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ARTICLE INFO ABSTRACT

Four-dimensional (4D) printing technology, combining 3D printing with stimuli-responsive materials, has at-
tracted extensive attention for smart additive manufacturing. This work focuses on microstructural design, shape
recovery behavior and recovery force characterization of 4D printed angle-ply laminated and rectangular
braided preforms and their silicone elastomer matrix composites. The angle-ply laminated and rectangular
braided preforms were printed using polylactic acid (PLA) and carbon nanotube reinforced PLA (CNT/PLA)
based shape memory polymer (SMP) filaments. The X-ray micro-computed tomography, a high resolution and
nondestructive imaging technique, was employed to characterize the microstructures of 4D printed specimens
and their post-bending damage morphology. The effects of microstructure, CNT filler and silicone elastomer
matrix on shape recovery behavior, recovery force and flexural property were studied. The infilling of CNT
enabled earlier initiation of specimen shape recovery process, improved the recovery force up to 144% and
enhanced the flexural load and modulus. The infusion of silicone matrix increased the final shape recovery ratio
to 97.3%, improved the recovery force and enhanced flexural property. The knowledge gained in this research
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will benefit future design optimization for smarter, faster and stronger actuators.

1. Introduction

Three-dimensional (3D) printing technology, also termed additive
manufacturing, has been rapidly developed and widely applied in many
manufacturing fields due to the minimization in material waste and the
capability of fabricating objects of complex shape from micro-to macro-
scale [1,2]. 3D printing techniques have been under rapid development
for nearly three decades and there are currently over 50 different ad-
ditive manufacturing techniques, such as fused deposition modeling
(FDM), direct ink writing (DIW), stereolithography (SLA), etc [2].
Materials used in the conventional 3D printing are mainly non-active
materials whose shape and function are mostly fixed [3]. Stimuli-re-
sponsive materials, on the other hand, can change shape, property and
function under a certain stimulus, such as heat, light, electricity, mag-
netism, water and chemical [4,5]. Four dimensional (4D) printing, first
introduced by Tibbits [6], utilizes stimuli-responsive materials to add
the time-dimension to 3D printing of devices which exhibit shape-,
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property- and function-change over time [7,8]. Owing to the rapid
growth and interdisciplinary research of 3D printing and stimuli-re-
sponsive materials, 4D printing has demonstrated its tremendous po-
tential in many engineering applications, such as robotics [9], origami
based actuators [10-12], adaptive metamaterials [13,14], drug delivery
[15] and fashionwear [16].

Several methods have been adopted to achieve 4D printing. For
example, the simplest approach to realize 4D printing is by combining
3D printing with one of the stimuli-responsive materials, which mostly
include shape memory polymer (SMP) [17-20], hydrogel [21,22] and
liquid crystal elastomers [23,24]. Next, the release of residual stress,
which was created in the printing process, under heat treatment can be
utilized to induce shape-change [13,25-27]. Thirdly, a structure
printed with property-mismatched (i.e., modulus and coefficient of
thermal expansion) multi-materials can undergo a complex shape-
shifting under a certain stimulus [28-30]. These above research efforts
mainly focus on the realization of shape-changes of the printed objects.
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Among the stimuli-responsive materials, SMP has been extensively
used and developed in 4D printing technology [7,31]. Furthermore,
shape recovery ratio and recovery force are considered as the key
parameters of shape recovery capacity of a 4D printed structure. In
order to improve shape recovery capacity of SMP, Chen and Shea [32]
designed a force-amplified structure to achieve larger recovery force.
Akbari et al. [33] printed elastomer hinges for assisting the SMP
structure in achieving larger recovery force. Furthermore, significant
efforts have also been made by researcher in achieving high shape re-
covery capacity of SMP composites by using reinforcing fillers, such as
graphite oxide [34], carbon nanotube (CNT) [35], carbon fiber [36],
TiO, particle [37], etc. However, there seems to be a lack of study on
shape recovery capacity of 4D printed nano-filler reinforced SMP
lightweight functional composites. Lastly, it should be noted that al-
though most of the existing research has focused on the characteriza-
tion of recovery force subjected to tensile load [38-40], in the majority
of applications of 4D printed structures as sensors and actuators,
bending loads are more prevalent.

