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Abstract. There are a limited number of thermoplastics with intrinsic shape memory effect (SME) that are four-dimensional
(4D) printable. Development of other shape memory polymers (SMPs) entails synthesis with a complicated chemical exper-
imental lab effort. In this paper, for the first time, a novel layered multi-material structure is developed based on a deep com-
prehension of SMEs’ macromolecular requisites. The fused deposition modeling (FDM) method is used for the four-dimen-
sional printing of layered structures whose base materials show no SME. Commercial acrylonitrile butadiene styrene (ABS),
toughened ABS-thermoplastic polyurethane (TPU) blend, and TPU, all with no SME, are used to fabricate bi-layers of ABS-
TPU blends and TPU with different volumetric proportions. Different thermo-mechanical tests, including dynamic mechanical
thermal analysis (DMTA), and constrained and free shape recovery, are conducted. Also, the interfacial properties of the
layered 4D printed structure are assessed by the mean of shear testing and scanning electron microscopy (SEM). Experimental
results reveal that the 4D printed bi-layer composites possess a high level of programmability, SME (90-96%), and perfect
interfaces without any porosity and detachment between layers. The results of this research can potentially eliminate the des-
perate need for SMPs for 4D printing and broaden the opportunity to have smart parts using commercial thermoplastics.
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1. Introduction

Additive manufacturing (AM) or three-dimensional
(3D) printing is an emerging approach for fabricating
prototypes or final parts with sophisticated geometries
which cannot be produced by traditional manufac-
turing methods [1, 2]. This manufacturing technolo-
gy has diverse usages in academics and distinctive
fields of industry such as automotive, acrospace, soft
robotics, fashion, and health care. The basic idea of
3D printing is the creation of a two-dimensional layer
with a simple geometry on another layer to produce
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a complex solid object [3, 4]. Fused deposition mod-
eling (FDM) is the easiest, most controllable, and
most efficient technique of AM to manufacture ther-
moplastic parts. Furthermore, because of the low cost
of base materials in this technique, it is surprisingly
economical [5]. The fundamental concept of its pro-
cedure is the extrusion of semi-liquid thermoplastic.
In the last decade, there have been many prominent
experimental and numerical investigations on the
FDM technique related to improving the material
properties of 3D printed parts [6] and multi-material
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and gradient printing [7-9]. Multi-material FDM
printing is related to printing different filaments by
dual extruder printers [7, 9—11] or using continuous
fibers embedded in filaments and printing them with
an especially designed extruder [12, 13]. Of course,
the manufacturing of composite shape memory poly-
mers (SMPs) has also been developed to achieve
non-thermal stimulation, such as electrical [14].
Shape memory materials (SMMs) are a kind of smart
materials that have captivated industries and academic
researchers for the last couple of decades. These ma-
terials’ shapes can be converted in response to a spe-
cific stimulus [15]. The most important characteristic
of the SMMs is the shape memory effect (SME), in
which the original shape is ‘memorized’ and recov-
ered freely without any additional mechanical force
[16, 17]. SMPs are the most well-known types of
SMMs due to their unique properties. Some of their
features and advantages are: fixing and recovering
large strains, high recovery rate, tailorable properties
(e.g., transition temperature), programmability and
controllability of recovery, low cost, lightweight, ac-
quiring potential of biodegradability and biocompat-
ibility, and vast types of stimuli including joule heat-
ing, electrical current, magnetic field, light exposure,
UV exposure, moisture, pH and mechanical loading,
etc. [18-20]. For manifestation SME, polymers must
have net points or hard phase and soft phase. The hard
phase is needed to form an integrated polymeric net-
work that stores the strain energy and releases it in the
recovery step for memorization of the permanent
shape. These net points can be chemical crosslinks for
thermosets and crystalline or molecular entangle-
ments as physical crosslinks for thermoplastic poly-
mers. The responsibility of fixing the temporary shape
after the programming steps and recovering the ap-
plied deformation is due to the soft phase [21, 22].
Four-dimensional (4D) printing is a scientific hori-
zon that is the integration of two concepts of AM and
the capability to change the shape like an SME [23].
The dynamic properties of 4D-printed SMMs are re-
lated to the fourth dimension of printing. FDM is the
most used technique in 4D printing [24, 25]. Never-
theless, only a few thermoplastic SMPs like polylac-
tic acid (PLA) and polyurethane (PU) are 4D print-
able, and to make novel SMPs, additional operations
such as blending polymers are needed [17, 26]. In
this regard, based on the multi-material printing and
the microscopic concept of SMPs, a shape memory
bi-layer structure is developed here.

