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ABSTRACT: Four-dimensional (4D) printing that enables
3D printed structures to change configurations over time has
gained great attention because of its exciting potential in
various applications. Among all the 4D printing materials,
shape memory polymers (SMPs) possess higher stiffness and
faster response rate and therefore are considered as one of
most promising materials for 4D printing. However, most of
the SMP-based 4D printing materials are (meth)acrylate
thermosets which have permanently cross-linked covalent
networks and cannot be repaired if any damage occurs. To
address the unrepairable nature of SMP-based 4D printing
materials, this paper reports a double-network self-healing
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SMP (SH-SMP) system for high-resolution self-healing 4D printing. In the SH-SMP system, the semicrystalline linear polymer
polycaprolactone (PCL) is incorporated into a methacrylate-based SMP system which has good compatibility with the digital
light processing-based 3D printing technology and can be used to fabricate complex 4D printing structures with high resolution
(up to 30 ym). The PCL linear polymer imparts the self-healing ability to the 4D printing structures, and the mechanical
properties of a damaged structure can be recovered to more than 90% after adding more than 20 wt % of PCL into the SH-SMP
system. We investigated the effects of PCL concentration on the thermomechanical behavior, viscosity, and the self-healing
capability of the SH-SMP system and performed the computational fluid dynamics simulations to study the effect of SH-SMP
solution’s viscosity on the 3D printing process. Finally, we demonstrated the self-healing 4D printing application examples to

show the merits of the SH-SMP system.
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1. INTRODUCTION

Four-dimensional (4D) printing, a technology that adds the
fourth dimension “time” into 3D printed geometries,' ™ has
gained great attention because of its exciting potential in the
fields of soft robotics,”” medical devices,”” flexible elec-
tronics,"’ and many others.”"'~'® This technology is realized
by printing 3D geometries with soft active materials (SAMs)
that can actively transform configurations in a predefined
manner over time in response to external stimuli, %>~

So far, the SAMs that have been widely used in 4D printing
fall into two classes: hydrogels”™'""> and shape memory
polymers (SMPs).*>'®'” A variety of hydrogel-based 4D
printing including biomimetic 4D printing,4 active valves,'®"?
complex self-evolving structures,” and others”~** have been
achieved. However, the low-material stiffness (from ~1 to
~100 kPa)*'® and slow response rates in the time scale from
tens of minutes to a few hours®**’ limit the further application
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of hydrogel-based 4D printing.”*** In contrast, SMPs which
enable the fixation of a temporary shape and the recovery to
the permanent shape upon environmental stimuli, such as
heat, > Iight,26_28 or electrical field,***° possess higher
stiffness (from ~MPa to ~GPa****) and fast response rates to
realize shape recovery in seconds.’”*> Because of these
superior properties, SMP-based 4D printing has been widely
used in the fields of actuators, biomedical devices, and many
others.'”"> Most of these reported SMP-based 4D printing
examples were realized by 3D printing structures with
(meth)acrylate-based monomers and cross-linkers,' ~>%**
which form permanently cross-linked covalent networks that
attribute the capability of “memorizing” the original shapes of
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the 3D printed structures. However, once these covalent
networks are damaged, the damaged printed structures are not
repairable and can only be discarded, which causes extra
material cost and environmental burden. Therefore, it is
needed to develop new 4D printing materials with self-healing
property which can be repaired and reused in the case that 4D
printing structures are damaged.

