.
[CrossRef]

11. Jing, X.; Mi, H.Y.; Salick, M.R.; Peng, X.F.; Turng, L.S. Preparation of thermoplastic polyurethane/graphene
oxide composite scaffolds by thermally induced phase separation. Polym. Compos. 2013, 35, 1408–1417.
[CrossRef]

12. Chen, Q.; Mangadlao, J.D.; Wallat, J.; Leon, A.D.; Pokorski, J.K.; Advincula, R.C. 3D printing biocompatible
polyurethane/poly(lactic acid)/graphene oxide nanocomposites: Anisotropic properties. ACS Appl.
Mater. Interface 2017, 9, 4015–4023. [CrossRef] [PubMed]

13. Mosleh, Y.; Ebrahimi, N.G.; Mahdavian, A.; Ashjari, M. TPU/PCL/nanomagnetite ternary shape
memory composites: Studies on their thermal, dynamic-mechanical, rheological and electrical properties.
Iran. Polym. J. 2014, 23, 137–145. [CrossRef]

14. Jing, X.; Mi, H.Y.; Huang, H.X. Shape memory thermoplastic polyurethane (TPU)/poly (Îµ-caprolactone)
(PCL) blends as self-knotting sutures. J. Mech. Behav. Biomed. 2016, 64, 94–103. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/c3ta15204a
http://dx.doi.org/10.1021/acsami.6b12824
http://www.ncbi.nlm.nih.gov/pubmed/27997104
http://dx.doi.org/10.1021/acsami.5b02940
http://www.ncbi.nlm.nih.gov/pubmed/26011859
http://dx.doi.org/10.1002/app.45703
http://dx.doi.org/10.1016/j.ccr.2016.03.007
http://dx.doi.org/10.1021/ma201502k
http://dx.doi.org/10.1021/acsami.8b03967
http://www.ncbi.nlm.nih.gov/pubmed/29808670
http://dx.doi.org/10.1016/j.compscitech.2007.05.011
http://dx.doi.org/10.1007/s00170-016-9233-9
http://dx.doi.org/10.1016/j.compositesa.2017.06.014
http://dx.doi.org/10.1002/pc.22793
http://dx.doi.org/10.1021/acsami.6b11793
http://www.ncbi.nlm.nih.gov/pubmed/28026926
http://dx.doi.org/10.1007/s13726-013-0209-4
http://dx.doi.org/10.1016/j.jmbbm.2016.07.023
http://www.ncbi.nlm.nih.gov/pubmed/27490212


Polymers 2018, 10, 1234 13 of 14

15. Wu, T.; O’Kelly, K.; Chen, B. Poly (vinyl alcohol) particle-reinforced elastomer composites with water-active
shape-memory effects. Eur. Polym. J. 2014, 53, 230–237. [CrossRef]

16. Wu, T.; Frydrych, M.; O’Kelly, K. Poly (glycerol sebacate urethane)–cellulose nanocomposites with
water-active shape-memory effects. Biomacromolecules 2014, 15, 2663–2671. [CrossRef] [PubMed]

17. Liu, Y.; Li, Y.; Yang, G.; Zheng, X.; Zhou, S. Multi-stimuli responsive shape-memory polymer nanocomposite
network cross-linked by cellulose nanocrystals. ACS Appl. Mater. Interface 2015, 7, 4118–4126. [CrossRef]
[PubMed]

18. Miller, A.T.; Safranski, D.L.; Smith, K.E.; Sycks, D.G.; Guldberg, R.E.; Gall, K. Fatigue of injection molded
and 3d printed polycarbonate urethane in solution. Polymer 2017, 108, 121–134. [CrossRef]

19. Christ, J.F.; Aliheidari, N.; Ameli, A.; Pötschke, P. 3D printed highly elastic strain sensors of multiwalled
carbon nanotube/thermoplastic polyurethane nanocomposites. Mater. Des. 2017, 131, 394–401. [CrossRef]

