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Abstract

Shape memory polymers (SMPs) are a promising class of materials for biomedical applications due to their favorable
mechanical properties, fast response, and good biocompatibility. However, it is difficult to achieve controllable sequential
shape change for most SMPs due to their high deformation temperature and the simplex deformation process. Herein, shape
memory composites based on polylactic acid (PLA) matrix and semi-crystalline linear polymer polycaprolactone (PCL)
are fabricated using 4D printing technology. Compared with pure PLA, with the rise of PCL content, the 4D-printed PLA/
PCL composites show decreased glass transition temperature (7,,) from 67.2 to 55.2 °C. Through the precise control of the
deformation condition, controllable sequential deformation with an outstanding shape memory effect can be achieved for the
PLA/PCL shape memory composites. The response time of shape recovery is less than 1.2 s, and the shape fixation/recov-
ery rates are above 92%. In order to simulate sequential petal opening and sequential drug releasing effects, a double-layer
bionic flower and a drug release device, respectively, are presented by assembling PLA/PCL samples with different PLA/
PCL ratios. The results indicate the potential applications of 4D-printed PLA/PCL composites in the field of bio-inspired
robotics and biomedical devices.
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Introduction

Shape memory polymers (SMPs) are a kind of smart mate-
rials that can recover their initial shapes under external
stimuli (such as heat, light, electricity, etc.) after going
through shape deformation processes [1-4]. Due to the
shape memory effect, SMP-based materials have potential
applications in the field of biomedical devices and tissue
engineering and thus have attracted increasing interest
from academic and industrial researchers [5, 6]. However,
the development of SMPs still faces certain challenges.
One of the most important issues is that, owing to the
high glass transition temperature (7,) of the material of
most heat-responsive SMPs, the deformation temperature
is too high for application in the biomedical field [7]. One
solution to adjust the T, of the SMPs is to develop SMP
composites by adding modifying materials [8]. However,
the limitations of traditional processing methods still make
it difficult to fabricate desired architectures based on SMP
composites.

Three-dimensional (3D) printing, also called additive
manufacturing, is emerging as an attractive material manu-
facturing method, and is based on the principle of print-
ing 3D objects layer-by-layer [9—-16]. The concept of “4D
printing” was first proposed in the 2013 TED (Technol-
ogy, Entertainment, Design) Talk, and was defined as “3D
printed smart materials” with the fourth dimension being
time. Compared with the traditional manufacturing meth-
ods, the 4D printing of SMPs has many advantages, such

Fig. 1 a Schematic illustration

of the DW printing process a
of PLA/PCL composites. b

Photographs of the 4D-printed
PLA/PCL samples. Scale bar:

1 cm. ¢ The printing path of the
materials
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as low cost, simple process, and the realization of fabricat-
ing complex structures and composites [17-21]. Ge et al.
reported the high-resolution 4D printing of SMP materials,
and presented complex structures such as a scale model of
the Eiffel Tower and a cardiovascular stent [22]. Wei et al.
demonstrated 4D-printed magnetic active SMPs that can
be used as remotely actuated self-expandable intravascular
stents [23]. However, the 4D printing of SMP compos-
ites with decreased T, and controllable sequential shape
change has been scarcely reported.

The direct-write (DW) printing technique is designed to
realize the fabrication of various composites from differ-
ent materials [24]. In this paper, a series of polylactic acid
(PLA)/polycaprolactone (PCL) composites were printed
from PLA/PCL ink based on DW printing, which was pre-
pared by adding different amounts of semi-crystalline PCL
to the shape memory PLA matrix. The influence of PCL
concentration on the thermodynamic behaviors, microscopic
structures, and mechanical properties was studied by analyz-
ing the different 4D-printed PLA/PCL composites produced.
The shape memory effects of the 4D-printed PLA/PCL were
further investigated to show the shape memory properties,
such as recovery speed, shape fixation rate, and shape recov-
ery rate. Moreover, by assembling PLA/PCL samples with
different PLA/PCL ratios, a double-layer bionic flower and a
drug release device were fabricated to demonstrate the con-
trollable sequential deformation process, which indicated the
potential applications of 4D-printed PLA/PCL composites
in the field of bio-inspired robotics and biomedical devices.
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- Pou': the PLA/PCL Step 3.
1| powder and nano- Stir for 3 h at
silica powder into room temperature.
( e CH,Cl,. }—
\ \ '

Step 5.