A major focus of our current research in 3D printing is the devel-
opment of functional composites for applications in sensors and ac-
tuators. To this end, a two-prone approach has been adopted, namely,
microstructural design and materials research of the preforms and their
composites. In preform microstructural design, particular attention was
devoted to conventional laminated preforms as well as 3D textile pre-
forms. For instance, the works of Quan et al. [1,41,42] and Zhang et al.
[43,44], have demonstrated the enormous potential of microstructural
design and fabrication of preforms based on 3D printing and fused
deposition modeling, as well as the residual stress and deformation in
3D printed preforms and their composites. In functional applications as
sensors and actuators, Zhang et al. [45] and Liu et al. [12] have ex-
amined the basic subject of recovery force generated by 4D printed
preforms and their composites. In order to further broaden our under-
standing of the above two outlined research objectives, a preliminary
study in the optimization of microstructural design using angle-ply la-
minated preform and braided preform has been carried out. Here, we
report the effort in comparing the effectiveness in shape recovery ratio
and recovery force of 4D printed angle-ply laminated preform and
braided preform using PLA and CNT/PLA SMP filaments. The 3D
models of the angle-ply laminated and braided preforms with the same
yarn orientation (45°) and volume fraction (38%) were designed. Be-
sides, the preforms were also infused with silicone elastomer matrix for
better shape recovery capacity. Recovery force of 4D printed specimens
was measured using DMA 3-point bending mode. Flexural property of
4D printed specimens was characterized using 3-point bending test.
Finally, the microstructure of as-printed preforms and the damage
morphology of post-bending specimens were examined using X-ray
micro-computed tomography imaging.

2. Material and experimental characterization
2.1. Filament material and its thermal property characterization

The carbon nanotube (CNT) reinforced polylactic acid (PLA) (CNT/
PLA) shape memory polymer (SMP) filaments used in fused deposition
modeling were prepared at the Harbin Institute of Technology (HIT).
The cross-sectional morphology of CNT/PLA filament (before the
printing process) was characterized using Auriga 60 scanning electron
microscope (SEM) with an accelerating voltage of 3.0 kV. The thermal
gravimetric analysis (TGA) measurement of CNT/PLA filament was
conducted in a Q600 TGA/DSC (TA Instruments) under nitrogen at-
mosphere from 20 °C to 600 °C with ramp rate of 10 °C/min. The sample
weight was around 9 mg. The differential scanning calorimetry (DSC)
measurement of CNT/PLA filament was also performed using a
Discovery DSC (TA Instruments) from 20 °C to 200 °C with ramp rate of
10 °C/min. The sample weight was 4.2 mg. The thermal properties of
PLA filament had been characterized in our previous work [12].
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2.2. Preform and composite specimen fabrication

The angle-ply laminated and rectangular braided preforms were
printed by fused deposition modeling (FDM) using both PLA and CNT/
PLA shape memory polymer filaments. The angle-ply laminate was
composed of nineteen —45° and 45° layers with mid-plane symmetry.
The microstructure model of the rectangular braided preform with
braiding angle of 45° was established by the CATIA software. The size of
all specimens was around 60 mm (length) X 11 mm (width) X 5mm
(thickness). The yarn volume fraction of the rectangular braided pre-
form was around 38%. The yarn volume fraction of the angle-ply la-
minate was also 38%, which was set on the 3D printer. It should be
noted that the term “yarn” is used hereafter to describe the filament
deposited by 3D printing. Besides using the established term in textile
engineering, it is also intended to signify the fact that, unlike in tradi-
tional fiber composites, the size, shape and microstructure of yarns
from fused deposition are not exactly the same as those of the pristine
filament. The printing was conducted on a QIDI Tech 3D printer (Qidi
Technology Co., China). The printer nozzle temperature of 200 °C and
the printing speed of 50 mm/s were chosen. Furthermore, the Dow
Corning 184 silicone elastomer system (Dow Corning Inc., Michigan,
U.S.) was adopted to infuse the angle-ply laminate and braided preform
for fabricating the composites (i.e., silicone matrix infusion process).
Vacuum was applied to remove the air in the silicone elastomer matrix.
The composites were cured at room temperature for 72 h to avoid the
influence of heating on the shape memory polymer performance.

