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A B S T R A C T   

4D printing of shape memory polymers (SMPs) endows the 3D printed structures with tunable shape-changing 
behavior and functionalities that opens up new avenues towards intelligent devices. Multiple-SMPs, specially, 
could memorize more than two shapes that have greatly extended the performance of 4D printed structures. 
However, the actuation to trigger the shape change of 4D printed multiple-SMPs is usually by direct heating to 
different temperatures. It hasn’t brought the full superiority of the programmability of multiple-SMPs with 
distinct responsive regions that could be sequentially and selectively actuated by various stimuli. Besides, the 
functionality of multi-material based additive manufacturing is another area that has not been fully developed. 
Herein, 4D printing of poly (D,L-lactide-co-trimethylene carbonate) (PLMC)/poly (trimethylene carbonate) 
(PTMC)/Fe3O4 multi-material with multiple shape-changing capabilities under sequential stimuli of remotely 
magnetic field and heat was achieved. At first, we optimized the composition of pure SMP to fine tune the 
multiple shape memory effect and quantitatively characterized the shape recovery by stepwise heating. Then 
with the addition of Fe3O4 nanoparticles, the multi-material distribution of 4D printed structure consisting of 
multiple-SMP and its nanocomposites was designed. The integration of multi-material additive manufacturing 
with multiple shape memory effect extends the shape transformation to quintuple complex shapes with accurate 
and local controllability under selective multi-stimuli. The 4D printed multiple-SMP and its nanocomposites with 
simultaneously thermo- and magnetic- responsive shape-changing capability also demonstrated excellent 
biocompatibility. This work thus offers a feasible and robust approach for 4D printing of multi-functional devices 
for broad applications in entertainment, robotics, biomedical field and beyond.   

1. Introduction 

The additive manufacturing technique, also known as three- 
dimensional (3D) printing, has attracted a lot of attention in various 
fields including tissue engineering, electronics, robotics and aerospace 
engineering [1–4]. Evolved from 3D printing, four-dimensional (4D) 
printing is a newly developed fabricating technique that converges ad-
ditive manufacturing and shape-morphing smart materials into an 
innovation platform [5,6]. 4D printing enables the 3D printed structures 
to actively change their configurations or functionalities over time 
under an external stimulus [7–11]. As an important kind of smart ma-
terials, shape memory polymer (SMP) possesses the shape-changing 
property from a programmed temporary shape to its original shape 
under specific stimuli, including heat, electricity, light, magnetic field, 

etc [12–15]. Owing to their light weight, large deformation and easy 
processability, SMPs have shown great promise in myriad applications, 
including aerospace field [16,17], robotics [18,19], electronics [20] and 
biomedical field [21]. The development of 4D printing endows 3D 
printed SMPs with not only customer-designed structures, but also 
complex deformation modes based on structural designs [22,23]. 

Most SMPs are dual-shape memory polymers with a single transition 
temperature (responding to the glass or melting transition) that could 
only memorize one temporary shape [24,25]. Recently, more and more 
researchers concentrate on multiple-shape memory polymers (multi-
ple-SMPs) with multi-transition temperatures which could memorize 
more than two shapes, thus broadening their functionality to meet 
different application needs [26,27]. Triple-shape memory polymers 
(triple-SMPs) are the most common multiple-SMPs, which can be 
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prepared by two main routes to realize the triple-shape memory effect. 
One is the preparation of a broad thermal transition area [26,28–30], 
while the other is a manipulation of two discrete thermal transitions 
[31–33]. Besides, the single broad thermal transition could be consid-
ered as a collection of several discrete thermal transitions. It is worth 
noting that except for these two methods, sequential two-stage pro-
gramming is also an efficient method to realize sequential shape re-
covery upon heating [34,35]. Because this does not belong to the 
traditional concept of multiple-SMPs, this is not the main point here. So 
far, some work concerning 3D and 4D printing of multiple-SMPs has 
been reported. For example, Li et al. fabricated extrinsic multiple-SMPs 
consisting of tri-block copolymers and the multiple-shape memory effect 
relied on macroscale spatio-assembly rather than molecular design [36]. 
They utilized the fused deposition modelling (FDM) technique to inte-
grate several individual transition phases into a printed structure to 
exhibit intermediate temporary shapes upon continuous heating. Unlike 
the extrinsic method, Chen et al. prepared multiple-SMPs consisting of 
three thermoplastic polymers with multiple-shape memory effect and 
fed them into an FDM printer to construct smart objects [37]. However, 
the stimulus to trigger sequential shape changes of the printed 
multiple-SMPs is limited to the single direct heating, which restricts the 
number and complexity of shape deformations of multiple-SMPs. For 
example, multiple-SMPs are capable of changing more complex shapes 
by remote triggering under selective magnetic and electric fields [31]. 
Besides, multi-material printing enables the integration of individual 
parts with various deformation forms into one structure [38]. So far, it 
hasn’t brought the full superiority of integrating both the programma-
bility of multiple-SMPs and multi-material design with different 
stimuli-responsive regions to realize sequential and selective actuation. , 
Therefore, 4D printed multiple-SMPs with controllable shape change 
under selective multi-stimuli and more complex deformation forms are 
highly desired in the face of ever-increasing multifunctional demands. 

