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Highly sensitive humidity-driven actuators based
on metal—organic frameworks incorporating
thermoplastic polyurethane with gradient polymer
distributionf
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Ambient humidity plays an important role in the fields of industrial and agricultural production, food and
drug storage, climate monitoring, and maintenance of precision instruments. To sense and control
humidity, humidity-responsive actuators that mimick humidity responsive behavior existing in nature,
have attracted intense attention. The most common and important class of humidity actuators is active
bilayer structures. However, such bilayer structures generally show weak interfacial adhesion, tending to
delaminate during frequent bending and restoration cycles. In this work, to address this problem, a novel
monolayer humidity-driven actuator with no adhesive issue is developed by integrating the swellable
metal-organic frameworks (MIL-88A) into thermoplastic polyurethane films. The proposed actuators
display excellent humidity response that under the conditions of relative humidity simulated with
saturated salt solution, the MIL-88A/polyurethane composite films show good self-folding response and
stability for recycling use. In addition, a deep insight into the self-folding of the composite films is also
provided and a new response mechanism is proposed. In this case, the results show that both the
preparation method and response properties of the humidity actuators are improved. Therefore, it
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Introduction

In nature, many organisms instinctively respond to external
stimuli to defend against external invasion, prey or reduce
nutrient loss and other purposes.™ These ubiquitous stress
response mechanisms enable biological structures to translate
physical or chemical signals into macro-movements, changing
shape, size, or other properties in response to environmental
stimuli. These mechanisms play a crucial role in many biolog-
ical processes.* For example, some of the leaves of Mimosa will
close up in pairs when stimulated by contact, vibration, etc. If
the stimulus is stronger, the leaves of the whole plant will even
close up, with a speed of up to 15 mm s~ *. The leaves of Venus
flycatchers can sense insects and close within a second to
effectively capture prey by triggering shock resistance.” Sea
cucumbers can alter the stiffness of their dermis within seconds
to obtain survival advantages.® Recently, inspired by these
attractive biological examples, various outstanding artificial
intelligence actuators that can translate changes in
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suggests a new promising way to develop and design flexible humidity actuators.

environmental conditions into mechanical responses have
attracted wide attentions.” Up to now, the integration of
sensing, reporting and locomotion functions with intelligence
actuators to enhance the intelligence has become the develop-
ment trend.? These intelligence actuators show great promise in
environment monitoring,*'® precision medicine,"*™ soft
robotics'*** and encapsulation,'®" etc.

