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M AT E R I A L S  S C I E N C E

Reconfigurable 4D printing via mechanically robust 
covalent adaptable network shape memory polymer
Honggeng Li1,2,3, Biao Zhang4, Haitao Ye1,2,5, Bingcong Jian1,2, Xiangnan He1,2, Jianxiang Cheng1,2, 
Zechu Sun1,2, Rong Wang1,2, Zhe Chen1,2, Ji Lin6,7, Rui Xiao7, Qingjiang Liu1,2, Qi Ge1,2*

4D printing enables 3D printed structures to change shape over “time” in response to environmental stimulus. 
Because of relatively high modulus, shape memory polymers (SMPs) have been widely used for 4D printing. How-
ever, most SMPs for 4D printing are thermosets, which only have one permanent shape. Despite the efforts that 
implement covalent adaptable networks (CANs) into SMPs to achieve shape reconfigurability, weak thermome-
chanical properties of the current CAN-SMPs exclude them from practical applications. Here, we report recon-
figurable 4D printing via mechanically robust CAN-SMPs (MRC-SMPs), which have high deformability at both 
programming and reconfiguration temperatures (>1400%), high Tg (75°C), and high room temperature modulus 
(1.06 GPa). The high printability for DLP high-resolution 3D printing allows MRC-SMPs to create highly complex 
SMP 3D structures that can be reconfigured multiple times under large deformation. The demonstrations show 
that the reconfigurable 4D printing allows one printed SMP structure to fulfill multiple tasks.

INTRODUCTION
Four-dimensional (4D) printing is an advanced manufacturing 
technology that uses 3D printing technology to create 3D structures 
capable of changing their shapes over the fourth dimension–“time” 
in response to external environmental stimuli such as heat (1, 2), 
light (3, 4), moisture (5, 6), or electric/magnetic field (7, 8). Because 
of its remarkable capability of realizing seamless integration be-
tween actuators and structures, 4D printing has found great poten-
tials in various applications, including aerospace (9, 10), biomedicals 
(11, 12), soft robots (1, 3, 4, 13), and others (8, 14). Various 3D print-
ing technologies have shown the possibilities of being used to realize 
4D printing. They mainly include fused deposition modeling (11, 15), 
inkjet (13, 16–18), direct ink writing (5, 19), two-photon polymer-
ization (14), and digital light processing (DLP) (1, 6, 10, 20). Among 
them, DLP enables fabrication of 3D structures with high resolution 
and large area (21), and thus has been widely adopted for 4D print-
ing. To achieve 4D printing, we need to print 3D structures with 
environmental responsive smart materials, which mainly include 
hydrogels (5, 6), liquid crystal elastomers (19, 22), and shape mem-
ory polymers (SMPs) (1, 9–11, 14–18, 20). Compared with others, 
because of higher modulus and good compatibility with various 3D 
printing technologies (10), SMP-based 4D printing has been in-
tensively studied and widely used in various applications including 
deployable structures (9, 10), minimal invasive surgery devices (1, 11), 
stiffness variable robots (13, 23), and others (8, 14). However, the 
majority of the SMPs used for 4D printing are thermosets where 
the polymer chains are covalently cross-linked in a network form. 

Thus, once the SMP structure is printed, the cross-linked polymer 
networks are permanently set and unchangeable. In this case, one 
printed SMP structure only has one permanent shape, which is de-
termined by the printing process. It is always desired that one printed 
SMP structure can be reconfigured to multiple permanent shapes to 
fulfill various tasks.

Covalent adaptable networks (CANs) are chemically cross-linked 
polymer networks that can change their molecular topology through 
bond exchange reactions (BERs) (24, 25). The cross-linked networks 
endow the CANs with the characteristics of thermosets, such as 
high-temperature mechanical, thermal, and environmental resis-
tance (24), whereas the BERs allow the CANs to behave like thermo-
plastics, which can be reshaped and reprocessed when the BERs are 
activated. Recently, many efforts have been made to implement 
CAN into SMPs to achieve the shape reconfiguration. Here, we de-
fine shape reconfigurability as the capability of reconfiguring the 
permanent shapes of SMP through BERs. These CAN-enabled re-
configurable SMPs can be named as thermadapt SMPs to distin-
guish them from thermoplastic SMPs and thermoset SMPs, and 
emphasize the unique material behavior, i.e., thermal adaptability 
(26). A series of remarkable reconfigurable SMPs have been realized 
by incorporating thermally or optically induced BERs into the crys-
talline SMP systems, which mainly consist of high molecular weight 
linear chains such as polycaprolactone (27–31), polyurethane 
(32–35), polyethylene glycol (36, 37), and others (38–40). These 
crystalline SMP systems exhibit excellent stretchability at program-
ming temperature (failure strain, 140 to 1200%; table S1 and fig. S1). 
However, the low room temperature modulus (usually less than 
60 MPa; table S1 and fig. S2) and low shape-fixing temperature 
(at or lower than 0°C; table  S1 and fig.  S3) resulted from the 
crystallization-based shape memory effect (SME) greatly hinder 
them to practical engineering applications, which require the tem-
porary shapes to be fixed at room temperature, and the shape-fixed 
structures to carry heavy load. High molecular weight of the crystal-
line SMP leads to high viscosity of the precursor solution, which is 
not suitable for DLP 3D printing unless the precursor solution is 
diluted by organic solvent (29). Other than crystalline SMPs, CANs 
have also been implemented to amorphous SMPs to realize the 
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shape reconfigurability (41, 42). Since the SME is achieved through 
glass transition, those reconfigurable amorphous SMPs can fix the 
temporary shape at room temperature due to the high glass transi-
tion temperature (Tg, above 50°C; table  S1 and fig.  S3), and high 
room temperature modulus (~1 GPa; table S1 and fig. S2). More-
over, the low viscosity of the precursor solution allows them to be 
compatible with DLP 3D printing to realize high-resolution and re-
configurable 4D printing. However, the highly cross-linked net-
works make those SMPs not highly deformable at programming 
temperature (failure strain above Tg, less than 40%; table S1 and 
fig. S1) (41, 42), which excludes them from the applications requir-
ing large shape changes. Thus, it is desired to develop mechanically 
robust and highly ultraviolet (UV)–curable CAN-SMPs that are 
highly deformable at both programming and reconfiguration tem-
peratures, and have high transition temperature and high room 
temperature modulus to remove the obstacles of implementing re-
configurable 4D printing of SMPs to engineering applications.