Acrylonitrile butadiene styrene (ABS) and thermo-
plastic polyurethane (TPU) are commercial filaments
in 3D printing that are employed in this research. In
multi-material printing, the adhesion of the polymers
in joint surfaces is one of the most prominent points
and is generally limited to three theories, including
mechanical interlocking, diffusion, and thermody-
namic theory of adhesion [27-30]. There are only a
few experimental and numerical investigations on
the adhesion of these two materials, specifically in
the AM field. Harris et al. [31] printed a three-lay-
ered ABS/TPU/ABS structure. The shear test results
suggested that TPU adheres to ABS, which was com-
parable to the commercial adhesive. Another achieve-
ment of their work was that the TPU layer adheres
to lower ABS better than the upper ABS layer. The
reason was that at the printing temperature of TPU
(218°C), the complex viscosity of this material is
much lower than ABS at its printing temperature
(240°C). This phenomenon led to excellent inter-
locking and filling of voids in bottom-layered ABS
with TPU. In contrast, the top layer of ABS could
not establish the same interlocking as TPU. Yin et al.
[32] conducted an experimental and numerical in-
vestigation on the interfacial bonding of ABS and
TPU based on the diffusion aspect of adhesion. They
evaluated the effects of building stage temperature,
print speed, and nozzle temperature on the quality of
the interfacial bonding of the ABS and TPU printed
alongside each other. They have found that by in-
creasing the building stage temperature from 30 to
68 °C, the bonding significantly improved from 0.86
to 1.66 MPa. By decreasing the printing speed and
increasing the nozzle temperature, also the bonding
was enhanced, but these parameters had minor ef-
fects. They also insisted that for diffusion, both ma-
terials must be above their glass transition tempera-
ture (7,) during the printing of each layer. de Ledn
et al. [27] blended the ABS and TPU with different
weight percentages (the blends contained 10, 20, and
30 wt% of TPU) to study the compatibility of these
materials. Fourier transform infrared (FTIR) spec-
troscopy analysis in attenuated total reflectance
mode (ATR), atomic force microscopy (AFM) and
Raman spectroscopy were carried out in the study.
The results showed a homogeneous distribution of
ABS and TPU in the blends, probably due to hydro-
gen bonding supramolecular interactions between
TPU polar groups and ABS acrylonitrile and aromat-
ic moieties. AFM phase images presented that in the
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blends with 10 wt% TPU, it was homogeneously
distributed within the ABS matrix, while for blends
containing 30 wt% TPU, it tended to form a contin-
uous phase along the ABS matrix. They also printed
tensile test specimens with the blend to obtain me-
chanical properties. Due to the observations, the
presence of TPU improved interlayer adhesion with-
out deterioration of yield strength for composition
up to 20 wt%.

As it is aforementioned, ABS is the common filament
for FDM, and it also has perfect mechanical proper-
ties. Due to the importance of producing functional
objects, for example, actuators or shock absorbers,
scientists have utilized distinctive approaches [33].
One of these approaches is the printing of flexible
materials [34]. Therefore, ABS, as the common ma-
terial, has been toughened with different elastomers
and plasticizers in different examinations [27, 34,
35]. Also, the toughening of ABS through blending
with another compatible material has another func-
tional advantage which is the reduction of'its 7 [34,
36]. de Ledn et al. [27] blended ABS with 30 wt% of
TPU. They could triple the elongation at the breaking
point without any remarkable drop in yield strength
in comparison to the neat ABS. Siqueiros et al. [34]
developed a new filament with ABS and thermoplas-
tic elastomer styrene ethylene butylene grafted with
maleic anhydrate (SEBS-g-MA). They melted and
blended these two materials with distinctive concen-
trations and could increase the elongation at the break
values from 8.5% for neat ABS to 50% for
ABS/SEBS-g-MA 50/50 composition.

In this article, for the first time, 4D printed shape
memory bi-layer structures were developed from a
non-shape memory thermoplastic (ABS) and an
elastomer (TPU). The generalization of SMPs’ mi-
crostructural concept to a macrostructural structure
is employed to achieve the SME in these 4D printed
specimens. Also, in comparison to the previous in-
vestigations of multilayer SMPs produced by co-ex-
trusion, these 4D printed structures benefited from
the 3D printing’s positive points, especially for pro-
ducing complex geometries for applications like pipe
fasteners. To achieve high deformability, reduce the
T, and improve the adhesion between the materials,
ABS was blended with TPU at two different weight
percentages (80 and 60 wt%). Bi-layer ABS-TPU
structures were printed with different layer thick-
nesses of components, and SME (shape fixity, shape

recovery, and stress recovery) was investigated
through constrained and free stress recovery. Addi-
tionally, a dynamic mechanical thermal analysis
(DMTA), a shear test, and scanning electron micro-
scopy (SEM) were conducted to scrutinize the ther-
mal behavior and adhesion between TPU and the
neat ABS and blends.

