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ABSTRACT: Four-dimensional (4D) active shape-changing structures based on shape
memory polymers (SMPs) and shape memory nanocomposites (SMNCs) are able to 1

be controlled in both space and time and have attracted increasing attention worldwide. | vY
However, conventional processing approaches have restricted the design space of such -
smart structures. Herein, 4D active shape-changing architectures in custom-defined
geometries exhibiting thermally and remotely actuated behaviors are achieved by direct-
write printing of ultraviolet (UV) cross-linking poly(lactic acid)-based inks. The results
reveal that, by the introduction of a UV cross-linking agent, the printed objects present
excellent shape memory behavior, which enables three-dimensional (3D)—one-
dimensional (1D)—3D, 3D—two-dimensional (2D)—3D, and 3D—3D—3D config-
uration transformations. More importantly, the addition of iron oxide successfully
integrates 4D shape-changing objects with fast remotely actuated and magnetically
guidable properties. This research realizes the printing of both SMPs and SMNCs,
which present an effective strategy to design 4D active shape-changing architectures
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with multifunctional properties. This paves the way for the further development of 4D printing, soft robotics, flexible electronics,

minimally invasive medicine, etc.
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remotely actuated behavior

B INTRODUCTION

Shape memory polymers (SMPs), a kind of stimulus-responsive
material, are capable of recovering their initial shape in the
presence of an external stimulus after going through a shape
deformation."™* On the basis of this unique shape memory
effect, SMP-based materials could be used to construct
architectures possessing active shape-changing behaviors.™®
Because of their potential applications in areas ranging from
aerospace to human body, such types of smart structures have
enjoyed extensive academic and industrial interest in the past
decades.””"’ However, the investigation and application of
active shape-changing structures fabricated by SMP-based
materials are far from fully exploited."* One of the most
important reasons is that most SMP-based materials are difficult
to fabricate into active shape-changing architectures with user-
defined geometries and sizes because of the limitations of
conventional processing technologies.'> This significantly
restricts their development in various fields like soft robotics,
flexible electronics, biomedical devices, and four-dimensional
(4D) printing.lé_18

Additive manufacturing, or 3D printing, which is an emerging
way to process materials into complex structures,'”™>* shows
promise in its application to a diverse group of research fields
ranging from medical industry to architectural design.”*”**
With the increasing maturity and popularity of 3D printing,
several strategies have been carried out to fabricate SMP-based
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4D active shape-changing architectures.">*™*" Qi et al.
proposed that SMPs are excellent materials to realize 4D
printing based on their time dependence of shapes upon
exposure to an external stimulus.”' By 3D printing digital SMPs
as hinges, they successfully designed sequential self-folding
structures that could be applied to self-assembling robots,
medical devices, etc.”” Cohn et al. developed shape memory
oligomer melts that could be printed by a stereolithography 3D
digital light-processing printer. They further demonstrated the
teasibility of using such SMP-based 4D active shape-changing
architectures for flexible devices and circuits.'” The studies
above open the way for the fabrication of a SMP-based 4D
active shape-changing configuration, while the actuated method
of these architectures focuses on direct heating. Such a
traditional external stimulus is difficult to manipulate in most
practical applications because all structures including the
surrounding environment have to be heated.”*” The utilization
of shape memory nanocomposites (SMNCs) with magnetic
iron oxide (Fe;O,) nanoparticles is advantageous because the
Fe;O, nanoparticles can be remotely heated by alternating
magnetic fields.”” >’ It may be an effective strategy to realize
the self-heating of SMP-based 4D active shape-changing
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Figure 1. Schematic illustration of the DW printing of 4D active shape-changing architecture and the properties of inks: (a) extrusion of UV cross-
linked PLA-based ink from a micronozzle under a suitable applied pressure; (b) fast solvent evaporation after extrusion; (c) UV cross-linking
reaction triggered during the depositing process; (d) example of a printed 3D waviness-like configuration with potential shape-changing behavior;
(e) process-related apparent viscosity versus process-related apparent shear rate; (f) real-time solvent content as a function of time.

architectures. However, the printing of SMNCs remains
difficult to achieve because most 3D printers are designed to
print only pure polymers with limited choices.