To date, there are only two papers that report the methods
to develop self-healing SMP (SH-SMP)-based 4D printing
materials. Kuang et al. developed a self-healing and shape
memory (SM) elastomer for 4D printing."” They realized such
self-healing 4D printing by developing a 3D printing ink that
contains urethane diacrylate and linear semicrystalline
polymer. Nevertheless, because of the high viscosity, the
developed ink is only suitable to the UV-light-assisted direct
ink write (DIW) 3D printing technology. The way of directly
writing 3D structures by extruding the printing ink through the
printing nozzle with ~100 ym diameter significantly limits the
resolution and geometrical complexity of printed 3D
structures. Different from the DIW 3D printing technology,
the digital light processing (DLP)-based 3D printing is able to
realize fast fabrication of complex 3D structures with feature
size ranging from 1 to 100 ym by employing the digital mask
projection to trigger the localized photopolymerization.”****
Recently, Invernizzi et al. developed a self-healing 4D printing
SMP that is suitable to the DLP-based 3D printing.”® SM and
self-healing functionalities are thermally triggered and
obtained, respectively, using polycaprolactone (PCL) chains
and 2-ureido-4[1H]-pyrimidinone units co-cross-linked in a
polymer system. However, a healed sample can only recover
~50% of its original tensile strength and ~20% of its original
failure strain. More importantly, this work did not fully exploit
the advantage of DLP-based 3D printing and only demon-
strated simple 2D printed samples.

In this article, we present a method to prepare SH-SMPs for
high-resolution 4D printing. In the developed SH-SMP system,
benzyl methacrylate (BMA) and poly(ethylene glycol)-
dimethacrylate (PEGDMA), respectively, serve as the linear
chain builder and cross-linker to form a highly deformable and
3D printable SMP network, and polycaprolactone (PCL) is
incorporated into the network system as a self-healing agent to
provide self-healing properties to the 4D-printed structures.
The SH-SMP has good compatibility with DLP-based 3D
printing which enables the fabrication of complex 4D printing
structures with high resolution (up to 30 gm). The PCL linear
polymer imparts the self-healing ability to the 4D printing
structures, and the mechanical properties of a damaged
structure can be recovered to more than 90%. The develop-
ment of SH-SMPs will extend the lifespans of high-resolution
4D printing structures and be beneficial to a variety of practical
4D-printing-related applications including soft robotics,” >’
aerospace structures,*”*' biomedical devices,***?
others.">"?

and

2. MATERIALS AND METHODS

2.1. Procurement of Materials and Chemicals. All of the
material constituents that form the SH-SMP including BMA,
PEGDMA (Mn = 550 g/mol), and PCL pellets (Mn ~ 80000 g/
mol) were purchased from Sigma-Aldrich and used as received. Other
chemicals including diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
(TPO) as a photoinitiator and Sudan I as a photoabsorber for the
DLP-based 3D printing as well as dichloromethane as a solvent were
also purchased from Sigma-Aldrich and used as received.

2.2. Solution Preparation. We prepared the SH-SMP 3D
printing polymer solution by first mixing 75 g of BMA with 25 g of
PEGDMA. Then, PCL pellets were added into the obtained BMA—
PEGDMA mixtures at 70 °C until the solution became transparent.
The weight concentration of PCL, Cpy, is defined as mpcy/(mgya +
Mpggoma) X 100%, where mpc, mpya, and mppgpuma are the weights
of PCL, BMA, and PEGDMA, respectively. When we prepared the
SH-SMP solution with Cpcp higher than 30 wt %, dichloromethane
with the same weight as PCL was added to the SH-SMP solution to
reduce the viscosity. The photoinitiator TPO (S wt % of the total
weight of BMA and PEGDMA) and the photoabsorber Sudan I
(0.02—0.5 wt % of the total solution weight) were added to the SH-
SMP solution at room temperature. Dichloromethane was evaporated
by using a vacuum oven until the weight became constant.

2.3. 3D Printing Process. We printed the self-healing 3D
structures on a self-built high-resolution 3D printing platform with the
prepared SH-SMP polymer solution. Details about the 3D printing
platform and the printing process can be found in our previous
report.® The printing parameters are presented in Table SI. After
printing, the printed structures were rinsed in a cleaning solution with
80 vol % of isopropanol and 20 vol % of dichloromethane to remove
the unpolymerized SH-SMP solution. Finally, the printed structures
were postcured in a UV oven (365 nm, UVP, Ultraviolet Crosslinkers,
Upland, CA, USA) for 10 min.