2.3. X-ray micro-computed tomography characterization

The microstructural imaging of 4D printed specimens was con-
ducted using a Scanco HCT35 scanner (Scanco Medical, Switzerland).
The X-ray voltage and current were set to 70kV and 57 pA, respec-
tively. The scanning resolution was around 18.5 um/pixel. In order to
reduce the micro-CT imaging time, the lengths of as-printed specimens
were cut to around 15 mm and the lengths of post-bending specimens
for failure observation were cut to around 18 mm. The brightness and
contrast of the acquired 2D images were modified using the CTvox
software. 3D model reconstruction and cross-sectioning were also
conducted using the CTvox software.

2.4. Characterization of shape recovery ratio and recovery force

The shape memory PLA used in our work is a kind of semi-crys-
talline polymer, in which both amorphous and crystalline regions exist
in the polymer chains. This molecular network conforms to the two-
phase structure required by shape memory effect. In the shape memory
behavior of PLA, the phase transition temperature in the crystalline
region is higher, which can be used as a stationary phase to memorize
the initial shape of PLA. The molecular chains in the amorphous region
are reversible phases and play a role in the transition between the
temporary and initial shape of PLA. Shape recovery ratio and recovery
force are the key characterizations of shape memory properties of the
4D printed preforms and their composites. The shape recovery ratio was
measured based on the specimen free—shape memory. The schematic of
a typical specimen shape recovery cycle is shown in Fig. 1a. The spe-
cimen was first uniformly heated at the high temperature T}, (higher
than the glass transition temperature), in an oven and deformed into an
intermediate L-shape under a bending load. The intermediate shape was
maintained when the specimen was cooled down to an intermediate
temperature, T;, and unloaded. Upon heating to the temperature Ty
again, the specimen without external load nearly recovered to its ori-
ginal shape. During the shape recovery cycle, Ty, and T; were chosen to
be 90 °C and room temperature, respectively. The bending radius R; of
around 8 mm was controlled by a mold. The evolution of shape re-
covery was recorded using a video camera (Sony FDR-AX100). The start
of the recovery process was defined as the instant when a specimen was
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Fig. 1. Characterization methods of shape recovery ratio and recovery force. (a) Schematic of shape recovery cycle of a specimen. (b) Illustration of the Definition of
the specimen angle 6, at recovery time t. (c) Schematic of the recovery force characterization of a specimen using a DMA 3-point bending fixture.
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Fig. 2. Characterization of the CNT/PLA filament. (a) SEM cross-sectional morphology (left) and its partially enlarged SEM image (right). (b) TGA curve. (c) DSC

curve.

placed in an oven at 90 °C, and the end of recovery process was defined
as the time when the specimen shape was nearly unchanged during
further heating. The shape recovery ratio (R, corresponding to the
shape recovery time t can be calculated using the following definition:

@

Here, 6,, 0; and 6, denote the bending angles of the specimen shape
at recovery time t, the intermediate state and the original state, re-
spectively. The angle 6, was defined by the specimen top surface
(Fig. 1b) and measured using the image processing and analysis soft-
ware (ImageJ, available on: http://imagej.nih.gov/ij/). The angles 6;
and 6, were around 90° and 180°, respectively.