Here, we report reconfigurable 4D printing by developing me-
chanically robust CAN-SMPs (MRC-SMPs), which are compatible 
with DLP 3D printing to fabricate SMP 3D structures that can be 
reconfigured to multiple permanent shapes. Compared with previ-
ous reported CAN-SMPs, our MRC-SMP system are superior in the 
following three aspects: (i) high deformability at both programming 
and reconfiguration temperatures (failure strain, 1640 and 1471%, 
respectively), which allow the SMP to be reprogrammed and recon-
figured multiple times under large deformation; (ii) high Tg (75°C) 
and high room temperature modulus (1.06 GPa), which allow the 
temporary shape to be fixed at room temperature and support heavy 
load; (iii) low viscosity (0.2 Pa·s) and high photoreactivity (gelation 
time, 4.5 s per 100 μm), which make the developed MRC-SMP sys-
tem compatible with DLP 3D printing to fabricate highly complex 
3D shape memory (SM) structures that can be reconfigured into 
multiple shapes under large deformation. In addition, the MRC-
SMP also exhibits excellent weldability so that the separate MRC-
SMP parts can be merged into one intact piece after heat treatment. 
To demonstrate the excellent reconfigurability and weldability of the 
3D printable MRC-SMP, we present a number of applications: re-
configurable SM hinges that have microchannels for joule heating, 
reconfigurable SM lattice structures that are welded together to 
form a robotic gripper, a shape-programmable high-heel shoe that is 
manufactured by assembling all separately printed parts, and SM 
origami structures that are printed in flat form and can be reshaped 
into various 3D shapes. The development of MRC-SMP substan-
tially simplifies the means of manufacturing shape-morphing struc-
tures and adds values to the 4D printing technology by imparting 
reconfigurability and weldability to 3D printed SMP structures.

RESULTS
Illustration and demonstration of reconfigurable and 
weldable MRC-SMPs
Figure 1 (A to C) illustrates the mechanism to achieve multiple con-
figurations of the MRC-SMP developed in this work. Figure 1A de-
picts the procedure to complete one SM cycle for an as-prepared 
MRC-SMP square sample (configuration 1). The square sample is 
activated to rubbery state by heating it to a temperature above its Tg 
but lower than the temperature triggering BER (TBER). The tempera-
ture is referred to as programming temperature Tp (Tg < Tp < TBER). 
At Tp, the square sample can be readily stretched to a rectangular 

one. Then, the stretched temporary shape can be fixed after cooling 
the sample to a low temperature (Tc) below its Tg (Tc < Tg), where 
the polymer chain mobility is greatly “frozen.” After reheating to Tp, 
the stretched sample recovers to its initial square shape due to the 
entropic elasticity. As shown in right side of Fig. 1B, the MRC-SMP 
sample can be reconfigured from the square shape (configuration 1) 
to the rectangular one (configuration 2) by stretching it at the recon-
figuration temperature Tr (Tr > TBER) where BER is activated to gen-
erate new dynamic covalent bonds (DCBs), which rearrange the 
molecular topologies of polymer network and release the internal 
stress from stretching. As shown in Fig. 1B, the reconfigured MRC-
SMP sample also exhibits SM behavior by following the SM cycling 
method as described in Fig. 1A. Because of the robust mechanical 
property at Tr, after multiple rounds of reconfiguration as presented 
in Fig. 1C, the MRC-SMP can be reconfigured to a bulged shape 
(configuration i), which also exhibits SME. Other than reconfigu-
rability, BER also imparts weldability to the MRC-SMPs. As illus-
trated in Fig.  1D, two separate samples can be merged into one 
intact sample by welding them at Tr to trigger the BER that causes 
molecular rearrangement to propagate across the boundary and 
leads two separate parts to be chemically bonded by DCBs. The 
strong bonding between two parts makes the merged SMP sample 
also exhibit good SM behavior. To demonstrate the excellent recon-
figurability and weldability of the developed MRC-SMP, as pre-
sented in Fig. 1E, we use DLP to print an “H” shape flat pattern 
(configuration 1), which can be programmed to a flat bridge by 
bending the four legs at Tp and releasing the bending loads at Tc. 
The flat bridge recovers to the flat pattern upon the heating to Tp 
(movie S1). In Fig. 1F, the flat pattern can be further reconfigured to 
the flat bridge (configuration 2) by bending the four legs at Tr. In 
configuration 2, the flat bridge can be programmed to a flat pattern 
in an SM cycle (movie S2). In Fig.  1G, we can also form an arch 
bridge (configuration 3) by cutting the four legs of the flat bridge, 
and then welding them to the other two sides of the bridge surface, 
which is bent to a curved shape at Tr. Again, the arch bridge also 
demonstrates a good SME (movie S3).