2.4. Dynamic Mechanical Analysis. We conducted the dynamic
mechanical analysis (DMA) to investigate the thermomechanical
behaviors of the printed SH-SMP samples. The tests were conducted
on a DMA tester (TA Instruments, Q800 DMA, U.S.) in the tension
film mode at a frequency of 1 Hz and an amplitude of 10 um. The
force track mode with 125% was used to adjust the static force that
follows the stiffness change of the tested sample during temperature
ramps. After erasing thermal history at 80 °C for 10 min, DMA tests
started from —80 to 120 °C at a heating rate of 2 °C/min. The
dimensions of the testing samples were 25 mm X 5 mm X 0.6 mm.
Each composition was tested at least two times to ensure a good
repeatability.

2.5. Uniaxial Tensile Experiments. We performed the uniaxial
tensile tests to characterize the Young’s modulus of the SH-SMP
samples at room and higher temperatures. For the room-temperature
tests, they were conducted on a uniaxial tensile tester (Instron, model
5943, Germany) with a 1 kN load cell. The dimensions of the testing
samples were 20 mm X 10 mm X 0.5 mm. For higher temperature
tests (at 90 °C), they were performed on the DMA tester, and the
dimensions of the testing samples were 25 mm X 5 mm X 0.6 mm.
The testing strain rate was 1%/s. The Young’s modulus of a tested
sample was identified as the initial slope of the material stress—strain
curve in the linear regime.

2.6. Differential Scanning Calorimetry Experiments. We
conducted differential scanning calorimetry (DSC) experiments to
investigate the melting and crystallization behaviors of PCL in the
SH-SMP system. The tests were performed on a DSC instrument (TA
Instruments, model DSC Q20A, U.S.) equipped with a refrigerated
cooling system. After equilibrating the samples at —85 °C for S min,
the first heating trace started from —85 to 120 °C at 10 °C/min. The
samples were equilibrated at 120 °C for 1 min and then cooled down
at 3 °C/min. When the temperature arrived at —90 °C, the samples
were equilibrated for 1 min and finally heated again to 120 °C at 10
°C/min. The first cooling and second heating traces were recorded to
study the melting and crystallization behaviors of PCL. Each
composition was tested at least three times to ensure a good
repeatability.

2.7. SM Behavior Characterizations. We investigated the SM
behavior of the SH-SMP samples by following the typical SM cycling
method. The sample was first stretched by 10% with a constant strain
rate of 6%/min at a programming temperature (i.e., Ty + 30 °C;
Tyans: transition temperature of a specific tested SH-SMP sample).
Then, the temperature was decreased to 25 °C at a cooling rate of 2
°C/min. After reaching the targeted programming temperature, the
sample was held isothermally for 2 min. The strain of the temporary
shape was measured after removing the external load. In the free
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Figure 1. Schematic illustrations of DLP-based 3D printing using SH-SMPs. (a) Chemical structures of the components in SH-SMP solution. (b)
Chemical structure evolution of the SH-SMP solution during UV-based 3D printing at high temperature (h.t.) and cooling down to room
temperature (r.t.). (c) High-resolution complex 3D structures printed using SH-SMP solution. (I) 3D printed high-resolution grid; (II) 3D printed
Kelvin foam; (d) demonstration of 4D printing: temporary shape (top) and permanent shape (down) of 3D printed Kelvin foam; and (e)
demonstration of the self-healing ability of the printed 3D structure: the broken chess piece (top) can be healed together (down) by heating at 80

°C for 5 min.

recovery step, the temperature was gradually increased to the recovery
temperature (i.e., Ty + 30 °C) at the rate of 2 °C/min. The sample
was held isothermally for another 60 min to observe the free recovery
behavior. The SM behavior characterizations were performed on the
DMA tester. The dimensions of the testing samples were 25 mm X 5
mm X 0.6 mm.