R(%) = (6:-0)/(6,-6)) x 100

The recovery force was measured based on the specimen con-
strained-shape memory. The specimen was heated at 90 °C in an oven
and bent to an intermediate shape. The intermediate shape with a ra-
dius of curvature R, = 25 mm was controlled and maintained with a
pair of molds when it was cooled down to room temperature. A sche-
matic of the characterization method for recovery force is shown in
Fig. 1c. The characterization of recovery force of the deformed spe-
cimen was conducted using DMA (RSA-G2, TA Instruments) with a
bending oscillatory temperature ramp from 25 °C to 90 °C at the ramp
rate of 5°C/min. The DMA instrument was chosen to do the recovery
force measurements due to its force resolution of 0.00001 N and the
three-point bending setup similar to that in usual thermomechanical
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analysis instruments. A pre-load force around 0.01 N was applied to
ensure the contact between the top of the fixture and the specimen. The
oscillatory frequency was 1 Hz and the oscillatory strain was set to be
0.15%; these conditions were similarly to those adopted in other works
[45,46]. It should be noted that the force measured by the DMA in-
strument with oscillatory condition consists of the force responding to
0.15% oscillatory strain and the true recovery force. The oscillatory
strain of 0.15% with respect to the specimen thickness of 5mm gave
rise to the fairly small oscillatory amplitude of 7.5 pm, which is con-
sidered negligible. Therefore, the force measured by the DMA instru-
ment very closely approximates the “true” recovery force.

2.5. Flexural property characterization

The flexural property measurements of 4D printed preforms and
their silicone elastomer matrix composites have been conducted using
3-point bending tests with an Instron 5848 instrument, following the
ASTM standard D7264/D7264M-15. The support span was 40 mm and
the speed of deformation was 1 mm/min. The load and displacement
were obtained. The fracture morphology of specimens was also ex-
amined using an X-ray p-CT imaging.

3. Results and discussion
3.1. SEM morphology and thermal properties of CNT/PLA filament

The SEM cross-sectional micrographs of the CNT/PLA filament are
shown in Fig. 2a. It can be seen that the CNTs are uniformly distributed
in the filament cross-section. The TGA measurement of CNT/PLA fila-
ment was performed from 20 °C to 600 °C and the result is given in
Fig. 2b. It shows that the remaining mass of the CNT/PLA filament was
almost unchanged around 600 °C and the weight fraction of CNT in the
filament was around 9.26%. Fig. 2c shows the DSC curve of the CNT/
PLA filament. The glass transition temperature (T,), the crystallization
temperature and the melting temperature (T,,) of the CNT/PLA fila-
ment were around 64.6 °C, 81.6 °C and 166.5 °C, respectively. The T,
and T, of the PLA filament were around 64.2°C and 168.5 °C, respec-
tively [12]. Based on the thermal properties of the filament, the nozzle
temperature in the 3D printing process was set to be 200 °C.

3.2. Microstructure characterization of as-printed preforms

The microstructure design and p-CT imaging characterization of the
4D printed angle-ply laminated and rectangular braided preforms are
performed for both PLA and CNT/PLA specimens. Illustration of raster
angles, 3D model, as-printed preform and p-CT image of the PLA + 45°
angle-ply laminate are given in Fig. 3a. The p-CT image shows the high
quality of the as-fabricated preform. The sectional p-CT images of the
PLA laminate (Fig. 3c) and CNT/PLA laminate (Fig. 3d) show highly
ordered microstructures. Following the terminologies of textile en-
gineering, the microstructure model of the rectangular braided preform
was composed of three distinct parts: the interior yarns, surface yarns
and corner yarns (Fig. 3b). The p-CT images of the PLA braided preform
(Fig. 3b) and the CNT/PLA braided preform (Fig. 3e) again demon-
strated the good model-to-part fidelity of the preforms.