Control printing parameters
(nozzle diameter 640 pm, layer
thickness 0.6 mm, printing speed
8 mm/s) to print PLA/PCL
composite samples, and dry for
36 h at room temperature.
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Experiment
Material preparation

The fabrication of PLA/PCL composites includes the
processes of ink preparation and the DW 3D printing
(Fig. 1a), and its detailed steps are as follows: (1) the
PLA particles and PCL powders (non-crosslinked) pur-
chased from Xincheng Engineering Company Ltd. were
mixed and ground to form powders well-blended in cer-
tain ratios according to Table Al in Appendix; (2) the
PLA/PCL powder and nano-silica (used as a thickener
and purchased from Aladdin Reagent Co. Ltd.) were
added to CH,Cl, with a mass ratio of PLA/PCL:nano-
silica:CH,Cl, =1:0.0005:3; (3) the mixture was stirred for
3 h at room temperature to obtain a PLA/PCL composite
ink with suitable viscosity; (4) the well-mixed PLA/PCL
composite ink was poured into a syringe on the homemade
DW 3D printer (Fig. Al, see Appendix); (5) according
to the sample model created by SolidWorks software, the
samples were 3D printed with suitable printing routes
that were controlled by the Slic3r software. The nozzle
diameter and printing speed were 640 pm and 8§ mm/s,
respectively. Finally, the printed samples were dried at
room temperature for 36 h.

Characterization and measurements

A Fourier transform infrared (FT-IR) spectroscope
(IRAffinity-1, Shimadzu, Japan) was used to study the
chemical structures of the PLA/PCL composites. The
printed samples were ground into powder in a mortar and
then mixed with potassium bromide (KBr) powder for test-
ing. The microstructures of the samples were analyzed
by scanning electron microscopy (SEM) using the model
EVO-18 from Carl Zeiss Company, Germany.

According to the ISO 527-3 standard, the mechanical
properties of the 3D-printed samples were detected on a
uniaxial tensile testing machine (WDW-500, Weidu Elec-
tronics, China) equipped with a 500 N load cell. The size
of strip samples was 150 mm X 10 mm X 0.5 mm. All tests
were run at a test speed of 0.5 mm/min. Five specimens
of each type were tested until failure occurred. For com-
parison, a pure PLA sample fabricated by molding was
also measured.

The differential scanning calorimetry (DSC) experi-
ment was carried out on a DSC-25 instrument from TA
Instruments, USA, to investigate the melt crystallization
behaviors and glass transition behaviors of the PLA/PCL
samples. After keeping the PLA/PCL samples at 25 °C for
10 min, the first heating scan was performed under heating
from 25 to 300 °C at a speed of 15 °C/min. Subsequently,

the samples were kept at 300 °C for 1 min and cooled
down to room temperature at a speed of 5 °C/min to elimi-
nate the thermal stress. The second heating scan was then
performed under heating to 300 °C at a speed of 10 °C/
min, which was recorded for analysis.

Dynamic mechanical analysis (DMA) was conducted
on a SDTA861 DMA instrument, USA, to investigate the
thermomechanical properties of the printed samples. The
parameters of the experiment were set as a frequency
of 1 Hz, an amplitude of 10 pm, and a heating speed of
5 °C /min. After erasing the thermal history at 100 °C for
15 min, DMA tests were performed while heating from 0O to
160 °C at a speed of 5 °C/min. The size of the sample was
15 mm X7 mm X 0.5 mm.

Shape memory effect

The shape memory behaviors of the fabricated 4D-printed
samples were tested by the shape memory cycle method.
First, the initial shape of the sample was changed to a tempo-
rary shape upon external force at the deformation tempera-
ture (i.e., T, +20 °C). Next, the sample was cooled down to
room temperature to fix the temporary shape. Finally, the
sample was heated to the deformation temperature again
to demonstrate the shape recovery process. The size of the
sample was 45 mm X 10 mm X 0.5 mm.