In this study, we 4D printed a biocompatible multiple-SMP and its 
nanocomposites containing Fe3O4 nanoparticles by direct ink writing 
(DIW) technique combined with multi-material printing. Compared to 
other printing technique, DIW possesses the advantages of wide choice 
of materials type, open-source apparatus, convenient parameters 
setting, low consumption of materials, exchangeable barrels, flexible 
choice of various nozzles and easy design of multi-material printing [39, 
40]. Unlike conventional printed multiple-SMP which is overall 
responsive to heat, herein, the 4D printed multi-material structures 
could exhibit selective and programmable shape transformation as only 
the parts containing Fe3O4 are sensitive to an alternating magnetic field. 
Under selective stimuli of heat and remotely magnetic field, the 4D 
printed multi-material structures exhibit sequential and complicated 
shape transformations with good multiple-shape memory effect and 
good biocompatibility, showing great promise towards the applications 
of entertainment, robotics, biomedical field and beyond. 

2. Material and methods 

2.1. Materials 

PLMC and PTMC were bought from Jinan Daigang Corporation. The 
monomeric molar ratio of D,L-lactic acid to trimethylene carbonate in 
PLMC was 80:20. Dichloromethane (DCM) and Fe3O4 nanoparticles with 
an average diameter of 30 nm were purchased from Aladdin Industrial 
Corporation and directly used. 

2.2. Preparation of the thermo- and magnetic-responsive printable inks 

The PLMC/PTMC blends with varied feed ratios of 33/67, 50/50, 67/ 
33, 80/20 and 90/10, were dissolved adequately in DCM. The ink of 
PLMC/PTMC for 4D printing was prepared by dissolving the two ma-
terials PLMC/PTMC (50/50) in DCM in a mass fraction of 1/6, denoted 
as Ink 1. The nanocomposites ink was prepared by adding Fe3O4, with 

the weight ratio of PLMC:PTMC:Fe3O4:DCM at 1:1:0.5:40 in an open 
container so that DCM could evaporate. When the mass fraction was 1/ 
6, the container was sealed and labeled as Ink 2. 

2.3. Ink rheological test 

Both Ink 1 and 2 were centrifuged to remove bubbles before testing. 
A diameter of 25 mm and an angle of 2 ◦cone-plate geometry was uti-
lized for rheology test by a DHR-2 rotary rheometer (TA Instruments) at 
25 ℃. The viscosity was tested over the shear rate in the range of 
0.01–200 s− 1. The oscillation amplitude mode was adopted with esca-
lating shear strain from 0.001% to 500% at a frequency of 1 Hz. Each ink 
was tested three times. 

2.4. 3D printing 

The printed structures were constructed by a 3D-Bioplotter™ 
(EnvisionTEC GmbH, Germany). Ink 1 or 2 was transferred into a 30 cc 
cartridge mounted on the low-temperature dispensing head. The print-
ing parameters of each structure were listed in Table S1 (Supporting 
Information). The ink was printed from the micro nozzle under applied 
air pressure. Various customized structures were printed by adjusting 
the printing parameters including the nozzle size, applied pressure and 
robot velocity. Some structures were folded into more complicated 
structures by origami after they were printed. The new folded shape was 
fixed in a mold to reshape its permanent shape during full solvent 
evaporation. All the printed structures were further dried in a 50 ℃ 
vacuum oven for 12 h to fully remove the solvent. 

