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Chao Fang, Kaixiang Yang, Qiang Zhou, Kang Peng and Haiyang Yang *

Hydrogels with bilayer structures, known as actuators, have attracted increasing attention in recent years

due to their sophisticated intellectual functions such as pine-cone-like bending and pod-like twisting in

response to temperature, light, pH, special solvents etc. Herein, we synthesized a monolithic hydro/

organic actuator by a direct one-step interfacial-incompatible polymerization of hydrophilic and

hydrophobic vinyl macromolecular monomers, PEGMA and PPGMA, which were dissolved in water and

ethyl acetate solutions, respectively. We found that the hydro/organo actuator exhibited directional,

bidirectional, and site-specific bending behaviour under a single stimulus. In water and non-polar

organic solvents, the hydro/organo actuator exhibited opposite bending behaviour as expected.

However, in organic solvents, the hydro/organo actuator also exhibited quite different bending

behaviour, depending on the polarity of the organic solvent. The hydro/organo actuator even

experienced a dual responsive action in response to a single stimulus. We also found that such a hydro/

organo actuator could be used effectively at low temperatures. The mechanism and potential

applications of hydro/organo actuators based on PEGMA-b-PPGMA were also discussed and provided.
1. Introduction

The morphological transition of bio-organisms1–5 has become
a source of inspiration in many elds, such as articial
muscles,6–8 so robotics,9–11 sensors12 and complex shape engi-
neering.13 For example, leaves of the Venus ytrap trap insects
due to asymmetric contraction of cell layers on the inner and
outer surfaces of the leaves.4 Mimosas receive heat, light, or
touch from the outside world, resulting in dehydration and
closure.1,2 By mimicking these hierarchical structures found in
complex nature, 3D networks of so-active anisotropic multi-
layer hydrogels are deformed by a variety of external stimuli
such as temperature,14–16 pH,17–19 light,20–22 and electric
elds.23–25

A typical bilayer hydrogel usually consists of two layers of
hydrogel with different expansion coefficients. One layer is
known as the active layer, which responds to specic environ-
mental stimuli by swelling or deswelling and the other is called
the passive layer, which does not respond to the same stimuli.
Ionov et al.26–28 proposed a spin-on gel and achieved multi-step
motion of the composite using a swollen biomimetic hydrogel-
based structure. However, the manufacturing process of these
actuators was complicated and they generally could not be
synthesized in one step. Additionally, they were accompanied by
stry, School of Chemistry and Materials

gy of China, Hefei 230026, P. R. China.

tion (ESI) available. See DOI:

01
a pretreatment process such as dialysis, which was quite time-
consuming. In order to solve the above problems, Jiang et al.29

obtained hydro/organo Janus actuators by using a special
interfacial polymerization method based on the characteristics
of hydrophilic monomer aqueous solutions and hydrophobic
monomer organic solutions. The resulting amphiphilic block
copolymer with different hydrophilic/hydrophobic motions can
act as an intelligent sensor element for solvent leak detection.
The above Janus actuator can be used in water as well as in
organic solvents. However, it cannot be used at low tempera-
tures, and has the same bending direction in different organic
solvents. In other words, the bending direction is not selective
for polarity of the organic solvent. There are no reports of
actuator materials that can be used at low temperatures that
bend in relation to solvent polarity.

Hydrogels have an obvious disadvantage. If the temperature
is lowered below 0 �C, hydrogels freeze and become rigid and
brittle.30 Therefore, in all actuators which consist of hydrogels,
the hydrogels lose their desirable properties once the temper-
ature decreases below the freezing point of water, severely
limiting their use in this temperature range. Enlarging the
temperature range of applications of actuators is an urgent
problem to be solved.

Polyethylene glycol (PEG) is a synthetic polymer which is
a linear or branched, nontoxic, and biocompatible macromol-
ecule that can be soluble in water and various organic
solvents.31 Amphiphilic gels – another area of usage of PEG – are
three-dimensional networks which contain both hydrophilic
and hydrophobic segments that can absorb water and organic
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 SEM images of the cross-section of the Janus copolymer; the
scale bar is 10 mm.
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solvents.31–33 In addition to the high water absorption properties
of these PEG-based materials, recently studied PEGDA polymer
materials have a high absorption capacity in various polar
solvents,34–36 but do not absorb non-polar solvents.34