Preparation and thermomechanical properties of MRC-SMP
Figure  2A presents the chemicals used to prepare the MRC-SMP 
precursor solution, which consists of isobornyl acrylate (IBoA) and 
benzyl acrylate (BA) as linear chain builder, aliphatic urethane diac-
rylate (AUD) as cross-linker, diphenyl(2,4,6-trimethylbenzoly) 
phosphine oxide (TPO) as photoinitiator, and 1,5,7-triazabicyclo 
[4.4.0] dec-5-ene (TBD) as catalyst for transesterification-based 
BER. More details can be seen in Materials and Methods. As shown 
in Fig. 2B, UV radiation leads to photopolymerization of the precur-
sor solution that converts the individual linear chain builders and 
cross-linkers to chemically cross-linked networks. Moreover, because 
of the presence of TBD, heat treatment triggers transesterification-
based BER where the ester functional groups on IBoA, BA, and 
AUD dynamically exchange their positions (Fig.  2C) resulting in 
DCBs (fig. S6), which thereby endows the MRC-SMP network with 
reconfigurability and weldability.

We choose IBoA as the basic linear chain. Tg of the polymerized 
pure IBoA is 115°C (fig. S7). By adding BA into IBoA, Tg of the po-
lymerized IBoA-BA copolymer decreases. In this work, we set the 
mixing ratio between IBoA and BA as 3:1, so that Tg of the IBoA-BA 
copolymer is about 75°C (fig. S7). We use AUD as cross-linker, be-
cause its high molecular weight (Mn = 31,148; fig. S8) imparts high 
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rubbery-state deformability to the MRC-SMP (10, 43, 44) and fa-
cilitates kinetics of BERs (fig. S9). As shown in Fig. 2D, we perform 
dynamic mechanical analysis (DMA) tests to investigate the effect of 
AUD content on the variations of storage modulus and tanδ over 
temperature. The increasing in the AUD content from 0 to 40 wt % 
leads to slight rise in the rubbery-state modulus, but decrease in the 
glass-state modulus. In contrast, the variation of the AUD content 
barely affects Tg, which is indicated by the peak of tanδ curves. In 
Fig. 2E, we conduct uniaxial tensile tests to study the effect of AUD 
content on the stress-strain behavior of MRC-SMP samples at room 
temperature. The increases in the AUD content from 10 to 40 wt % 
results in decrease in Young’s modulus from 1.42 to 0.87 GPa 
(fig. S10A), but notable increase in the failure strain from 4.35 to 

230%. In contrast, Fig. 2F shows the increase in AUD content affects 
the stress-strain behavior of MRC-SMP samples at rubbery state 
(testing temperature, Tg + 30°C) in the opposite way. Young’s modu-
lus increases from 0.37 to 0.91 MPa (fig. S10B), but the failure strain 
decreases from 1120 to 290%. By synthetically considering Fig. 2 (E 
and F), we set AUD content as 20 wt %.

After adding TBD catalyst into the MRC-SMP samples, heat 
treatment triggers the transesterification-based BERs in the poly-
mer networks. As shown in fig. S11, we perform stress relaxation 
tests at 150°C to investigate the effect of TBD content (from 0.25 to 
2 wt %) on the kinetics of BER. In general, adding more TBD ac-
celerates BER. For example, the MRC-SMP samples with 1, 1.5, and 
2 wt % TBD contents need 117, 17, and 0.4 min to completely 