2. Experimental procedures

2.1. Materials and filament preparation
Commercial ABS granules were purchased from
Baspar Chemi Sepidan Co, Ltd (Iran). Also, poly-
ester-based TPU granules with the grade of 365A
were prepared from Xiamen Keyuan Plastic Co., Ltd
(China) to be used for ABS/TPU blends. A black-
colored filament of TPU was obtained from Shen-
zhen Esun Industrial Co., Ltd. (China) that is printed
as the elastomeric layer. Before starting any process,
all of the materials were dried for 3 h at 80°C. Dif-
ferent ABS-TPU blends were mixed by varying
weight percentages of 365A TPU: 20, and 40% (in
terms of ABS80, ABS60). The materials were blend-
ed using a Coperion twin screw extruder (Model
ZSK-25, Coperion GmbH, Stuttgart, Germany) with
an L/D of 40 and a screw diameter of 25 mm to pro-
duce a filament. The processing temperature window
was between 200 to 220 °C with a screw speed of
70 rpm. The filament was cut into palettes. Then,
neat ABS, ABS80, and ABS60 blend palettes were
used to prepare FDM filaments with 1.75 mm diam-
eter by a lab-made single screw extruder with an L/D
of 15 and screw diameter of 15 mm with a speed and
temperature of 30 rpm and 230 °C, respectively.

2.2. Printing procedure

A desktop two-nozzle FDM printer with a 0.8 mm
nozzle diameter was employed to print all samples.
The infill density of parts was 100% with a raster
angle of 0° and layer thickness of 200 um. For all
bi-layer samples, the black-colored TPU was printed
above the neat ABS and toughened ABS blend ac-
cording to Harris et al. [31] investigations. Regard-
ing Yin et al. [32] and de Leon et al. [27] experi-
ments, the bed temperature was chosen to be 65°C
and the printing temperatures for neat ABS, tough-
ened ABS blends, and the black TPU were set to be
240, 240, and 230 °C, respectively. Also, the printing
speed for neat ABS and toughened ABS blends was
50 mm/s, and for the black TPU was 15 mm/s.
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2.3. Dynamic mechanical thermal analysis
(DMTA)
A thermal analysis was performed on the neat ABS
and the ABS-TPU blends and the black-colored TPU
to observe the storage modulus and the glass-rubbery
transitional behavior at different temperatures. In
this respect, a cantilever beam with a geometry of
40x10x1 mm was printed based on the ASTM
D4065-01 standard. The test was carried out from
—100 to 140 °C with a heating rate of 5 °C/min and
a constant 1 Hz frequency by a dynamic mechani-
cal thermal analyzer (Mettler Toledo GmbH,
Switzerland).

2.4. Shape memory performance

For assessment of the shape memory performance
of the bi-layer structures, the free and constrained
shape recovery tests were executed in bending mode
using a universal testing machine with a 1 kN load
cell. A programmable logic controller (PLC) was
employed to manipulate the temperature, heating,
and cooling rates of the tests. All the bi-layer struc-
tures were printed in the geometry of 50x10x4 mm
with three different ratios of TPU layer thickness to
the ABS or ABS-TPU blend layer thickness (ther-
moplastic layer) listed in Table 1. The samples are
bi-layer structures in which the thermoplastic was
printed beneath the black TPU. For the free and con-
strained shape recovery tests, all of the samples were
printed and tested three times to ensure the accuracy
and repeatability of the findings.

2.4.1. Free shape recovery test
For programming, all of the twelve specimens (nine
and three for shape recovery and stress recovery)

Table 1. Sample codes considering the used thermoplastic
type, the thickness ratio of layers, and the structure

layout.