Results and discussion
Preparation of 4D-printed PLA/PCL composites

The DW printer used here was a homemade equipment
depicted in Fig. Al in Appendix. The PLA particles and
PCL powders were purchased and used as received. As a
semi-crystalline linear polymer, PCL was added to modify
the thermomechanical properties of PLA matrix, which is
widely used in the biomedical fields due to its biocompatibil-
ity and shape memory effect. For 3D printing, the PLA/PCL
composite was prepared into solution state, which had shear
thinning properties by the addition of hydrophilic nano-silica
as a thickener. To manipulate the thermomechanical and
shape memory properties, a series of PLA/PCL compos-
ite solution inks with different PCL ratios were prepared
according to Table A1l in Appendix. Figure 1a shows the
schematic diagram of the fabrication of PLA/PCL compos-
ites, and the printing routes are presented in Fig. 1c with
parallel paths in each layer and perpendicular paths between
layers.

After drying at room temperature, a series of PLA,_/
PCL, (x is the content of PCL) composites were obtained as
shown in Fig. 1b. Herein, the 4D-printed PLA/PCL compos-
ites with PCL mass fractions of 0, 3%, 6%, 9%, 10%, 20%,
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30%, and 50% were prepared as PLA, ((/PCL, o, PLA o7/
PCLy g3, PLA( 94/PCLy g6, PLA( 91/PCLy g9: PLA 9o/PCLy 10,
PLA, 3o/PCL 59, PLA( 70/PCLy 50, and PLA 54/PCL, s,
respectively. The photographs in Fig. 1b obviously show
that, with the increase in PCL content, the shapes of the
printed samples became more curved. This is because in
the DW printing process, the shear stress is generated dur-
ing the movement of the printing head against the substrate,
and will be stored in the PLA/PCL composite materials. In
this case, the internal stress will be released from the flex-
ible PCL polymer chains by drying the materials, leading
to the recovery of the initial curve state of the printed PLA/
PCL composites.

SEM and FT-IR of the samples

The cross-section of microstructures of different 4D-printed
PLA/PCL composites was investigated by SEM. As shown
in Fig. 2a, for the 4D-printed pure PLA samples (PLA oo/
PCL, (o), the morphology is smooth and homogeneous.
When adding PCL to PLA matrix (Figs. 2b-2d), PCL
appears as microparticles with diameters of about 20 pm,
which are uniformly distributed in the PLA matrix. Fig-
ure 2b demonstrates that, in PLA 4,/PCL, ;, composite,
small air gaps are formed around the PCL microparti-
cles, indicating the separation of the PLA matrix and the
PCL microparticles. With the increase in PCL content,
as shown in the PLA, 5,/PCL,, 5, composite (Fig. 2d), the

Fig.2 SEM images of the
4D-printed PLA/PCL compos-
ites with different PCL contents.
aPLA, ,o/PCLp; b PLAj 4/
PCLy 19; ¢ PLA 7¢/PCL¢ 3; d
PLA 5¢/PCLy 50
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concentration of the PCL microparticles increases, while
the particle size stays unchanged. Therefore, based on the
SEM images of the 4D-printed PLA/PCL composites, it is
indicated that PCL particles are physically blended in the
PLA matrix without chemical reactions, which can also be
validated by the FT-IR analysis.

The chemical structures of the 4D-printed PLA/PCL
composite samples were measured by an FT-IR spectro-
scope, with the results shown in Fig. 3a. For pure PLA, the
infrared absorption peaks of different functional groups
appear at 3430 cm™! (~OH), 1730 cm™! (C=0), 950 cm™!
(C-0-C), 1050 cm™" (C-0-C), 1150 cm™' (C-0-C),
2850 cm™! (-CH), 1340 cm™' (-CH), 2960 cm™! (-CHj,),
and 1450 cm™! (~CHy;). For pure PCL, the absorption peaks
are 1732 cm™ (C=0), 956 cm™! (C—0-C), 1066 cm™!
(C-0-C), 1171 ecm™" (C-0-C), 2950 cm™! (~CH), and
1380 cm™! (=CH). The blue curve in Fig. 3a clearly shows
that the infrared absorption peaks of the printed PLA 5o/
PCL,) 5, composites comprise the combination of the peaks
of pure PLA and PCL. The absence of new characteristic
peaks indicates that there are no chemical reactions occur-
ring between PLA and PCL.