Direct-write (DW) printing techniques, reported by Lewis et
al. and Therriault et al,**™** can be des1gned to match various
classes of materials such as polyelectrolytes,** ultraviolet (UV)-
curable polymers,”* colloidal suspensions,® polymeric solu-
tions,"’ etc. By combining with such an assembly, herein, we
demonstrated the possibility of building 4D active shape-
changing architectures by both polymer- and nanocomposite-
based inks. Poly(lactic acid) (PLA) was chosen as the principle
material because of its widespread investigation in the shape
memory area.’®*™* To make it 3D printable, PLA was
dissolved in dichloromethane (DCM). Benzophenone (BP)
and Fe;0, were further introduced to achieve excellent shape
memory and remotely actuated characteristics, respectively. We
first investigated the rheological properties of the inks and the
evaporation performance of DCM during the printing process.
In what follows, the macroscopic properties of the printed
objects were analyzed in detail. We successfully printed several
4D structures by both polymer- and nanocomposite-based inks.
Their thermally and remotely actuated active shape-changing
performances were disscussed. We further explored the
potential application of such smart structures in biomedical
areas.

B RESULTS AND DISCUSSION

The key components of the DW assembly include a
microdepositing robot controlled by computer software, a
dispensing apparatus, and two UV light-emitting diodes
(LEDs). Parts a—d of Figure 1 schematically described the
DW printing process. The prepared ink was put into a syringe
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with a micronozzle and fixed onto the robot head. The ink was
extruded through the nozzle by imposing a suitable pressure
(Figure 1a). Once the ink was forced out, the fast evaporation
of the solvent and the high solid concentration enabled the ink
to complete a liquid—solid transition rapidly, which was crucial
for the fabrication of filaments (Figure 1b). UV LEDs were
utilized in the printing process to trigger the cross-linking
reaction***” (Figure 1c) that was indispensable for excellent
shape memory behavior. User-defined structures could be
constructed by adjusting the pressure, moving the velocity and
direction of the robot appropriately (Figure 1d).

To construct 4D active shape-changing architectures
successfully, the rheological properties of the ink must be
investigated first. Ink with low solid content shows low
viscosity. It can easily be extruded from a micronozzle.
However, the printed filament requires a lot of time to
complete the liquid—solid transition because of the large
amount of solvent. For ink with a higher solid content, the time
for the liquid—solid transition greatly shortens, while the
increased viscosity demands high pressure for extrusion.
According to a previous study’® and our own experiments,
we summarized that ¢-PLA ink with a BP/PLA/DCM weight
ratio of 0.1:1:3 and c¢-PLA/Fe;O, ink with a Fe;O,/BP/PLA/
DCM weight ratio of 0.25:0.1:1:3 presented satisfied
rheological and printing capabilities. The process-related
viscosity was discussed by capillary flow analysis inside the
nozzle. Figure le shows the process-related viscosity of ink as a
function of the process-related shear rate. c-PLA/Fe;O, ink
presented higher process-related viscosity than c-PLA ink
because of the introduction of Fe;O, nanoparticles, which
indicated that c-PLA/Fe;O, filaments were stiffer than ¢-PLA
ones after extrusion.”* Moreover, both c-PLA and c-PLA/Fe,0,
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Figure 2. SEM images and 4D active shape-changing behavior of structures printed by c-PLA ink: (a) representative printed 4D active shape-
changing architectures; (b) shape-changing behavior of select printed structures. (i—iii) The 3D microspiral is capable of memorizing a 1D linelike
shape and then could recover to the original 3D microspiral upon application of heat stimuli. (iv—vi) The printed waviness-like shape could transfer
from the temporary 2D sheet shape to the original 3D waviness shape under heat stimuli. (vii—ix) The flowerlike 3D configuration could be
deformed to the temporary 3D hexagonal shape and could change to the initial 3D flowerlike configuration again upon exposure to heat stimuli. (c)
Quantitative analysis of the shape-changing behavior of the select structures. Shape deformation and recovery of the 3D microspiral, 3D waviness-like
structure, and 3D flowerlike structure happened in hot water with the temperature around 80 °C.

inks exhibited a shear-thinning performance because the
process-related viscosity showed a declining trend as the
process-related shear rate increased. Such capability guaranteed
extrusion of inks from the micronozzle under high shear rates.