Fig. 1. Reconfigurability and weldability of MRC-SMPs. (A) Programming process to achieve the SM cycle for the MRC-SMP at configuration 1. (B) The MRC-SMP sample 
can be reconfigured to configuration 2 through BER and exhibits the SM behavior at configuration 2. (C) The MRC-SMP can be reconfigured multiple times, and the mul-
tiply reconfigured MRC-SMP also exhibits the SM behavior. (D) The SM behavior of the welded MRC-SMP sample. Purple dots in (A) to (D) are original cross-linking points. 
Red dots in (A) to (D) are newly generated DCBs. (E to G) Demonstrations of the reconfigurability and weldability of a printed MRC-SMP pattern. Scale bars, 5 mm.
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Fig. 2. Preparation and thermomechanical properties of MRC-SMPs. (A) Detailed chemical structures of IBoA, BA, and AUD that are used to prepare MRC-SMP precur-
sor solution. (B) Detailed chemical structure of cross-linked MRC-SMP. (C) BER process via transesterification in MRC-SMP networks. (D) Storage modulus and tanδ of the 
MRC-SMPs with different AUD contents. (E and F) Uniaxial tensile testing results of the MRC-SMPs with different AUD contents performed at 25° and 105°C, respectively. 
(G) Effect of temperature on stress relaxation of MRC-SMP with 20 wt % AUD and 1.5 wt % TBD. (H) Effect of heat treatment on storage modulus and tanδ of MRC-SMPs. 
(I) Uniaxial tensile testing results (at 105°C) of the MRC-SMP samples thermally treated for different durations. (J) Demonstration on the high stretchability of a thermally 
treated MRC-SMP sample during an SM cycle.
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release the stress. Moreover, we conduct uniaxial tests to investigate 
the effect of TBD content on the stress-strain behavior of the MRC-
SMP sample at room temperature. As shown in fig. S12, the sample 
with 1.5 wt % TBD has the highest failure strain (103%) and rela-
tively high modulus (1.06 GPa). By synthetically considering 
figs. S11 and S12, we set TBD content as 1.5 wt %. Figure 2G shows 
the stress relaxation tests of the MRC-SMP sample with 1.5 wt % 
TBD at different temperatures. It shows that higher temperature 
leads to faster stress relaxation. In the following experiments, we use 
150°C to apply the heat treatment where the kinetics of BER is mod-
erate and can be better controlled. We further investigate the effect 
of heat treatment duration on the thermomechanical behavior of 
the MRC-SMP samples. Figure  2H reveals that the extension on 
heat treatment duration barely affects the DMA curves. However, as 
shown in Fig. 2I, the rubbery-state stress-strain behavior is remark-
ably influenced by heat treatment duration. After extending heat 
treatment duration from 0 to 40 min, the Young’s modulus decreases 
from 0.086 to 0.015 MPa, but the failure strain substantially increas-
es from 741 to 1640%. Figure 2I implies that as the BERs proceed, 
the effective cross-linking density decreases, which leads to the 
reduction in Young’s modulus; the average length of linear chains 
increases so that the sample becomes more stretchable. Figure 2J 
demonstrates the SM behavior of an MRC-SMP sample, which was 
thermally treated at 150°C for 40 min. It can be stretched by 1500% 
at rubbery state (at 105°C) without failure. Most stretched shape can 
be fixed at room temperature, and the stretched sample recovers to 
its original shape by heating to 105°C. In fig. S13, we compare the 
SM behavior of the MRC-SMP samples before and after BER. Both 
samples possess excellent shape fixity and recovery. In addition, we 
also examine the SM behaviors of the MRC-SMP (20 wt % AUD) at 
lower programming temperatures (fig. S14) and the MRC-SMP with 
different AUD contents (fig. S15). In all these cases, the MRC-SMP 
samples demonstrate great shape fixity and recovery.

Reconfiguration and welding of MRC-SMP
On the basis of Fig. 2G, we set 150°C as the reconfiguration tem-
perature where an MRC-SMP sample with 1.5 wt % TBD can com-
pletely release the applied tensile stress within 17 min. Thus, the 
stretchability of MRC-SMP at 150°C is critical as it reflects the re-
configurability of the MRC-SMP. In Fig. 3A, the MRC-SMP sample 
without heat treatment (before BER) can be stretched by 672% at 
150°C. In contrast, after being heated at 150°C for 40 min (after 
BER), the failure strain is increased to 1471%, while the Young’s 
modulus decreases from 77 to 47 kPa. In addition, as shown in 
fig. S16A, lower strain rate leads to higher stretchability at 150°C as 
the polymer networks have more time to proceed BERs, which relax 
more stretched polymer chains. Similarly, in fig.  S16B, the MRC-
SMP exhibits higher stretchability at higher reconfiguration tem-
perature, which leads to faster BERs. The high stretchability at 150°C 
allows one MRC-SMP sample to be reconfigured under large defor-
mations with multiple times. As shown in Fig.  3B, an MRC-SMP 
strip can be reconfigured four times, and the accumulated stretch 
(λ = L/L0; L0, initial length; L, length after reconfiguration) applied 
to the strip can be as high as 16. The inset in Fig. 3B shows that the 
sufficient heating time at 150°C allows the applied stress at each re-
configuration step to be completely relaxed so that the reconfigured 
shapes can be well maintained. As shown in Fig.  3C, we further 
carry out small-angle x-ray scattering (SAXS) experiments to ana-
lyze the effect of BER on the molecular topology of the MRC-SMP 

samples. Details on the SAXS analysis can be seen in Materials and 
Methods. Figure 3D presents the scattering pattern of a fresh sample 
without deformation, which is circular indicating that the polymer 
chains are randomly oriented. Figure 3E shows the scattering pat-
tern of the fresh MRC-SMP stretched by 400%, which turns to be a 
diamond shape implying that the stretch in y direction causes poly-
mer chains to be denser in y direction (45). Compared with Fig. 3D, 
the scattering pattern of the heat-treated sample (Fig. 3F) is also cir-
cular but has lower energy intensity at the same scattering vector q. 
This indicates that BER makes the polymer network less dense but 
still pure randomly oriented. After 400% stretch, the scattering pat-
tern of the heat-treated sample becomes diamond shape again. The 
further heat treatment alters the scattering pattern of 400% stretched 
sample to be circular revealing that BER rearranges the molecular 
topology from the stretching-oriented one to the randomly oriented 
one. Details on the analysis of SAXS patterns can be found in fig. S17.