Mechanical properties

The mechanical properties of the printed PLA/PCL com-
posites were measured using a uniaxial tensile testing
machine, as presented in Fig. 3b. A comparison sample of




Bio-Design and Manufacturing (2021) 4:867-878

871

o

——PLA
——PLA ,/PCLy 5,
—P

Transimittance (%)
2- (2]
o
% |

} h -\
" c=0—~ ~ X c.o¢]
CH CH

3000 2500 2000 1500 1000 500

Wavenumber (cm™)

3500

——molding PLA ———PLA, 4o/PCL, ¢, (printed)
——PLA/PCLy g ——PLAy5/PCLy >
10 F = PLA)7o/PCLy3 ——PLAg/PCLy s,

0 1 Il

0 4 8 12 16 20
Strain (%)

Fig.3 a FT-IR spectra of 4D-printed pure PLA, PLA 5,/PCL, 5o, and pure PCL. b Strain—stress curves of the molded PLA and the 4D-printed

PLA,_/PCL, composites

Table 1 Maximum stress, strain, and modulus of molded PLA and
4D-printed PLA/PCL composites

Sample Maximum Maximum Modulus (MPa)
stress (MPa) strain (%)
Molded PLA 9.07 8.69 471
PLA, (o/PCLg o 9.32 16.86 359
PLA, 4/PCLy 1 7.18 20.20 260
PLA) go/PCL, 59 5.80 15.52 251
PLA,;/PCLy 3, 4.29 10.51 146
PLA 5,/PCL, 59 3.02 3.38 125

pure PLA made by the molding method was prepared using
a Teflon mold (Fig. A2, see Appendix). The stress—strain
curves and the measurement results in Table 1 show that
the molded PLA has a strain of 8.69% at breaking point.
As for the 3D-printed PLA, the maximum strain increases
significantly to 16.86%, indicating the increased flex-
ibility of PLA when fabricated by 3D printing. Although
the modulus of the 3D-printed PLA decreases slightly
compared to the molded PLA, the maximum stress of the
3D-printed PLA increases to 9.32 MPa, demonstrating that
the DW printing method in this study can maintain the
favorable mechanical properties of PLA. By adding 10%
of PCL into PLA, the 3D-printed PLA 4o/PCL,, ;, com-
posites show increased strain of 20.20%, indicating that a
small amount of PCL can increase PLA flexibility, which
is beneficial for applications in soft actuators. However,
when the PCL content is > 20%, the maximum strain and
the modulus of the printed PLA/PCL composites decrease
with increasing PCL content, which might be attributed to

the growing number of air gaps and the stress concentra-
tion around the PCL microparticles, as shown in the SEM
images.

Thermal and dynamic mechanical properties

Besides the mechanical properties, the addition of PCL to
the PLA matrix will also affect the thermal properties. The
DSC tests were performed for the 4D-printed PLA/PCL
composites, and the results are shown in Figs. 4a and 4b.
As demonstrated in Fig. 4b, the glass transition tempera-
ture (7,) of the 4D-printed PLA/PCL composites decreases
with increasing PCL content. The 7, of PLA 5,/PCL, 5,
is 55.2 °C, which is 12 °C lower than that of pure PLA
(67.2 °C). This is because the semi-crystalline PCL molecu-
lar chains can affect the crystallization process of PLA. For
most of the thermal-stimuli SMPs, Tg corresponds to the
deformation temperature. The decrease in T, is desirable for
SMP materials, since the SMPs used in the biomedical field,
such as intravascular stents, are preferred to have deforma-
tion temperatures close to 37 °C. The evolution of melting
temperatures (7,) of the 4D-printed PLA/PCL composites
as a function of PCL contents are shown by the blue line in
Fig. 4b. The T, of the PLA/PCL composites stays almost the
same at around 167 °C, indicating the good thermal stability
against high temperatures.

