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the deformation modes through welding or re-assembling of
the actuators.[9] Thus, there is an increasing demand for de-
veloping healable materials, in order to prepare these soft ac-
tuating systems for adaptive and durable applications in harsh
environments.[10] However, it remains a challenge to incorporate
stimuli-responsive actuating and healing capabilities into one ac-
tuator on the same material basis.
Extensive structural design strategies have been developed to

tackle the challenge above. A rational organization of several
functional material elements is of great significance. The first
strategy to design healable actuators with a single-layer geome-
try is to employ dynamic crosslinking mechanisms, such as hy-
drogen bonding,[11] supramolecular cross-linking,[12] and other
dynamic non-covalent,[13] as well as covalent bonds,[3,14] or their
combinations.[15] In this strategy, the single-layered material nor-
mally features an anisotropic structure either in the in-plane or
out-of-plane directions. However, most single-layered actuators
based on anisotropic-structured thin films usually suffer from
monotonous actuating modes.[16]

The second strategy is to design healable actuators with a
double- or multi-layered geometry. In this strategy, the anisotro-
pic structures are formed only in the out-of-plane direction
among the layers. Indeed, Chen et al. assembled an ink/poly-
urethane double-layered actuator maintained by hydrogen-
bonding interactions, which achieved a water-assisted healing
and light-responsive actuating performance.[17] Ge et al. designed
a tri-layered actuator with dual-responsiveness to humidity and
temperature, and also a healing ability assisted with water.[18]

Moreover, Ji et al. developed a carbonized silk fabric (CSF)-
vitrimer bi-layered actuator with not only responsiveness to but
also healability triggered by multiple stimuli.[19] Despite these
great achievements, the development of double-or multi-layered
healable actuators usually involves elaborate designs and com-
plex fabrication procedures, since it requires each constituent
layer 1) to be healable, 2) to undergo different volumetric re-
sponses upon stimulation to achieve actuation function,[20] and
3) to form a strong interface among each other for maintaining
the integrity of the device.[21] Therefore, the quest for developing
healable actuators with a simple design and cost-effective fabri-
cation approach is ever-increasing.
In this work, we constructed a bi-layered (BL) actuator with

both stimuli-responsive actuating and healing capabilities. Using
the layer-by-layer (LBL) casting strategy, a humidity-responsive
and a thermal-responsive thin film with excellent actuating and
healing functions are laminated to construct a BL actuator. LBL
is a well-established method for constructing functional com-
posites with hierarchical structure.[22] The as-obtained actua-
tor deforms under infrared light irradiation. Moreover, a punc-
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tured BL actuator can be healed through a sequentially heat-
ing and humidifying treatment. In addition, the structural re-
arrangement of the two constituent layers also enables the ac-
tuator to be reprogrammed into diverse actuation modes by
welding the two layers, which achieves complex deformation
modes unattainable by unwelded actuators. In general, we re-
alized functional integration and engineering implementation
of a prototype of healable actuators. The actuating, healing,
and welding functions of this actuator make it a promising
candidate for the development of next-generation intelligent
devices.

2. Results and Discussion

2.1. Design and Fabrication of the BL Actuator

2.1.1. Designing the Constituent Layers

We organized two stimuli-responsive and structural-repro-
grammable materials with complementary properties into
one bi-layered (BL) actuator to accommodate the stimuli-
responsiveness of each constituent layer. The two constituent lay-
ers were prepared by the casting of the mixed solution of the
respective material elements. The humidity-responsive layer is
fabricated by embedding a rigid scaffold polymer into a soft ma-
trix polymer. Poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) and carboxymethyl cellulose (CMC) are
used as the scaffold and matrix due to their humidity-responsive
actuating and self-healing performance, respectively.[23] The
supramolecular network forms via H-bonding and electrostatic
interactions between CMC and PEDOT:PSS in this material,
which is described as “PPC film” in the following manuscript
(Figure 1a).
The thermal-responsive layer is designed by incorporating

Fe3O4 nanoparticles (NPs) into a functionalized polydimethyl-
siloxane (PDMS) matrix sustained by synergetic supramolecu-
lar interactions. Fe3O4 NPs are expected to act as photo-thermal
fillers and silylated cellulose nanocrystal (Si-CNC) was used to
construct the dynamic network of the matrix to adapt both
hydrophobic interactions with PDMS and hydrogen bonding
with the neighboring molecules and give access to structural
rearrangement.[24] We call it “MCP film” in the following parts
of the manuscript. It should be emphasized that the two con-
stituent materials have been demonstrated with excellent actu-
ating and healing functions under a humidifying–drying and a
heating–cooling treatment, respectively, which originates from
the nano- and micro-scale restructuring of these materials trig-
gered by their specific stimulus.
Subsequently, the PPC andMCP films are laminated via layer-