2.5. Shape memory effect measurement 

The shape memory properties were characterized using the 
controlled force mode by DMA Q800 [26,41]. The shape fixity ratio (Rf) 
along with shape recovery ratio (Rr) for dual-shape memory effect from 
shape “0” to “1”, were calculated as follows: 

Rf 1 =
ε1

ε1,load
× 100% (1)  

Rr1 =
ε1 − ε0,rec

ε1 − ε0
× 100% (2)  

where ε1,load is the deformed strain under external force, ε1 represents 
the fixed strain, ε0,rec denotes to the recovered strain after reheating and 
ε0 denotes to the initial strain in each cycle. For the triple-shape memory 
effect, the cycle was performed at two deformation temperatures (Td1 
and Td2) and shape memory properties were calculated by Eqs. (1) to (4). 
From shape “1” to “2”, Rf and Rr were calculated as follows: 

Rf 2 =
ε2 − ε1

ε2,load − ε1
× 100% (3)  

Rr2 =
ε2 − ε1,rec

ε2 − ε1
× 100% (4)  

where ε2 and ε2,load denote to the fixed strain and deformed strain at 
shape “2”, respectively. ε1,rec is the recovered strain at shape “1”. Each 
sample was measured three samples. 

2.6. Cell culture 

NIH/3T3 cell lines were cultured in Dulbecco’s Modified Eagle’s 
Medium which was supplemented with 10% (v/v) fetal bovine serum 
and 1% (v/v) penicillin-streptomycin at 37 ◦C. When the NIH/3T3 cells 
reached confluence, they were trypsinized using 0.05 (w/v) tryp-
sin− EDTA and added into 96-well plates for further characterization. 
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2.7. Cell proliferation 

The 3D printed monolayer PLMC/PTMC film was sterilized with 75% 

EtOH and then dissolved in DMSO at various concentrations (0.05, 0.1 
and 0.2 mg mL− 1). The blank group and DMSO group were also chosen 
as a contrast. NIH/3T3 fibroblast cells were collected and 1 × 103 cells 

Fig. 1. Schematic illustration of 4D printing of triple shape memory PLMC/PTMC/Fe3O4. (a) Composition of the printable nanocomposites ink. (b) Schematic 3D 
printing process. (c) Shape-changing behavior based on triple shape memory effect of the 4D printed structure under an external stimulus of heat, magnetic field 
or both. 

Fig. 2. Thermal properties of PLMC/PTMC blend with various weight ratios. (a) DSC thermogram; (b) tan δ and (c) Storage modulus versus temperature curve; (d) 
TGA and DTG plots versus temperature. 
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were seeded in 96-well plates containing materials. Cell proliferation 
test was assessed using a CCK-8 cell proliferation kit (Beyotime Institute 
of Biotechnology, China) on days 1, 2 and 3 after incubation. After in-
cubation for another 4 h, the absorbance at 450 nm was read by a Bio- 
Rad microplate reader. 

2.8. Live/Dead staining 

The 3D printed shape memory PLMC/PTMC and its nanocomposites 

were sterilized in 75% EtOH. Removed cells were seeded at a density of 
1 × 106 cells in 2 mL of complete growth medium and incubated at 
37 ◦C in a fully-humidified atmosphere of 5% CO2 in air with daily 
media changed. After seeding for 48 h, unattached cells were removed 
by aspirating the medium and the materials were rinsed 3 times with 
2 mL PBS. Then the cell vitality of materials was evaluated with a LIVE/ 
DEAD® Viability/Cytotoxicity Kit (ThermoFisher). The random five 
fields were chosen and the images were taken using a Leica microscope. 

3. Results and discussion 

Fig. 1 shows the schematic illustration of 4D printing of shape 
memory PLMC/PTMC blend and its nanocomposites containing mag-
netic nanoparticles, Fe3O4. The PLMC/PTMC blend served as a matrix 
with triple shape memory effect for shape change under the thermal 
stimulus. Fe3O4 served as magnetic-responsive sources to endow the 
matrix with shape change in an alternating magnetic field [31]. The 
mixture is dispersed in DCM, a volatile solvent to prepare printable ink, 
as illustrated in Fig. 1(a). The ink is then transferred into a barrel to 
construct structures through layer-by-layer deposition under applied 

Table 1 
Thermal properties of the PLMC/PTMC blends.  