Figs. 4c and 4d show the DMA results of pure PLA and
PLA, 3o/PCL,, ,, composite made by 3D printing. As demon-
strated in Fig. 4c, the storage modulus of pure PLA at 0 °C
is 3283 MPa, which is higher than that of PLA 4o/PCL, ,
(1438 MPa), indicating that the PLA/PCL composites with
smaller PCL content can store more stresses when they are
deformed, and can recover their initial shapes more easily
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Fig.5 Schematic diagrams of a a
the shape memory mechanism
of the 4D-printed PLA/PCL
composite samples and b the
shape memory process of the
4D-printed PLA/PCL composite

samples
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when the stresses are released. The peak temperatures of the
loss factors (tano) in Fig. 4d reflect the Tg of the materials,
which were determined to be 67.3 °C and 61.8 °C for pure
PLA and PLA) 4/PCL,) ,,, respectively, which corresponds
well with the DSC test results. Therefore, the differences in
the mechanical properties and 7, values for these 4D-printed
PLA/PCL composites can be used to generate different
shape memory behaviors under the same heating conditions.
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The shape memory effect of SMPs originates from two sepa-
rate domains in the polymer, i.e., a crystalline domain as a
stationary phase, and an amorphous domain as a reversible
phase [25, 26]. The mechanism of shape memory effect for
the 4D-printed PLA/PCL composites is shown in Fig. 5.
It can be seen that the non-crosslinked PCL has no shape
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memory effect and thus the shape memory behavior of the
PLA/PCL composites is mainly attributed to PLA. As illus-
trated in Fig. 5, the flexible polymer chains in PLA act as
the reversible phase, and the crosslinked spots in PLA act as
the stationary phase. When the materials are heated above
T,, the movements of the flexible polymer chains intensify,
making it easy for the samples to deform to any shape under
external applied forces. On the microscale, this consists the
change of molecular conformations of PLA chains, which is
reflected in the change of sample shapes on the macroscale.
Such temporary shapes can be fixed well by cooling down
the samples below Tg. In this case, the crosslinked stationary
phases play an important role in fixing the temporary shape.
When the samples are heated above 7, again, the flexible
PLA polymer chains relax and return to the original molecu-
lar conformations, leading to the release of stored stress and
the recovery of the shape to the printed permanent shape.
With the addition of PCL to the PLA matrix, the
4D-printed PLA/PCL composites exhibit decreased T,

a Original shape b

_ 3. Recovery shape

1. Heating o N
I External force s
» 2. Cool down

Bent shape

Heating
Shape recovery

Recovery shape

Fig.6 a, b Schematic of the shape memory process of the 4D-printed
PLA/PCL composites with a temporary “U” shape. ¢ Shape recovery
process of the 4D-printed PLA/PCL composites with the temporary
shape fixed to a U-shape. Scale bar: 1 cm

Table2 Summary of the shape memory properties of the 4D-printed
PLA/PCL composites

Sample R; (%) R, (%) Shape
recovery
time (s)
PLA, ,/PCL 0o 95.12 99.9 0.4
PLA y7/PCLy 3 95.63 99.8 0.6
PLA( 94/PCLy 06 96.24 99.9 0.8
PLA4,/PCLy 49 96.38 99.9 0.8
PLA,0/PCL 10 96.16 99.8 0.9
PLA, 4/PCLg 5 97.05 99.7 1
PLA,7o/PCL 5 97.84 99.9 1
PLA,5/PCL 5, 97.21 99.9 12