Sample TPU/thermoplastic layer Thermoplastic
code thickness ratio layer type
I 1:3
I 1:1 ABS
I 3:1
v 1:3
\% 1:1 ABS80
VI 3:1
VII 1:3
VIII 1:1 ABS60
IX 3:1

were constrained and heated to 85 °C at an 8 °C/min
rate and remain in this condition for 120 s (heating
step). Then a 7 mm deflection was applied to the sam-
ples at a rate of 3 mm/min (deformation step). With-
out any delay, the structures were quenched to am-
bient temperature at a rate of 30 °C/min and fixed in
this circumstance for the next 240 s (cooling step).
Afterward, the specimens were unloaded, and the
fixity ratio was evaluated by Equation (1) (unloading
step). For the shape recovery, samples were reheated
to 100°C with a high rate of 30 °C/min (recovery
step). The recovery ratios were gauged after one
minute of remaining at a high temperature using
Equation (2). The explained cycle is a well-known
SME programming cycle:

_ Remained deflection
Applied deflection

-100
(M

Shape fixity ratio [% ]

_ Recovered deflection 100

Shape recovery ratio [%] = Remained deflection
()

2.4.2. Constrained shape recovery test

The constrained shape recovery test was executed
for two-layer structures and only in the same ratio of
TPU thickness to ABS thickness (Samples 11, V, VIII).
The three first steps of the test were exactly the same
as the free shape recovery test. Then the samples
were unloaded, and after holding the condition for a
few seconds, the samples were confined again with-
out any further deformation and reheated to 90 °C at
the rate of 15 °C/min to examine the recovered force.

2.5. Shear test

The shear test was performed by a universal testing
machine equipped with a 1 kN load cell and a sliding
shear fixture. As depicted in Figure 1, the design of
the fixture consists of two different pieces. A 5 mm
depth groove and hole were craved on the first and
second pieces. By sliding the two pieces on each
other, pure shear is applied to the samples. The shear
samples were designed considering the fixture geom-
etry. The samples consist of two cubes with the geom-
etry of 10x10x5 mm and 8x8x5 mm (Figure 1). The
three reference samples of neat ABS, ABS80, and
ABS60 and the three bi-layer structures consisting
of them and the TPU layer were printed.
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Figure 1. a) The dimensions of the shear test specimens, b) the dimensions of the sliding shear fixture, and the sliding direc-

tion (all in mm).

2.6. Scanning electron microscopy (SEM)

For the evaluation of the bond quality between the
materials, imaging was also performed using SEM.
Before imaging, the samples were frozen and broken
down in liquid nitrogen and then coated with gold.
Imaging was performed using Philips XL30 Scan-
ning Electron Microscope (Koninklijke Philips N.V.,
The Netherlands) in secondary electron imaging
mode.

3. Results and discussion

3.1. DMTA

The DMTA results of TPU are shown in Table 2. Ac-
cording to the storage modulus change, —40 °C is the
starting point of the glass-to-rubbery transition, and
it continues until 25 °C, demonstrating a wide tran-
sition range of 65 °C. The tan 6 peak representing the
T, of TPU is about —1 °C and its value is 0.32. Also,
the storage modulus drops from 80 MPa at room
temperature to 25 MPa at 85°C. This decreasing
trend continues until 100 °C, and the storage modulus
reaches the least value of 19 MPa, which is consistent

Table 2. Storage moduli of TPU.

Quality Temll)oe(lgzllture Stora[%fﬂr)r:])dulus
Glass transition starting point —40 2234
Glass transition ending point 25 80
Deformation point 85 25
Recovery point 100 19

with observations in [37]. The slight rise in the stor-
age modulus of TPU during the cooling process in
the shape memory cycle may slightly help the im-
posed strain to be stored. On the other hand, the
slight increase in storage modulus upon cooling
makes the TPU stiffer while it is in a rubbery state,
causing the entropic force to be intensified with the
same imposed strain. However, this intensified re-
tracting force would not deteriorate the shape fixity
because even the increased storage modulus of TPU
at room temperature is far smaller than that of mate-
rials that possess high storage moduli in their glassy
state at room temperature like ABS.

The storage modulus changes for ABS, ABS80 and
ABS60 according to temperature are presented in
Figure 2 and Table 3. As it is depicted in Figures 2a
and 2b the glass-to-rubber transition of ABS starts
from 90 to 135°C and tand picks at 118°C (7).
Also, o transition of this material occurs at 103 °C,
which is the middle point of the storage modulus’s
drop from 760 to 55 MPa. In addition, between 0 and
85°C, the storage modulus decreases from 995 to
780 MPa gradually. Also, there is a B transition for
ABS between —85 and —62 °C, which is consistent
with observations in [37]. As aforementioned, de
Leén et al. [27] reported superior compatibility be-
tween ABS and TPU, which can be distinguished in
the DMTA results of ABS80 and ABS60 composites,
as shown in Figures 2a and 2b. Initially, the glass
transition of ABS80 and ABS60 read from 87 to
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Figure 2. The results of the DMTA: a) the storage modulus, and b) tan$ of ABS, ABS80, and ABS 60.

Table 3. The storage modulus changes according to temper-
ature for ABS, ABS80, and ABS 60.