Mass ratio of PLMC/PTMC Tg by DSC (℃) Tg by DMA (℃) 
0:100 -10.06 – 
33:67 40.10 51.05 
50:50 47.22 51.86, 63.73 
67:33 48.65 62.39 
80:20 49.28 63.78 
90:10 49.80 64.61 
100:0 49.97 –  

Fig. 3. Quantitative shape memory properties of the PLMC/PTMC (50:50). (a) Dual shape memory cycle (Td= Tr =80 ℃). (b) Strain derivative curve of the dual 
shape memory cycle. (c) Three consecutive triple shape memory cycles (Td1 = Tr2 = 70 ℃, Td2 = Tr1 =45 ℃). (d) Quantitative triple shape memory ratios. (e) The 
third triple shape memory cycle (Td1 = Tr2 =80 ℃, Td2 = Tr1 =45 ℃). (f) The third triple shape memory cycle (Td1 = 70 ℃, Td2 = Tr1 =45 ℃, Tr2 =80 ℃). 
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pressure, as shown in Fig. 1(b) and Movie S1 (Supporting Information). 
The thermo-responsive PLMC/PTMC blend endows the printed structure 
with triple shape memory behavior. Fig. 1(c) illustrates that by pro-
gramming the 3D printed structure into two different temporary shapes 
continuously under uniform temperatures, it would recover sequentially 
under external stimuli of heat, magnetic field or a combination of heat 
and magnetic field. 

3.1. Optimization of the thermo-responsive triple SMP 

Fig. 2 depicts the thermal properties of the shape memory PLMC/ 
PTMC blend. The DSC curve shown in Fig. 2(a) reflects the matrix 
behaved amorphous because only one endothermic peak appeared. The 
step where the arrow points to corresponds to the glass transition and 
their respective glass transition temperatures (Tgs) are recorded in  
Table 1 and Fig. S1. The Tg decreased as the weight ratio of PLMC/PTMC 
decreased, indicating that the introduction of PTMC enhanced the 
mobility of molecular chains. The smooth endothermic peak revealed 
that the two polymers had good compatibility. The Tgs were also char-
acterized by the peak of damping factor (tan δ) in the DMA curve as 
shown in Fig. 2(b). With an increase of the content of PTMC, the 
α-relaxation shifted to a lower Tg with a reduction of the height of tan δ, 
in agreement with previous studies [28]. Interestingly, the PLMC/PTMC 
(50:50) splitsinto two Tgs, with the broadest glass transition region in 
accordance with the “self-concentration model” [42]. When the mass 
fraction of PTMC accounted for half of the blend, it may cause micro-
phase separation. The two split Tgs were a little bit close, thus the 
respective regions of glass transition overlapped. The difference be-
tween DSC and DMA tests was because the principles of these two 
methods were different. DMA is more sensitive than DSC because it 
could detect mechanical motions of molecule chains in short range while 
DSC records changes in the heat capacity [43]. Thus, DSC is not as 
distinguishable and accurate as DMA when detecting thermal transi-
tions. The Tgs characterized by DMA were higher than that of DSC due to 
the hysteresis of the movement of polymer segments in DMA [44]. When 
PLMC and PTMC were mixed together, the inhomogeneous molecular 
entanglement during the DMA test was magnified thus the microphase 
separation occurred apparently at the weight ratio of 50:50. The broad 
glass transition range created the possibility of multiple shape memory 
when the deformation and recovery temperatures were set within this 
region [26,29]. Fig. 2(c) records the variation of storage modulus and 
the 50:50 blend had two areas where the modulus dropped rapidly 
(40–50 ℃ and 60–70 ℃). The stepwise decrease in storage modulus 
could release the fixed strain at two deformation temperatures, resulting 
in triple shape memory behavior [32]. The thermogravimetric curve of 
PLMC/PTMC (50:50) demonstrated in Fig. 2(d) shows two thermal 
decomposition regions, which correspond to the polymer chain cleav-
age. The mass loss dropped to a plateau at ~ 25%, which also reflected 
that a slight microphase separation phenomenon existed in the system. 
The symmetric blend possessed a decomposition temperature (Td) at 
273.7 ℃, defined as the temperature value with a mass loss of 10%. 
Based on the above results and the evidence of the most effective triple 
SMP [28], the symmetric blend in a weight ratio of 50:50 was chosen to 
further test the shape memory behavior. As seen from Fig. S2 (Sup-
porting Information), the strong peak at 1745, 1183 and 1180 cm− 1 of 
PLMC/PTMC (50:50) was assigned to C––O, C–C and C–C stretching 
vibration peak, respectively. The PLMC/PTMC/Fe3O4 nanocomposites 
showed a characterized Fe–O peak at 568 cm− 1. The slight shift of -C––O 
peak of nanocomposites may attribute to the interaction of C═O bond 
with Fe atoms [45]. 