which is beneficial for applications in the biomedical field.
The shape memory behaviors of the 4D-printed PLA/PCL
composites were first studied by fixing them to a U-shape,
as shown in Fig. 6a. The shape fixation rate (R;) and the
shape recovery rate (R,) were calculated according to Fig. 6b
and Eqgs. (A1) and (A2) (see Appendix). The shape recovery
processes of the 4D-printed PLA/PCL composites with dif-
ferent PCL contents were one-way shape recovery effects,
which were recorded as shown in Fig. 6¢. First, the sheet-
like 4D-printed PLA/PCL composites were transferred into
a water bath under temperature above their T,; after apply-
ing external forces and cooling them down, the samples
were fixed into the temporary U-shape. As summarized in
Table 2, the R; values of samples rise with increasing PCL
content, and are all above 95%. Second, the 4D-printed PLA/
PCL composites with temporary shapes were put into the
hot water bath again to automatically recover their original
sheet-like shape. As demonstrated in Fig. 6¢, the samples
with U-shape can recover their original shapes within 1.2 s,
indicating their fast response to temperature. In addition, the
R, value of the samples is above 99.7%, demonstrating their
excellent shape recovery performance.

In order to further investigate the shape memory proper-
ties of the 4D-printed PLA/PCL composites, a complicated
helical shape was applied as the temporary shape. As shown
in Fig. 7c, all samples can fix the helical shape well with a
shape fixation rate above 95% (Table A2, see Appendix),
which can be calculated using the diameters of the helical
shapes (Fig. 7b) according to Eq. (A3) in Appendix. Despite
the complicated temporary shape, the samples can quickly
recover their permanent shapes upon heating while featur-
ing high shape recovery rates above 92%, which are defined
as the comparison between the original shape index and the
recovery shape index (Fig. 7b and Eq. (A4) (see Appendix)).
In the same way as those with U-shape, the 4D-printed PLA/
PCL composites with helical temporary shape show a fast
shape recovery process and shape recovery times that vary
with PCL content. With the increase in the latter, the shape
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Fig.7 a, b Schematic of shape memory process for the 4D-printed
PLA/PCL composites with a helical temporary shape. ¢ Shape recov-
ery process of the 4D-printed PLA/PCL composites with the tempo-
rary shape fixed to a helical shape. Scale bar: 1 cm

Fig. 8 a Photograph of a
4D-printed chrysanthemum.
The inset is the initial shape

of the double-layer bionic
flower with “open” state. b The
double-layer bionic flower with
“closed” temporary state. The
bottom layer (blue) was printed
by PLA, 4o/PCLy |, and the
top layer (white) was printed
by PLA, 5o/PCL, 5. ¢—f The
controllable sequential petal
opening processes of the bionic
flower. Scale bar: 1 cm

@ Springer

recovery time increases slightly from 0.4 to 1.2 s. As a result
of PCL addition, although the deformation temperatures
decrease remarkably (which can facilitate the shape recov-
ery process), the modulus reduction can reduce the stress
stored inside the materials when fixed into a temporary
shape, which can lead to a slower shape recovery process.
Accordingly, based on the 4D-printed PLA/PCL compos-
ites in this work, the differences in shape recovery time can
provide a great opportunity to realize controllable sequential
deformation processes.

Bio-design application examples

A double-layer bionic flower was assembled by two sepa-
rately printed PLA/PCL layers with different PCL contents
to simulate the one-way opening process of a chrysanthe-
mum (Fig. 8a). As shown in the inset of Fig. 8a, the perma-
nent shape of the bionic flower was initially “open,” with the
top layer printed by PLA, 50/PCL, 5, and the bottom layer
printed by PLA 4o/PCL, ;,. The bionic flower was then
fixed to a “closed” state as shown in Fig. 8b, and put into an
80 °C water bath. The sequential petal opening process was
recorded as indicated in Figs. 8c—8f. Since PLA, 4(/PCL,)
has a shorter shape recovery time and a faster response to
temperature compared to PLA, 5,/PCL,, 5,, the bottom blue
petals open at a faster speed, whereas the opening of the top
white petals is a more gradual process. The behaviors of
this bionic flower demonstrate the controllable sequential
deformation by using 4D-printed PLA/PCL composites with
different PLA: PCL ratios, indicating their potential applica-
tion in the fields of biomedical devices.