In Fig. 3I, we perform SM cyclic tests for the four reconfigured 
shapes, which all have good shape fixity and recovery (details in 
fig. S18). To demonstrate such remarkable reconfigurability of the 
MRC-SMP, in Fig. 3J, we reconfigure an MRC-SMP strip to the other 
four permanent shapes by folding, stretching, twisting, and imprint-
ing. The MRC-SMP samples in the five permanent shapes all ex-
hibit good SM behaviors (movie S4). In addition, BER also imparts 
weldability to the MRC-SMPs. The method on welding different 
MRC-SMP parts together through BERs can be found in Materials 
and Methods and was proposed by previous works (38, 46, 47). To 
investigate the interfacial robustness of the welded MRC-SMP sam-
ples, we perform lap shear tests at room temperature to compare the 
mechanical response of the specimen that was prepared by welding 
two separate parts through BER (fig. S19) with that of the specimen 
that was completely printed. As shown in Fig. 3K, the welded speci-
mens exhibit nearly the same mechanical response as the fully print-
ed specimens, which indicates that BER causes molecular topological 
rearrangement to propagate across the boundary and leads two 
separate parts to be chemically bonded to form an intact part. In 
addition, as presented in fig. S20, we also perform uniaxial tensile 
tests to investigate the interfacial robustness of the welded MRC-
SMP samples, which also show that the welded specimens exhibit 
nearly the same mechanical response as the fully printed specimens.

Reconfigurable 4D printing
Viscosity is one of the key properties that determine whether the 
MRC-SMP precursor solution is suitable for DLP 3D printing. Thus, 
we preform rheological tests to investigate the effect of AUD content 
on viscosity of the MRC-SMP precursor solutions. Detailed infor-
mation on rheological tests can be found in the Materials and Meth-
ods. As shown in Fig. 4A, although the increase in the AUD content 
leads to the rise in viscosity, the solution with 40 wt % AUD has a 
viscosity of 1.01 Pa·s, which is sufficiently low for DLP 3D printing 
(10). In this work, all the MRC-SMPs are prepared with 20 wt % 
AUD whose viscosity is only 0.2 Pa·s. UV curing time is another key 
property that determines whether the precursor solution is suitable 
for DLP 3D printing. Figure 4B presents the results from photorheo-
logical tests, which shows that the precursor solution with 20 wt % 
AUD exhibits excellent photoactivity: UV curing a 100-μm-thick 
layer with UV light intensity of 1 mW·cm−2 only takes 7.4 s, and the 
UV curing time can be further decreased to 4.5 s by increasing 
the UV light intensity to 16 mW·cm−2 (fig. S21 and Materials and 
Methods). In summary, Fig. 4 (A and B) confirms that the MRC-SMP 
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Fig. 3. Reconfiguration and welding of MRC-SMP. (A) Uniaxial tensile testing results of the MRC-SMP samples before and after heat treatment at 150°C. (B) Demonstra-
tion of an MRC-SMP sample that can be reconfigured to 16 times of its original length after four rounds of reconfiguration at 150°C. (C) Illustration of a SAXS test showing 
the relation between stretch direction on the MRC-SMP and the corresponding q space of scattering pattern. (D to H) SAXS patterns from MRC-SMPs with different ther-
momechanical histories. (D) Fresh sample, (E) fresh sample stretched by 400%, (F) heat-treated sample, (G) heat-treated sample stretched by 400%, (H) 400% stretched 
sample after heat treatment. (I) SM-reconfiguration cyclic test of an MRC-SMP sample. a.u., arbitrary units. (J) Demonstration showing that an MRC-SMP specimen can be 
reconfigured to multiple permanent shapes. (K) Comparison of mechanical properties between welded specimens and fully printed specimens through lap shear tests.
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Fig. 4. Printability and reconfigurable 4D printing of MRC-SMP. (A) Effect of AUD content on viscosity of MRC-SMP solutions. (B) Effect of AUD content on the time to 
curing a 100-μm-thick MRC-SMP layer. (C) A DLP 3D printed MRC-SMP lattice structure with refined features. (D) SM behavior of a rectangular MRC-SMP lattice structure. 
(E) SM behaviors of a reconfigured arc-shape MRC-SMP lattice structure. (F) A SM gripper fabricated by welding three 3D printed and reconfigured lattice structure to a 
printed round base. (G to I) Demonstration of a shape-changeable high-heel shoe manufactured by taking advantage of the reconfigurability and weldability of MRC-SMP. 
(J) Snapshot of printed flat MRC-SMP hinge with microchannels. (K) Snapshot of flat hinge assembled with resistance wire. (L) Snapshot of the folded temporary shape of 
the flat hinge. (M) Infrared camera images of the recovery process of the flat hinge. (N) Snapshot of right-angle hinge reconfigured from a flat hinge. (O) Snapshot of the 
folded temporary shape of the right-angle hinge. (P) Infrared camera images of the recovery process of the right-angle hinge. Scale bars, 5 mm.
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precursor solution is suitable for DLP 3D printing. Because of the 
high printability, as shown in Fig. 4C, we can use MRC-SMP to print 
a lattice structure where the diameter of each rod is 100 μm.

