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DLP 4D-Printing of Remotely, Modularly, and Selectively 
Controllable Shape Memory Polymer Nanocomposites 
Embedding Carbon Nanotubes
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Silvia González Prolongo, Candido Fabrizio Pirri, Alberto Jiménez-Suárez,*  
and Annalisa Chiappone*

An in-depth investigation on novel electro-activated shape memory polymer 
composites (SMPCs) for digital light processing 3D-Printing, consisting of a 
poly(ethylene glycol) diacrylate/poly(hydroxyethyl methacrylate) matrix embed-
ding multi-walled carbon nanotubes (CNTs), is reported here. The composi-
tion of the photocurable (meth)acrylate system is finely tuned to tailor the 
thermomechanical properties of the matrix, whereas the effect of CNTs on the 
photoreactivity and rheological properties of the formulations is investigated to 
assess the printability. Electrical measurements confirmed that the incorpora-
tion of CNT into the polymeric matrix enables the electrical conductivity and 
thus the possibility to remotely heat the nanocomposite using the Joule effect. 
The feasibility to drive a shape memory cycle via Joule heating is proved, given 
that the high shape fixity (Rf) and shape recovery (Rr) ratios achieved (Rf ≈ 
100%, Rr > 95%) confirmed the significant electrically-triggered responsive-
ness of such CNT/SMPCs. Finally, it is shown how to activate a modular and 
selective electro-activated shape recovery, which may ultimately envisage the 
4D-Printing of remotely and selectively controllable smart devices.
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smart structures that can easily change 
their shape over time in response to a spe-
cific stimulus.[2–4]

Among all stimuli-responsive materials, 
shape memory polymers (SMPs) are of 
particular interest, given their ability to 
fix a temporary shape (TS) and return to 
their permanent shape (PS) once exposed 
to an external trigger,[5,6] such as water,[7,8] 
light,[9] pH variation,[10] and in particular, 
heat, which remains the most widely 
investigated triggering mechanism.[2,11–13]

Heat-activated SMPs require a transi-
tion temperature (Ttrans), either a melting 
temperature (Tm) or a glass transition 
temperature (Tg), to govern a molecular 
switching phase that fix the TS, while 
crosslinking net-points are needed to both 
impart mechanical stability to the PS and 
drive the recovery. In particular, thermore-
sponsive SMPs are deformed when heated 
at T > Ttrans and the strained TS is fixed by 

subsequent rapid cooling at T < Ttrans. Finally, the PS is recov-
ered by reheating at T > Ttrans under stress-free conditions.[11,14,15]

However, direct heating entails some disadvantages, namely 
1) low recovery rate due to low thermal conductivity of polymers 
and 2) impossibility to enable a remote control of the recovery. 
To remedy these issues, increasing attention has been given 
in the last few years to the study of electro-activated shape 
memory polymer composites (SMPCs), being these materials 
particularly promising for broadening the application fields 
of 4D-Printing, especially wherever direct heating is not pos-
sible. Indeed, the incorporation of a conductive filler in a SMP 
matrix allows to trigger the shape memory behavior via Joule 
heating, which implies a more homogeneous heat distribution 
(i.e., lower recovery times) and the feasibility of a fast, remote 
and selective control of the recovery.[5,16–20] In other words, 
selective shape memory can ultimately enable a multi-route 
shape recovery, being able to apply the proper stimuli just in 
the desired area, envisaging the possibility to design selectively 
controlled smart devices. In this regard, Shao et al.[21] prepared 
a biomimetic flower-shaped gripper where each petal could be 
remotely and selectively controlled by applying a voltage on 
electrically conductive hinges doped with silver nanowires to 
enable a shape memory effect driven by Joule heating.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202106774.

1. Introduction

4D-Printing[1] has recently emerged as an exciting evolution 
of conventional 3D-Printing since it enables the fabrication of 
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Despite metal particles provide excellent electrical and thermal 
conductivity,[22,23] they are expensive, easy to oxidize, and high 
concentrations are needed to reach the percolation threshold. 
Conversely, carbon-based materials (e.g., carbon black, carbon 
nanotubes (CNTs), carbon nanofibers, and graphene) provide 
excellent mechanical properties and electrical conductivity at 
much lower concentrations due to their outstanding specific sur-
face area and aspect ratio, which makes them the most attractive 
fillers for the development of conductive SMPCs.[16,24]

The fabrication of electro-activated SMPCs embedding 
carbon-based fillers have been explored by means of different 
3D-Printing technologies,[25] ranging from Spray Deposition 
Modeling,[26] solvent-cast 3D-Printing,[27] Direct Ink Writing 
(DIW)[28,29] to Fused Deposition Modeling (FDM).[17,30–32] Never-
theless, just one study has been found on 3D printed selectively 
electro-activated SMPCs embedding carbon-based fillers.[17]