20. Kumar, S.; Wardle, B.L.; Arif, M.F. Strength and performance enhancement of bonded joints by spatial
tailoring of adhesive compliance via 3D printing. ACS Appl. Mater. Interface 2017, 9, 884–891. [CrossRef]
[PubMed]

21. Tekinalp, H.L.; Kunc, V.; Velez-Garcia, G.M.; Duty, C.E.; Love, L.J.; Naskar, A.K. Highly oriented carbon
fiber–polymer composites via additive manufacturing. Compos. Sci. Technol. 2017, 105, 144–150. [CrossRef]

22. Nadgorny, M.; Xiao, Z.; Chao, C.; Connal, L.A. Three-dimensional printing of pH-responsive and functional
polymers on an affordable desktop printer. ACS Appl. Mater. Interface 2016, 8, 28946–28954. [CrossRef]
[PubMed]

23. Wieme, T.; Tang, D.; Delva, L.; D’Hooge, D.R.; Cardon, L. The relevance of material and processing
parameters on the thermal conductivity of thermoplastic composites. Polym. Eng. Sci. 2018, 58, 466–474.
[CrossRef]

24. Spoerk, M.; Savandaiah, C.; Arbeiter, F.; Traxler, G.; Cardon, L.; Holzer, C. Anisotropic properties of
oriented short carbon fibre filled polypropylene parts fabricated by extrusion-based additive manufacturing.
Composites Part A 2018, 113, 95–104. [CrossRef]

25. Castro, N.J.; Tan, W.N.; Shen, C.; Zhang, L.G. Simulated body fluid nucleation of three-dimensional printed
elastomeric scaffolds for enhanced osteogenesis. Tissue Eng. Part A 2016, 22, 940–948. [CrossRef] [PubMed]

26. Bi, H.; Ren, Z.; Guo, R.; Xu, M.; Song, Y. Fabrication of flexible wood flour/thermoplastic polyurethane
elastomer composites using fused deposition molding. Ind. Crops Prod. 2018, 122, 76–84. [CrossRef]

27. Du, J.; Wang, Y.; Xie, X.; Xu, M.; Song, Y. Styrene-assisted maleic anhydride grafted poly(lactic acid) as
an effective compatibilizer for wood flour/poly(lactic acid) bio-composites. Polymers 2017, 9, 623. [CrossRef]

28. Wu, D.; Zhan, J.; Xu, G.; Jiang, L.; Jin, R. The effect of EPDM-g-MAH on the Structure and Properties of
PPO/PA6 Blends. Polym. Mater. Sci. Eng. 2006, 4, 126–129.

29. Huang, B.; Zhang, G.; Wang, Y. Effect of EPDM-g-MAH on properties of PA6/ABS alloy. Eng. Plast. Appl.
2007, 35, 12–15.

30. Vajrasthira, C.; Amornsakchai, T.; Bualek-Limcharoen, S. Fiber-matrix interactions in aramid-short-fiber-
reinforced thermoplastic polyurethane composites. J. Appl. Polym. Sci. 2003, 87, 1059–1067. [CrossRef]

31. Wang, J.H.; Zhu, B.K.; Zhu, L.P.; You-Yi, X.U. Fabrication of maco-nano hierarchical structure hybrid surfaces
based on ultrahigh molecular poly (styrene-alt-maleic). J. Funct. Mater. 2014, 45, 05041–05044.