The 3D printed MRC-SMP structures exhibit excellent reconfigu-
rability and weldability. As shown in Fig. 4D, in an SM cycle, an 
MRC-SMP lattice structure can maintain its stretched shape at 25°C 
and recover to its as-printed state after heating to 105°C (movie S5). 
In Fig. 4E, we can reconfigure the rectangular lattice structure to a 
curved one by bending it at 150°C for 20 min to relax the applied 
stress. The curved lattice structure also exhibits excellent deformabil-
ity and SME (movie S6). Taking advantage of reconfigurability and 
weldability of CANs, we can achieve 3D structures, which cannot be 
easily manufactured by direct 3D printing. As presented in Fig. 4F, 
we print three the rectangular lattice structures and a circular base in 
one batch. Then, we can make a SM gripper by welding the three lat-
tice structures to the base and reconfiguring them to the curved 
shape. The manufactured gripper can grab high-weight objects due 
to the SM effect and the high room temperature modulus of MRC-
SMP (movie S7). It should be noted that fabricating such a gripper by 
printing the individual parts and welding the reconfigured lattice 
structures only takes 45 min. In contrast, directly 3D printing such a 
gripper may take 100 min, not to mention the overhang parts that are 
challenging for 3D printing. Moreover, the developed MRC-SMP 
might be beneficial to the fashion industry. As shown in Fig. 4G, we 
separately print the shoe sole, vamp, and lattice heel (fig. S22). Then, 
we make a high-heel shoe by reconfiguring and welding the three 
parts (Fig. 4H). The shape of the shoe can be further adjusted by us-
ing the SME (Fig. 4I and movie S8). In addition, to realize electri-
cally controlled actuation, as shown in Fig.  4J, we print a flat 
MRC-SMP hinge with microchannels where a resistive wire can pass 
through (Fig. 4K). The flat hinge can be fixed at a fully folded state 
after thermomechanical programming (Fig. 4L). The unfolding can 
be trigger through joule heating by apply an 8 A current (Fig. 4M and 
movie S9). We can further reconfigure the flat hinge to a right-angle 
one (Fig. 4N), which can also be programmed to a fully folded shape 
(Fig. 4O). Again, the unfolding can be realized through joule heating 
(Fig. 4P and movie S10). Details on the electrically controlled hinge 
can be found in Materials and Methods and in fig. S23.

The excellent reconfigurability and weldability of the 3D printable 
MCR-SMPs may also revolutionize the means of manufacturing ori-
gami structures, which have been intensively studied (48, 49). As 
illustrated in Fig. 5 (A and B), we start the fabrication of an SM ori-
gami structure by printing a flat Miura origami pattern on self-built 
multimaterial 3D printer where the UV light engine is placed below 
the printing platform and irradiates digitalized UV patterns toward 
the printing platform that moves vertically to control the thickness of 
each layer (50). Between the UV light engine and printing platform, 
there is a glass plate supports the tough polymer precursor and 
MRC-SMP precursor containers and moves horizontally to deliver a 
needed solution for the corresponding layer. In each layer, the rigid 
panel parts are first printed with a tough polymer precursor (Fig. 5A), 
which is still glassy even at 150°C (fig. S24). Then, in Fig. 5B, the SM 
hinges are printed with the MRC-SMP precursor. Figure 5C presents 
the printed Miura origami sheet (configuration 1), which exhibits 
SM behavior and can be converted to a temporary 3D origami struc-
ture that would recover to the flat sheet upon heating due to SM ef-
fect (movie S11). In Fig. 5D, we can further use BER to reconfigure 
the flat sheet to the 3D origami structure (configuration 2), which 
is also shape memorable (movie S12). Moreover, the BER not only 