Whereas, the use of those 3D-printing technologies commonly 
known as vat polymerization techniques (Stereolithography,  
SLA; Digital Light Processing, DLP) that exploit a photochemical 
process to convert a photocurable liquid resin into a solid with 
an extremely high level of resolution, remains a challenge. Zarek 
et al. prepared electro-activated SMPs via DLP-printing but here 
CNTs are just deposited via subsequent Inkjet printing and not 
incorporated in the photocurable resin,[11] while, to date, just one 
work has been reported on CNT/SMPCs prepared directly by 
DLP 3D-Printing (Mu et al.).[33] In this regard, the lack of photo-
curable SMP, the high viscosity of the doped formulations, and 
the light scattering induced by the filler are the main limitations 
to the fabrication of SMPCs via SLA/DLP processes.[25]

Trying to fill this gap, we report in this study the development  
of novel electro-activated SMPCs consisting of a photocur-
able and DLP printable SMP matrix embedding multi-walled  
CNTs. The optimization of the formulation and the study of its 
printability, together with the analysis of the electro-thermal 
properties of the material, enabled the preparation of electri-
cally controllable DLP printed SMPCs. A multi-material object 
was prepared as a proof of concept, to show the potential inte-
gration of such SMPCs for the fabrication of smart electro-
activated structures. Finally, the possibility to drive via Joule 
heating both a modular recovery, being able to stop and resume 
it when desired, and a selective actuation were demonstrated. 
As far as we know, this is the first in-depth investigation on 
remotely, modularly, and selectively controlled electrically-trig-
gered SMPCs prepared by DLP 3D-Printing.

2. Results and Discussion

2.1. Optimization and Characterization of the Photocurable 
System

The aim of this work was to prepare DLP-printable electro-acti-
vated SMPCs. Being known the excellent thermally-triggered 
shape memory properties of hydrogen-bonding stabilized 
polyhydroxyethylmethacrylate (PHEMA) thermosets (shape 
fixity and shape recovery close to 99%),[34] the followed strategy 
was to use HEMA as the main component of an amorphous 
thermosetting matrix wherein poly(ethyleneglycol)diacrylate 
(PEGDA, Mn = 700  g mol−1) serves as a crosslinking agent. 

Electrically conductive CNTs were incorporated to enable the 
shape recovery via Joule heating, while phenylbis(2,4,6-trimeth-
ylbenzoyl)phosphine oxide (BAPO) was used as a photoinitiator.

First, the composition of the (meth)acrylate photocurable 
system was finely tuned, aimed to design a SMP matrix with 
1) a mild Tg to both minimize the voltage required to activate 
the recovery via Joule heating and to store a mechanically stable 
temporary-strained configuration at room temperature (RT, 
around 25 °C) and 2) a high elasticity ratio (Eg/Er, where Eg and 
Er are the glassy and rubbery modulus, respectively), preferably 
around two orders of magnitude, to guarantee both an accept-
able stretchability during the programming stage at T > Tg and 
good resistance to deformation at T < Tg.[35–37]

Preliminary DMTA measurements revealed that thermo-
sets with highly tunable thermomechanical properties can be 
prepared by simply adjusting the PEGDA:HEMA ratio in the 
neat precursor formulation. As can be seen in Figure 1, the 
Tg gradually increases as the HEMA content is increased in 
the precursor formulation, ranging from −30 (pure PEGDA) 
to 120  °C (PEGDA:HEMA = 1:50). As already reported in the 
literature,[38,39] the glass transition temperature of a polymer 
increases linearly with the concentration of hydrogen bonding 
groups, given that the mobility of the polymeric chains’ results 
restricted in the presence of an H-bonded supramolecular net-
work. The trend observed in the DMTA plots is consistent with 
these findings since the increase in the Tg may be related to 
the ever-higher density of H-bonds when increasing HEMA 
content.[34] Moreover, as the content of PEGDA decreases, Er 
decreases from 23 to 0.045  MPa due to a lower crosslinking 
density,[40] thus giving higher elasticity ratios.