The solvent evaporation rate plays a key role in the fixation
of printed structures after ink extrusion. To quantitatively
investigate the evaporation behavior of DCM, the mass change
of a filament was monitored once the filament was forced out
from the nozzle. Figure 1f exhibits the DCM content of a S mm
filament extruding from a nozzle with a 510 gm inner diameter
changed with time. The initial DCM contents of c-PLA and c-
PLA/Fe;0, inks were lower than the preset fraction. This was
caused by the fast evaporation of DCM during the original
deposition process and the abrupt pressure drop taking place
near the extruded point.50 In the whole testing process, the real-
time DCM content of c-PLA/Fe;0, ink was less than that of c-
PLA ink. This was contributed by the addition of Fe;O,
nanoparticles, which led to a more concentrated ink. Most
DCM evaporated during the first S min (nearly 40—50%) for
both ¢-PLA and c-PLA/Fe;O, inks. Such fast evaporation
behavior was a necessary condition for free DW printing in the
open air. In our printing experiment, we chose the nozzle with
100 pum inner diameter, because DCM in the filament with a
smaller diameter could take less time to diffuse from inside to
the surface. This meant that a much faster solvent evaporation
rate could be obtained and the rigidity of the printed structures
could increase more rapidly. It is necessary to discuss the
diameter shrinkage ratio (D,) caused by DCM evaporation so
that the geometrical changes can be evaluated. Figure S1 in the
Supporting Information reveals that D, of the c-PLA/Fe;0,
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filament was smaller than that of the c-PLA filament deposited
by the nozzle with the same size and pressure. The underlying
reason was the introduction of Fe;O,, causing a large solid
content in ¢-PLA/Fe;0, ink. Further, the D; values of both c-
PLA and c-PLA/Fe;O, were very small (lower than 3%),
indicating that DCM evaporation had no apparent effect on the
dimensions of the printed structures. This is important for
constructing structures in precise sizes and geometries.

The macroscopic capabilities of the printed objects were
discussed after the successful preparation of filaments. Gel
fractions increased from 0% for PLA to 34.2% and 25.8% for c-
PLA and c-PLA/Fe;O, respectively (Figure S2 in the
Supporting Information). This suggested the formation of
cross-linking structures in the network. The lower gel fraction
of c-PLA/Fe;0, than ¢c-PLA was due to the introduction of
Fe,O, nanoparticles that reduced the effective absorption of
UV irradition.’* ¢-PLA and c-PLA/Fe;0, possessed a higher
cold crystallization temperature (T.) and lower glass transition
temperature (Tg), melting temperature (T,,), and crystallinity
(¥.) in comparison PLA (Figure S3 and Table S1 in the
Supporting Information). Such changes were caused by the
formation of cross-linking networks and the negative influences
of Fe;O, nanoparticles on the development of crystallization in
molecular structures.”**® Tensial tests (Figure S4 and Table S2
in the Supporting Information) revealed that the Young’s
modulus and maximum stress of the filaments after cross-
linking decreased slightly. This was attributed to the dominent
nature of the crystallinity for these parameters. However, the
introduction of cross-links induced a decrease in the elongation
at break and an increase in the stress at break. This suggested