by-layer assembly and form a BL actuator through oxygen plasma
treatment of the MCP film followed by drop casting of the PPC
film (Figure 1a). The thickness ratio of the actuator is fixed
at 10:1 throughout this work. The dynamic and non-covalent
crosslinking (H-bonding) is employed as the molecular basis for
the structural rearrangement of the supramolecular network of
the stimuli-responsive polymers, and also the binder for inter-
facial bonding across the layers to maintain the integrity of the
bilayer.
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Figure 1. Formation of the bi-layered (BL) film comprising the PEDOT:PSS/CMC (PPC film) and the Fe3O4NP/Si-CNC/PDMS (MCP film). a) Layer-by-
layer deposition of the BL actuator. b,c) Cross-sectional SEM micrograph and EDS examination of the BL film. d) FTIR spectrum of the PPC film and the
MCP film.

2.1.2. Morphological and Compositional Analysis of the Bi-Layer

At the cross-section scanning electron microscopy (SEM) micro-
graphs of the BL film (Figure 1b), the PPC film (blue) can be
clearly distinguished from theMCP film (brown). The upper part
(PPC film) exhibits a lamellae architecture with interconnected
fibrils and pores. These pores can participate in the transient H-
bonding interactions with and mass transfer of water molecules,
which provides the basis for humidity-responsive actuation. The
lower part of the SEM micrographs (MCP film) shows a rela-
tively smooth and uniform morphology as compared to the PPC
film. Themorphology of the MCP film is mainly composed of or-
dered Fe3O4 NP assemblies with a diameter of less than 160 nm
connected and surrounded by a polymer matrix (Figure S1, Sup-
porting Information). The low agglomeration rate of Fe3O4 NPs
might be due to the richness in functional groups of Si-CNC and
is expected to endow the nanocomposites with excellent photo-
thermal conversion efficiency. It can be clearly seen that two lay-
ers are closely bonded at the interface without any indication
of delamination. In Figure 1c, the energy-dispersive X-ray spec-
troscopy (EDS) analysis indicates a relatively sharp distribution of
Si element and a smooth and uniform distribution of Fe element.
Fourier-transform infrared (FTIR) spectroscopy is performed

to identify the chemical crosslinking of the two constituent lay-
ers. The PPC film shows a strong characteristic peak of the ─OH

stretching vibration at 3344 cm−1, suggesting a dense hydrogen
bonding network, which is necessary for its effective interaction
with water. From the FTIR spectra of the MCP film, we observe
both the methyl siloxy groups at 1261 cm−1 and hydroxyl groups
at 3350 cm−1 (Figure 1d). This suggests that Si-CNC could par-
ticipate in constructing the dynamic network of the MCP film
through both hydrophobic interactions between silylated cellu-
lose and PDMS, as well as hydroxyl groups for H-bonding and
physical entanglements with the neighboring molecules.

2.2. Stimuli-Responsive Properties of the PPC and MCP Films

2.2.1. The Structural Basis of Stimuli Responsiveness

To study the structural basis of the stimuli-sensitivity of the two
films, small-angle scattering (SAS) experiments are performed,
including small-angle X-ray scattering (SAXS) and small-angle
neutron scattering (SANS) (Figure S2, Supporting Information).
Since the heat-conducting ability of the MCP film highly de-
pends on the radii of Fe3O4 NP assemblies and their inter-particle
distances, we decipher the structure of Fe3O4 NP assemblies
through the fitting of the SAS data. Both the SAXS and SANS
curves reveal that the scattering pattern of the BL film is the
combination of the signals of the constituent layers (Figure 2a,b).
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Figure 2. Small-angle scattering analysis of the actuator, and the stimuli-responsiveness of the constituent layers. a,b) SAXS and SANS patterns of the
PPC, MCP, and bi-layered films, respectively. c) Comparison of the strain–stress curves of the PPC, MCP, and the bi-layered films. d) Temperature at
maximum of the PPC and MCP films when being illuminated by LEDs at different wavelengths at the power density of 78 mW cm−2. e) Dynamic vapor
sorption analysis of the PPC film and MCP film. f) Schematic mechanism of the photo-responsiveness of the BL actuator.