Polypropylene glycol (PPG), which is usually produced by the
ring opening polymerization of propylene oxide, is a polymer
with alternating hydrophobic and hydrophilic groups in
molecular chains. PPG displays some degree of hydrophobicity
due to the additional methyl group in each repeating unit. It is
insoluble in water, especially when the molecular weight is
greater than 740 gmol�1. PPG polymers can demonstrate highly
hydrophobic properties at higher molecular weights.37–41 The
PPG structure has good polarity and solubility as well as good
stability and hydrolysis resistance as reported.42

Here, due to incompatibility between the hydrophilic vinyl
monomer PEGMA (polyethylene glycol methyl ether methacry-
late) and the hydrophobic high molecular weight monomer
PPGMA (polypropylene glycol monobutyl ether acrylate), we
macroscopically prepared hydro/organo Janus copolymer strips
by interfacial polymerization of PEGMA and PPGMA (Fig. 1).
These hydro/organo Janus copolymer strips showed a multi-
responsive shape transition (Fig. 3). The binary synergy of the
hydrogel and organogel networks allows the Janus copolymer
strips to have unidirectional and specic bending in aqueous
solutions and various organic solvents. All of these shape
transitions are due to the combined effect of different expan-
sion coefficients between the hydrogel network and the orga-
nogel network in the copolymer strips. In addition, due to the
hydration of PEGMA, the PEGMA hydrogel does not freeze at
low temperatures, making PEGMA-b-PPGMA Janus copolymers
usable at low temperatures. We therefore rst produced an
actuator which responds to various organic solvents, but this
Janus copolymer also has the unique characteristic of solvent
polarity response. Apart from the general actuator performance,
both PEGMA and PPGMA gels can be used in many organic
Fig. 1 Design of the shape-shifting hydro/organo Janus copolymer
strips. The Janus strip was synthesized via an interfacial polymerization
of hydrophobic and hydrophilic monomer solutions.

This journal is © The Royal Society of Chemistry 2018
solvents, so that when a part of the Janus copolymer is
immersed in a solvent, it can be bent. When completely
immersed, the Janus strip has a second response which is
gradual attening or even reverse bending. In addition, the
synergy between the hydrogel network and the organogel
network allows the Janus copolymer strips to function as an
intelligent sensor element for solvent leak detection. With its
dual response, alarming and post-disposal of solvent leaks can
be performed spontaneously. This provides a potential new idea
in the elds of industrial application (alarm and post-
processing of fractionation tower fractions) and medical treat-
ment (lung uid detection and treatment).
2. Experimental
2.1. Materials

Acrylic acid (AA), polypropylene glycol 2000 (PPG,Mn ¼ 2000), p-
toluenesulfonic acid (p-TsOH), hydroquinone, sodium bicar-
bonate (Na2CO3), polypropylene glycol monobutyl ether 2500
(PPGM,Mn ¼ 2500), petroleum ether (PE), ethanol (EtOH), ethyl
acetate (EA), toluene (TL), tetrahydrofuran (THF), acetone (CP),
N,N-dimethylformamide (DMF) and benzene were purchased
from Sinopharm Chemical Reagent Co. Ltd. Poly(ethylene
glycol) methyl ether methacrylate 500 (PEGMA, Mn ¼ 500), poly
(ethylene glycol) diacrylate 700 (PEGDA, Mn ¼ 700), 1-hydrox-
ycyclohexyl phenyl ketone and 2-hydroxy-40-(2-hydroxyethoxy)-2-
methyl benzophenone were purchased from Sigma-Aldrich. All
chemicals used were of reagent grade without further
purication.
2.2. Synthesis of polypropylene glycol diacrylate (PPGDA)
and polypropylene glycol monobutyl ether acrylate
(PPGMA)42,43

In a 500 mL three-necked ask, 0.025 mol PPG, 0.035 mol
acrylic acid, 50 mg hydroquinone as an inhibitor and 200 mL
benzene as the solvent were added, followed by reuxing for 2
hours. Subsequently, 0.0029 mol p-toluenesulfonic acid was
added and the mixture was reuxed for 9 hours. Then, sodium
carbonate was added to stop the reaction, and was kept stirring
for 2 hours at 40 �C. The reaction mixture was ltered and the
remaining solvent was evaporated on a rotary evaporator to gain
the product (yield: 94.18%). The synthesis of PPGMA (yield:
93.58%) was carried out by the same procedure as that for
PPGDA (ESI Scheme S1†).
RSC Adv., 2018, 8, 35094–35101 | 35095
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Fig. 3 (a) Bidirectional bending under the binary cooperative effect of
the hydrogel network and the organogel network. Immersed in high
polarity solvents (aqueous solution), the hydrogel network of the Janus
strip had a greater swelling rate than the organogel, leading to bending
of the Janus strip with the organogel network inwards. The Janus strip
bends with the hydrogel network inwards when immersed in low
polarity solvents (toluene), due to the swelling of the organogel
network. The obtained PEGMA hydrogel networks were dyed tawny
with rhodamine. (b) Photographs of the bending processes.
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2.3. Preparation of the PEGMA-b-PPGMA Janus actuator