Based on these data, keeping the PEGDA:HEMA weight 
ratio at 1:3 allows to prepare mechanically stable thermosets 
that fulfill all the above-mentioned prerequisites, namely 1) a Tg 
of 70 °C that can ultimately enable to fix a temporary-strained 
shape at RT and 2) a high drop in the storage modulus (E′) in 

Figure 1.  DMTA plots of DLP-printed PEGDA-co-PHEMA thermosets pre-
pared by varying the PEGDA:HEMA ratio in the precursor formulations, 
while BAPO was used as a photoinitiator in 1 wt.%.
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the Tg region (Er of 1.7 MPa, and Eg/Er of 5.4 × 102) which can 
guarantee large elastic deformation during the programming 
phase. Instead, the PEGDA-co-PHEMA polymers prepared 
with lower content of HEMA (higher PEGDA:HEMA ratio) 
are not suitable for our purposes, since their low Tg would 
make the programming of the fixing stage at RT impossible. 
Whereas, it is preferable not to lower the PEGDA:HEMA ratio 
since increasing content of HEMA would lead to ever-higher 
Tg and, therefore, to the need for applying an ever-higher 
voltage to enable the shape recovery by means of Joule heating. 
Likewise, a decrease of PEGDA content would imply a lower 
shape recovery rate, as already reported when reducing the 
crosslinking density of an SMP.[41–43]

Accordingly, doped photocurable formulations were pre-
pared by dispersing different amounts of CNTs (0.1, 0.3, and 
0.5 wt.%) in the acrylic monomers, while keeping fixed both the 
PEGDA:HEMA weight ratio at 1:3 and the concentration of the 
BAPO photoinitiator at 1 wt.% (see Table 1).

Prior to 3D-Printing, the effect of the CNTs on the viscosity 
and the photopolymerization kinetics was assessed, being these 
parameters significantly relevant for a DLP process.

Unlike the neat formulation (F0), all the doped formula-
tions (referred to as FX, where X is the concentration of CNTs 
in wt.%) show a typical shear-thinning behavior (Figure S1,  
Supporting Information), in good accordance with pre-
vious reports on resins embedding nanofillers.[44,45] Further, 
as becomes clear from the values reported in Table  1, the 
higher the content of CNTs, the higher the viscosity of the 
formulations since the interaction between the CNTs limits 

the mobility of the polymer chains. However, according 
to the literature, such viscosity values are acceptable for 
DLP-Printing.[44]

Then, the photopolymerization kinetics was evaluated 
via real-time photorheology, monitoring the evolution of the 
storage modulus (G’) during UV-light irradiation. The photo
rheology plots given in Figure 2a revealed the high reactivity 
of all the formulations, confirming their suitability for a DLP 
3D-Printing process. However, the presence of CNTs led 
to a delay of the onset of photopolymerization and to slower 
kinetics, as evidenced by the decreased slopes of the G’ 
curves, suggesting the need for longer exposure times during 
3D-Printing. In particular, the delay time (i.e., the time needed 
to observe the increase of G’ modulus after switching on the 
light) increases from 10 s up to 19 s by increasing the CNT con-
tent in the precursor formulation, while the curing rate (ΔG’/Δt)  
is slowed down from 9 to 2 kPa s−1 (Figure 2b).

The lower photo-reactivity can be ascribed to the UV 
shielding effect of CNTs, whose light absorption can clash 
with the initiating efficiency of the photoinitiator, resulting in 
a delayed and slowed photopolymerization.[44,46] Moreover, the 
higher G’ values of the doped formulations before the onset of 
photo-crosslinking are consistent with the observed increase of 
the viscosity of the formulations.

In order to avoid both over UV-shielding and further vis-
cosity increases, which would result into undesired DLP-pro-
cessing issues, such as adhesion forces between the vat and the 
building platform while printing, higher CNT contents have 
not been considered for further investigations.

2.2. DLP 3D-Printing and Characterization of the CNT 
Nanocomposites

Once the photo-reactivity has been assessed, the printability of 
all the formulations was proved, since computer-aided design 
(CAD) models were successfully reproduced using a commercial 
DLP-printer, starting from simple flat samples to more complex 
ones such as the honeycomb-like structure shown in Figure 3a. 
According to the photorheology data, the printing parameters 

Table 1.  Composition of the final photocurable formulations and vis-
cosity values calculated at a shear rate of 1 s−1.

Formulation PEGDA:HEMA 
[wt./wt.]

BAPO  
[wt.%]

CNTs  
[wt.%]

H  
[Pa s]

F0 1:3 1 – 0.01

F0.1 1:3 1 0.1 0.73

F0.3 1:3 1 0.3 0.89

F0.5 1:3 1 0.5 11.69

Figure 2.  a) Photorheology plots corresponding to the evolution of the storage modulus (G’) of both the neat (F0) and doped formulations (F0.1, F0.3, and F0.5) 
during UV-light irradiation (light switched on after 60 s); b) measured kinetic data (delay time, td, and curing rate, ΔG’/Δt) as a function of the CNT content.
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have been specifically optimized for each precursor formulation, 
setting longer exposure times as higher the content of CNTs 
is (from 7 s/layer for F0 to 24 s/layer for F0.5). To confirm the 
effective formation of crosslinked polymers during the printing 
process, the gel content (GC) was evaluated. High GC values 
were observed for all the samples (GC above 90% for all the 
specimens) with a limited decrease of the insoluble fraction at 
the increase of the CNTs content (Table 2) that may be ascribed 
to the UV-light shielding effect induced by the filler.[44,46]