3.2. Triple shape memory and mechanical properties of thermo-responsive 
SMP 

Fig. 3(a) depicts the dual shape memory cycle of the PLMC/PTMC 
(50:50) blend. The sample was uniaxially elongated at 80 ℃ followed by 

cooling and load removal to fix the strain. The subsequent recovery was 
observed under continuous reheating at a rate of 5 ℃ min− 1. The Rf and 
Rr calculated by Eqs. (1) and (2) were 99.8% and 100.0%, respectively. 
The switch temperature (Tsw) was defined as the inflection point tem-
perature of the maximal shape recovery rate in continuous heating [28]. 
In Fig. 3(b), the strain derivative reveals a Tsw at 67 ℃, close to the 
deformed temperature (80 ℃). This phenomenon was in agreement 
with the “temperature memory effect” reported by earlier studies 
[46–48]. For triple shape memory tests, the deformation (Td1 and Td2) 
and recovery temperatures (Tr1 and Tr2) were chosen at 45 and 70 ℃ 
according to the results of Fig. 2(c). Fig. 3(c) shows three continuous 
shape memory cycles and the shape fixity and recovery ratios calculated 
from Eqs. (1) to (4) are listed in Fig. 3(d) and Table 2. In these shape 
memory cycles, Rf1 was only around 70% because the deformed shape 
was fixed at a relatively high temperature of 45 ℃. Rf2 was close to 
100% due to a low fixed temperature at 0 ℃, which froze the motion of 
polymer chains more thoroughly. Similarly, the value of Rr2 approached 
100% as the sample recovered most of the strain during the first heating 
process. The value of Rr1 in the first cycle was only 19.19%, which was 
attributed to the intrinsic characteristics of common SMPs [49]. With 
the increase of cycle number, Rr1 stabilized at ~67%. It is worth pointing 
out that due to the relatively weak interaction inherent in physical 
crosslinking networks, thermoplastic multiple SMPs do not have as good 
shape memory properties as thermoset multiple SMPs. This Rr1 was 
similar to reported triple SMPs in the range of 33–80% due to the in-
efficiency of the physical crosslinking points and the relaxation of 
polymer chains especially after several cycles [27,28,41]. Then we 
changed the Td1= Tr2 at 80 ℃ as a contrast and the third representative 
shape memory cycle and the calculated results are shown in Fig. 3(e) and 
Table 2. Rf1 increased because the temperature interval between Td and 
Tr increased, thus the deformed shape could be more adequately fixed. 
The recovery process was more evident characterized by plotting the 
strain derivative curve as shown in Fig. S3 (Supporting Information). 
Two obvious maximum instantaneous recovery rates were clearly 
observed near the deformed temperatures. The shape memory cycle 
illustrated in Fig. 3(f) was performed using the same programming steps 
as in Fig. 3(c) except for Tr2 = 80 ℃. By this simple method, Rr1 
increased to 83.07% and the calculated data are summarized in Table 2. 
It revealed that by increasing the temperature of Tr2, the value of Rr2 
could increase to some extent. We also examined the triple shape 
memory properties of the PLMC/PTMC (80:20) as a contrast (Fig. S4, 
Supporting Information). It could be found that the binary system at this 
weight ratio also had obvious triple shape memory properties. Because 
of a narrower region of α-relaxation, the shape recovery ratio of the 
80:20 blend was slightly lower than that of the 50:50 blend, which 
attributed to the “self-concentration model” [42]. Meaningfully, this 
binary blend in different weight ratios both showed triple shape memory 
effect, reflecting the broad applicability of this material blend. Fig. S5 
(Supporting Information) depicts the static tensile stress-strain curves of 
PLMC/PTMC at different ratios and all the samples showed 
elastic-plastic behavior. As the ratio of PLMC/PTMC decreased, the 
elongation at break increased while the tensile strength and elastic 

Table 2 
Triple shape memory properties of binary PLMC/PTMC blends.  