3.3. Characterization of shape memory behavior

To study the shape memory behavior, the time variations of shape
recovery ratios of 4D printed specimens have been measured. As seen in
Fig. 4a, these S-shaped curves show three stages of variations of re-
covery ratio with time, which is referred to herein as the shape recovery
rate. At an identical time, the shape recovery ratios of the PLA and
CNT/PLA braided preforms were larger than those of the PLA and CNT/
PLA angle-ply laminated preforms, respectively. As compared to the 4D
printed PLA specimens, the 4D printed CNT/PLA specimens had an
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earlier start of recovery, slower shape recovery rate and smaller final
shape recovery ratio. The final shape recovery ratios of the CNT/PLA
laminated preform and braided preform were 81.3% and 85.3%, re-
spectively. Fig. 4b shows the shape recovery ratio vs. time curves of 4D
printed laminated preform/silicone matrix and braided preform/sili-
cone matrix composites. It can be seen that the composites took longer
time to start the recovery than the preforms. This can be attributed to
the fact that the silicone matrix reduced the heat conduction. However,
the times of final recovery of the composites were close to those of the
un-infused specimens. Furthermore, at a given time, the shape recovery
ratios of the CNT/PLA preform/silicone matrix composites were larger
than those of the PLA preform/silicone matrix composites. The final
shape recovery ratios of the CNT/PLA/silicone matrix laminated com-
posite and braided composites were 97.3% and 96.6%, which were
larger than those of the corresponding un-infused specimens. These
results could be attributed to the fact that during the shape recovery
process, the CNT/PLA preform was softened and the elastic strain en-
ergy of the silicone elastomer matrix was released, resulting in higher
final recovery ratio. In other words, the CNT/PLA contributed to the
shape memory effect while the elasticity of the silicone matrix con-
tributed to the enhancement of the shape memory property of the CNT/
PLA preform. Fig. 4c-e shows the shape recovery processes of 4D
printed PLA braided preform, CNT/PLA braided preform and CNT/PLA
braided preform/silicone matrix composite, respectively. At 40s, the
shape of 4D printed PLA braided preform just started to recover
(Fig. 4c) while the shape of the CNT/PLA braided preform had an ob-
vious recovery (Fig. 4d). At 80 s, the shape recovery degree of the CNT/
PLA braided preform/silicone matrix composite was less than that of
the CNT/PLA braided preform (Fig. 4d-e). The CNT/PLA braided pre-
form/silicone matrix composite almost recovered to its original shape
at 129 s while the recovery of CNT/PLA braided preform lagged behind.
The shape recovery process images of other 4D printed specimens were
shown in Fig. S1.

3.4. Characterization of shape recovery force

In order to further understand the effects of preform microstructure,
CNT filler and silicone elastomer matrix on shape recovery capacity of
the 4D printed preforms and their composites, recovery forces were
characterized using DMA 3-point bending oscillatory temperature ramp
from 25 °C to 90 °C. The recovery force, Tan (delta) and storage mod-
ulus vs. temperature curves of 4D printed CNT/PLA braided preform
and its silicone matrix composite are chosen as two typical examples for
discussion (Fig. 5a-b). It can be seen in the curves of the printed
braided preform (Fig. 5a) that the Tan (delta) has a peak value at 64 °C,
which is close to the glass transition temperature of the CNT/PLA fi-
lament characterized by DSC. The response to oscillatory strain domi-
nated the force from 25 °C to 57 °C since the specimen did not have
obvious recovery behavior as temperature below T,. The increase in
recovery force from 25 °C to 41 °C may be attributed to the specimen
thermal expansion. The recovery force rapidly decreased to 0.18 N from
41°C to 57 °C. As temperature above 57 °C, the specimen started to
recover and the recovery behavior governed the force measured by
DMA instrument. This could be verified by the fact that the recovery
force increased from 57 °C to 64 °C while the storage modulus rapidly
decreased. Above 64 °C, the recovery force stayed at a stable level of
around 0.22N and then decreased due to the continuous decrease in
storage modulus. The variation of thermomechanical properties of the
CNT/PLA braided preform/silicone matrix composite are shown in
Fig. 5b. It can be observed that the Tan (delta) approached the peak
value at 63 °C, which is close to that of the braided preform. The re-
covery force at 25 °C is less than that of the braided preform, which can
be attributed to the infusion of the silicone elastomer matrix. The re-
covery behavior of the CNT/PLA braided preform/silicone matrix
composite from 25 °C to 57 °C was different from that of the preform
due to the support of the silicone matrix. From 57 °C to 90 °C, the
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Fig. 3. Microstructural design and p-CT imaging of 4D printed preforms. (a) Illustration of raster angles, 3D model, as-printed specimen and p-CT image of the + 45°
angle-ply laminated preform. (b) Representative units (interior yarns, surface yarns and corner yarns), 3D model, as-printed specimen and p-CT image of the PLA
rectangular braided preform with braiding angle of 45°. Sectional u-CT images of (c) PLA + 45° angle-ply laminate and (d) CNT/PLA + 45° angle-ply laminate. (e) p-