The reactive aqueous solution was composed of 5mol L�1

monomer PEGMA500, PEGDA700 (1 : 200 molar ratio of
monomer) as the crosslinker, and 2-hydroxy-40-(2-hydrox-
yethoxy)benzophenone (10 mg mL�1 reaction solution) as the
photoinitiator. The reactive organic solution consisted of
5 mol L�1 monomer PPGMA2500, PPGDA2000 (1 : 200 molar
ratio of monomers) as the crosslinker, and 1-hydroxycyclohexyl
phenyl ketone (20 mg mL�1 reaction solution) as the photo-
initiator. Then, a certain amount of the hydrophilic reactive
solution and the organic reactive solution were successively
added to a mold (the mold consisted of two glass slides sand-
wiching a certain thickness of rubber ring). Aer brief mixing,
the reaction was carried out under a 365 nm UV lamp for 4
hours. Finally the network structure of the PPGMA-b-PEGMA
Janus copolymer was obtained (ESI Scheme S2†).
35096 | RSC Adv., 2018, 8, 35094–35101
2.4. Preparation of the control gels

To analyze the performance of the PEGMA-b-PPGMA Janus
strips, PEGMA gels and PPGMA gels were prepared separately in
the mold to study their respective properties.

Preparation of PEGMA hydrogels. The reactive aqueous
solution consisted of 5 mol L�1 of monomer PEGMA, with
PEGDA (1 : 200 molar ratio of monomer) as the crosslinker, and
2-hydroxy-40-(2-hydroxyethoxy) benzophenone (10 mg mL�1) as
the photoinitiator. Next, the gel was photopolymerized under
UV light (365 nm) irradiation for 4 h.

Preparation of PPGMA Organogels. The reactive organic
solution consisted of 5 mol L�1 of monomer PPGMA, with
PPGDA (1 : 200 of monomer molar ratio) as the crosslinker and
1-hydroxycyclohexyl phenyl ketone (20 mg mL�1) as the photo-
initiator. Next, the gel was photopolymerized under UV light
(365 nm) irradiation for 4 h.
2.5. Characterization of the Janus actuator

SEM observation. The surface morphology of the bilayer
Janus copolymer was observed by scanning electron microscopy
(SEM, JSM—6700F). The prepared Janus copolymer was
immersed in deionized water for 24 h and then freeze-dried for
24 h to remove water thoroughly. Before the observation, the
freeze-dried gel was carefully sliced and sputtered with gold.

Thermal Characterization. The samples were characterized
using a differential scanning calorimeter (TA Instruments, DSC
Q2000) with a refrigerated cooling system (TA Instruments,
RCS90). The samples were contained in hermetically sealed
aluminum pans (TA Instruments, Tzero Aluminium Hermetic
Pan) for testing, with an empty pan used as an inert reference.
The DSC was operated under a 40 mL min�1 nitrogen ow rate
and data were captured at a rate of 1 Hz. Samples were rst
equilibrated at 25 �C and then cooled at a rate of 5 �C min�1 to
�90 �C. Aer an isothermal period of at least 90 min, the
samples were heated up at 5 �C min�1 to the initial equilibra-
tion temperature (25 �C).
2.6. SR, SRR and k measurements

The prepared PEGMA hydrogels and PPGMA organogels were
immersed in different solvents respectively, and the swelling
quality was measured at different times. The swelling rate (SR)
was calculated as follows:44,45

SR ¼ Ws

Wd

� 100% (1)

Wd is the weight of the original gel, and Ws is weight of the
swollen gel.