The fitting is performed using a combined structural model pro-
posed in our previous work, which is composed of a core–shell
sphere to represent the large Fe3O4 NP agglomerates, a cylinder
to represent the polymer matrix and a sphere for small Fe3O4 NP
clusters.[24]

The radii of the core from fitting areR
core

= 84.0± 6.7 nm from
SAXS and R

core
= 89.0 ± 8.5 nm from SANS, and the thickness of

the shell are �
shell

= 46 ± 4 nm from SAXS and 44 ± 4 nm from
SANS, respectively (Figure S3, Supporting Information). The dif-
ference between the fit parameters from SAXS and SANS may
originate from the ratio between the scattering length densities
of Fe3O4 and that of the Si-CNC/PDMS matrix in neutron and
X-ray scattering (Table S1, Supporting Information). The large
NP agglomerates and small NP clusters combine and form a
closely-packed network, which is beneficial for photo-thermal en-
ergy conversion and the actuating performance of the actuator.
Moreover, the mechanical properties of the two respective lay-

ers and the bi-layered film are compared. The PPC film fea-
tures excellent mechanical properties, with a tensile strength of
11.89 MPa and a fracture strain of 426% (Figure 2c). This could
be attributed to the densely-packed lamellar structure and mul-
tiple H-bonded networks. The MCP film is highly elastic, and
shows a maximum strength and elongation-at-break of 1.45 MPa
and 397%, respectively. The tensile strain–stress curve of the bi-
layered film suggests that the mechanical behavior of the bilayer
is the combination of the properties of the two monolayers. The
high tensile strength of the PPCfilm and the elasticity of theMCP
film are beneficial for the reversibility and reliability of the bend-
ing deformation of the BL actuator.

Furthermore, we investigate the UV/vis absorption spectra of
the water dispersion of Fe3O4 NPs and PEDOT:PSS since the
other components (CMC and S-CNC/PDMS) are transparent and
their absorption is negligible. The PEDOT:PSS dispersion shows
a broad absorption range from the UV (300 nm) to infrared (IR,
900 nm) with a peak centering at 860 nm, while the absorption
peak of Fe3O4 NPs is relatively sharp at 380 nm and is nearly flat
in the IR range (Figure S4, Supporting Information). Besides, IR
light has a stronger photo-thermal effect as well as a deeper pen-
etration than short-wavelength light and is widely used in photo-
heating. Therefore, we used either an IR LED (� = 780 nm) or a
UV LED (� = 375 nm) as the light source to investigate the actua-
tion performance of the BL actuator. Besides, an infrared camera
is used to record the time-dependent temperature variations of
the two constituent layers, respectively. The results suggest that
the heating rates vary when the BL actuator is exposed to LEDs at
different wavelengths (Figure 2d), which are generally in accor-
dance with the trend that we observed in the spectra of UV/vis
absorption (Figure S4, Supporting Information).
Therefore, the BL actuator can be activated under the thermal

as well as photo stimuli due to the combined action of the photo-
thermal conversion of the MCP film, the mechanical strength,
and the difference in the thermal expansion degree between the
PPC and MCP films. The PPC film features a negative ther-
mal expansion coefficient (CTE) due to the volume shrinkage
induced by water loss (Figure S5, Supporting Information). The
volume shrinkage of the PPC film is induced by water desorp-
tion, which is demonstrated via dynamic vapor sorption analysis
(Figure 2e).[23] On the contrary, PDMS typically have a positive
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Figure 3. Photo-responsive actuation performance of the BL actuator. a) Schematic of the experimental setup for recording the temperature of the BL
actuator when they are illuminated by an IR LED (wavelength: 780 nm, power density: 28 mW cm−2) with an infrared camera. b) To visualize the photo-
thermal response of the BL actuator, the sample is clamped at the two ends by holders. Right: The as-obtained thermal images show the temperature
variation of a bi-layered actuator when the LED is switched on and off. During the process of photo-thermal conversion. c) To record the temperature
and bending curvature of the film during thermal-mechanical conversion, the sample is clamped at only one end by the holder. Right: The as-obtained
thermal images show the temperature variation and shape deformation during a photo-responsive bending/unbending cycle. d) Temperature of the BL
actuator extracted from the thermal images in (b). e) The bending angle of the BL actuator is calculated from the length of the actuator in (c). f) The
actuation force is recorded when the BL actuator is illuminated by an IR LED at the wavelength of 780 nm. The light is switched on to induce a contracting
force to straighten the actuator, and then the light is turned off at the ambient condition for the film to swell and soften until the equilibrium state.

high CTE (300 × 10−6 °C−1),[25] which results in a high CTE of the
MCP film. The difference in thermal expansion degree leads to a
strainmismatch at the layer-interfaces and the following thermal-
responsive bending deformation. Benefiting from the water des-
orption from the PPCfilm and the heat dissipation from theMCP
film, the BL actuator is proposed to perform bending/unbending
deformation under the stimulation of light (Figure 2f).