As one of the most important physical quantities, the
monitoring and control of ambient humidity plays an impor-
tant role in the fields of industrial and agricultural production,
food and drug storage, climate monitoring and maintenance of
precision instruments.’*** Generally, the most common
important structure of a humidity actuator is bilayer, which
consists of an active layer and an inactive layer that differ in
their hygroexpansion properties, generating a bending
motion.”** The reported materials for active layer are electro-
active polymers (EAPs),>**” liquid crystal elastomers (LCE),*®
hydrogels,” sodium alginate,*® paper coated with MXene,*"
carbon nanotube,** graphene oxide (GO)* or toner,* etc. Ma
et al.* fabricated a humidity-responsive walking device using
a poly(acrylic acid) (PAA)/poly(allylamine hydrochloride) (PAH)
film as the upper active layer and a UV-cured Norland Optical
Adhesive 63 (NOA 63) as the underlying layer. The cross-linked
PAA/PAH layer has great ability to adsorb/desorb water mole-
cules with increasing/decreasing environmental humidity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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When the relative humidity (RH) was decreased from 12% to
5%, the upper PAA/PAH layer contracted as it lost adsorbed
water molecules and the NOA63 layer remained unchanged.
This large mismatch in contraction led the bilayer film to bend
clockwise to nearly 180° within 9 s. Furthermore, when the RH
was increased to its original level (12%), the bilayer film
returned to its initial shape within 27 s. The load output by the
actuator was 0.375 mN, which was 128 times larger than the
weight of the actuator. Li et al.?® reported a humidity-responsive
caterpillar-mimetic bilayer actuator based on a wrinkled poly-
dimethylsiloxane elastomer decorated with a hydro-responsive
polyelectrolyte brush. The bilayer structure was prepared by
oxygen plasma treatment onto a uniaxially pre-stretched poly-
dimethylsiloxane (PDMS) sheet, which led to the formation of
a thin and stiff sheet lying on top of the soft and thick PDMS at
outer surface region. After removing the strain the PDMS sheet
was then modified on one single side, by growing a poly-
electrolyte brush of poly(3-sulfopropyl methacrylate potassium
salt) (PSPMA) on the surface, turning the hydrophobic PDMS
into hydrophilic one. Interestingly, these self-folding films can
fold ultrafast into complex 3D structures upon a change in the
RH of the surrounding air and can perform active movement on
surfaces with a roughness gradient. Zheng et al.*” demonstrated
a preparation of humidity-responsive bilayer actuators with the
same materials for the actuating and supporting layers to avoid
the low adhesive issue of bilayer actuators during frequent
usage. This kind of bilayer actuators comprises nonporous and
porous PAA/PAH films that act as actuating and supporting
layers, respectively. The nonporous PAA/PAH layer can absorb
water molecules to expand in an environment with increased
RH. Meanwhile, the pores of the porous PAA/PAH layer can
provide free volume to suppress the expansion of the film after
adsorption of water molecules in increased RH. However, such
humidity actuators with bilayer structures generally show weak
interfacial adhesion, tending to delaminate during frequent
bending and restoration cycles. Moreover, shape-
transformations of bilayers are limited to self-rolling struc-
tures,*® which precludes creation of 3D architectures of greater
complexity. Thus, a more convenient approach to design
custom morphable 3D objects is to fabricate monolayer actua-
tors for their industrial applications. Pan et al.** designed and
manipulated the microstructure of GO films to fabricate
a humidity actuator with a sole asymmetric graphene oxide
(AGO) film. The AGO film was responsive to moisture and
showed a maximum bending angle change of =1800°, exhib-
iting a superior bending capability. Troyano et al.***° incorpo-
rated crystals of the flexible MIL-88A metal organic frameworks
(MOFs) into a polyvinylidene fluoride (PVDF) matrix and fabri-
cated a humidity actuator by a drop-casting method. It shows
a shape-memory effect at relative humidity values from 60% to
90% and undergoes reversible shape transformations upon
exposure to polar solvents and vapors. They also used a chem-
ical etching method to generate a vertical gradient of MOFs
crystals within the PVDF film, enhancing folding response and
programmable self-folding deformation of the actuator. The
results show that a unique and programmable self-folding
deformation of the polymer film can be achieved through
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controlling the gradient distribution or microstructure of the
breathing MOFs particles. Xu et al.** applied an acoustic field-
assisted projection stereolithographic (A-PSL) process to
prepare self-folding MIL-53 (Fe) composite films. The gradient
distribution or microstructure of breathing MOFs was
controlled by acoustic manipulation, achieving controllable
self-folding deformation direction of the polymer films.