Afterwards, the resolution of the printed parts was evaluated 
by means of 3D scanning. First, the structure is digitalized via 
a 3D inspection and then overlaid to the original digital CAD 
file. Finally, the results of the comparative analysis are dis-
played as a colored 3D map showing the geometrical deviation 
from the reference model, where the red zones represent the 
“material-excess” and the blue ones correspond to areas with 
a “material-deficit”.[47,48] From the final comparison of the data 
(Figure  3b), the deviation between positive and negative dis-
placements of the 3D-Printed part from the CAD file was found 
to be ±0.16 mm.

Flat printed samples were used to preform DMTA analyses 
aiming to evaluate the thermal and viscoelastic properties of 
the nanocomposites. As summarized in Table 2, no significant 
trend in the Tg was observed when increasing the nanofiller 
content (see Figure S2, Supporting Information). This may be 
explained by assuming two competitive effects: on the one hand 
a stiffening of the thermosets induced by the presence of the 
carbon filler which hinders the mobility of the polymeric chains, 
as reported for polymeric composites embedding CNTs,[46,49] on 
the other hand a flexibilization of the network due to the reduc-

tion of the crosslinking density induced by the UV-shielding 
effect of CNTs. However, the resulting glass transition tempera-
tures (ranging from 62 to 81 °C) would easily allow to fulfill the 
prerequisite of fixing a temporary-strained shape at RT.

Electrical and electro-thermal characterizations were then 
performed on the DLP-printed nanocomposites to evaluate 1) 
the content of filler to enable the electrical conductivity and 2) 
the minimum voltage to reach the Tg by Joule heating, to prove 
the possibility to perform a shape memory cycle by simply 
exploiting the heat release while applying a voltage.[20] Copper 
electrodes were placed at opposite ends of the longest dimen-
sion of the specimens using a silver paste to reduce the elec-
trical resistance.

The evolution of electrical conductivity (σ) as a function of 
the CNT content is shown in Figure 4a. According to these data, 
the electrical percolation threshold, taken as the critical con-
tent of conductive filler needed to get a significant increase in 
the electrical conductivity,[50] was found to be around 0.1 wt.%  
CNTs. The further increase in σ from 5.4 × 10−4 S cm−1 (S0.1) 
up to a plateau value of 5.8 × 10−1 S cm−1 reached with 0.5 wt.% 
of CNTs (S0.5), can be ascribed to the increased volume frac-
tion of the nanofiller in the polymeric matrix.[51]

As well established, polymers embedding conductive fillers 
can be internally heated by simply applying a voltage.[20] Indeed, 
an increase in electrical conductivity leads to increased current 
intensity, and therefore to an increased heat development due 
to the higher release of Joule energy according to Joule's law.

In this regard, the average temperature increment (ΔTav, 
relative to RT) of the nanocomposite specimens as a function 
of both the applied voltage and the CNT content are given 
in Figure  4b. As expected, ΔTav increases as the CNT con-
tent increases and the temperature distribution looks rather 
homogeneous (Figure  4c), indicating a relatively good disper-
sion of the CNTs, in accordance with previous studies.[52] In 
this regard, the voltage needed to reach a Tav equal to the Tg 
is around 160  V for S0.5 (0.5 wt.% CNT) and 250  V for S0.3  
(0.3 wt.% CNT). Remarkably, no temperature increase was noted 
for S0.1 (0.1 wt.% CNT). This may be explained by assuming 
that the electrical conductivity of the latest sample is not enough 
to enable the Joule heating, at least by applying up to 300 V.

Figure 3.  a) 3D-printed honeycomb-like structure and b) heat-map obtained by 3D scanning representing the fidelity of the printed structure to the 
digital CAD model.

Table 2.  Properties of the thermosetting nanocomposites prepared by 
DLP-printing (Samples denoted as SX, where X is the amount of CNTs).

Sample GC [%] Tg [°C]

S0 99.3 ± 0.3 70

S0.1 96.1 ± 1.4 62

S0.3 95.0 ± 2.6 72

S0.5 90.5 ± 0.7 81
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2.3. Shape Memory Behavior Activated by Joule Heating

In the case of SMPs, the integration of conductive fillers may 
ultimately enable an electrically-triggered shape memory effect 
driven by internal heating.[20] Therefore, the Joule heating 
stimulated shape memory behavior of the nanocomposites was 
investigated.