2.2.2. Photo-Responsive Actuation of the BL Actuator

In the next part, we investigated the photo-thermo-mechanical
response of the BL actuator. The photo-thermal response of the
BL actuator is recorded by an infrared camera with the testing
setup depicted in Figure 3a,b. LEDs are installed and connected
with a Thorlab LED controller. The infrared camera is calibrated
before the measurement (Figure S6, Table S2, Supporting In-
formation). When the LED is switched on (� = 780 nm, I =

78 mW cm−2), the temperature at the center of the actuator rises
from 22 to 67 °C (with a ΔT of 43 °C) in 53 s, and returns to
the original state after 40 s (Figure 3b; Figure S7, Supporting
Information). The higher power densities of the LED we use,
the greater the temperature increase will be obtained due to the

photo-thermal property of the MCP film (Figure S8, Supporting
Information). Themoderate photo-thermal conversion efficiency
ensures the actuator with a stable and powerful IR actuating
performance.
The photo-thermal-mechanical response of the BL actuator is

investigated by the same experimental setup in Figure 3b with
a slight modification: one sample holder of the actuator is re-
moved, and the released free end of the actuator can deform un-
der the illumination of IR LED (Figure 3c). The time-dependent
variation of the surface temperature and bending angle of the BL
actuator are studied and compared within one actuation cycle.
For the variation of temperature, when the IR LED is switched
on (� = 780 nm, I = 78 mW cm−2), the center of the actuator is
heated to 58 °C in 40 s. When the LED is switched off, the irra-
diated region cools down to 24 °C in 40 s (Figure 3d; Movie S1,
Supporting Information).
The bending angle (�) of the BL actuator is calculated by the

method described in Figure S9 (Supporting Information) as a
function of time. The maximum bending angle of the BL actu-
ator is 59° (Figure 3e; Figure S10, Supporting Information). It
is observed that the actuator begins to bend and its temperature
increases rapidly when the light is switched on, and gradually
returns to the original state when the light is switched off. The
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Figure 4. The healing performance of the BL actuator. a) Schematic diagram of the healing strategy for the BL actuator, with optical microscopic im-
ages depicting the healing process of the PPC and MCP films, respectively. b) Strain–stress curves of the BL actuator before injury and after healing.
c) Actuation strength of the healed BL actuator. d) Time-dependent variation of the bending angle of the “sit-up” athlete based on the BL actuator
before and after healing in response to UV LED. e) The healing performance of the BL actuator with respect to the strength-at-break, elongation-at-break,
toughness, actuation force, and actuation speed calculated from the results in (b–d).

bending curvature and temperature of the actuator display a sim-
ilar variation trend.
Meanwhile, the temperature field induced by the photo-

thermal effect generates an actuation force. The light-induced ac-
tuating force under IR illumination is measured with a Zwick
mechanical tester at the ambient condition (RH = 30%, T =

25 °C) using the setup as shown in Figure S11 (Supporting
Information). An actuating force is generated when the LED
is switched on, attaining its maximum at 0.23 MPa (tension),
and dramatically decreases to zero by absorption of water vapor
from the environment when the LED is switched off (relaxation,
Figure 3f; Figure S10, Supporting Information). The actuating
force originates from the instantaneous contraction of the PPC
film and a sharp increase in its actuation strain due to the instant
temperature gradient between the actuator and the environment.
The light-induced actuation force of the BL actuator is compara-
ble to the internal stress of animal muscles.[26]

2.3. Healing and Welding Functions Aided by Structural
Rearrangement

Soft actuators are inevitably subjected to small microscale in-
juries and cracks during operation. Thus, the self-healing prop-
erty is of vital importance for the actuators to maintain an ex-
tended service life. The recovery of the actuating function re-
quires the restoration of both the structural andmechanical prop-
erties of the actuator. By in situ SAXS and dynamic mechani-
cal analysis, our previous work indicates that both the thermal-
responsive MCP film and the humidity-responsive PPC film are

healable assisted by structural rearrangement (Figure S12, Sup-
porting Information). Thus, we explored the potential of the
stimuli-induced structural rearrangement of the two respective
materials on the healing and welding abilities of the bi-layered
actuator.

2.3.1. The Healing Phenomenon

The recovery of the BL actuator is examined by opticalmicroscopy
under successive heating and humidifying treatment. A strip of
BL actuator (10 mm × 5 mm × 0.5 mm) is punctured through
with a cross-shaped hole as the injury (diameter = 0.5mm).
Figure 4a reveals the morphologies at the two sides of the actua-
tor, respectively.
Whenwe heat the BL actuator near the Tm

of theMCPfilm, the
polymer matrix reorganizes through liquid–solid transition facil-
itated by heat conduction through Fe3O4 NP assemblies i). Thus,
the punctured hole nearly vanished in theMCP film after heating
at 60 °C for 0.5 h. Meanwhile, the widening of the injured area in
the PPC film is observed, this is due to that heating also leads to
volume shrinkage and broadening of the injury ii). Through the
subsequent humidifying treatment, the supramolecular network
in the PPCfilmbecomes swollen and reattaches. Simultaneously,
the cooling effect of moisture aids in the recovery of elastic prop-
erties of the MCP film since it’s less vulnerable to moisture as
indicated by FTIR iii). Therefore, the injury becomes almost in-
visible after the subsequent humidifying treatment (T = 25 °C,
RH = 50%, 3 h). And the healing interface in the MCP film side
is also negligible. Finally, the supramolecular network of the PPC