MOFs composites are a promising candidate for flexible
humidity actuators since they have comprehensive performance
of MOFs and polymers. On one hand, in the past decade MOFs
have been used extensively for the fabrication of chemical
sensors and biosensors in combination with the solid-state
devices.””™ As a flexible MOFs series, MIL-88(Fe) (MIL =
Materials from Institute Lavoisier) has attracted widespread
attentions because of its ability that the unit-cell volume can
reversibly increase after absorbing the polar solvent molecules
due to the hydrogen bond interaction between the guest mole-
cule and the skeleton.*** However, their application for
humidity actuators has been barely researched. On the other
hand, thermoplastic polyurethane (TPU), a multisegmented
copolymer, not only has excellent physical and chemical prop-
erties, such as excellent flexibility, elasticity and good vibration
resistance, but also has biodegradable environmental protec-
tion characteristics. It has been widely used in medical and
health, electronic appliances and other aspects.*® Hence, the
combination between MIL-88 series and TPU can provide a new
way to design and develop environmentally friendly high-
performance humidity actuators with flexibility property. To
the best of our knowledge, no MOFs-based mixed matrix films
with TPU serving as a binder have been reported for the
humidity actuators. Thus, in this work, to make a step forward
the MOFs-based humidity actuators, a simple drop-coating
process was proposed to prepare humidity actuators with
a single-layer structure film called MIL-88A@TPU films without
a reported A-PSL or HCI etching process. The composite films
were prepared by a MIL-88A-based ink consisting of MIL-88A as
the core swell part and TPU as the body material. A rotary
evaporation method was introduced to evaporate solvent and
better disperse MIL-88A. The scope of this work is to demon-
strate the feasibility of MIL-88A@TPU films to response to
humidity with high sensitivity. To intuitively evaluate the
moisture response of the MIL-88A@TPU films, we track the
adsorption/desorption processes between 10% RH and 90% RH
humidity. In fact, it can readily readopt their initial planar
shape through hair dryer. In addition, we investigate the
different shape changes of the MIL-88A@TPU films under
different bending and restoration cycles. Moreover, a new
response mechanism is proposed to validate the bending and
restoration processes for the MIL-88A@TPU films.

Experimental
Materials

All solvents and reagents were purchased from commercial
suppliers. All chemicals were of analytical grade and used
without further purification. TPU (BASF Elastollan Soft 35A)
were purchased from BASF Co., Ltd. Fumaric acid (C,H,0,) and
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PVP (M8000 k16-18) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. FeCl;-6H,0, N,N-dime-
thylformamide (DMF), methyl alcohol and ethyl alcohol were
purchased from Shanghai Macklin Biochemical Co., Ltd. Water
used in all experiments was deionized.

Synthetic procedures

Synthesis of MIL-88A(Fe). The MIL-88A(Fe) was synthesized
following literature procedure.”*** Briefly, iron(m) chloride
hexahydrate (FeCl;-6H,O) (1.35 g, 5 mmol), fumaric acid
(0.58 g, 5 mmol) and PVP (1.5 g) were firstly dissolved in 10 mL
N,N-dimethylformamide (DMF). The solution was then trans-
ferred to a Teflon-lined stainless steel Parr bomb with 30 min
vigorous stirring and heated in a draught drying oven at 85 °C
for 16 h. After cooling, the resultant brown precipitate was
collected by centrifugation, washed thoroughly with DMF and
methanol, and dried overnight under vacuum at 80 °C.

Preparation of homogeneous MIL-88A@TPU films

For a typical MIL-88A@TPU formulation with 60 wt% of MIL-
88A, 0.3 g dry MIL-88A powders were dispersed in 5 mL
ethanol with bath sonication for 10 min in a scintillation vial.
0.2 g of TPU solution (dissolved in 5 mL DMF at 50 °C for 30
min) was then added into the above MIL-88A suspension such
that the final MIL-88A:TPU ratio was 3 : 2 w/w. The combined
MIL-88A/TPU suspension was then sonicated for 10 min in an
ultrasonic bath, after which the ethanol was removed by rotary
evaporation, resulting in a MIL-88A ink of MOFs and TPU in
DMF. 1 mL of the prepared inks was drop casted onto a quartz
slide (25 x 25 mm) and the solvent was evaporated off at 80 °C
in an oven for 120 min. Finally, the resulting MIL-88A@TPU
film was detached from the quartz substrate by immersion in
water, washed thoroughly with ethanol, and air dried.

Measurement of humidity response performance

The humidity response performance of the actuator was
analyzed by measuring the change in curvature in response to
the RH varying from 30% to 90%. According to the RH table of
the saturated salt solution, five different saturated salt solutions
were prepared to represent the corresponding humidity at
30 °C, respectively (see Table S1t). A square glass jar containing
50 mL of the saturated salt solution was placed in an oven,
where the temperature was always kept at 30 °C. The prepared
MIL-88A@TPU film was suspended in the glass jar during the
humidity response performance evaluation and the change in
the curvature of the composite film was monitored using
a phone.