enables the reconfiguration of the origami pattern but also strengths 
the interfacial bonding between the tough polymer and MRC-SMP 
(fig. S25). In addition, the remarkable deformability of the MRC-
SMP at the reconfiguration temperature allows one printed origami 
sheet to be reconfigured into multiple SM origami configurations as 
shown in Fig. 5 (E and F). High Tg of MRC-SMP ensures that the 3D 
origami structure has high stiffness at room temperature. As demon-
strated in Fig. 5G, a 3D origami structure with 2 g (configuration 2) 
has sufficient stiffness to support a 500 g weight. Figure 5H presents 
the compressive tests for the origami structure in different configura-
tions (i = 2, 3, and 4) at 25°C. Although the maximum force required 
to fully open the origami structure is dependent on the folding angel 
θ, we need to apply 33.4 N to open the partially open origami struc-
ture (configuration 4 with θ = 110°); to open a fully folded origami 
(configuration 3 with θ = 0°) requires 399 N. Figure 5H confirms 
that origami structures with MRC-SMP hinges are competent to 
support heavy weights. The reconfigurability of the 3D printable 
MRC-SMP substantially reduces the time to fabricate 3D SM origa-
mi structures. As summarized in Fig. 5I, the estimated time required 
to directly print a two-material 3D origami structure in configura-
tions notably influenced by the height of the structure. For example, 
it takes only 8 min to directly print the flat origami pattern in Fig. 5C; 
by contrast, direct printing of the origami structure in configuration 
7 (Fig. 5F) requires 372 min. By taking advantage of reconfigurability 
of MRC-SMP, configuration 7 can also be fabricated by printing the 
flat origami pattern and then reconfiguring it at 150°C. The whole 
process only takes 28 min, including 8 min for printing the flat pat-
tern and 20 min for manual operation and heat treatment. Further-
more, we can use 3D printing combined with reconfiguration to 
fabricate the 3D origami structure in any configuration including 
configurations 8 and 9 in Fig. 5F, which are challenging to be fully 
printed. The fabrication time for the combined method is indepen-
dent of the geometry of 3D structure (28 min for any origami struc-
ture in Fig. 5F).

DISCUSSION
By addressing the weak thermomechanical properties of the current 
CAN-SMPs, we report reconfigurable 4D printing via mechanically 
robust CAN-SMPs (MRC-SMPs), which have high deformability at 
both programming and reconfiguration temperatures, high Tg, and 
high room temperature modulus. The high printability allows the 
MRC-SMPs to be compatible with DLP high-resolution 3D printing 
to create highly complex SMP 3D structures that can be reconfigured 
multiple times under large deformation. The demonstrations show 
that the reconfigurable 4D printing allows one printed SMP structure 
to fulfill multiple tasks. In addition, the MRC-SMP also exhibits excel-
lent weldability so that the separate MRC-SMP parts can be merged 
into one intact piece after heat treatment. The development of MRC-
SMP greatly simplifies the means of manufacturing shape-morphing 
structures and adds values to the 4D printing technology by imparting 
reconfigurability and weldability to 3D printed SMP structures.

MATERIALS AND METHODS
Materials
IBoA, BA, TPO, and Sudan I were purchased from Sigma-Aldrich 
(Shanghai). Ebecryl 8413 (AUD) was provided by Allnex (Germany). 
TBD was purchased from TCI (Shanghai).
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Fig. 5. Multimaterial reconfigurable SM origami. (A and B) Schematic of multimaterial printing reconfigurable SM origami. (C to F) Demonstrations of multiple con-
figurations and SM behaviors of reconfigurable SM origami. (G) Snapshot of the reconfigured 3D origami carrying heavy object. (H) Compressive tests on the origami 
structures in different configurations at 25°C. (I) Estimated manufacturing times for various 3D origami configurations via different manufacturing methods.
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Gel permeation chromatography test
The molecular weight of AUD was measured by ACQUIITY Ad-
vanced Polymer Chromatography system (Waters Corporation). The 
test temperature was 50°C, the eluent was N,N-dimethylformamide 
(DMF)/LiCl (10 × 10−3 M), and the flow rate of the eluent was 
0.5 ml/min−1. The sample was prepared in DMF/LiCl and filtered 
through 0.20-μm pore size polytetrafluoroethylene filter before the 
measurements. The test results were calibrated with polymethyl 
methacrylate standard (3000 to 70,000 g/mol).

Precursor solution preparation
The IBoA-BA precursor was prepared by mixing IBoA and BA in 
different compositions, 2 wt % TPO of total weight of monomers 
was added as the photoinitiator. The MRC-SMP precursor was pre-
pared by mixing IBoA-BA precursor (75 wt % IBoA and 25 wt % BA, 
as monomers) and AUD (as cross-linker) in different compositions. 
TPO (2 wt %) of total weight of monomers and cross-linker were 
added as the photoinitiator. After the above materials were mixed 
evenly, TBD was added as catalyst. In the case of high-precision 
3D printing (Fig. 4), 0.05 wt % Sudan I of total weight of the MRC-
SMP precursor was added as UV absorber to improve the printing 
resolution.

DMA experiments
Dynamic mechanical properties were studied by using a DMA ana-
lyzer (Q850 DMA, TA Instruments) in the tension film mode. Sam-
ples with dimensions of 10 mm × 5 mm × 1 mm were tested at a 
frequency of 1 Hz and an amplitude of 10 μm. The temperature was 
first equilibrated at −9°C for 5 min and then gradually increased to 
150°C at a heating rate of 3°C/min. The glass transition tempera-
tures (Tg) were assigned as the temperature at which tanδ value 
was maximum.

Uniaxial tensile experiments
Tension experiments on dog-bone specimens with gage length of 
20 mm and a cross section of 4 mm × 2 mm were conducted using 
MTS machine [testing at 25°C, 10-kN load cell; testing at Tg + 30°C 
(105°C) and 150°C, 100 N load cell] at strain rate of 0.01 s−1. Before 
each experiment, we first raise the temperature of the thermal 
chamber to the testing temperature, then put in and clamp the dog-
bone specimen, and keep the testing temperature for 2 min to uni-
formly heat the specimen.