2.8. Lap Shear Experiments. We studied the self-healing ability
of the printed SH-SMP samples following the procedures of a
standard lap-shear test.** The experiments were carried out on the
uniaxial tensile tester (Instron, model 5943, Germany) with a 1 kN
load cell. The lap shear specimens were prepared by attaching two
rectangular samples (width X thickness = 10 mmX 1.5 mm) with the
shear area of 7 mm X 10 mm using a Mohr clamp in an oven at 80 °C
for 30 min to ensure full bonding between two samples. The control
specimens with the same dimensions and shear area were prepared by
3D printing. Then, the tensile tests were performed on the assembly
at a speed of 1%/s. Each composition was tested at least three times
for repeatability.

2.9. Rheological Characterizations. We performed the
rheological characterizations to investigate the temperature-depend-
ent viscosity of the SH-SMP solution. The tests were conducted on a
Discovery Hybrid Rheometer (DHR2, TA instruments Inc., UK) with
an aluminum plate geometry (40 mm in diameter). The tests were
conducted with frequency ranging from 0.1 to 100 Hz. SH-SMP
solutions with each composition were tested from 25 to 115 °C with
an increment of 10 °C. The temperature was precisely controlled by a
Peltier system. The plate gap was set as 500 ym.

2.10. Goniometer Measurements. We measured the surface
tension and contact angle to obtain the related parameters that were
later used in the computational fluid dynamic (CFD) simulations of
the 3D printing processes with SH-SMP solutions. The measurements
were carried out on an optical contact angle and interface tension
meter (SL200KS, KINO, USA). The solutions with 0.1% Sudan I
were held by a 1 mL syringe with a 1.8 mm outer diameter needle.
Then, the surface tension between 3D printing solution and air was
measured by the pendant drop method, and the contact angle

between solution droplet and the printing platform was measured by
fitting the contour of the solution droplet on a plate made of the same
material (VeroBlack, Stratasys, USA) as the printing platform.

2.11. Scanning Electron Microscopy. We used scanning
electron microscopy (SEM) to analyze the microstructure of the
samples. SEM images were acquired on Hitachi SU8010 SEM
(Hitachi Ltd., Chiyoda, Tokyo, Japan). The samples were attached to
a SEM holder and then gold-sputtered in vacuum before the test.

3. RESULTS AND DISCUSSION

In this article, we report a self-healing 4D printing double-
network SMP system by incorporating a semicrystalline linear
polymer as a healing agent into a methacrylate-based SMP
which has been successfully used in high-resolution 4D
printing.® Figure la presents the detailed chemicals that are
used for preparing the UV curable solution that forms self-
healing 4D printing structures. In the solution, BMA,
PEGDMA, and TPO work as a monomer, cross-linker, and
photoinitiator, respectively, for photopolymerizing the meth-
acrylate-based SMP network; PCL is chosen as the semi-
crystalline healing agent. We choose PCL as the healing agent
because of its excellent miscibility with the methacrylate-based
SMP system and relatively low melting temperature (about 60
°C). Other thermoplastics with the two abovementioned
properties can also be considered to be used as the healing
agent. The printing solution is prepared by mixing all the
chemicals at a temperature which is higher than the melting
temperature (T,,) of the healing agent. Details about the
solution preparation are provided in Section 2.2.

As depicted in Figure 1b, we start the printing process by
heating the solution above the T, of PCL, followed by
irradiating patterned UV images onto the SH-SMP solution.
The UV image triggers the localized photopolymerization that
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Figure 2. Thermomechanical characterization of SH-SMPs. (a) Storage modulus (E’) as a function of temperature; (b) tan & values of SH-SMPs
with different PCL concentration versus temperature; (c) effect of PCL concentration (Cpc;) on transition temperature (Ty,,,) and soft state
modulus (E,); (d) effect of PCL concentration on melting temperature (T,); (e) effect of PCL concentration on heat of melting (H,,) and
crystallinity (y.); (f) uniaxial tensile testing results of SH-SMPs at room temperature (i.e., 25 °C, o: stress, €: strain); and (g) uniaxial tensile testing
results of SH-SMPs at the soft state (i.e., 90 °C, o: stress, €: strain). (h) Representative SM behavior of SH-SMPs with PCL concentration at 0, 20,
and 40%, respectively; and (i) summary of SM behaviors as functions of PCL concentration (R shape fixity ratio and R,: shape recovery ratio).