32. El-Shekeil, Y.A.; Sapuan, S.M.; Abdan, K.; Zainudin, E.S. Influence of fiber content on the mechanical and
thermal properties of kenaf fiber reinforced thermoplastic polyurethane composites. Mater. Des. 2012, 40,
299–303. [CrossRef]

33. Yao, X.; Qi, X.; He, Y.; Tan, D.; Chen, F.; Fu, Q. Simultaneous reinforcing and toughening of polyurethane via
grafting on the surface of microfibrillated cellulose. ACS Appl. Mater. Interface 2014, 6, 2497–2507. [CrossRef]
[PubMed]

34. Zhu, G. Shape Memory Polymer and Its Application; M. Chem Indus Press: Beijing, China, 2002.
35. Lei, W.; Yu, W.; Ren, C.; Yang, T.; Wu, H. Melting properties and surface tension of high density

polyethylene/wood-flour composites. Shanghai Plast. 2008, 142, 8–11.
36. Nicharat, A.; Shirole, A.; Foster, E.J.; Weder, C. Thermally activated shape memory behavior of melt-mixed

polyurethane/cellulose nanocrystal composites. J. Appl. Polym. Sci. 2017, 134, 45033. [CrossRef]

http://dx.doi.org/10.1016/j.eurpolymj.2014.01.031
http://dx.doi.org/10.1021/bm500507z
http://www.ncbi.nlm.nih.gov/pubmed/24877559
http://dx.doi.org/10.1021/am5081056
http://www.ncbi.nlm.nih.gov/pubmed/25647407
http://dx.doi.org/10.1016/j.polymer.2016.11.055
http://dx.doi.org/10.1016/j.matdes.2017.06.011
http://dx.doi.org/10.1021/acsami.6b13038
http://www.ncbi.nlm.nih.gov/pubmed/27966344
http://dx.doi.org/10.1016/j.compscitech.2014.10.009
http://dx.doi.org/10.1021/acsami.6b07388
http://www.ncbi.nlm.nih.gov/pubmed/27696806
http://dx.doi.org/10.1002/pen.24667
http://dx.doi.org/10.1016/j.compositesa.2018.06.018
http://dx.doi.org/10.1089/ten.tea.2016.0161
http://www.ncbi.nlm.nih.gov/pubmed/27298115
http://dx.doi.org/10.1016/j.indcrop.2018.05.059
http://dx.doi.org/10.3390/polym9110623
http://dx.doi.org/10.1002/app.11484
http://dx.doi.org/10.1016/j.matdes.2012.04.003
http://dx.doi.org/10.1021/am4056694
http://www.ncbi.nlm.nih.gov/pubmed/24476503
http://dx.doi.org/10.1002/app.45033


Polymers 2018, 10, 1234 14 of 14

37. Chen, Y.; Chen, K.; Wang, Y.; Xu, C. Biobased heat-triggered shape-memory-polymers based on
polylactide/epoxidized natural rubber blend system fabricated via peroxide-induced dynamic vulcanization:
Co-continuous phase structure, shape memory behavior and interfacial compatibilization. Ind. Eng. Chem. Res.
2015, 54, 8723–8731. [CrossRef]

38. Feng, W.; Qin, M.; Katsumi, Y.; Guo, H.; Feng, Y. Infrared-actuated recovery of polyurethane filled by
reduced grphene oxide-carbon nanotube hibrids with high energy density. ACS Appl. Mater. Interface 2013, 5,
10882–10888. [CrossRef] [PubMed]

39. Chi, B.; Ma, H.; Liu, X. The Influence of 3D printing process parameters on the mechanical behavior of TPU
products. Plastic 2017, 46, 9–12.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.iecr.5b02195
http://dx.doi.org/10.1021/am403071k
http://www.ncbi.nlm.nih.gov/pubmed/24138409
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Composites Preparation 
	Tensile Tests 
	Scanning Electron Microscopy (SEM) 
	Dynamic Mechanical Analysis (DMA) 
	Thermogravimetric Analysis (TGA) 
	Differential Scanning Calorimetry (DSC) 
	Shape Memory Effect Characterization 

	Results and Discussion 
	Mechanical Properties 
	Morphology of the TPU/WF Composites 
	Dynamic Mechanical Analysis 
	Thermal Property Analysis 
	Shape Memory Properties of TPU/WF Composites 
	Demonstrative Object 

	Conclusions 
	References