PLMC/ 
PTMC 

Cycle 
number 

Td1 

= Tr2 

(℃) 

Td2 

= Tr1 

(℃) 

Rf1 

(%) 
Rf2 

(%) 
Rr2 

(%) 
Rr1 

(%) 

50:50  1 70  45  69.04  99.73  99.42  19.19  
2 70  45  72.15  99.70  95.29  40.53  
3 70  45  64.58  99.36  93.66  67.07 

50:50  3 80  45  82.19  99.54  80.50  55.32  
3 Td1 

= 70, 
Tr2 = 80  

45  71.93  99.64  87.69  83.07 

80:20  3 70  45  58.33  99.76  99.52  59.47  
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modulus decreased. It reflected that by tuning the weight ratio of these 
two polymers, the tunable static mechanical property could be realized. 
The details are recorded in Table S2 (Supporting Information). 

3.3. 3D printing of thermo- and magnetic-responsive SMP inks 

Since the PLMC/PTMC (50:50) blend showed excellent better shape 
memory properties, we dissolved it in DCM to prepare Ink 1 and with the 
addition of 20 wt% Fe3O4 as Ink 2 for 3D printing. Fig. 4(a) depicts the 
change of viscosity over the shear rate of the two inks. The obvious 
shear-thinning behavior reflected that the inks met the requirements of 
extrusion-based 3D printing [50]. The introduction of magnetic particles 
enhanced the viscosity of the ink, thus increasing the ability of shape 
retention. The variation of storage and loss moduli of the inks are shown 
in Fig. 4(b). From the intersection of the moduli curves, we found the 
yield stress of Ink 2 was almost an order of magnitude higher than that of 
Ink 1. The addition of Fe3O4 endowed Ink 2 with higher shear elastic 
modulus and higher yield strength to preserve the printed filamentary 
shape. After modulating the ink viscosity, we exhibited some represen-
tative printed examples of both the two inks. Fig. 4(c) shows a series of 
printed structures from 1D to 3D using Ink 1. The diameter of the 1D 
filament is around 160 µm and the cross-section of the fracture surface is 
round and smooth, which laid a good foundation for more complicated 

structures. The 2D symmetric helix and 3D self-supporting scaffold with 
multiple layers also proved the good printability of Ink 1. The printed 
structures of 1D zigzag pattern, 2D windmill and 3D butterfly printed by 
Ink 2 are demonstrated in Fig. 4(d). All these printed architectures 
showed high printing fidelity and universality to construct structures 
from 1D to 3D, micro to macro size, pure polymer to composite. The SEM 
image of the cross-sectional printed magnetic composite in Fig. 4(d) 
manifests that Fe3O4 nanoparticles were uniformly dispersed in the 
polymer blend with no obvious agglomeration. The SEM images ob-
tained in other zones shown in Fig. S6 also prove the uniform dispersion 
of the nanoparticles. We prepared a series of Fe3O4/matrix inks with 
mass content from 5 to 20 wt% and printed them into a scaffold struc-
ture. Fig. S7 shows the magnetic-triggered shape recovery process of 
these composite structures put inside the coil of an alternating magnetic 
field of 30 kHz. The 5 wt% nanocomposites couldn’t recover because of 
the low inductive heating efficiency. When the content of Fe3O4 
increased from 10 to 20 wt%, the total shape recovery time decreased 
from 70 to 60 s. When the mass content was higher than 20 wt%, it was 
hard to get good printing quality due to the clogging of the nozzle. 
Hence, we chose a Fe3O4 content of 20 wt% which could be easily 
actuated by an alternating magnetic field of 30 kHz [51]. By exchanging 
the ink cartridge, a multi-material planar crane printed by a combina-
tion of Ink 1 and 2 shown in Fig. 4(e) demonstrated the superior 

Fig. 4. Printability of PLMC/PTMC (Ink 1) and PLMC/PTMC/Fe3O4 nanocomposites (Ink 2). (a) Rheological properties of apparent viscosity over shear rate. (b) 
Rheological properties of shear storage and loss moduli over shear stress. (c) SEM images of printed structures by Ink 1. (d) Representative structures and the 
magnified cross-section of the nanocomposites printed by Ink 2. (e) A multi-material structure printed by a combination of Ink 1 and 2. 
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flexibility of multi-material 3D printing. Besides, the introduction of 
Fe3O4 had enhancement on both tensile strength and elastic modulus 
with an increase by 31.4% and 58%, respectively as shown in Fig. S8 and 
Table S2 (Supporting Information). 