Adv. Mater. Interfaces 2025, 12, 2500269 2500269 (6 of 11) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 2
1
9
6
7
3
5
0
, 2

0
2
5
, 1

3
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ad
v
an

ced
.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ad

m
i.2

0
2
5
0
0
2
6
9
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

8
/0

9
/2

0
2

5
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



www.advancedsciencenews.com www.advmatinterfaces.de

film recovers in when the relative humidity returns to the ambi-
ent condition iv). Themicroscopic examinations demonstrate not
only the recovery of the morphologies of the constituent layers,
but also the BL actuator, suggesting the healing capability.

2.3.2. The Healing Performance

Second, we studied the mechanical performance of the BL actua-
tor by performing tensile stretching measurements. The strain–
stress curves of the BL actuator before and after the healing
treatment are shown in Figure 4b. Benefiting from this succes-
sive heating and humidifying treatment, the tensile strength and
elongation-at-break of the healed actuator were restored to 82.1%
and 87.4%of the pristine film, respectively. The healing efficiency
(�) is defined as the proportion of toughness restored relating to
the toughness of the non-injured sample. As shown in Figure 4e,
the calculated Young’smodulus of the BL actuator reached 72.6%
of the original value after healing. Hence, the mechanical prop-
erties of the healed actuator were comparable to those of the pris-
tine one.
Third, we investigate the recovery of the photo-responsiveness

of the actuator after the healing procedure. To demonstrate the
actuating and healing functions, an athlete robot was fabricated,
which executes sit-up movements in 5 s upon the illumination of
UV LED (� = 375 nm, I = 78 mW cm−2) and lifts up a cargo 16
times heavier than itself. The healed “athlete” resumed its opera-
tion and performed the sit-upmotion. On the one hand, Figure 4c
presents the actuating force generated by a healed BL actuator in
response to UV LED illumination, which is 0.22 MPa in the first
and second actuation cycles, respectively. No obvious decrease in
the average actuation force of the healed actuator compared to
that of the pristine one is observed. The calculated healing effi-
ciency in terms of the restoration of the actuating force is 95.6%.
On the other hand, Figure 4d and Movie S2 (Supporting Infor-
mation) compares the time-dependent variation of the bending
angle of the original (orange) and healed (green) actuators under
the illumination of UV LED. It can be observed that there were
no obvious differences in the maximum bending angles (cen-
tered at ≈42°) of the two actuators, despite a slight decrease in
the speed of response from 8.5 to 7.0°·s−1. The above-mentioned
results demonstrate that the healed actuators possess satisfactory
structural strength and stimuli-responsiveness, which benefits
the durability of the soft actuators in a variety of complex appli-
cation environments.

2.3.3. New Actuation Functions Through Welding the Actuators

The stimuli-induced structural rearrangement of the two respec-
tive layers not only assists in the healing of the microscale in-
juries for a single BL actuator device, but shape reprogramming
of more BL actuator devices by welding. The welding of actuators
can be achieved at both the PPC film side with the aid of humid
air, and the MCP film side by moderate heating, respectively.
Figure 5a depicts the procedures of welding through the PPC

film side (mode 1). A strip of BL actuator is cut by half along the
longitude direction, a drop of water is dipped onto the middle of
one of strips A at the PPC film side, and strip B is attached onto

strip A face-by-face at the PPC film side with a moderate press.
The “grafted” actuator is then placed at the ambient condition (T
= 25 C, RH = 30%) for 30 min to allow for water evaporation
and efficient welding. Similarly, we have successfully welded two
separated strips of the BL actuator at theMCP film side (mode 2).
The cut strips were heated at 60 °C for 15 min to achieve moder-
ate melting and maintain the intact film. The two separate strips
were overlapped face-by-face in the MCP film side at the middle
of the strips, and the “grafted” actuator was heated at the same
condition for another 15 min. The MCP film part in the two sep-
arate strips fused together, and contributed to the formation of a
welded actuator when the environmental temperature decreased
to 25 °C. The separated strips become firmly fused at the junction
site via structural rearrangement of the two stimuli-responsive
materials.
The corresponding SEM images at the welding junction sites

are shown in Figure 5b,c. In both modes, the welded actuators
exhibit uniform morphologies without obvious delamination.
Therefore, the BL actuator can be reprogrammed bywelding both
the PPC films and the MCP films under their specific stimuli.
To verify the stability of the fused point and the actuating func-
tions using the weldingmethods, we studied the time-dependent
bending angles of the twowelded actuators in response to IR LED
illumination (Figure 5d,e). Herein, A refers to the strip at the bot-
tom and B refers to the one at the top in the reprogrammed ac-
tuator. For example, the upper surface in strip A, mode 1 of the
BL actuator is PPC film. And the upper surface in strip B, mode
1 is MCP film.
The welded actuator can perform diverse actuation functions