CT image of the CNT/PLA 45° braided preform.

recovery force first increased and then decreased, approaching a peak
load of 0.95N at 63.6 °C (close to Tg). The remarkable improvement in
recovery force could be attributed to the fact that the elastic recovery
force of the silicone matrix dominated the recovery force of the com-
posite above 57 °C.

Fig. 5c shows the recovery force vs. temperature curves of 4D
printed angle-ply laminated preform and braided preform based on PLA
and CNT/PLA filaments. The recovery forces of the PLA and CNT/PLA
laminated preforms were larger than those of the PLA and CNT/PLA
braided preforms, respectively. Due to the reinforcement of CNT filler,
the recovery forces of the 4D printed CNT/PLA angle-ply laminated
preform and braided preform were larger than those of 4D printed PLA
angle-ply laminated preform and braided preform, respectively. For
instance, at 65 °C (close to Ty), the recovery force of the CNT/PLA la-
minated preform increased 123% and the recovery force of the CNT/
PLA braided preform increased 144% as compared to those of their
unreinforced PLA counterparts. Fig. 5d shows the recovery force vs.
temperature curves of 4D printed angle-ply laminated preform/silicone
matrix and braided preform/silicone matrix composites. The peak va-
lues of recovery forces of the four silicone matrix infused composites
(Fig. 5d) were obviously larger than those of the corresponding pre-
forms (Fig. 5c). The recovery forces of both CNT reinforced composites
were higher than those without CNT reinforcement (Fig. 5d). The peak

load of CNT/PLA angle-ply laminated preform/silicone matrix compo-
site showed the largest value of 1.28 N among all composites.

3.5. Flexural property and damage mode

The flexural behavior of 4D printed angle-ply laminated preform
and rectangular braided preform and their composites was studied
using 3-point bending measurement. Fig. 6a shows that the 4D printed
PLA angle-ply laminated preform sustained larger bending load and
displacement at failure than those of the PLA braided preform. The
corresponding images of points 1, 2 and 3 on the load-displacement
curve of the PLA laminated preform are shown in the insets of Fig. 6a.
The PLA angle-ply laminate continued to carry partial loading after
reaching the peak load and the load-bearing capacity at the displace-
ment of 15mm was 64.9% of the peak load. The flat portion of the
curve of the braided preform indicated its good damage tolerance.
Fig. 6b shows the load-displacement curves of the PLA and CNT/PLA
printed angle-ply laminated preforms and their composites. The peak
load of the CNT/PLA angle-ply laminated preform was 28.5% larger
comparing to that of the PLA angle-ply laminated preform. Due to the
infusion of silicone elastomer matrix, the peak loads of PLA and CNT/
PLA angle-ply laminate/silicone matrix composites were larger than
those of PLA and CNT/PLA angle-ply laminated preforms. The
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Fig. 4. Characterization of shape recovery ratio. Shape recovery ratio vs. time curves of (a) 4D printed PLA and CNT/PLA + 45° angle-ply laminated preform (LA)
and rectangular braided (BA) preforms and (b) their silicone matrix composites. Shape recovery processes of (c) 4D printed PLA braided preform, (d) 4D printed
CNT/PLA braided preform and (e) 4D printed CNT/PLA braided preform/silicone matrix composite uniformly heated in an oven at 90 °C. (The legends LA and BA
denote the angle-ply laminated and braided preforms, respectively. The legend without C denotes the preform and the legend with C means composite specimen. For
example, the legend BA-CNT/PLA-C denotes the CNT/PLA braided preform/silicone matrix composite.)