DOI: 10.1021/acsami.6b12824
ACS Appl. Mater. Interfaces 2017, 9, 876—883



ACS Applied Materials & Interfaces

Research Article

a

LOM} g

| m———
= 10 rm

Polymeric
cylinder

Figure 3. DW printing of 4D active shape-changing architectures by c-PLA/Fe;O, ink: (a) optical image of the c-PLA/Fe;O, composite ink
depositing from a 150 ym micronozzle to create a self-supported multilayer composite tubular structure with S mm diameter; (b) SEM top view of
the printed multilayer composite tubular structure; (c) SEM side view of the printed multilayer composite tubular structure; (d) printed composite
cylinders with various sizes; (e) illustration of the responsive behavior of the composite cylinder under a constant magnetic field; (f) demonstration
of the remote-actuated 4D shape-changing performance of a nanocomposite cylinder in a 30 kHz alternating magnetic field.

that the final mechanical propeties were sensitive to cross-
linking.”' A comparison between c-PLA and c-PLA/Fe;O,
revealed that Fe;O, nanoparticles provided further reinforce-
ment for the c-PLA polymer. The storage modulus at low
temperature presented a changing trend similar to that of the
tensial test, while above T,, PLA presented the lowest storage
modulus of the three samples. This was caused by the
appearance of cross-linking structures in c-PLA and c-PLA/
Fe;0, (Figure SSa in the Supporting Information).”* The T,
values of PLA, c-PLA, and ¢-PLA/Fe;O, are 74.5, 66.0, and
71.0 °C, respectively (Figure SSb in the Supporting
Information), which were indispensable parameters for the
shape memory performance. Shape memory cycles (SMCs)
proceeding under controlled force mode were utilized to
quantitatively characterize the shape memory behavior. To
avoid the influence of stress history, a second SMC was used
for analysis. Clearly, PLA, c-PLA, and c-PLA/Fe;O, all
presented excellent shape fixed behavior with a shape fixed
ratio (R;) above 90%. However, the shape recovery ratio (R,)
increased from 91.42% for PLA to 99.02% and 95.14% for c-
PLA and c-PLA/Fe;O, respectively (Figure S6 in the
Supporting Information). The increase in R; was due to the
irreversible slippages between molecules at temperatures above
T, reduced by formation of the cross-linking network.">** Such
results demonstrated the effectiveness of improving the shape
recovery behavior of PLA by the introduction of a UV cross-
linking agent.

Various classes of 3D geometries with potential active shape-
changing behavior were successfully constructed by ¢-PLA ink
first through accurate control of the pressure and robot velocity.
Scanning electron microscopy (SEM) images in Figure 2 show
a group of 3D structures printed using a nozzle of 100 ym inner
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diameter. The straight fiber was deposited under a pressure of
1.4 MPa. The surface of the fiber was smooth, and its cross
section was nearly round in shape [Figure 2a(iii)]. The
microcylinder with S mm length and 400 ym radius was
prepared under a pressure of 1.4 MPa and a velocity of 0.5
mm/s [Figure 2a(iii)]. A circular stent was constructed under
the conditions of 1.75 MPa applied pressure and 0.4 mm/s
velocity with a length of 12.8 mm and a diameter of 2.4 mm
[Figure 2a(iv)]. Further interesting structures, including the
freestanding 3D microspiral (an applied pressure of 1.75 MPa
and a velocity of 0.4 mm/s) and a complex 3D waviness-like
and flowerlike structure (an applied pressure of 1.4 MPa and a
velocity of 0.5 mm/s), were printed to demonstrate the active
shape-changing process (Figure 2b). At room temperature,
these structures were in the glassy state. Once the temperature
was higher than T, of the material, the structures turned
rubbery and became flexible. In that case, they could be
deformed to any shapes, which were able to be subsequently
fixed by cooling below T,. When reheated to a temperature
above T,, the deformed structures could return to their original
printed shapes automatically. Figure 2b presents the shape-
changing processes of selected structures, which qualitatively
demonstrate that the configurations of printed architectures
were capable of achieving 3D—1D—3D, 3D—2D—3D, and 3D—
3D—3D transformations. The results indicate that a deforma-
tion dimension was presented, which was the key point of
4D.**** The average dimensions of every repeat unit for both
the initial and recovery structures are marked in Figure 2b to
quantitatively analyze the shape-changing behavior of the
printed geometries. According to eq 1, it can be determined
that % R of all of the structures printed by c-PLA ink were
higher than 90% (Figure 2c). Especially for the waviness-like
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Figure 4. DW printing of a 4D scaffold by c-PLA/Fe;0, ink and its potential biomedical application: (a) optical image of the multilayer scaffold; (b)
schematic diagram of the detailed structure of the scaffold; (c) top view of the optical image of the printed scaffold; (d) deformation shape of the
printed scaffold; (e) schematic of the restrictive shape recovery process; (f) demonstration of the restrictive shape recovery process triggered by a 30
kHz alternating magnetic field; (g) recovery shape under restrictive conditions; (h) potential application of the 4D scaffold as an intravascular stent.
Here, the deformation temperature was 80 °C. S, Sp, and Sy, represent for the original, deformed, and recovery shapes under restrictive conditions,