In particular, the programming step was carried out by 
applying to a DLP-printed sample (30 × 10 × 2  mm3), the 
voltage needed to increase its temperature at T = Tg + 20 °C. 
Once the deforming temperature has been reached, the sample 
is bent by using a U-shaped mold (Figure 5a, Figure S3,  
Supporting Information) and the TS is fixed by cooling at 
RT under fixed strain conditions. After holding the TS at RT 
for 5 min, the sample is finally reheated at T = Tg + 20 °C by 
applying the same voltage used for the deforming stage and 
the PS is recovered.

Based on the electrothermal characterization, the voltage 
needed to reach a Tav equal to Tg + 20  °C is around 170 V for 

S0.5 and 270 V for S0.3. The specimen with the lowest content 
on CNT (S0.1) was not used for the shape memory tests acti-
vated by Joule heating, given that no temperature increase was 
noted by increasing the voltage, as previously discussed. The 
capability of the material to both maintain the applied strain 
(shape fixity ratio, Rf) and recover the original configuration 
(shape recovery ratio, Rr), as well as the recovery time (tr), 
were evaluated. As a way of comparison, the shape memory 
parameters Rf, Rr, and tr were also monitored by performing 
a shape memory cycle triggered by conventional direct heating 
(Figure 5b).

The results of the shape memory characterization as a func-
tion of both CNT content and triggering method (either direct 
or Joule heating), are reported in Table 3. All the specimens 
present an Rf near 100% independently from the heating source 
used for the shape memory cycle, confirming the high stability 
of the strained configuration at RT after unloading. In this 
regard, the shape fixity is fostered by means of hydrogen bonds 
recombination. As previously reported, the H-bonds occurring 

Figure 4.  a) Electrical conductivity as a function of CNT content; b) ΔTav reached by Joule heating (calculated with regard to RT) as a function of both 
the applied voltage and the CNT content; and c) images taken from the thermal camera showing the temperature distribution in the printed nanocom-
posites as a result of the heat release at 170 V for S0.5 (0.5 wt.% CNT), 270 V for S0.3 (0.3 wt.% CNT), and 300 V for S0.1 (0.1 wt.% CNT).

Figure 5.  a) DLP-printed mold used to program the TS; b) two strategies followed to trigger the shape recovery (direct heating and Joule heating); and 
c) evolution of the Joule heating triggered shape recovery of S0.5 over time followed with the thermal camera.
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via the side terminal -OH groups of HEMA, which were broken 
during the deforming stage while heating at T = Tg + 20 °C, can 
reassociate at RT, thus stabilizing the TS.[34]

The high Rr ratios (>95%) proved that the DLP-printed 
nanocomposites can easily recover their PS from a mechanical 
deformation. The shape recovery evolution triggered by Joule 
heating of a nanocomposite specimen over time is given in 
Figure 5c. However, a slight decrease in Rr was observed with 
increasing CNT content. This can be explained by the genera-
tion of CNT aggregates with increasing filler content, which 
hinders a complete recovery by limiting the mobility of the 
polymeric chains.[53]

Remarkably, the higher Rr and shorter tr needed by following 
the Joule heating route revealed the higher efficiency of the 
electrically activated shape recovery over the one triggered by 
the conventional direct heating. This can be ascribed to a more 
uniform thermal distribution due to the intrinsic volumetric 
heating obtained by the Joule effect, whereas direct heating 
strongly depends on the thermal conductivity of the specimen 
since is conducted from the surface to the inner region. In this 
sense, Joule heating is generally considered one of the most 
effective ways to provide uniform heating of electrically conduc-
tive composite materials.[54–56]

Given the similar electrically-activated shape memory 
response of the nanocomposite specimens S0.3 and S0.5 
in terms of Rf, Rr, and tr, but the much lower voltage needed 
to reach the Tg by increasing the filler content, 0.5 wt.% was 
selected as the optimum CNT content for further shape 
memory investigations.

First, we evaluate the potential integration of these SMP nano-
composites in the fabrication of a smart multimaterial structure 
by means of DLP-printing. For this purpose, a butterfly-shaped 
3D-structure was suitably designed (Figure 6a) with a nanocom-
posite part (see component 2, prepared from S0.5) to enable a 
shape memory behavior triggered by Joule heating. Commercial 
PEGDA (Mn = 250 g mol−1) was used to prepare the remaining 
non-conductive portion of the butterfly body and the wings 
(component 1, for more details on the formulations, see Table S1,  
Supporting Information). The multimaterial structure was 
obtained by simply changing the resin vat while printing. Then, 
the electrodes were placed behind the wings (components 3–4).