covalently connects the monomers and cross-linkers to solidify
the liquid solution into a corresponding solid pattern. The 3D
printing process proceeds by irradiating different patterned UV
images onto the polymer solution layer by layer until the entire
3D structure is completed. At the high temperature, PCL is at
the melt state, and the entire PCL linear chains with high
polymer chain mobility penetrate into the SMP network. After
cooling down the 3D printed structure to room temperature,
the PCL linear chains form semicrystalline domains within the
SMP network."’

The methacrylate-based monomer and cross-linker ensure
that the SH-SMP solution has a good compatibility with the
DLP-based high-resolution 3D printing. Figure 1c shows that
using the SH-SMP solution, we are able to achieve a good
lateral printing resolution up to 30 pm (Figure 1c(I)) and
highly complex 3D geometries such as a Kelvin foam in Figure
1c(II). The BMA—PEGDMA SMP network imparts the SM
effect into the 3D printed structure to realize 4D printing. As
presented in Figure 1d, the thermomechanical programmed
(compressed) Kelvin foam recovers into its as-printed shape
upon heating at 80 °C within S s. More importantly, the
penetrated PCL semicrystalline domains endow the self-
healing ability into printed structures. The self-healing feature
is shown in Figure le, where a broken chess piece was repaired
after attaching the two separate parts at 80 °C for 5 min.

3.1. Thermomechanical Performance. As the penetra-
tion of PCL into the BMA—PEGDMA SMP system imparts
self-healing ability into the SMP system, it is essential to
investigate the effect of the addition of PCL on the
thermomechanical behavior of the SH-SMP system. Figure
2a—c presents the DMA results of the SMP system loaded with
different percentages of PCL. Figure 2a shows the variation of
temperature-dependent storage modulus which corresponds to
the elastic response of a tested sample. Figure 2b plots the
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temperature-dependent tan & which is defined as the ratio of
loss modulus (corresponding to energy dissipation) and
storage modulus and used to identify the transition temper-
ature at its peak for a thermally responsive SMP, for example,
glass transition temperature for an amorphous SMP* and
meltin§/ crystallization temperature for a semicrystalline
SMP.*® Figure 2c presents the effect of the concentration of
PCL (Cpcy) on the two key features of the thermomechanical
behavior of the SH-SMP system: (i) the modulus at the soft-
state E; (analogues to the rubbery state for a pure amorphous
SMP) and (ii) the transition temperature (T,,,s)- It is noted
that the E; decreases from 4.4 to 0.8 MPa with the increase of
Cpcr- This is because that E; is proportional to the cross-
linking density of the SMP network, and the addition of PCL
leads to the decrease in the cross-linking density, thus the
decrease in E,. In contrast, the increase of Cp¢;, has a limited
effect on T, which can be explained that the glass transition
temperature (Tg) of the pure BMA—PEGDMA system (T, ~
60 °C, which was measured using the sample with Cpe; = 0)°
is closed to the T,, of PCL.* To characterize the T, of the
SH-SMP system with different Cpcp, the DSC tests were
performed and the results are presented in Figure S1. The T,
is identified as the endothermic peak from the heating cycle,
and the heat of melting (H,) can be calculated through
integrating the endothermic peak corresponding to the
enthalpy of transition. Figure 2d presents the T, with different
Cpcr- Ty is about 55 °C and nearly constant with different
Cpcr, which explains the observation that Cpcp has a limited
effect on Ty, of the SH-SMP system. Figure 2e shows that the
H,, increases with the increase in Cpcy as the higher Cpcp leads
to more crystalline domains which require more heat to melt
them. In addition, we also calculate the crystallinity y. of PCL
in the SH-SMP system with different Cpcp through the
equation y. = H,/(Cpcr-Hmigo), where H, o is the heat of
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Figure 3. Effect of viscosity on the 3D printing process. (a) 3D printing process; (b) viscosity (1) of 3D printable resins with different PCL
concentrations vs frequency (f); (c) viscosity of 3D printable resins with 20% PCL concentration; (d) effect of temperature on the viscosity of 3D
printable resins with different PCL concentrations; (e) CFD analytical liquid state (7 = 10 Pa s) at different times (red color indicates the air, and
blue color indicates the liquid. The scale bar represents the volume fraction of the air); (f) normalized average pressure (Py,) on the top face of the
platform; and (g) time needed for the liquid to reach the steady stage as a function of viscosity.