SM behavior tests
Figure S4 presents the result from a typical SM cyclic test for calcu-
lating Rf and Rr. At step 1, an MRC-SMP sample is stretched to εp 
(εp = 100% in this work) at a constant strain rate (0.001 s−1) at Tp 
(i.e., Tg + 30°C). At step 2, the sample is cooled to 25°C with a cool-
ing rate of 2.5°C/min and held at 25°C for 2 min while it is kept 
stretched. At step 3, the external load is suddenly released at 25°C, 
and the temporary fixed strain εu can be measured. At step 4, the 
sample is heated to Tp at the heating rate of 2.5°C/min and held at Tp 
for 1 hour where the recovery strain εr is measured.

Stress relaxation experiment
The stress relaxation experiment was tested on a DMA analyzer 
(Q850 DMA, TA Instruments) at the reconfiguration temperature 
(150°C, in this work). First, the DMA machine quickly heats the 
sample to 150°C, and then uniformly stretches the sample to 100% 

strain (εload). Then, the sample is maintained at 100% strain and iso-
thermally treated at 150°C for 1 hour. Last, unload the external 
force and record the strain caused by the stress relaxation test 
(εrelax). Figure S5 presents the result from a typical stress relaxation 
experiment for calculating Rret.

SAXS experiment
Xeuss 3.0 (xenocs, France) was used for SAXS experiments. Using 
copper target, the light tube power is 30 W, and the focal spot diameter 
is 30 μm; the maximum luminous flux at the sample is 4.5 × 108 phs/s; 
the detector is Eiger2R 1 M, with a single pixel size of 75 μm.

Rheological test
The viscosity (η) of MRC-SMP precursors were measured by using 
a controlled-stress rheometer (DHR2, TA instruments Inc., UK) with 
an aluminum plate geometry (diameter, 25 mm; gap, 100 μm). All 
dynamic rheological data were checked as a function of strain am-
plitude to ensure that the measurements were performed in the lin-
ear domain.

Photorheological test
The storage modulus and loss modulus of materials were measured 
on a DHR2 (TA instruments Inc., UK) machine with an aluminum 
plate geometry (diameter, 20 mm; gap, 100 μm). First 20 s were de-
tected without light, then 20 s were exposed in 385-nm UV light with 
1, 2, 4, 8, or 16 mW/cm2 light intensity, and more 20 s were detected 
after the end of exposure (fig. S16). Aluminum plate rotated at a 
speed of 5 rad·s−1 throughout the 100-s detection process. The inter-
section of the loss modulus and storage modulus curves is the gel 
point, and the corresponding time minus 20 s is the curing time.

3D printing
The MRC-SMP precursor was printed layer by layer exposing under 
UV light by DLP method. 3D structure images in STL version were 
first sliced into layers with the target thickness, and the printing 
parameters were set by using the custom LabVIEW. Here, a self-
assembled DLP printer with a HR6500 light engines (wavelength, 
385 nm; Wintech Digital System Technology Corp.) was used to 
print structures in this work. The slice thickness was 100 μm, the 
exposure intensity was 8 mW/cm2, and the exposure time of each 
layer was 5 s. The grid structure in Fig. 4 was printed using a com-
mercial 3D printer (405 nm, nanoArch S130 3D printing system, BMF 
Material, China). After printing, the surfaces of the 3D structures 
obtained were cleaned with high-pressure air. Last, the structures 
were placed in a UV oven (365 nm, UVP, UV cross-linking agent, 
Upland, CA, USA) for postcuring. The multimaterial origami sheets 
in Fig. 5 were printed on a self-assembled multimaterial DLP-based 
centrifugal DLP 3D printer (50).

Interface welding
To weld separate MRC-SMP parts, we put the two separate parts 
together to ensure that the same cross-sectional surfaces of the two 
parts in contact. The sample with two separate parts was then heated 
at 150°C for 2 hours under no external force.

Manufacturing and experiment of electrically controlled 
MRC-SMP hinge
The detailed dimensions of the MRC-SMP hinge can be found in 
fig. S23. The resistive wire was purchased from Shenzhen Jiede 
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Nonferrous Metals Co. Ltd. and is a Sn-Cu alloy (Sn:Cu = 99.3:0.7) 
with diameter of 0.6 mm and conductivity of 8.85 × 106 S/m. During 
the unfolding process, an 8 A current was applied to the resistive 
wire to generate joule heat, which diffused into the MRC-SMP hinge 
to trigger the shape recovery (unfolding process). An infrared cam-
era (InfRec R550, Nippon Avionics Co. Ltd.) was placed in front of 
the hinge to record the unfolding process of the hinge and investi-
gate the temperature variation. Moreover, the three-point bending 
tests were conducted to investigate the effect of resistance wire on 
the stiffness of MRC-SMP hinge (fig. S23).

Supplementary Materials
This PDF file includes:
Sections S1 to S4
Figs. S1 to S25
Table S1
Legends for movies S1 to S12

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S12
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