respectively.

structure, the one printed by c-PLA ink showed % R = 97.5%,
while that printed by PLA ink can only recover 86% of the
original designed shape (Figures 2c and S6 in the Supporting
Information). Obviously, the combination of UV cross-linking
PLA shape memory materials with a DW printing method is an
efficient and facile way to achieve 4D structures with satisfied
shape-changing behavior.

After successfully fabricating 4D active shape-changing SMP-
based architecture, we further investigated the printing of
SMNC-based 4D active shape-changing architecture with
functional behavior. In Figure 3a and movie S1 in the
Supporting Information, it is seen that c-PLA/Fe;O, composite
ink could be printed into a 3D self-supported tubular structure
(250 layers) with S mm diameter through a nozzle with 150 um
inner diameter. The SEM image in Figure 3b reveals that each
layer of the printed structures was deposited precisely. Figure
3¢ demonstrates that interfaces between every adjacent layer
were well connected with one another. By a suitable adjustment
of the printing parameters, tubular structures with different
custom-defined sizes could be obtained (Figure 3d). Parts e and
f of Figure 3 exhibit the functionalities of 3D-printed
nanocomposite structures. First, Fe;O, nanoparticles endowed
magnetism to the 3D-printed structures. In Figure 3e, the
nanocomposite cylinder was able to be attracted by a magnet,
indicating that the movement of the cylinder could be
magnetically controlled and guided. Moreover, Fe;O, nano-
particles were able to be used as internal heating sources in the
presence of an alternating magnetic field. In Figure 3f, a 1-cm-
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long cylinder with S mm diameter was cut from the printed 2.5-
cm-long tubule. It was then manually pressed into a flat shape
at 80 °C and fixed by cooling to room temperature with an
external force. Figure 3f(i) shows the cross section of the
obtained temporary shape, which nearly became a linelike
shape after pressing. Such a deformed shape was put into a 30
kHz alternating magnetic field together with a holder. The
inside Fe;O, nanoparticles could generate heat, causing the
temporary shape to actively recover its initial configuration.
Parts ii—v of Figure 3f present a set of side view images of the
shape recovery process that completed in 23 s (movie S2 in the
Supporting Information). When the recovery shape is checked,
it can be found that the cross section went back to the circular
shape [Figure 3f(vi)]. As a consequence, we achieved DW
fabrication of SMNC-based 4D active shape-changing struc-
tures with magnetically guidable and remotely actuated
performances.

Such a 4D active shape-changing structure has brilliant
prospects to be applied in minimally invasive medical areas.
Here, we demonstrated the potential application in self-
expendable stents. We first printed a multilayer scaffold with
a length of 30 mm and a width of 2 mm (So: original shape)
using a nozzle of 150 ym inner diameter under a pressure of 1.4
MPa and a velocity of 2 mm/s (Figure 4a). Figure 4b provides
the detailed structure of the scaffold, which was composed of
five layers, and the interfilament space was 500 um. The
magnifying top view of the printed scaffold shows a 1D
rectangular gridlike pattern (Figure 4c), which indicates the