Once again, the TS was programmed with a deforming stage 
at T  = Tg  + 20  °C followed by rapid cooling at RT under fixed 
strain conditions. The recovery was carried out by reheating at 
T  = Tg  + 20  °C and monitored by following the reopening of 
the butterfly wings (Figure  6b) over time. A lower voltage was 

Table 3.  Results of the shape memory characterization of the DLP-printed nanocomposites.

Sample CNT [wt.%] Direct heating Joule heating

Rf [%] Rr [%] tr [min] Rf [%] Rr [%] tr [min]

S0 – ≈ 100.0 99.1 7.7 – – –

S0.1 0.1 ≈ 100.0 99.3 5.4 – – –

S0.3 0.3 ≈ 100.0 98.3 5.5 ≈ 100.0 98.7 3.4

S0.5 0.5 ≈ 100.0 95.3 6.2 ≈ 100.0 96.7 3.6

Figure 6.  a) CAD model of the butterfly-shaped smart structure; b) schematic representation of the shape recovery; and c) recovery of the PS over 
time, upon the application of a voltage of 80 V.

Adv. Funct. Mater. 2021, 2106774
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needed (80 V) to increase the T up to Tg + 20 °C with regard to 
the previous investigations on S0.5 (170  V, see Figure  4b), due 
to the lower electrical resistance resulting from both the dif-
ferent geometry of component 2 and a closer placement of the 
electrodes.

As shown in Figure  6c and Movie S1, Supporting Informa-
tion, the butterfly can easily recover its PS (Rr = 95%) in a rea-
sonably short time (<2 min), upon the application of the voltage.

Then, we investigated the possibility to drive a modular 
shape recovery by simply activating/deactivating time by time 
the power source.

For this purpose, a DLP-printed nanocomposite specimen 
(S0.5, 50 × 5 × 2 mm3, copper electrodes placed at opposite ends 
of the longest side) was first programmed in a temporary bent 
configuration by using a U-shaped mold, as previously described 
(see Figure 5a). Then, the stepwise recovery of the PS was acti-
vated by turning on and off the voltage at different time intervals.
Figure 7 shows the modular recovery of the mentioned 

3D-printed specimen as a function of time. First (A-point), 
the voltage is turned on and the recovery is activated via Joule 
heating. Then, after about 40 s, the power source is deacti-
vated to stop the recovery (B-point, Rr  = 27%). Nevertheless, 
an increase in the Rr was observed in the first 40 s after the 
voltage shutdown since the specimen requires a certain time 
to dissipate the Joule energy. But, as the specimen cools down, 
the recovery slows down reaching a plateau approximately after 
80 s when the sample temperature becomes lower than its Tg 
(C-point, Rr  = 47%). Remarkably, the shape remains almost 
unaltered for 100 s, demonstrating the high fixity of the new 
intermediate TS once the sample is cooled down, even in the 
absence of an external constraint. Finally, the voltage is turned 
on again (D-point) to complete the recovery of the PS in less 
than 2 min (E-point, Rr = 94%).

Finally, the selective shape memory capability of the DPL-
printed nanocomposites was explored. To prove this, we  
prepared a zig-zag-shaped structure and we positioned four 
electrodes along it (Figure 8a). First, electrodes 1 and 4 were con-
nected to the power source so that the whole specimen can be 
heated to above its Tg via Joule effect and manually straightened  
while in its rubbery state. The temporary linear configura-
tion is fixed by rapid cooling at RT (Figure 8b). Then, two dif-
ferent strategies were followed to recover the PS (see Movie S2,  
Supporting Information). The first one (Figure  8c) relies on 
regaining the PS in one single stage (RS). Here, the PS was 
fully recovered (Rr = 96%) in less than 4 min, by simply recon-
necting electrodes 1 and 4. The second strategy, instead, is 
based on a stepwise recovery (RSX, where X is the number of 
the recovery stage) achieved by connecting two adjacent elec-
trodes at a time (electrodes 1–2, 2–3, and 3–4 for RS1, RS2, and 
RS3, respectively, Figure  8d). In such a way, it is possible to 
enable a selective Joule heating to trigger the shape recovery of 
one region of the sample at a time. As can be clearly observed 
in Figure 8d, each stage (RS1, RS2, and RS3) leads to the selec-
tive recovery of the region of the specimen enclosed between 
two connected electrodes without affecting the adjacent 
regions. However, a fourth stage is required to complete the 
recovery of the PS because, whilst the regions of the specimen 
covered by the electrodes 2 and 3 were heated and deformed 
when obtaining the TS, these regions were not heated during 
the selective recovery. This prevents the complete recovery  
of the PS since the internal stresses generated in the regions of 
the specimen close to such electrodes during the programming 
of the TS cannot be totally released. Therefore, a final recovery 
stage (RS4) was carried out by reconnecting the electrodes 1 
and 4, so that the whole specimen is homogeneously reheated, 
resulting in a Rr increase from 88% to above 92%.