The study of shape memory effects indicates that the
4D-printed PLA/PCL samples with higher PCL concentra-
tions show a slower shape recovery process and longer shape
recovery time. Therefore, a drug release device as a potential
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Ao olPClo b Heat i B PLA,

Recovery

Fig.9 a A drug release device based on PLA, ,/PCL,), (green pel-
let), PLA ¢4/PCL, o6 (blue pellet), and PLA,/PCL 5, (red pellet).
The photographs show the device with “released” permanent state
and “closed” temporary state. b The sequential drug release processes
of the different pellets with different times. Scale bar: 1 cm

biomedical application was fabricated based on three differ-
ent PLA/PCL samples to realize sequential drug release. As
shown in Fig. 9a, green, blue, and red pellets were attached to
one end of the PLA, ,/PCL, o), PLA 9,/PCL,, o, and PLA, ;/
PCL, 5, stripes (70 mm X 8 mm X 0.5 mm), respectively. Next,
the 4D-printed PLA/PCL stripes were rolled to the temporary
shapes with the pellets kept inside. The drug release processes
of the device are shown in Fig. 9b. The green pellet was first
released within 0.5 s, as the PLA, ,/PCL, ,, stripe had the
fastest shape memory effect. The blue pellet was subsequently
released within 1 s, and the red pellet was finally released after
6 s. The sequential drug release process is attributed to the dif-
ferent shape recovery time of 4D-printed PLA/PCL samples
with different PLA: PCL ratios, and the order of the released
drugs is in good agreement with the shape recovery order
recorded in Table 2. Additionally, to evaluate the maximum
weight of the pellets that can be lifted by the drug release
device, the shape recovery forces of the PLA/PCL compos-
ite strips were recorded on a force transducer (Fig. A3a, see
Appendix). As depicted in Fig. A3b in Appendix, the maxi-
mum forces of PLA | /PCLy oy, PLA( 64/PCLy 6, and PLA, 5o/
PCL,) 4, stripes were 74, 46, and 21 mN, respectively, corre-
sponding to 7.55, 4.69, and 2.14 g, respectively. These results
indicate that PLA/PCL composites with smaller PCL contents
generate larger shape recovery forces, which is also accord-
ant with the DMA test in Fig. 4c. Moreover, since both PLA
and PCL are biodegradable and biocompatible materials, it
is feasible to use PLA/PCL composite devices in biomedical
environments.

Conclusions

In the present study, DW 3D printing was applied to fab-
ricate a series of PLA/PCL composites, which showed
controllable sequential shape memory behaviors. The
introduction of PCL to the PLA matrix can affect the
properties of the composite material in several ways: (1)
the T, of the 4D-printed PLA/PCL composites decreases
with increasing PCL content from 67.2 °C for pure PLA
down to 55.2 °C for PLA 5¢/PCL,) 54; (2) a small propor-
tion of PCL (£10%) can raise the maximum strain of
PLA, thereby making the material soft and flexible; (3)
the shape recovery time decreases with increasing PCL
content. Based on these 4D-printed PLA/PCL compos-
ites, a double-layer bionic flower and a drug release device
were fabricated to simulate sequential petal opening and
sequential drug releasing effects, respectively, indicating
the potential applications of 4D-printed PLA/PCL com-
posites in the field of smart actuators, biomedical devices,
and so on.

Appendix
DW 3D printer

The homemade DW 3D printer is illustrated in Fig. Al. The
printing head of the DW printer is a syringe with nozzle
diameter of 640 pm. The printing route is controlled by a
three-dimensional moving stage, and the printing platform
is a Teflon plate with a smooth surface.

Material preparation

The material components of the printing ink are shown
in Table Al. The PLA/PCL composites are named as
PLA,_/PCL,, where x is the mass ratio of PCL in PLA and
PCL, respectively. The PLA/PCL powder and nano-silica

Fig. A1 Photograph of the homemade DW 3D printer
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Table A1 Material components of the PLA/PCL composite ink for
4D printing

Table A2 Summary of the shape memory properties of the
4D-printed PLA/PCL composites when fixed to a helical shape