T Storage modulus
C] [MPa]
ABS ABS60 ABS80

-85 1540 1400 1180
—62 1170 1110 10463

0 995 695 540
100 465 88 33
110 112 40 33
120 54 39 31

130°C and 81 to 125 °C, respectively. Furthermore,
with the increase of TPU content in the ABS matrix,
the storage modulus of composite blends gets lower
in the whole temperature range. Also, the reduction
rate of the storage modulus in the P transition of
ABS is slightly decreased for both composites.
Moreover, there are additional drops from around —
40 to 0°C for both blends, especially in ABS60,
which are associated with the contribution of the
TPU’s glass-to-rubber transition. Besides, significant
continuous declining slopes in the storage modulus
curves of composites are detected between 0 and
85 °C due to the corporation of TPU, which are from
695 to 270 MPa and 540 to 97 MPa for ABS80 and
ABS60, respectively. Also, the glass and o transition
temperatures of ABS80 are fallen to 114 and 95°C,
respectively. After surpassing the o transition tem-
perature, the storage modulus dropped from 220 to
32 MPa. In the case of ABS60, the T}, is 87 °C, and
the storage modulus decreases from 153 to 27 MPa
during this transition. The T, of this composite is
106°C. The basic concept of the SMEs in this work,
which will be discussed in the next section, is based
on the storage modulus of hard material above the
switching temperature, which is the o transition tem-
perature of ABS, and both composites. Therefore, the

recovery occurs at 100 °C where the a transition is
completed, and the storage moduli of ABS80 and
ABS60 reach 88 and 33 MPa, respectively. This no-
table softening of the ABS blends at this temperature
can lead to the effective release of the stress stored
in the TPU layer during the recovery procedure.

3.2. Shape fixity and recovery

A comprehensive schematic representing the essen-
tial microstructural requisites for exhibiting SME is
illustrated in Figure 3, separately for each program-
ming step. The elastomeric (storing phase) and
switching phase (hard material) layers in Figure 3
refer to TPU and different types of ABS, respective-
ly. In this article, the hard phase as a network and the
soft phase are generalized to a novel bi-layer macro-
scopic-designed SMP structure using multi-material
printing and the basic microscopic concept of SMPs.
These SMP structures are the assembly of a stiff non-
shape memory thermoplastic with a high 7, and an
elastomer with a lower 7, (below room temperature)
on top of the former layer. To make a clear associa-
tion between the microstructural requisites for ex-
hibiting SME and the characteristics that belong to
the proposed bi-layer, the physical state of each layer
in each programming stage is shown in Figure 3. An
SMP has two microstructural features that have pow-
ered it to emerge SME. First, there should be net
points, forming an integrated network to restrict rel-
ative movements of the polymer chains and perma-
nent deformations. In the designed bi-layer structure,
these net points are formed from the interconnected
hard phases in TPU as a thermoplastic elastomer.
This feature of TPU has brought hyperelastic prop-
erties along with negligible permanent deformation.
Second, there should be a phase transition for storing
and relieving the applied deformation. In the bi-layer
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Figure 3. Schematic of samples during the shape memory cycle: a) as-printed condition, b) after heating and deformation,

¢) after cooling, d) recovery step.

structure, the glass transition of the polymer chains
in the hard ABS layer acts similarly to an SMP. The
collection of net points and phase switchable chains
are found within the microstructure of an SMP. In
the designed layered composite, the combination of
two layers acts as a parallel spring system with the
same amount of strain in each layer. The combina-
tion of the microstructural features of each layer and
the parallel structural behavior can well be associated
with the exact microstructural requisites that are
found within an SMP. The thermoplastic is respon-
sible for fixing the temporary shape in temperatures
below T, by the rubber-to-glass hardening transition
accompanied by a substantial increase in modulus.
During the programming steps, by deforming the
structure, elastic stress emerges in the elastomer, and
with the aid of the cooling of the deformed structure
below the thermoplastic T, the elastic stress can be
stored in the elastomer by the resists of the stiffed
glassy thermoplastic. When the structure is heated
above the thermoplastic 7,, the mentioned layer
starts to soften, and the steep decrease in the storage
modulus leads to the stored stress in the elastomer
layer being released. During programming, the stress
is applied to the structures, and the elastomeric layer
has the duty of stabilizing most of the imposed stress
thanks to the presence of an integrated network in its
molecular architecture, restricting stress relaxation.
Also, the thermoplastic is responsible for fixing the
deflection due to its hardening behavior caused by
reaching the glassy state of the material during the

cooling step (Figure 3c). The resistance of the ther-
moplastic layer to preserve the stored stress in the
elastomeric layer (TPU) without a substantial spring
back is reduced when its portion decreases. This al-
ternation causes the structural stiffness to be less-
ened, which is well accompanied by a decrease in
the shape fixity. In contrast, higher stress can be stored
in the structure by raising the portion of the TPU
layer. This phenomenon leads to a more complete
shape recovery during the stimulation process (re-
covery step).