The rate of swelling rate (SRR) was dened as follows:

SRR ¼ SRðPEGMAÞ
SRðPPGMAÞ (2)

The Janus strip was cut into rectangular strips and immersed
in different solvents to observe their curvatures. The curvature
was calculated as follows:45,46:
This journal is © The Royal Society of Chemistry 2018
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k ¼ qp

180� L
(3)

where k is the curvature and q is the bending angle, as shown in
eqn (3), L is the free length of the Janus strip, so k is propor-
tional to q/L. An illustration of q is shown in ESI Scheme S3† and
Fig. 4c.
Fig. 4 (a) Comparison of the rate of swelling rate (SRR) in different
media. (b) The corresponding curvature of the PEGMA-b-PPGMA
Janus strip actuators during the dynamic process. (c) Comparison
between the curvature of the Janus copolymer consisting of the
PEGMA network and PPGMA in various polar solvents. A negative angle
represents bending downward toward the PEGMA network of the
Janus strip, and a positive angle represents bending upward toward
the PPGMA network of the Janus strip.
3. Results and discussion
3.1. Swelling of actuators in various solvents

The successful preparation of PPGMA and PPGDA was conrmed
by their FTIR spectra (Fig. S1†) and 1H NMR (Fig. S2†).

The hydro/organo Janus copolymer strip was polymerized
from a bilayer solution of PEGMA and PPGMA, which were the
hydrophilic monomer and hydrophobic monomer, respectively
(Fig. 1a). Due to their different densities, the aqueous solution
with the larger density was added to the mold to spread over the
surface. Then, the organic solution was added to form the upper
layer. Aer a short standing time, polymerization was initiated
by UV light and interfacial polymerization of the hydrophobic
monomers and hydrophilic monomers occurred at the oil/water
interface (ESI Scheme S2†). A monolithic Janus copolymer was
obtained, which provided the Janus strip with both properties
due to the presence of the hydrophilic network and the hydro-
phobic network.

The internal morphology of the assembled bilayer Janus
copolymer was observed using a scanning electron microscope
(SEM) (Fig. 2). The boundary of the two layers was distinct, but
in tight conjunction. No obvious cracks were observed from the
scanning electron microscopic images (Fig. 2) and the existing
structural gradient conrmed the Janus properties of the strip.
The binary structure of the hydrogel and organogel network
structures gave the strip responsiveness in different environ-
ments. In order to explore the mechanism of their shape tran-
sition, we quantitatively studied the Janus strip’s bending
behaviours by measuring the ratio of swelling ratio (SRR) (eqn
(2)) and the curvature k (eqn (3)).

The PEGMA network of the Janus strip swelled in the
aqueous solution, resulting in unidirectional bending towards
the PPGMA. The swelling of the PPGMA network caused the
Janus strip to bend towards the PEGMA network (Fig. 3a, S7 and
ESI Movie S1†). The PPGMA organogel was found to swell in
organic solvents such as petroleum ether, toluene, ethyl acetate,
ethanol, and DMF etc. (Fig. S3†). However, we found that except
for essentially not being swollen in petroleum, PEGMA could
swell in most organic solvents (Fig. S3†). Then we investigated
the swelling behavior of PPGMA and PEGMA in solvents of
different polarities. We found that the SRR (eqn (2), Fig. 4a and
S4†) grew gradually with an increase in solvent polarity. When
the polarity was lower than 4.3, with increasing polarity, the SRR
tended to 1. Similarly, when the polarity was higher than 4.3,
with decreasing polarity the SRR tended to 1. The polarity of 4.3
was the demarcation point. At the demarcation point, the
swelling properties of the PEGMA network and the PPGMA
network were basically the same. Macroscopically, the Janus
strips were not bent in these solvents at short times.
This journal is © The Royal Society of Chemistry 2018
3.2. Effect of polarity of solvents on the actuator’s bending
behaviors

The hydro/organo actuator should, being more intelligent than
previous actuators, bend itself differently in different organic
RSC Adv., 2018, 8, 35094–35101 | 35097
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solvents, depending on the polarity of solvent. In order to verify
this view, we then prepared an actuator where v(PEGMA)/
v(PPGMA)¼ 1. The PEGMA-b-PPGMA Janus strip actuators were
placed in ve solvents: water, DMF, ethanol, ethyl acetate, and
toluene, to observe the bending (Fig. 3b). For the PEGMA-b-
PPGMA Janus strip actuator, the trend of the response curvature
(Fig. 4b) was in line with its SRR (Fig. 4a) due to the binary
synergistic swelling efficiency of the PEGMA network and the
PPGMA network structure in these ve solvents. Fig. 4c displays
the bending angles of the Janus copolymer as a function of
solvent polarity, where a negative angle represents bending
toward the PEGMA network of the Janus strip, and a positive
angle represents bending toward the PPGMA network of the
Janus strip (ESI Scheme S3†). The Janus strip bent toward the
PEGMA network in lower polarity solvents, whereas they bent
toward the PPGMA network under higher polarity solvents. The
cutoff point of the bending direction of the Janus copolymer is
at a polarity of 4.3 (Fig. 4c).