Sample PLA(g) PCL(g) CH)Cl(g) Nano- Sample Ry (%) R, (%) Shape
silica recovery
(mg) time (s)
PLA, (/PCLyg  5.00 0.00 15 25 PLA, 0/PCLy 00 98.31 98.7 0.4
PLA)o//PCLyo;  4.85 0.15 15 25 PLA 97/PCLy 03 97.26 98.3 0.5
PLA)o/PCLyos  4.70 0.30 15 25 PLA 0,/PCL o5 97.21 96.7 0.6
PLAjo/PCLyg  4.65 0.35 15 25 PLA,/PCLy 00 97.36 923 0.8
PLAyoy/PCLy ;0 4.50 0.50 15 25 PLA(y/PCLq 10 96.66 97.8 0.9
PLA(g/PCLy,  4.00 1.00 15 25 PLA 4/PCLy 5 96.07 93.4 1
PLA,,/PCLy5  3.50 1.50 15 25 PLA, ¢/PCLy 30 96.23 99.1 1.1
PLA,s/PCLys,  2.50 2.50 15 25 PLA, 5o/PCLy 5 95.48 99.8 12
were added to CH,Cl, solvent with a mass ratio of PLA/ 0, -6,
PCL:nano-silica:CH,Cl, = 1:0.0005:3. R = Tgo-—p, X 100% (A2)

Molding method for PLA sample preparation

The schematic of molding is depicted in Fig. A2. For pure
PLA samples, the solution was prepared according to the
material content of PLA, ,/PCL, ;. The molding method
includes the following steps: (1) pour the PLA solution into
a Teflon mold and scrape the top of the solution to be flat;
(2) shake the mold to get rid of air bubbles; (3) dry the PLA
solution at room temperature for 36 h; (4) peel the PLA
samples off the Teflon mold.

Shape fixation/recovery rate of U-shape

The shape fixation rate (Ry) is calculated according to the
following equation:

180° — 0
L % 100%.

"= T80, (A1)

The shape recovery rate (R,) is calculated according to
the following equation:

Fig. A2 Schematic of the fabri-
cation process of molding

where 6, represents the angle with external force once the
sample has been fixed to the temporary U-shape, 6, repre-
sents the angle after cooling down the sample and releasing
the external force, and 6, represents the angle after heating
the sample up again and recovering it to the original shape.

Shape fixation/recovery rate of helical shape

The shape fixation rate (R;) is calculated according to the
following equation:

dl - do
Ri=(1- x 100%,
dO

(A3)

where d,, represents the outer diameter of the helical shape
with external force once the sample has been fixed to the
temporary helical shape, and d, represents the outer diameter
after cooling down the sample and releasing the external
force.

The shape recovery rate (R,) is calculated according to
the following equation:

bubble

= =_—
PTFE mold ﬂShaMﬂ
Mold .
Drying
unloading .
) — :
———
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b ——PLA, 4,/PCLy 40
80 F——PLA, ,,/PCL, o6
JS— PLAoJo/PCLo. 0

74 mN
60

40 46 mN

Force (mN)

20
21 mN

0 10 20 30 40
Time (s)

Fig. A3 a Photographs of force measurement recorded using a 500-
mN force transducer. b Shape recovery forces of the drug release
devices based on PLA, ,/PCL ) PLA(o./PCLj and PLA( 5./
PCL,j 3. Scale bar: 1 cm

S
R, = =L x 100%,
SO

(A4)

where S, represents the original rectangle area of the sheet-
like sample, and S, represents the projected area of the
recovered sample.

Shape memory properties when fixed to a helical
shape

The shape memory properties, including the shape fixation
rate, shape recovery rate, and shape recovery time of the

4D-printed PLA/PCL samples fixed to a helical shape, are
summarized in Table A2.

Force measurement of drug release devices

The force measurement was performed on a one-dimen-
sional force transducer (500 mN, NBIT, Nanjing, China). As
shown in Fig. A3a, the samples with a temporary “closed”
state were placed on a hot plate 2 mm away from the force
transducer, with one end pasted on the hot plate. When the
samples were heated above T, they tended to recover to their
original “open” state and then touch the force transducer,
which could record the forces generated by the samples. The
measured forces shown in Fig. A3b can be transferred into
the mass of the pellets according to the equation of F=mg,
where F denotes the force, m represents the mass, and g is
9.8 N/kg.
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