under the illumination of IR LED. As shown in Figure 5d,e and
Movie S3 (Supporting Information), the four arms of the two ac-
tuators (modes 1 and 2) are nearly flat before the test. When the
actuator (mode 1) is illuminated with the IR LED, the two arms
(strip A) are bent upward and the other two arms (strip B) bend
downward to 68° (tan � = 0.83) in 25 s, respectively (Figure 5f).
And when the actuator (mode 2) is irradiated, the two arms in
strip A bend downward, and the other two in strip B bend upward
to 68° in 23 s, respectively. On the one hand, the bending speed
in mode 1 is a little bit slower than that in mode 2 (Figure 5g).
Since the overlapping of the PPC film leads to a decrease in

the surface area of the PPCfilm, fromwhich the water desorption
rate might be negatively influenced, and a slower shape deforma-
tion speed is obtained. On the other hand, the difference between
the bending speed in stripes A and B is higher in mode 2 than in
mode 1. This is due to that the distance between the arms of the
PPC films in the two strips is larger in mode 2 than 1, so a larger
gradient of humidity is achieved. Otherwise, as the case in mode
1, when the two PPC films are close together, the desorbed wa-
ter creates a higher concentration of moisture surrounding the
films, and slows down the shape deformation speed. However,
in general, the speed of photo-responsive bending deformation
does not decrease compared to the pristine one after the welding
procedure.
Through the experiments above, we preliminary demonstrate

the basic reprogrammed actuators fabricated by welding of
the PPC film and MCP film, respectively. We anticipate that
these welding methods can provide new opportunities for fab-
ricating actuators with predesigned shapes and complex shape
morphing.
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Figure 5. Actuation performance of the welded actuator. a) Schematic diagrams for welding of the BL actuator through the PPC film or the MCP film
interfaces. b,c) SEM micrographs showing the welded interface of the M (b) and P (bottom) layers (c), respectively. d,e) Photos recorded during the
actuation cycle of reprogrammed BL actuators welded through the MCP film (d) and the PPC film (e). Time-dependent bending angles of the four arms
in the welded actuators when illuminated by IR LED, with the Mode 1 actuator in (f) and the Mode 2 actuator in (f), respectively.

3. Discussion

By combining humidity- and photo-responsive materials with
complementary properties, we obtained a double-stimuli-
responsive BL actuator (Figure 6). This work provides an effec-
tive strategy for the design of healable and stimuli-responsive
materials for robotic applications. This is one of the few reports
of an actuator that integrates stimuli-responsive deformation
and micro-scale healing performance from the LBL assembly
of two structurally reprogrammable materials. The structural
rearrangement triggered by environmental stimuli leads to i)
the healing function when the actuator is damaged since a
higher number of the stimuli-responsive polymer exposed at the
fractured surface will result in a lower rate of energy dissipation
for reconstructing the polymer network, and ii) the actuating
function due to the strain mismatch at the layer interface when
the actuator remains intact through the efficient energy absorp-
tion/dissipation pathways.[21] Compared to room-temperature
healable materials, the softening of our material could be con-

trolled by exposure to external stimuli, which also ensures the
mechanical stability and durability of the actuators in ambient
conditions.
The as-obtained BL actuator represents a new platform, which

can be broadened by incorporating various stimuli-responsive el-
ements that transform the energy inputs of stimuli into actuat-
ing or healing functions. Besides, the PPC and MCP films could
be exploited as coating or hosting materials for other stimuli-
responsive elements for more diverse multi-component systems
and soft robotics applications. In this respect, the mechanisms
of healing at the material interfaces are a topic of interest for our
future studies.

4. Conclusion

In summary, we employed a layer-by-layer casting method to fab-
ricate a healable actuator by integrating two stimuli-responsive
materials with compatible and complementary properties, which
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Figure 6. Humidity and thermal-induced actuation and healing of the bi-layered actuator through structural reconfiguration. Actuation deformation
mode and self-healing mode of the BL actuator in response to humidity and photo-thermal stimuli. Adapted from.[27]

undergo structural rearrangement induced by a humidifying–
drying and a heating–cooling treatment, respectively. Due to the
dynamic nature of bothmaterials, they can be activated under cer-
tain stimuli, which can lead to either an actuation or microscale
healing function depending on the integrity of the respective
layer. A powerful actuating strength is achievedwhen the actuator
is illuminated by an infrared LED. Moreover, the punctured ac-
tuator, as a whole device can be healed by humidifying–heating–
cooling treatment sequentially. In addition, the BL actuator can
be reprogrammed by welding two-bisected strips of the actua-
tor, which enables the deformation and change in the dimension
of the actuator’s shape readily. Welding of the BL actuators pro-
duces diverse and multi-mode actuation behavior. Importantly,
the healed and welded actuator maintained their actuation per-
formance after these reprogramming methods. Based on these
results, we anticipate that this hierarchical actuator holds great
promise in different applications wherever programmable struc-
tural reconfigurations are needed, such as artificial muscles, soft
robotics, or space exploration. Besides, we believe that the layer-
by-layer casting strategy will pave a new way for integrating mul-
tiple functional materials into novel and intelligent robotics.