DOI: 10.1021/acsami.6b12824
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stable and accurate depositing behavior of the DW assembly. In
Figure 4d, we deformed the scaffold to a spiral structure with 1
mm inner diameter (Sp: deformed shape). The schematic
diagram in Figure 4e presents a restrictive shape memory
process of our designed spiral structure. We assumed that the
recovery shape could still be a spiral structure but with larger
diameter (Sg,: recovery shape under restrictive conditions)
when the shape recovery process was triggered in a restrictive
circumstance. Then, the self-expandable function could be
achieved. To demonstrate the design strategy, the spiral
structure with 1 mm inner diameter was put into a plastic
tubular holder with 3 mm inner diameter. After they were
placed together in a coil with an alternating magnetic field, the
remotely actuated self-expandable behavior was monitored. The
inner diameter of the spiral structure changed from 1 to 2.7 mm
within 10 s (Figure 4fg and movie S3 in the Supporting
Information). Such a 4D scaffold exhibits great potential to be
used as a self-expandable intravascular stent (Figure 4h). The
diameter of the narrow vessel caused by thrombus could be
reexpanded by applying the designed self-expandable stent to
keep blood flowing normally. The addition of Fe;O, nano-
particles offers such structure magnetically guided and remotely
actuated behavior, which makes it much smarter and more
convenient to be manipulated in body. A DW printing
approach provides design freedom for the self-expendable
stent, which is meaningful for the further development of user-
defined intravascular stents and biomedical areas.

B CONCLUSIONS

In summary, we describe a powerful, general, and highly flexible
approach to construct 4D active shape-changing structures by
DW printing of UV cross-linking PLA-based inks. This
technology represents an important strategy for the develop-
ment of SMP-based materials. First, it enables unique and
complex 4D active shape-changing architectures in either
macro- or microscale with various geometries. Moreover, the
technique realizes 4D printing of both SMPs and SMNCs and
prepared 4D active shape-changing structures with remotely
actuated and magnetically guidable behaviors that have great
potential to be applied in minimally invasive medical areas.
Although we focus on UV cross-linking PLA-based inks, such a
technique could be extended to various functional inks for the
design of 4D shape-changing structures with multifunctional
capabilities based on its open design characteristics. This
research has the potential to pave a new way for the further
development of 4D printing, soft robotics, microsystems, and
biomedical devices and beyond.

B MATERIALS AND METHODS

Materials. Semicrystalline thermoplastic PLA pellets (4032D) were
purchased from Natureworks LLC. The weight-average molecular
weight (M,,) of PLA pellets, tested by gel permeation chromatography,
was 167 kDa. Benzophenone (BP) with 99% purity was supplied by
Sigma-Aldrich. Dichloromethane (DCM) of analytical grade and
Fe;0, nanoparticles with 30 nm average diameter were commercially
available from Aladdin Industrial Inc. To remove the influence of
moisture, PLA pellets were dried at 50 °C for 24 h in a vacuum oven
before use.

Printing Ink Preparation. The 25 wt % PLA polymeric ink was
prepared by directly dissolving neat PLA pellets in DCM with a PLA/
DCM weight ratio of 1:3. For 25 wt % c-PLA ink, BP was first
dissolved in DCM with a weight ratio of 0.1:3. Then, neat PLA pellets
were added to the above blend with a BP/PLA/DCM weight ratio of
0.1:1:3 for thorough mixing. A 25 wt % c-PLA/Fe;O, composite ink
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was prepared by dissolving Fe;O,, BP, and PLA in DCM with a weight
ratio of 0.25:0.1:1:9 through mechanical stirring in a sealed container.
Then, the container with the above mixture was placed in an ultrasonic
bath and kept open for DCM evaporation until the weight ratio of
PLA/DCM was 1:3. All of the fabricating processes proceeded in light-
resistant conditions at room temperature (25 + 2 °C). The obtained
ink was preserved in a sealed container until processing.