Measurement of cyclic humidity response performance

The MIL-88A@TPU films were dried at 80 °C for 30 min before
humidity response cycling, then suspended in a glass bottle
containing NaCl saturated solution and placed at 30 °C for
10 min. The composite film was then taken out and dried at
80 °C for 5 min. During repeating the experiment 20 times, the
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change in the curvature of the films was monitored using
a phone.

Characterization

Powder X-ray diffraction (XRD) patterns under ambient condi-
tion were collected on a Rigaku SmartlabSE X-ray diffractometer
at 40 kV, 40 mA for Cu Ka (I = 1.5418 A), with a scan speed of 2 s
per step, a step size of 0.05° in 26, and a 26 range of 5-50°. Field-
emission scanning electron microscopy (FESEM) images and
energy dispersive X-ray (EDS) mapping were taken with a ZEISS
GeminiSEM 500 scanning electron microscope, using
aluminium as a support. The Brunauer-Emmett-Teller (BET)
surface calculations were carried out from N, adsorption-
desorption isotherms measured by Micromeritics ASAP2010 at
liquid nitrogen temperature (77 K) after dehydration under
vacuum at 393 K for 8 h.

Results and discussion
Design and preparation of the MIL-88A@TPU films

Typically, the MIL-88A@TPU films with stable and flexible
properties, were fabricated from MIL-88A inks prepared with
pre-dispersion of MIL-88A in ethanol and subsequent addition
of TPU solution using a modified method according to the
previous reports.>® Hence, we started by synthesizing MIL-88A
crystals, using a surfactant-assisted method. These sub-
micrometer-sized MIL-88A crystals (Fig. S1 and S27) were then
used to fabricate MIL-88A@TPU films with a wide range of MIL-
88A loading contents from 40 wt% to 90 wt%. The MIL-
88A@TPU film with x wt% of MIL-88A is named as xMIL-
88A@TPU. The schematic diagram illustrating the fabrication
process of the MIL-88A@TPU films was presented in Fig. 1. The
TPU/DMF solution was added to the MIL-88A pre-dispersed in
the ethanol solution and ultrasonically treated, followed by
rotary evaporation to remove the ethanol, thereby obtaining the
MIL-88A inks as the drop-casting solution. As expected, pre-
dispersing the MIL-88A crystal particles in the solvent can
effectively reduce the agglomeration effect of the MIL-88A
particles. In order to further optimize the dispersion of the
MIL-88A particles, a rotary evaporation method was further
used. It is noteworthy that the introduction of rotary evapora-
tion can not only remove the solvent used to disperse the MIL-
88A particles, but also make the MIL-88A and TPU phase more
uniformly in the DMF solution.

0|
MIL-88A - /
TPU . ~ ultrasonic oscillation p /
]

MOF-inks

rotary evaporation

Drop-casting

Fig. 1 The schematic diagram illustrating the preparation process of
the MIL-88A@TPU films.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08174h

Open Access Article. Published on 23 November 2021. Downloaded on 3/30/2026 10:11:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Fig. 2 FESEM images of the MIL-88A@TPU films with different MIL-
88A loadings. (a) 40 wt%; (b) 50 wt%; (c) 60 wt%; (d) 70 wt%; (e) 80 wt%;
(f) 90 wt?.

Morphology and microstructure of the MIL-88A@TPU films

To investigate the effects of MOF loading contents on the film
morphology and microstructure, the MIL-88A@TPU films with
varying MIL-88A loadings were characterized by FESEM. The
FESEM (seen in Fig. 2) analyses have revealed the formation of
a uniform with an isotropic distribution of the MIL-88A crystals
inside the entire composite film. At low loadings of MIL-88A
crystals, we have observed that there are essentially no macro-
voids between the MIL-88A and the TPU phase, and that the
TPU phase fills the voids among the MIL-88A particles and coats
the surface of the MIL-88A particles. With increasing the MIL-
88A loadings (=60 wt%), the MIL-88A crystallites play a domi-
nant role in the morphology of the composite film, which leads
to the appearance of obvious macropores. The fact that the
crystallinity of MIL-88A crystal particles in the composite films
remains unchanged was further examined by the powder X-ray
diffraction results, as shown in Fig. 3. The main diffraction
peaks of pristine MIL-88A are located at (010), (011) and (002)
(Fig. S17). These results are in good agreement with those re-
ported.>>*° It is observed that the same characteristic peak at 26
=10.2° is present for the composite films with 40 wt%, 50 wt%,
60 wt%, 70 wt%, 80 wt%, and 90 wt% MIL-88A loadings as
ascribed to the (011) crystal plane of MIL-88A. Thus, the XRD
patterns indicate that the microstructure of the MIL-88A is