Figure 7.  Modular recovery of the PS driven by simply turning on and off the voltage as a function of time.
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3. Conclusions

In this work, photocurable and electro-activated SMPCs 
made of an amorphous thermosetting PEGDA-co-PHEMA 
matrix embedding CNTs were successfully prepared via DLP 
3D-Printing. First, the thermomechanical properties of the 
polymeric matrix were tailored by finely tuning the PEGDA/
HEMA ratio, aimed to prepare SMPs able to store a mechani-
cally stable TS at room temperature, while CNTs were used 
to enable the electrical conductivity. The effect of the nano-
filler onto the photopolymerization kinetics was evaluated, as 
well as its influence on the electrical properties of the printed 
structures. Then, the shape memory behavior of the DLP-
printed nanocomposites was investigated exploiting the heat 
developed when applying a voltage (Joule heating). The high 
shape fixity and shape recovery ratios achieved (Rf  = 100%, 
Rr  >  95%), confirmed the significant electrically-triggered 
responsiveness of such nanocomposites, envisaging their 
potential integration in the fabrication of smart electroactive 
structures via 4D-Printing. Finally, the feasibility to drive a 
modular and selective recovery by Joule heating was success-
fully demonstrated.

4. Experimental Section
Materials: Poly(ethylene glycol) diacrylate (PEGDA, Mn = 700 g mol−1  

and Mn = 250  g mol−1), 2-hydroxyethyl methacrylate (HEMA, ≥99%, 
contains ≤50  ppm monomethyl ether hydroquinone as inhibitor), 
bis-(2,4,6-trimethylbenzoyl) phenylphosphine oxide (BAPO, 

registered trade name Omnicure 819, used as photoinitiator), and 
2-(4-Dimethylaminophenylazo)benzoic acid (methyl red) were purchased 
from Sigma Aldrich and used as received. NC7000 Multi-walled CNTs 
(average length and diameter of 1.5 µm and 9.5 nm, respectively, good 
UV resistance) were supplied by Nanocyl.

Preparation and Characterization of the Photocurable Formulations: 
3D-printable formulations were prepared as follows. First, CNTs were 
dispersed in HEMA sonicating for 30  min (LBS1, Falc Instrument; 
50/60 Hz, 100 W), while BAPO photoinitiator was dissolved in PEGDA 
by magnetic stirring for 30  min. Then, the two solutions were merged 
and the mixture was homogenized by a high-shear dispersion process, 
using an Ultraturrax (IKA T10) for 5 min at 13 500 rpm.

Real-time photorheology was performed using an Anton PAAR 
Modular Compact Rheometer (Physica MCR 302, Graz, Austria) in 
parallel-plate mode (25 mm diameter), equipped with a UV-light source 
(Hamamatsu LC8 lamp, 40  mW cm−2) underneath the bottom plate. 
The gap between the plates was set to 200  µm and the samples were 
kept in isothermal condition (25 °C) and under a constant shear angular 
frequency (10 rad s−1). The measurements were carried out in the linear 
viscoelastic region (LVR) of the liquid formulations setting a strain 
amplitude of 1% (according to preliminary amplitude sweep tests). 
The photo-reactivity of the photocurable formulations was investigated 
by following the concomitant changes of both the storage and loss 
moduli (G′ and G″, respectively) during UV-light irradiation. The light 
was switched on after 60 s to let the system stabilize before the onset 
of polymerization. The delay time (i.e., the time required to induce 
crosslinking) and the curing rate (measured as the slope of the curve 
in the first 10 s of crosslinking) were also recorded. The measurements 
were repeated three times and the results were averaged.

Flow measurements were performed using the same rheometer 
to evaluate the rotational viscosity of the liquid formulations. The 
measurements were carried out at 25  °C, keeping the plate gap at 
200 µm and varying the shear rate from 0.1 to 100 s−1.