melting of a pure PCL sample (139 J/g).*’ In Figure 2e, the y.
slightly increases from ~20 to ~30% with the increase in Cpcp,
from 10 to 50%.

To investigate the effect of Cpcp on the stress—strain
behavior of the SH-SMP system, we performed the uniaxial
tensile tests at room temperature and high temperature (i.e., 90
°C). As shown in Figure 2f, the stiffness of the SH-SMP system
at room temperature decreases with the increase in Cpcp
because the stiffness (~100 MPa)*® of pure semicrystalline
PCL is lower than that (~300 MPa) of the pure methacrylate
SMP at room temperature (the green curve in Figure 2f), but
the addition of PCL also introduces the ductility of the SH-
SMP system. Figure 2g shows the same effect of Cpcp on the
stress—strain behavior of the SH-SMP system at high
temperatures. It is also found that when Cp¢ increases to
50%, the failure strains of the SH-SMP system at both room
temperature and high temperature no longer increase. We
further investigate the effect of Cpcp on the SM behavior of the
SH-SMP system. As shown in Figures 2h and S2, the SH-SMP
samples with different Cpc; were stretched by 10% at 90 °C.
After cooling and unloading at room temperature, the SH-SMP
samples with different Cpcy exhibit good shape fixity. The SH-
SMP samples also demonstrate good shape recovery after
heating back to 90 °C. To quantify the SM behavior, we
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calculate the shape fixity R; as Re = €,/e,, X 100%, and the
shape recovery ratio R, as R, = (&, — &,)/€, X 100%, where €,
is the maximum strain before unloading, ¢, is the strain right
after unloading, and &, is the instantaneous strain during
recovery. Figure 2i shows the effect of Cpcp, on both R;and R..
With the increase in Cpcp, the shape fixity R; gradually
decreases from 95 to 83% which is because the R; of an SMP
system is highly related to its stiffness at room temperature,*®
and the increase in Cpgy, leads to a lower stiffness of the SMP
system (Figure 2f) and therefore a lower R; In contrast, the
shape recovery ratio R, is not clearly influenced with the
change of Cpcp and remains at a reasonably good level between
83 and 95% with different Cp¢y.