' | 60 wt.%
N
Z A 70 wt.%
5 | _ A . FRY TR T W, (00 ]

Mr‘ LA e e K aen0nt%,

MIL-88A

5 10 15 20 25 30
Two Theta

Fig. 3 XRD patterns of the pristine MIL-88A powders and MIL-
88A@TPU films with different MIL-88A loadings.
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preserved in the MIL-88A@TPU films. To demonstrate that the
porosity of the MIL-88A is still retained in the MIL-88A@TPU
films, the N, adsorption-desorption isotherms for MIL-
88A@TPU films with different loadings of the MIL-88A were
measured at 77 K (seen in Fig. S3t). The surface area and pore
volume of bare TPU films, MIL-88A powders and MIL-88A@TPU
films are summarized in Table S2.f The BET surface area of
MIL-88A powders is 281 m> g~ ', which is basically consistent
with the reported.®® In addition, for the prepared mixed matrix
films, the sample with the highest surface area is the 70MIL-
88A@TPU film with a 32.87 m® g~ !, which indicates that the
porosity of the MIL-88A has been retained in these composite
films. These findings clearly demonstrate that both the micro-
structure and the porosity of MIL-88A have been preserved in
the composite films.

Humidity responsibility of the MIL-88A@TPU films

It is well known that a saturated solution of salt at a constant
temperature is equivalent to a fixed humidity value. Hence we
selected the simulated salt solutions instead of ambient
humidity response to examine its humidity sensitivity (seen in
Table S171).*” According to the relative humidity table of the
saturated salt solution, the saturated MgCl,, K,CO3, NaBr, NaCl,
and KCl aqueous solutions were prepared, respectively and
placed in sequence in an electric blast oven at a constant
temperature of 30 °C.

To find the optimal MIL-88A content, the influence of MIL-
88A particles loading contents on the moisture response of
the MIL-88A@TPU films was firstly studied. Two important
parameters (recoverability and curl ability) for humidity actua-
tors are considered to evaluate moisture responsibility. Fig. 4a
is the humidity response results of three MIL-88A@TPU films
with different MIL-88A loadings (40 wt%, 60 wt% and 80 wt%,
respectively) under various humidity conditions for 10 min. The
RH in the humidity actuator testing experiments was increased
from 32% RH to 83% RH. It is found that the bending degree of
each composite film sample increases with the increase of RH.
In addition, it is noteworthy that all the composite films
respond in the same curl direction, curving from the bottom
surface in contact with the quartz substrate used in film prep-
aration to the upper. To our surprise, the 60MIL-88A@TPU film
showed the best humidity response ability. When the MIL-88A
loading content is less than 60 wt%, the more MIL-88A
content in the composite film, the greater the degree of
bending under the same humidity condition. However, when
the loading content of MIL-88A in the composite film is greater
than 60 wt%, the bending degree of the composite film becomes
smaller, and even the composite film with the content of 80 wt%
does not show obvious bending phenomenon when the RH is
low. All of the composite films can quickly return to their flat
state after heating, which endows them with reversible and
reusable ability. In order to assess the change in the bending
degree of the composite film during the humidity response, the
rotation angle (6) of the composite film was measured from the
video shot (seen in Fig. 4b) and the curvature k was calculated by
the following formula:

RSC Adv, 2021, N, 37744-37751 | 37747
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Fig. 4 (a) Digital pictures of curl process of humidity actuators with
different MIL-88A loadings (40 wt%, 60 wt% and 80 wt%) at relative
humidity variation. (b) Schematic diagram for the calculation of the
rotation angle (6) of the MIL-88A@TPU films (not drawn to scale). (c)
Dependent of bending curvature on ARH for the MIL-88A@TPU films
with MIL-88A loadings of 40 wt%, 60 wt% and 80 wt% (exposure time
was 10 min).