The shape memory performance ratios for different
4D printed bi-layer structures are named in Table 4
regarding the differences in hard material and the
TPU thickness to hard material thickness ratio. All the
fixed and recovered shapes of the samples are sum-
marised in Figure 4. By comparing the samples in
each set, decreasing and increasing trends are ob-
served in shape fixity and shape recovery, respectively,

Table 4. Shape recovery and shape fixity of the samples.

Sample Shape fixity ratio Shape recovery ratio
code [%] [%]
I 84.0 66.3
I 78.9 76.5
111 67.6 83.9
v 94.1 87.4
\% 88.6 90.5
VI 81.7 94.1
VI 89.7 93.0
VIIL 86.1 94.7
IX 78.3 96.2
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Figure 4. Fixed and recovered conditions of the coded samples.

regarding the increasing portion of the TPU layer
thickness in these structures. The shape fixity ratios
for the two-layer ABS-TPU structures in terms of
TPU layer thickness are in the range of 67.6 to 84%,
and the highest and lowest values are obtained for
the highest and lowest TPU ratios, respectively. This
trend is repeated for two ABS80 and ABS60 struc-
tures because increasing the layer thickness ratio of
the ABS, due to its higher modulus, provides more
resistance to relax the TPU layer. On the other hand,
the highest amount of recovery ratio is also obtained
for the lowest thickness ratio of the ABS layer be-
cause in the recovery step, the lower resistance means
more recovery of the TPU elastic layer and the orig-
inal shape. Shape recovery ratios are observed in the
range of 66.3 and 83.9% for the two-layer structure.
Shape fixity is improved in the second set compared
to the first set, which is specifically related to differ-
ent glass-rubber transitions of the neat ABS and
ABSS80. At the programming temperature (85 °C),
the neat ABS structures are just at the start of their
a transition, and most regions of these layers are
glassy. The glassy regions can cause a more pro-
nounced elastic and visco-elastic spring back of the
structures after the unloading step at ambient tem-
perature, which has been observed in previous sources
[38]. Vice versa, the mentioned spring backs are
much less in the structures with thermoplastic layers
of ABS80 due to the lower temperature range of
glass-to-rubber and o transitions as well as the less

portion of glassy regions in the thermoplastic layer,
which contributed to the better shape fixity [39]. In
the third set’s samples, a drop in shape fixity com-
pared to the second set can be observed. Less struc-
tural stiffness is achieved with the aid of the highest
content of the TPU toughened into these thermoplas-
tic layers of ABS60, which is linked to a lower shape
fixity and excellent shape recovery, regardless of the
thickness ratio of TPU to hard material [40].

Overall, the improving trend for shape recovery is
correlated with the different glass-to-rubber regions
of the neat ABS, ABS80, and ABS60 composites.
As mentioned earlier, the glass-to-rubber transition
is shifted to a lower range of temperatures by blend-
ing neat ABS with TPU elastomer. At 100 °C (recov-
ery temperature), ABS60 shows the least storage
moduli (33 MPa) among all three thermoplastics
concerning DMTA results. This storage modulus is
related to more softening of the thermoplastic com-
posite layer at the recovery temperature, indicating
weakened resistance for the release of the stored
stress in the elastic layer and a resultant higher re-
covery ratio [40]. Also, the neat ABS and the ABS80
composites have storage moduli of 450 and 88 MPa
at 100°C, respectively, which results in a lower
shape recovery ratio. From another point of view,
the existence of more TPU content in the thermo-
plastics increases the portion of elastic material in
the whole structure, which may aid in a better recov-
ery ratio. Also, in videos 1 and 2, the programming,
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Figure 5. The customized tubular self-active bi-layer mechanical fastening.

fixity, and recovery steps of these two-layer struc-
tures can be seen.

Furthermore, a customized complex tubular self-ac-
tive bi-layer structure as one of the most prominent
applications of SMPs has been manufactured and
presented in Figure 5. The structure is a mechanical
fastening that can be used to fasten pipes [41].