3.2. Effect of Viscosity on the 3D Printing Process. We
printed all the self-healing 4D printing structures on a top-
down DLP-based 3D printing system.” As depicted in Figure
3a, after printing a structure with thickness Dy = 1 mm (step I
in Figure 3a), the printing platform moves down by D (D = §
mm in the current 3D printing system) to allow the polymer
resin to cover the printed structure (step II in Figure 3a) and
then moves up by D—D; (where Dy is the layer thickness and
Dy = 50 um) for printing the following layer (step III in Figure
3a). After moving down by D, the printing platform needs to
stay stationary and wait until the polymer solution ceases the
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fluctuation. The duration of the waiting time is proportional to
the viscosity of the polymer solution, and it is not practical to
use a highly viscous polymer solution which requires to wait
for more than 1 min for each layer. Therefore, it is critical to
systematically investigate the rheological behavior of the SH-
SMP solution with different PCL concentrations. Figure 3b
plots the viscosity of the SH-SMP solutions as a function of
frequency at room temperature. The viscosity of all solutions
shows no apparent difference at the testing frequency range
(from 0.1 to 100 Hz) and thus can be regarded as the
Newtonian fluid. The increase in Cpy from 0 to 50% results in
the raise of viscosity at room temperature from 0.01 to 400 Pa
s. We further investigated the effect of temperature on the
viscosity of the SH-SMP system. Figure 3c shows the
representative results of the SH-SMP solution with 20%
PCL. The solution behaves as a Newtonian fluid at different
temperatures, and the temperature elevation from 25 to 75 °C
reduces the viscosity from ~10 to ~2 Pa s. The investigations
on the temperature effects for the SH-SMP solutions with
different Cpc are presented in Figure S3 and summarized in
Figure 3d by showing the viscosities at a frequency of 10 Hz.
With the increase in temperature, the viscosity of all of the
testing SH-SMP solutions decreases by about 1 order of
magnitude, which shows the possibility to print 4D printing
structures with high PCL concentration SH-SMP solutions by
increasing the temperature.

To quantitatively investigate the effect of viscosity on the
printing process, we simulated the fluid—structure interaction
during the printing process using the commercial CFD
software package ANSYS FLUENT 17.2 (ANSYS, Inc,
USA). Figure 3e presents the representative simulation result
during the waiting process. It takes about 10 s to cease the
fluctuation in the case that the printing platform moves down
by 5 mm in the printing solution with a viscosity of 10 Pa s.
The details about the simulation process are provided in
Supporting Information part 4. The surface tension and
contact angle needed in the CFD calculation were measured
using the pendant drop and the curve fitting methods,
respectively, and are provided in Supporting Information part
S. To determine the duration of waiting time, we set the
criterion that the normalized average pressure Py,(t) on the
top surface of the printing solution must satisfy the following
condition: P, — AP < Py,(t) < P, + AP. Here, P, is the
ultimate pressure of a low viscous fluid (1 Pa s) after waiting
for a sufficient long flow time (1000 s) and AP is the
admissible tolerance. We set AP to be 0.1P,, after comparing
simulation with the experiment. Figure 3f shows the variation
of Py(t) of the printing solution with different viscosities.
Based on this, Figure 3g plots the relation between the waiting
time and viscosity of the polymer solution which shows strong
linear relationship and suggests that the viscosity of the
printing solution should be reduced to less than 42 Pa s to
ensure that the waiting time is within 1 min. According to the
viscosity—temperature relation in Figure 3d, the SH-SMP
solutions with 30, 40, and 50% of PCL need to be heated to
40, 70, and 100 °C, respectively, to reduce the viscosity to less
than 42 Pas.

3.3. Self-Healing Characterization. We endow the self-
sealing ability into the 4D printing SMP system by using PCL
as a self-healing agent.*””° The self-healing mechanism is
illustrated in Figure 4a. At room temperature, two separated
sample strips are placed in contact (Figure 4a(I)). After
heating to a temperature higher than T, of PCL, the PCL
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Figure 4. Self-healing behavior of SH-SMPs. (a) Illustrations of the
self-healing mechanism. (b) SEM micrographs of scratched and
healed surface at different scales. (c) Schematic illustrations of lap-
shear testing samples. (d) Strain—stress curves of healed and control
samples with different PCL concentrations (C represents control
sample and H represents healed sample). (e) Effect of PCL
concentration on the strength og. (f) Effect of PCL concentration
on the strain at break &,