T 0
T180° L (1)

where 6 is the bending angle and L is the free bending length of
composite film. In the experiment, L is about 2.50 cm. The trend
of the curvature as a function of RH presented in Fig. 4c shows
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that for the three composite films the curvature increases very
slowly until the RH up to 43% RH, surges when the humidity is
56% RH and further increases up to a maximum, respectively.
Besides, compared to the other two composite films (40MIL-
88A@TPU and 80MIL-88A@TPU), the 60MIL-88A@TPU
composite film exhibits a more intense bending phenom-
enon. Its curvature increases sharply when the RH is greater
than 56% RH, and finally reaches a maximum of 3.97, which is
about four times that of the SOMIL-8SA@TPU film at 83% RH.
When the RH is low (RH =43%), the curvature of the 60MIL-
88A@TPU film is almost three times that of the 40MIL-
88A@TPU film, while it is unexpected that the 8OMIL-
88A@TPU film has almost no significant bending and the
curvature is basically 0.

The above experimental results show that the bending
response of the humidity actuator under humidity condition is
the result of the combined effect of TPU and MIL-88A crystal
particles. Due to the inherent breathing effect of MIL-88A
MOFs, we speculate the main reason for this curl phenom-
enon is that the MIL-88A crystal particles expand after
absorbing water molecules from the surrounding moisture
environment and thus generate stress inside the MIL-88A@TPU
film. The uneven vertical gradient distribution of TPU phase in
the composite film results in unbalanced stress distribution, so
that the composite film curls from the bottom up (seen in
Fig. 5). The FESEM images of the top and bottom of the MIL-
88A@TPU films with different MIL-88A loadings (40 wt%,
60 wt%, and 80 wt%, respectively seen in Fig. 6a—f) and EDS
mapping results of the cross-section of the 60MIL-88A@TPU
film (seen in Fig. 6g-1) further reveal our hypothesis. When
the loading of MIL-88A crystal particles is less than 60 wt%, the
breath effect of MIL-88A becomes more obvious with the
gradual increase of MIL-88A content in the composite film. The
TPU phase wraps around the crystal particles can effectively
transfer the stress caused by crystal expansion, thus causing the
composite film to curl. However, when the loading content of
MIL-88A exceeds 60 wt%, a large number of large pores appears
in the composite film (seen in Fig. 6e and f). The expansion of
the MIL-88A particles allows these large pores to be filled
without excessive stress transfer. The content of TPU in the
composite film is too little to transfer the stress caused by

TPU

5 MIL-88A

Fig. 5 Schematic illustration of the bending of a MIL-88A@TPU film
after expansion at 40% RH, 60% RH and 80% RH and the vertical
gradient distribution of TPU phase.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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d)

Fig. 6 FESEM images of (a—c) upper, (d—f) bottom of the MIL-
88A@TPU films with different MIL-88A loadings ((a and d) are 40 wt%,
(b and e) are 60 wt%, (c and f) are 80 wt%).FESEM images of (g) upper,
(h) bottom of the MIL-88A@TPU films with 60 wt% MIL-88A loading
and EDS mapping of Fe element distributed on the (j) upper, (k)
bottom; (i) FESEM images and () EDS linear analyse of Fe element
distributed on the cross-section of the MIL-88A@TPU films with
60 wt% MIL-88A loading.

crystal expansion of MIL-88A crystal particles after absorbing
water molecules. In contrast, the TPU phase is mainly located in
the region close to the bottom layer, as indicated by comparing
the FESEM images of the upper and bottom of each MIL-
88A@TPU film (seen in Fig. 6a-f). The main reason for this
phenomenon is attributed to the low attraction interactions
between TPU and MIL-88A crystals and the strong attraction
interactions between TPU and quartz substrate. The TPU
segment density nearby the TPU/substrate interface layer
increases when dropping into quartz substrate, while the TPU
segment density of the interlayer changes in the opposite way.
More and more TPU segments in the interlayer region diffuse to
the interlayer region of TPU/substrate, resulting in a vertical
gradient distribution of TPU segment in the MIL-88A@TPU
film. These results have proved that the composite films with
a gradient distribution of TPU phase are beneficial for the
deformation of humidity response. Therefore, use of our
method will provide a new route and insight for fabricating
flexible humidity actuators.