Ink Characterization. The process-related apparent viscosity of
the prepared polymer ink was evaluated by a reported method based
on capillary viscometry.>> The ink was extruded from the nozzle with
200 pm inner diameter under UV irradiation. It was deposited onto a
glass substrate for 60 s at a velocity of 1 mm/s under 10 different
applied pressures (0.35—3.5 MPa) until extrusion of the ink achieved
stable status. The obtained lines were dried at 50 °C for 12 h and then
weighed by a high-precision electronic balance. The obtained masses,
combined with the densities of the respective inks, were used to
calculate the ink volumetric flow rate. Herein, equations including the
Rabinowitsch correction were performed to determine the capillary
data. Because the ratio of the length of the nozzle to its diameter
exceeded S0, the end effects could be neglected.SD

Solvent Evaporation Rate Characterization. The evaporation
capability of DCM was investigated according to a previous study.™®
The ink was extruded from a 510-ym-diameter nozzle under a pressure
of 420 kPa. A S mm filament was deposited onto a glass substrate
placed on a high-precision electronic balance. The weight of the
filament was monitored for 6 h and recorded as a real-time mass.
Then, the filament was dried in a 50 °C vacuum oven for 12 h. After
that, the above filament was weighed again to obtain the dried mass.
The real-time solvent percentage was used to evaluate the solvent
evaporation capabilities.

Diameter Shrinkage Ratio Characterization. The ink was
extruded out of the nozzle with 100 ym inner diameter at a pressure of
1.4 MPa under UV irradiation. The depositing filaments were collected
and dried in a vacuum oven at 50 °C for 12 h. The obtained filaments
were cut into 10-mm-long sections for each composition. Then, an
optical microscope (Olympus SZX16) was used to measure the actual
diameter of the filaments. The diameter shrinkage ratio (D,) was
calculated as follows:

D, = (D, — D)/D, X 100% (1)
where D, is the inner diameter of the nozzle used and D, is the actual
diameter of the corresponding filament after drying.

DW Fabrication of a 4D Active Shape-Changing Architec-
ture. The DW printing of the ink was carried out by a system
consisting of a microdepositing robot (1&J2200-4, 1&] Fisnar)
controlled by computer software (JR Points for Dispensing, Janome
Sewing Machine), a dispensing apparatus (HP-7X, EFD), and two 365
nm UV LEDs with 450 mW/cm? intensity (UPUL012, Landun). The
designed 3D structures could be constructed by accurate computer
control of the applied pressure, moving velocity, and direction of the
robot. The rapid evaporation of DCM in the printing process
functioned to harden the 3D structures. The enhanced shape memory
behavior could be obtained through UV irradiation. The filament was
deposited under 1.4 MPa. The supported structures (cylinder,
waviness, and flower) were fabricated under a pressure of 1.4 MPa
and a robot velocity 0.5 mm/s. The spiral and stent were built under
the conditions of 1.75 MPa pressure and 0.4 mm/s robot velocity.

Shape-Changing Behavior Characterization. The printed 3D
architecture was heated to 80 °C (a temperature above T,). After
being soft, the heated structure was deformed to the desired
configuration under an external force. The temporary architecture
was fixed by cooling to room temperature. The heat-actuated active
shape-changing processes were monitored by placing the deformed
objects into hot water around 80 °C. To quantitatively investigate the
shape-changing behavior of the printed 3D structures, the dimensions
of every repeated unit for both the initial and recovery structures were
measured to obtain the average dimensions of repeated units for every
structure. % R (percentage of shape recovery), using to characterize
the recovery degree of the printed geometries, could be obtained as
follows:

DOI: 10.1021/acsami.6b12824
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%R = (I, — 1)/, % 100% ()

where [, and I, represent the average dimensions of repeated units for
the original and recovery structures, respectively. Remotely induced
shape-changing processes were monitored by putting the deformed
objects into an alternating magnetic field of 30 kHz. A scanning
electron microscope (TESCAN VEGA3SB) and an optical microscope
(Olympus SZX16) were used to observe the morphologies of the
original, temporary, and recovery structures during the shape-changing
process.
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