5. Experimental Section

Layer-by-Layer Casting: The MCP film was prepared according to the
literature.[24] Generally, the prepolymer and curing agent of PDMS, Si-
CNC, Fe3O4 NP dispersion were mixed at a volume ratio of 2:20:1, poured
onto the Petri dish, degassed, and cured at 25 °C for 48 h. The as-obtained
MCP film was then treated with oxygen plasma (100 W, 3 min, 5 sccm O2)
to increase hydrophilicity as well as adhesion of the following PPC film,
which was obtained by casting of the mixed dispersion of PEDOT:PSS and
CMC as described in the previous research.[23]

Fourier Transform Infrared Spectroscopy (FTIR): The FTIR spectra of the
PPC and theMCP films were recorded at the ambient condition (T= 25 °C,
RH = 30%). The reflectance infrared spectra were collected through a
Bruker Vector 22 spectrometer with a diamond cell attenuated total re-
flection accessory module in the range of 800–4000 cm−1.

Scanning Electron Microscopy: The SEM measurements were per-
formed at the Electron Microscopy Center of Empa. Prior to measuring,
the samples were coated with carbon by the Safematic CCU-010 coating
machine. The sputtering time was 50 s and the thickness of the coating

was 10 nm. The morphology of the welded samples was characterized at
a high-resolution scanning electron microscope (Gemini SEM 460, Zeiss,
Germany). SEM micrographs were recorded using the SE2 and in-length
electron detector at an accelerating voltage of 2.00 kV. The cross-section
of the bi-layered actuator was detected by a field-emission scanning elec-
tron microscope (FEI Quanta FEC 650, Germany) coupled with an energy-
dispersive spectrometer (EDS, Bruker Flat Quad 5060F). The FESEMmea-
surement was carried out at a relatively low accelerating voltage of 0.5 kV
with an Everhart-Thornley detector.

Small-Angle X-ray Scattering: The SAXS experiments were carried out
at the P03 MiNaXS beamline at the synchrotron source PETRA III at
Deutsches Elektronen Synchrotron (DESY), Germany.[28] The experiments
were performed at the energy of 11.8 keV with a wavelength of � =

0.105 nm. The beam size was 80 × 56 µm2 (horizontal × vertical). The
sample-detector distance was kept at 9570 ± 5 mm. A Pilatus 2 m detec-
tor (Dectris AG, Switzerland) with a pixel size of 172 × 172 µm2 was used
for SAXS.

Small-Angle Neutron Scattering: SANS experiments were performed
using the Very Small Angle Neutron Scattering (VSANS) instrument BL-14
at the China SpallationNeutron Source (CSNS).[29] Neutron data were col-
lected with a wavelength range from 2.2 to 6.7 Å, employing a collimation
length of 12.75 m. Data reduction was performed using the direct beam
method which included measurement of the direct beam, solid angle, and
transmission correction as well as background subtraction.[29]

Analysis of the Small-Angle Scattering Data: To obtain a quantitative
analysis of the structural information, azimuthal cuts of the 2D SAXS and
SANS data were made by DPDAK v 1.4.1 software[30] in the indicated re-
gion from q= 0.03 nm−1 to q= 0.7 nm−1. The calculation of the scattering
length density (SLD) values of Fe3O4 NP, and Si-CNC/PDMS was con-
ducted by the calculating tool from the website of https://www.ncnr.nist.
gov/. All modeling of the SAXS curves was done using SASView v5.0.3
software,[31] which was an open-source analysis software for small-angle
scattering data. The �2 -values were used as an indicator for evaluating
the suitable fits.

Dynamic Vapor Sorption Analysis: Dynamic water vapor adsorption
and desorption were measured by an automated sorption balance device
(DVS Advantage ET85, Surface Measurement Systems Ltd., USA). Sam-
ples of 10 mg were dried for 6 h at 60 °C and at a partial water vapor pres-
sure of p/p0 = 0. The samples were then exposed to ascending p/p0 from
0 to 0.98 with a step of 0.05 for adsorption and then descending in the
same manner for desorption. The samples were exposed to a N2 flow rate
of 200 sccm.