Next, on the basis of the above systematic studies, we further
investigate the effects of the contact time and cycling times on
the humidity response sensitivity of the MIL-88A@TPU films
using 60MIL-88A@TPU. For the comprehensive consideration
of economic cost and humidity sensing performance, a batch of
60MIL-88A@TPU films were exposed to the above series of
saturated salt solutions. As shown in Fig. 7a, when the RH is low

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the curvature of the composite film does not change much,
basically floating around 1.5 cm ™. But as the RH is increased,
the composite films exhibit a bending motion by absorbing the
water molecules continuously. The final curvature increases
progressively from 1.5 cm™" to 4.0 em™" within 10 min as the
RH is increased from 32% to 83%. For the reproducibility test,
we also tested that the change in the curvature of the composite
films upon dried at 80 °C and then exposured to NaCl saturated
salt atmosphere to absorb water molecules for 20 cycles. The
results shown in Fig. 7b, demonstrate that the self-folding
capacity of the MIL-88A@TPU film are maintained. This
stability in response to humidity is conducive to a wide range of
industrial applications.

To demonstrate the possibility of the practical applications
of the MIL-88A@TPU films, a self-folding MIL-88A@TPU strip
(length: 2.5 cm; width: 0.8 cm) that can walk as the humidity is
cycled was fabricated (seen in Fig. 8a, b and Video S1t). On one
hand, we found that when the composite film was immersed
into water, it curled instantaneously and curled within five
seconds, and then unfolded slowly for three minutes (seen in
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Fig. 7 (a) Dependence of changes in curvature of the MIL-88A@TPU

on ARH with different contact time. (b) Dependent of bending
curvature on ARH for MIL-88A@TPU films with MIL-88A loadings of
60 wt% (exposure time is 10 min and cycle 20 times).
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Fig. 8 (a) Schematic representation of the fabrication of the self-
folding MIL-88A@TPU strip. (b) Self-walking of the MIL-88A@TPU strip
driven by changing the environmental humidity. (c) Photographs of
a MIL-88A@TPU film lifting cargo that is two-times heavier, upon
exposure to water vapour.

Video S21t). On the other hand, in order to speed up the 2D to 3D
transformations of the MIL-88A@TPU strip, we placed a heating
rod next to the composite film. The results show that the MIL-
88A@TPU strip exhibits unidirectional motion when exposed
to the change of RH and its crawling speed is approximately
0.083 mm s~ '. When the RH increases, the strip bends
symmetrically, while it stretches forward when the humidity
decreases along the smooth glass. Meanwhile, to study its load-
bearing capacity, a MIL-88A@TPU film was suspended and
exposed to water vapour, the composite film was able to lift the
object that is two times heavier at least (seen in Fig. 8c and
Video S3t). We conclude that our composite films exhibit highly
sensitive and reversible macroscopic deformations. As a result,
it shows potential applications in areas such as humidity
sensing or soft robotics.

Conclusions

In summary, we have successfully fabricated a humidity-driven
actuator which called MIL-88A@TPU films by incorporating
flexible MIL-88A crystals into TPU matrix. It can respond to the
change of ambient humidity by self-folding, and shows good
stability under the condition of relative humidity of 75%. In
addition, the experimental results show that the exposure time
and the content of MIL-88A have a great influence on the
moisture response performance of the composite films. The
composite films curl from the bottom up, which is attributed

37750 | RSC Adv, 2021, N, 37744-3775]
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the uneven vertical gradient distribution of TPU phase in the
composite film resulting an unbalanced stress distribution. We
think this simple design has promised a new insight and route
to humidity actuators and a wide range of practical applications
in the fields of humidity sensing and soft robots.
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