3.4. Triple shape transformation of 4D printed thermo-responsive SMP 

Based on the quantitative shape memory properties and good 
printability of both PLMC/PTMC and PLMC/PTMC/Fe3O4, we further 
studied the shape recovery behavior of the printed structures under heat 
stimulus as shown in Fig. 5. Following were the steps taken: first, the 
printed structure (original shape, S0) was immersed in a water bath at 
70 ℃ followed by deforming into a new shape under an external force. 
Cooled down the structure to 45 ℃ while maintaining the force and this 
new temporary shape was denoted as S1. Afterwards, the new shape S1 
was programmed into another temporary shape at 45 ℃. Then it was 

cooled down to 25 ℃ while holding the external force and the new 
shape was recorded as S2. Upon reheating to 45 and 70 ℃, the scaffold 
recovered to S1rec and S0rec successively. The scaffold (Fig. 5(a)) was 
programmed into two temporary shapes with both two ends bent in 
sequence. The printed Latin letter of “P” was programmed sequentially 
into the shape of “S” and “M” and the shape change occurred in turn as 
demonstrated in Fig. 5(b). Fig. 5(c) shows that the printed flat flower 
with different petals folded recovered to its previous temporary and 
original shape in sequence. The folded flower (Fig. 5(d)) was deformed 
into two intermediate states where some petals open while some closed. 
Upon continuous reheating, the flat flower changed its shape in 
sequence. From these demonstrations, we found that all the printed 
structures exhibited an obvious triple shape memory effect and 
complicated shape transformation between various topological shapes 
could be easily manipulated. Although some permanent shapes did not 
recover fully, these examples reflected their continuous shape-changing 

Fig. 5. Triple shape memory process of a 4D printed (a) scaffold; (b) Latin letter; (c) flat flower with six petals and (d) folded flower with six petals under 
heat stimulus. 
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Fig. 6. Multiple and selective shape transformation of a 4D printed (a) tetrahedron under a 30 kHz alternating magnetic field; (b) multi-material crane and (c) multi- 
material flower under the alternating magnetic field and then immersed in a water bath. 
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capability based on triple shape memory effect. The inadequate shape 
recovery was in accordance with the quantitatively calculated results of 
the shape recovery ratio. This may be due to unintended shape change 
caused by repetitive programming procedure in a shape memory cycle, 
which was common in triple SMPs and physically crosslinked SMPs 
[52]. 

3.5. Quintuple and selective shape transformation of 4D printed multi- 
material SMP 

The introduction of Fe3O4 endowed the material with magnetic- 
responsive triple shape memory effect in an alternating magnetic field 
as illustrated in Fig. 6(a) and Movie S2 (Supporting Information). Upon 
continuous 30 kHz alternating magnetic field heating, the predeformed 
tetrahedron unfolded into the programmed temporary shape and the 
original shape successively. Since both PLMC/PTMC and PLMC/PTMC/ 
Fe3O4 had triple-shape memory effect, each part of the printed structure 
could memorize two temporary shapes. Fig. 6(b) demonstrates a series 
of selective shape recovery processes of the 4D printed multi-material 
crane. The original shape (S0) was folded into two temporary shapes 
(S1 and S2) where only the wings were deformed in a water bath at 70 
and 45 ℃, respectively. Then it was programmed into another two 
shapes (S3 and S4) where the body of the crane was put flat in a mag-
netic field. When it was subjected to the magnetic field again, only the 
zone containing Fe3O4 was magnetic-responsive and thus recovered to 
the predeformed shapes (S3rec and S2rec) sequentially as shown in Movie 
S3 (Supporting Information). Then by immersing in a water bath at 45 
and 70 ℃, the non-magnetic-responsive zone achieved partial and full 
shape recovery to S1rec and S0rec, respectively. Fig. 6(c) illustrates a 
similar multiple shape change of the 4D printed multi-material flower 
under both the magnetic and thermal response. In the whole process, 
five complex shapes and multiple shape transformations were simply 
realized by multi-material 4D printing of SMP and its composites, 
exhibiting potential for applications that required both complex shapes 
and specific external stimuli. 