crystalline domains melt and the PCL linear chains diffuse
through the boundary between two separated sample strips
(Figure 4a(II)). When cooling down to room temperature, the
PCL linear chains form crystalline domains. Some crystalline
domains are across the boundary between separate strips and
bond them together (Figure 4a(I1I)). We demonstrate the self-
healing ability in Figure 4b, where we first generated a crack
region with a width of ~100 ym on the surface of a printed
sample with 20% PCL by scratching the sample with a blade;
after heating at 80 °C for 20 min, the scratch nearly disappears
indicating that the printed sample possesses a good self-healing
ability. We carried out the lap-shear experiments to
quantitatively investigate the self-healing ability of the SH-
SMP system. As shown in Figure 4c, we prepared the testing
sample by bonding two printed rectangular samples (width w
X thickness t = 10 mm X 1.5 mm) with the shear area (L, X w)
of 7 mm X 10 mm at 80 °C for 30 min. The control specimens
with the same shape and dimensions were prepared by 3D
printing. Uniaxial tensile tests were conducted on both healed
and control samples at room temperature to evaluate the self-
healing properties. Details about the sample preparation and
the lap-shear experiments can be found in 2.8.

Figure 4d compares the strain—stress curves of control and
repaired samples with different Cp¢;. Figure 4e summarizes the
relation between Cpc and strength o5 of the tested samples. If
Cpcy is higher than 20%, the repaired sample can recover
nearly 100% of the strength of the control sample. Figure 4f
shows the same trend to the relation between Cp¢; and strain
at break &, indicating that the repaired sample can recover
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Figure S. Application demonstrations of SH-SMPs. (a) 3D printed gripper (I) as-printed gripper. (II) Cut gripper. (III) Healed gripper. (IV—VI)
Grabbing process. (b) 3D printed stent (I) as-printed. (II) Broken. (III) Healed. (IV) Deformed. (V) Recovered. (Scale bars: 4 mm).

nearly 100% of the strain at break of the control sample when
Cpcy is 20% or higher.

3.4. Application. Owing to the ability to repair damaged
3D printed objects and restore their original functionalities, the
proposed 3D printable SH-SMPs have the potential
application in areas such as soft robotics, flexible electronics,
and biomedical devices. In Figure Sa, we presented the printing
of a 3D printed SH-SMPs gripper that has the potential to
function as actuated grippers’ > and drug-delivery devi-
ces.*”>® As shown in Figure Sa, an as-printed closed gripper
from SH-SMPs (Figure Sa(1)) was partially cut (Figure Sa(1I))
and then healed at 80 °C for S min (Figure Sa(Ill)). By
heating at 80 °C, the healed gripper can be deformed to the
opened temporary shape. Once opened, the structure was
cooled down at room temperature to fix the temporary shape
(Figure 5a(IV)). Upon reheating the opened gripper at T >
T'ans the claws recovered to the printed shape, and the gripper
was able to grab a weight of 10 g (Figure Sa(V,VI)). Figure Sb
shows another notable potential application of our SH-SMPs
system cardiovascular stent. The cardiovascular stent is widely
used to treat angiocardiopathy. Traditional efforts to fabricate
SM stent mainly focused on conventional fabrication
methods.***>> Here, we printed a stent with both SM and
self-healing effects. Figure Sb(I) showed the intact stent that
was 3D printed by our SH-SMP materials. The stent may
break because of the external force. As shown in Figure Sb(Il),
the stent was cut by a knife and one piece was broken. Then,
the stent was heated to 80 °C and the broken parts were held
together by a tweezer for 10 s. Consequently, the broken parts

were reconnected, as shown in Figure Sb(III). Then, the
healed stent was programmed to a temporary shape, as shown
in Figure Sb(IV). Upon heating, the healed stent can recover
to its permanent shape again, as shown in Figure Sb(V).

4. CONCLUSIONS

In summary, we report an approach to develop a double-
network SH-SMP system for high-resolution self-healing 4D
printing. The SH-SMP-based 4D printing with high resolutions
(up to 30 pm) and geometric complexity was successfully
achieved, and the printed objects show remarkable SM and
self-healing properties. The rheological behavior of the SH-
SMP material was systematically studied both experimentally
and theoretically to investigate the printability of the resins.
Damaged 3D printed structures from such SH-SMPs can be
repaired and can recover their SM functionality, which extend
their lifespan.
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