Tensile Test: The mechanical properties of the constituent layers and
the bilayer were examined by a Zwick Z005 testing machine. Samples for
mechanical stretching were cut with a size of 40 mm × 8 mm (length ×

width). Three stripes for each sample were tested at the ambient condition
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(T= 25 °C, RH= 30%). The bottom clampwas attached to a 50N load cell.
The stretching rate was 10 mm min−1. The average thickness of the PPC,
MCP, and the BL films were 40 ± 5 µm, 400 ± 35 µm, and 400 ± 50 µm,
respectively. The data was recorded by textXpert II software. For simplic-
ity, only one representative strain–stress curve for each sample is shown
in the manuscript. The tensile strength and elongation-at-break were ob-
tained by averaging the values from three strain–stress curves for each
sample.

Photo-Responsive Actuation: 1) To quantify the photo-responsive bend-
ing deformation of the BL actuator, an IR LED at a wavelength of 780 nm
and a current density of 0 to 89 mW cm−2 was used in the ambient con-
dition (T = 25 °C, RH = 30%). The BL actuator (width × length: 5 mm ×

20 mm) was held by a clamp, and the free end of the sample was irradi-
ated by an IR LED until the bending angle reached the maximum, and the
LED was then switched off. The bending angle, bending radii, and curva-
ture were recorded by a video camera. At least three videos were taken to
obtain the parameters for analysis by Origin v2022 software. 2) To quantify
the photo-responsive actuation strength of the BL actuator, a Zwick Z005
testing machine was used. The data was recorded by textXpert II software.
The BL actuators (width × length: 5 mm × 20 mm) were stretched straight
at RH= 80%and fixed between the two holders of the testingmachine. The
middle part of the actuator was irradiated by an IR LED (780 nm, 89 mW
cm−2) for 60 s to generate a contractile force. Then the LED was switched
off, and the actuator was gradually cooled down by environmental humid-
ity for 62 s. Three samples were tested for measuring the light-induced
internal stress, and each of the measurements on each sample was re-
peated for 5 cycles.

Infrared Imaging: Temperature profiles on the BL actuators were cap-
tured by an infrared camera (ImageIR 8300 hp, Infratec AG.). The radi-
ation detector was an InSb quantum detector that was sensitive in the
2–5.7 µm wavelength range. During the measurements, the IR camera
recorded up to 200 frames per second with a resolution of 640 × 512 pix-
els at 0.149 mm per pixel. The samples with a size of (width × length:
8 mm × 20 mm) were fixed by two clamps and irradiated by LEDs with dif-
ferent wavelengths at the same current density of 89mW cm−2 until reach-
ing their maximum temperature, and the LED was then switched off. The
mountable LEDs were purchased from Thorlabs GmbH, Germany. The IR
camera was used to record the temperature variation during this process.
The highest temperature was obtained under the illumination of IR LED
(wavelength 780 nm). Therefore, the temperature of the samples was fur-
ther measured under IR LED at an increasing power density (2.5, 7.8, 13.4,
38, 68, and 89 mW cm−2).

Healing of the BL Actuator: The humidity- and heating-induced healing
of the PPC and the MCP films was observed under an optical microscope
(ZEISS SteREO Discovery.V20 ) with a 40 × objective. An “athlete” robot
was fabricated by cutting a BL actuator into a rectangular shape (width ×

length: 8 mm × 20 mm, 15 mg). A non-stimuli-responsive cargo (240 mg)
was attached to one side of the robot by coating a thin-layer of 10 µL glue
on the film surface. A needle was used to make a puncture through the
actuator with a diameter of injury of 500 µm. The actuator was first heated
at 60 °C for 0.5 h, and then subjected to a humid environment with RH of
70% for 0.5 h to heal.

Welding of the BL Actuators: The two welded actuators were prepared
as follows: two strips of the BL actuators (width × length: 8 mm × 25 mm)
were cut along the longitude direction. For mode 1: two pieces of the cut
actuator were overlapped in themiddle with PPC films at the interface with
the aid of a drop of water. After staying 0.5 h at the ambient condition,
the welded actuator was obtained. For mode 2: the other two pieces of
the cut actuators were overlapped in the middle with the PPC films facing
each other under moderate heating (60 °C) for 0.5 h to obtain the welded
actuator.

Calculation of Healing Efficiency: The healing efficiency (�) of the Bl
actuator was calculated in terms of the restoration of their maximum
strength (�), where �healed and �pristine represent the maximum strength
of the sample after healing and their pristine counterpart.

� =
�healed

�pristine
× 100% (1)

� =
�healed

�pristine
× 100% (2)

The healing efficiency of the BL actuator was described by the restora-
tion of its maximum bending angle (�), where �healed and �pristine repre-
sent the maximum curvature of the actuator after healing and its pristine
counterpart.
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Supporting Information is available from the Wiley Online Library or from
the author.
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