3.6. Biocompatibility of 4D printed multiple-SMP 

The CCK-8 assay shown in Fig. 7(a) was adopted to determine the 
effect of printed PLMC/PTMC on the growth of fibroblast cells within 3 
days. The 3D printed material demonstrated no influence on the cell 
viability of NIH/3T3 fibroblast cells, both in the dose‑ and time‑de-
pendent manner. The result showed there was no statistical difference in 
different groups. The LIVE/DEAD Cytotoxicity assay was also detected 
in which lived and dead cells were stained with green and red 

fluorescence, respectively. The 3D printed monolayer possessed ultra-
thin nature to allow for the passage of light used for imaging the cells in 
the assay. In Fig. 7(b), the result of the LIVE/DEAD assay as shown in 
Fig. 7(b) indicates that at all printed films support cells growth. Almost 
all the detected cells were live as inducted by the green color, with very 
few dead cells detected in all the scaffolds after 48 h. It reflected that the 
3D printed multiple-SMP and its nanocomposites were less cytotoxic to 
fibroblast cells, proving they were optimal for supporting cell growth. 
Besides, both PLMC and PTMC have been proved as promising bioma-
terial with high attachment and proliferation with human cells, dis-
playing adequate material-cell interactions [53,54]. Besides, as 
magnetic particles, Fe3O4 are highly biocompatible [55]. Adding them 
into biocompatible polymers enables non-contacting remote actuation, 
which has been widely used in many biomedical applications [56]. 
Furthermore, 4D printed SMP structures could be programmed into 
small temporary shapes and then expand upon stimuli, which is helpful 
for minimally invasive surgery to reduce the surgical wound area [51, 
57]. Thus it could be expected that our biocompatible and nontoxic 4D 
printed nanocomposites will show great prospects for biomedical 
applications. 

Based on the material design and biocompatible 4D printed shape- 
changing structures, we envision three promising applications as fol-
lows. First, the shape transformation from one temporary shape to 
quintuple complex shapes with accurately and locally controllability 
under various selectivestimuli is promising for fashion and entertain-
ment industry. The self-blooming flower and self-folding crane illustrate 
the combination of the 4D printed origami with multiple shape memory, 
creating more freedom of programming and providing more design 
space for the fashion and entertainment field. Second, the self-folding 
tetrahedron and self-blooming flower have demonstrated the potential 
of this technology to be applied as a smart gripper. For example, the 
closure of the petals may grab some loads under heat or magnetic field. 
Third, 4D printed biodegradable material show promise as self- 
expanding stents which could be helpful for minimally invasive sur-
gery to reduce the surgical wound area. 

4. Conclusion 

In summary, we propose a feasible paradigm to construct 4D printed 
multi-material consisting of triple SMP and its nanocomposites by direct 
ink writing. Initially, we optimize the best properties of triple SMP with 
various compositions of PLMC/PTMC. The material design demonstrates 
excellent repeatability and reliability in consecutive shape memory cy-
cles. Then we introduce the Fe3O4 nanoparticles to the triple SMP to 
possess remotely magnetic-responsive and complicated shape 

Fig. 7. Biological test results. (a) Cell viability of NIH/3T3 fibroblast cells cultured for 1, 2 and 3 days in extract medium from 3D printed PLMC/PTMC. (b) 
Fluorescence image of NIH/3T3 cells with 3D printed PLMC/PTMC and PLMC/PTMC/Fe3O4 in 48 h. Green and red color correspond to live and dead cells, 
respectively (scale bar: 100 µm). 
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transformation with more degrees of freedom. By integrating multi- 
material design and triple shape memory response, the developed 
method allows for the fabrication of 4D printed structures with locally 
controllable sequential shape change under selective stimuli of magnetic 
field and heat. The 4D printed triple-SMP and its nanocomposites also 
exhibit excellent biocompatibility. This feasible method represents an 
important step forward for the advanced additive manufacturing of 
biocompatible 4D printed triple-SMP and multi-material, demonstrating 
great potential for biomedical applications such as drug delivery and 
tissue engineering, etc. 
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