3.3. Stress recovery

The stress recovery results of Samples II, V, and VIII
are illustrated in Figure 6, respectively. The defor-
mation stress of Sample II, which contains the neat
ABS as the thermoplastic layer, is 10.8 MPa. Also,
the maximum recovered stress for this specimen is
3.7 MPa, and it occurs at 87°C. For Sample V
(ABS80 composite as a thermoplastic layer), a sig-
nificant drop is observed in deformation stress which

is 5.5 MPa, and this can be related to the more soft-
ening of the ABS80 composite at the deformation
temperature. This sample demonstrates a 2.45 MPa
recovery stress which represents the recovery of a
higher proportion of the deformation stress in com-
parison with the previous sample. This result is along
with the earlier discussed results of the DMTA and
shape memory performance that was attributed to the
more softening of the thermoplastic composite layer,
enabling the 4D printed bi-layer structure to recover
the shape and force more intactly. The superior shape
fixity of Sample V causes the TPU layer to store
more of the deformation stress, and the excellent
shape recovery helps this sample to recover a higher
portion of the deformation stress.

Regarding DMTA results, the glass-to-rubber tran-
sition of the ABS80 composite starts at a lower
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Figure 6. Stress recovery plots of the sample: a) Sample I, b) Sample V, and ¢) Sample VIIIL
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temperature. Therefore, the maximum recovery
stress happens at lower temperatures of 81 °C. The
last specimen’s deformation stress is 4.82 MPa. This
low deformation stress contributed to the smallest
storage modulus of the ABS60 composite among all
used thermoplastics. Furthermore, the maximum re-
covery stress is 2.21 MPa and occurs at 74 °C. Sam-
ple VIII is also shown a substantial stress recovery
of the deformation stress, almost the same as Sam-
ple V because both samples have exhibited superior
shape fixity and recovery ratios in close range to one
another. By considering all of the plots, the stress in
Samples V and VIII rises more sharply than the
Sample II at lower temperatures. It is associated with
the progressive decline of storage modulus observed
in DMTA curves of the ABS80 and ABS60 compos-
ites all over the temperature range, and their lower
storage modulus in each temperature leads to the re-
lease of stress progressively at lower temperatures
which does not exist in the neat ABS. Moreover, by
increasing the temperature, there are drops in stress
after the stress recovery peaks for all samples. How-
ever, the drop for Sample II is obviously slighter
than the two other specimens. This distinction is cor-
related to the storage modulus of the samples at 9 °C
and the higher o transition temperature of the neat
ABS. The prominent decrease in the storage modu-
lus after the recovery peak results in more softening
of the material and represents lower stress. For the
neat ABS, the o transition starts at a high tempera-
ture of 86 °C (based on the DMTA curve). This phe-
nomenon can cause a neglectable drop in the storage
modulus and also a slight drop in the stress recovery
plot for this structure. But for the other structures,
due to the significant change in the storage modulus
between the stress peak’s temperature and 90 °C, the
drops of stress in them are more obvious, causing a
peak in stress recovery to be made, which is consis-
tent with previous sources [38, 42]. These differ-
ences in actuation temperatures and stresses can pro-
vide us with a wide range of actuators for distinctive
applications like grippers in soft robotics or pipe fas-
teners and splints in biomedical applications.

3.4. Adhesion

Figure 7 demonstrates the shear test results for each
set of materials. As can be seen, the specimen that
was made of the neat ABS shows the best shear
strength, and its maximum shear stress is 21.70 MPa.
Furthermore, there is a significant declining trend for
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Figure 7. Maximum shear stress of each set of materials.

the maximum shear stress of the ABS80 and ABS60
specimens, which is associated with the softening of
materials due to the corporation of TPU in these
composites. The maximum shear stresses are 13.70
and 7.30 MPa for ABS80 and ABS60 specimens, re-
spectively. Also, there is a marginal descending trend
for the maximum shear stress of bi-material struc-
tures. As it is depicted in Figure 7, the sample with
the neat ABS and TPU has an 8.8 MPa maximum
shear stress which is approximately 40% of the value
associated with the ABS-ABS sample. These results
have an excellent resemblance to Harris ef al.’s [31]
investigations of the maximum shear stress of
ABS/ABS/ABS (15 MPa) and ABS/TPU/ABS
(5 MPa). Based on the report of the comparison of the
bi-material ABS-TPU structure with an industrial ad-
hesive by Harris et al. [31], it can be deduced that the
adhesion between the TPU and ABS is perfectly ac-
ceptable in this study. It is proof of the multi-material
printability of these two materials for variant appli-
cations. Besides, the ABS80/TPU and ABS60/TPU
structures manifest 7.2 and 4.5 MPa maximum shear
stresses, which are about 50 and 60% of the values
associated with relevant mono-material specimens,
respectively. This ascending trend of these percent-
ages could be related to the better adhesion of these
composites to the TPU, which may be attributed to
the presence of the dispersed TPU microdomains in
the ABS matrix and the high affinity of the TPU
layer to adhere to itself.