displacements at ultimate failure of the CNT/PLA angle-ply laminated
preform and its silicone matrix composite are smaller than those of the
PLA counterparts. Fig. 6¢ shows the load-displacement curves of 4D
printed PLA and CNT/PLA braided preform and their silicone matrix
composites. The peak loads and ultimate failure displacements of the
PLA and CNT/PLA braided preform/silicone matrix composites were
larger than those of PLA and CNT/PLA braided preforms. This could be
attributed to the effect of matrix strengthening through interfacial
bonding. The peak load of the CNT/PLA braided preform improved
60.2% as compared to that of the PLA braided preform. The flexural
modulus of the specimens is calculated by the equation [47].

sI?
E =
4bh? (2)

where s is the initial slope of the load-displacement curve, [ is the fix-
ture support span, b is the width and h is the thickness of the specimen.
The flexural moduli of the specimens are shown in Fig. 6d. The flexural
moduli of 4D printed CNT/PLA angle-ply laminated and braided pre-
forms were remarkably larger than those of the corresponding PLA
preforms. There were slight increases in the flexural moduli of the
angle-ply laminated and braided preforms/silicone matrix composites
as compared to the pure preforms.

The damage morphologies of the specimens were examined using p-

CT imaging. The PLA angle-ply laminated preform had a ductile failure
mode (Fig. 7a-b) while the CNT/PLA angle-ply laminated preform
showed a more brittle failure mode (Fig. 7d—f). These results were
consistent with the features of load-displacement curves shown in
Fig. 6b. Furthermore, the 3D p-CT image of Fig. 7c showed, the tensile
and compressive load induced the interlayer yarn compaction and de-
compaction, respectively. Fig. 7 g-i show the optical image and p-CT
images of the 4D printed PLA braided preform. The non-simultaneous
yarn fracture morphology may be responsible for the jagged load-dis-
placement curve of the braided preform shown in Fig. 6¢c. The yarn
breakage and interface de-bonding dominated the damage mode of the
PLA braided preform. Fig. 7j-1 shows the optical image and p-CT images
of 4D printed PLA braided preform/silicone elastomer matrix compo-
site. As compared to those of the braided preform, the additional da-
mage modes in the braided preform/silicone composite, such as matrix
damage and yarn-matrix de-bonding (Fig. 71), resulted in the larger
peak load and ultimate failure displacement (Fig. 6c).

4. Conclusion

Micro-CT imaging, shape recovery behavior, recovery force as well
as flexural property of 4D printed PLA and CNT/PLA angle-ply
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Fig. 7. Damage morphology of 4D printed specimens. PLA angle-ply laminated preform: (a) bending damage optical image, (b) 3D p-CT image of damage region and
(c) its quarter-cutting p-CT image. CNT/PLA angle-ply laminated preform: (d) bending damage optical image, (e) oblique view and (f) top view of 3D p-CT image of
damage region. PLA braided preform: (g) bending damage optical image, (h) oblique view of 3D u-CT image of damage region and (i) cross-section pu-CT image. PLA
braided preform/silicone matrix composite: (j) bending damage optical image, (k) oblique view of 3D p-CT image of damage region and (1) cross-section u-CT image.

laminated and braided preforms and their silicone elastomer matrix
composites have been characterized. Major findings of this work are
summarized as follows.

(1) The recovery force and flexural property of angle-ply laminated
preforms and composites were superior to those of rectangular
braided preforms and composites with the same yarn orientation
(45°) and volume fraction (38%) while the shape recovery rate of
angle-ply laminated preforms and composites were inferior to those
of rectangular braided preforms and composites.

(2) The infilling of CNT in the PLA printing filament enabled more
rapid shape recovery of the specimens; the infusion of silicone
elastomer matrix in the CNT/PLA angle-ply laminated and braided
preforms enhanced the final shape recovery ratio of the resulting
composites.

(3) The additions of CNT and silicone matrix to the preforms markedly
improved recovery force, flexural load and flexural modulus of the
4D printed composites.

The knowledge gained in this research will benefit future design

optimization for developing smarter, faster and stronger actuators.
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