Figure 8.  a) CAD model of the zig-zag shaped structure and positioning of the 4 electrodes to drive a selective shape recovery; b) programming of the 
temporary straightened shape (TS); c) recovery of the PS in one single stage (RS); and d) stepwise recovery of the PS (RS1, RS2, and RS3 achieved by 
connecting two adjacent electrodes at a time and RS4 reconnecting again electrodes 1–4).
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3D-Printing of Nanocomposite SMPs and Material Characterization: An 
ASIGA UV-MAX X27 DLP printer (XY pixel resolution of 27 µm; building 
volume of 119 × 67 × 75 mm3; light source emitting at 385 nm) was used 
as 3D-printing equipment. 3D digital models having different geometries 
were prepared using Solidworks 2019 CAD software and converted 
in STL file formats. During printing, the layer thickness and the light 
intensity were fixed at 50  µm and 40  mW cm−2, respectively, while the 
exposure time was tailored for each specific formulation. A post-curing 
process was performed on the printed specimens using a medium-
pressure mercury lamp provided by Robot Factory (3  min, UV-light 
intensity 12 mW cm−2).

3D-Scanning was performed to evaluate the fidelity of the built objects 
to the original CAD files, using a 3D optical scanner (E3, 3Shape). 
The scanned data and the reference model were aligned before being 
compared. The results of the comparative analysis were displayed as a 
colored 3D map displaying the geometrical deviation from the reference 
model.

GC measurements were performed to evaluate the insoluble 
fraction of the printed specimens (covalently crosslinked polymer). The 
samples were held in an ultra-fine metal net, weighed, and immersed 
in chloroform to remove the soluble fraction (un-crosslinked polymer). 
After 24 h, the samples were removed from the chloroform bath 
and dried in an oven (80  °C) until no mass variation was detected 
by gravimetric analysis. The GC was determined using the following 
Equation (1): 

% 100
0

GC
m
m
dried( ) = ×

	
(1)

where m0 is the initial mass of the sample and mdried is the residual 
mass after the solvent extraction. The measurements were repeated 
three times and the results were averaged.

Dynamic mechanical thermal analyses (DMTAs) were carried out on 
thin rectangular DLP-printed specimens (10 × 5 × 1 mm3), using a Tritec 
2000 DMA (Triton Technology Ltd, London UK). The measurements 
were conducted by setting a temperature ramp of 3 °C min−1, applying 
a force to the sample with a frequency of 1 Hz, and with a displacement 
of 20  µm. The evolution of both the storage and loss moduli (E’ and 
E’’, respectively) during the temperature ramp was recorded. The glass 
transition temperature (Tg) was taken as the temperature corresponding 
to the peak of the damping factor (tan δ) curve, as recommended by 
conventions.

DC volume conductivity tests were carried out according to ASTM 
D257 standard by using a Keithley 237 High Voltage Source Measure 
Unit. The electrical resistance, R, was obtained from the V-I (voltage-
intensity) slope, applying voltages in the 0–40 V range and the electrical 
conductivity was then obtained from the Equation (2), where L is the 
distance between the electrodes and A the cross-sectional area of the 
specimen.

Electrical conductivity L
A R

= × 	
(2)

The thermoelectrical behavior of the SMP nanocomposites  
(30 × 10 × 2  mm3) was characterized by Joule heating tests in order 
to determine the voltage needed to reach the Tg, Here, the average 
temperature increment with regard to room temperature (ΔTav) was 
recorded with an infrared thermo-camera FLIR E5 (IR resolution of 
10  800 pixels, thermal sensibility of 0.1  °C between −20 and 250  °C) 
as a function of the applied voltage, in the range 0–300 V. Copper wire 
electrodes were placed onto the two opposite faces of the specimens 
(10 × 2 mm2) with a silver conductive paste to reduce contact resistance.

The shape memory behavior was monitored by following two different 
strategies, based on the heating source used to increase the temperature 
of the samples to above their Tg. The printed nanocomposite specimens 
(30 × 10 × 2 mm3) were heated at T = Tg + 20 °C either by direct heating, 
using a heating plate (AREX Digital Pro, VELP Scientifica), or via Joule 
heating. The shape memory properties of the undoped specimens 

thermally-activated via direct heating were taken as reference. A 
3D-printed mold was used to fix at RT the temporarily deformed shape 
(bending angle of 180° and curvature radius of 3.25  mm), as shown 
in Figure S3, Supporting Information. Once the specimen reaches 
RT, it was removed from the mold and kept at RT for 5 min. Finally, it 
was heated again at T = Tg + 20  °C to recover the original shape. The 
shape memory efficiency was measured by monitoring the evolution of  
the bending angle over time by image analysis (ImageJ software). The 
shape fixity ratio (Rf) and shape recovery ratio (Rr) were obtained by 
using the following Equations (3) and (4), respectively.

% 1 100f
S F

S
R

θ θ
θ( ) = − −



 ×

	
(3)

% 100r
F R

F
R

θ θ
θ( ) = − ×

	
(4)

Here, θs represents the angle of the mold, θF the angle of the fixed 
shape, and θR the angle of the recovered shape measured using the 
ImageJ software.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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