3.5.SEM

The interface of the TPU with the neat ABS and the
composites printed layers is shown in Figure 8a—8c.
As can be observed, there are excellent interfaces
without any porosity and detachment between two
materials in each image. Therefore, mechanical inter-
locking and filling all the voids and roughness of the
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Figure 8. Scanning electron microscope of interface of a) ABS and TPU, b) ABS80 and TPU, c¢) ABS60 and TPU, d) mor-
phology of the ABS60 composite; and e) bi-layer structure of the neat ABS and TPU.

thermoplastic layer’s surface with the elastomeric  the thermoplastics. Thus, during the printing proce-
material (TPU) is a promising approach for the good  dure, high nozzle temperature (220 °C) and the hot
adhesion of the neat ABS and the blends with TPU. extruded TPU may warm the surface of the thermo-
The reason for these phenomena is the low viscosity — plastic up to even more than its glass transition tem-
of the TPU at its printing temperature (220 °C). Also,  perature. Based on examinations of Yin et al. [32],
as it was aforementioned, the TPU was printed on  the diffusion phenomenon can happen at the surface
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of two polymers when the polymers reach above
their glass transition temperatures. Concerning this
matter, the TPU may have diffused into the neat ABS
and the composites. In addition, Figure 8d shows the
microscopic droplets of TPU in the ABS matrix. The
average diameter of these droplets is 1 pm, which in-
dicates the compatibility of the polyester-based TPU
with the ABS [27]. Also, in Figure 8e, it can be seen
that the bilayer specimens were printed in their best
quality. Due to the low viscosity of TPU, the material
was printed without any porosity. Furthermore, the
thermoplastic layer has some neglectable voids be-
tween raster, but these voids don’t deteriorate the
shear stress results due to what was discussed above.

4. Conclusions

In this paper, a novel bi-layer macroscopic designed

SMP structure was introduced using multi-material

4D printing and the basic microscopic concept of

SMPs, hard and soft segments as network, and switch-

ing phases. The SME comes from the lamination as-

sembly of stiff non-shape-memory thermoplastics
like net ABS, ABS80, and ABS60 composites and

TPU elastomer TPU. Bi-layer ABS-TPU structures

were 4D printed considering the thermoplastic and

the thickness ratio of the constituent layers, and

shape memory properties, thermal analysis, and mi-

crostructure were investigated. The below results

were concluded.

* In the bi-layer structure, the thermoplastic is re-
sponsible for fixing the temporary shape in tem-
peratures below its 7, by the rubber-to-glass hard-
ening transition. During the programming steps,
by cooling the deformed structure below the ther-
moplastic Ty, the elastic stress can be stored in the
elastomer by the resistance of the stiffed glassy
thermoplastic. When the structure is heated above
the thermoplastic’s 7, the mentioned layer starts
to soften, and the steep decrease in storage modu-
lus leads to stored stress in the elastomer layer to
be released.

» The highest shape fixity values (87.4 to 94.1%)
were achieved for the ABS80. The reason for its
superiority compared to pure ABS and ABS60 is
the lower glass transition temperature and higher
elastic modulus, respectively. On the other hand,
ABS60 showed shape recovery ranges of 93% to
96.2% in the different thickness ratios of compo-
nents, which is due to the more TPU phase.

The softening of the ABS80 and ABS60 compos-
ites at the deformation temperature caused the
reduction of programming stress. The highest val-
ues of recovery ratio were obtained for ABS com-
posites, which were 2.45 and 2.14 MPa for ABS80
and ABS60, respectively.

* Increasing the thickness ratio of the ABS layer
caused more resistance against the release of the
TPU layer in the programming step, and this trend
was observed in all three bi-layer structures that,
with the increase of ABS, fixity and recovery ra-
tios increased and decreased, respectively.

* Neat ABS showed the best shear strength, and its
maximum shear stress was 21.70 MPa. A significant
declining trend for the maximum shear stress of
the ABS composites was associated with the soft-
ening due to the corporation of TPU in these com-
posites. Besides, the ABS80/TPU and ABS60/TPU
structures manifested 7.2 and 4.5 MPa maximum
shear stresses, which were about 50 and 60% of
the values associated with relevant mono-material
specimens, respectively.

e The SEM results proved the excellent interfaces
without any porosity and detachment between two
ABS-TPU layers and mechanical interlocking, fill-
ing of all the voids and roughness of the thermo-
plastic layer’s surface with the TPU was a prom-
ising approach for the good adhesion of the neat
and ABS composites with TPU.
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