We then made a “+” Janus strip, which bent downwards
when immersed in toluene. However, when immersed in water,
it attened and eventually turned upwards (ESI Fig. S5 and
Movie S2†). On account of the incompatibility between polar
and non-polar solvents, the replacement of different solvents
will inevitably take some time, but we can reduce the response
time by decreasing the thickness of the samples (Fig. S6†).
Fig. 5 PEGMA-b-PPGMA Janus strip. (a) A schematic diagram of the
dual response, (b) a photo of the dual response (with ethyl acetate as
the solvent) and (c) the site-specific bending of the Janus strip. When
immersed in aqueous solution/organic solvent systems, the Janus
strips displayed bidirectional bending with the water/oil interface as
the cut-off point. In a TL (toluene)/water system, the upper part bent
with the PEGMA inwards, whereas the bottom part bent with the
PPGMA inwards. The water was dyed blue with methylene blue.
3.3. Bidirectional bending in one solvent and specic-site
bending in the oil/water binary system

A typical bilayer actuator consists of an active layer and a passive
layer, and can only respond once to external stimuli (Fig. 5a(i–
iii)). The PEGMA-b-PPGMA Janus copolymer actuator we
synthesized not only has general actuator characteristics but
also has a dual response (Fig. 5a(i–vi) and ESI Movie S4†).
Therefore, bidirectional bending was achieved by the PAA-b-
PBMA Janus strip in one solvent, because the PEGMA network
and the PPGMA network can swell in many solvents and
therefore these are all active layers (Fig. S3†). When only one
layer is immersed in an organic solvent, due to the swelling of
the layer, the Janus copolymer starts to bend upwards (Fig. 5a(i–
iii)). When the solvent completely submerges the Janus copol-
ymer, the degree of bending of the copolymer decreases or it
even bends downward due to the swelling of the second layer
(Fig. 5a(iv–vi)). To verify this point of view, we placed the Janus
copolymer in a glass Petri dish, where the lower layer is the
PEGMA network and the upper layer is the PPGMA network
(Fig. 5b(i)). An organic solvent (ethyl acetate) was added with the
height of the solvent kept under half that of the strip (only the
PEGMA network was immersed in the solvent) and the Janus
strip bent upward due to the swelling of the PEGMA network
(Fig. 5b(iii)). Then organic solvent (ethyl acetate) was added
continuously so the Janus strip was completely immersed in the
organic solvent (Fig. 5b(iv)). Due to the synergistic effect of the
swelling of the PPGMA network and the PEGMA network, the
Janus strip was gradually bent downward (Fig. 5b(vi)). As
a result, under the binary cooperation between the hydrogel and
organogel networks, the bending direction of the PEGMA-b-
35098 | RSC Adv., 2018, 8, 35094–35101
PPGMA Janus strip could be regulated in one solvent just by
adjusting the height of the strip immersed in the solvent.

The specic-site bending of the PEGMA-b-PPGMA Janus strip
in an oil/water binary system was also successfully achieved.
The Janus strip immersed in the aqueous solution/organic
solvent showed a specic binary bending at the cutoff point
(Fig. 5c). In the above toluene solution, it bent to the le, and in
the below aqueous solution it bent to the right.

3.4. Bending behaviors at low temperatures

We stored the PPGMA organogel, the pure PAA hydrogel, and
the pure PEGMA hydrogel at �20 �C for 24 hours. The pure
PPGMA organogel was found to have good exibility at low
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Experimental DSC of the PAA hydrogel and the PEGMA
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temperatures (Fig. 6a). The pure PAA hydrogel was a soer gel at
room temperature, but the hydrogel lost its exibility at �20 �C
due to the freezing of water (Fig. 6a). However, pure PEGMA
hydrogels were still exible at �20 �C (Fig. 6a) because the
hydrogen-bonded hydration between the PEGMA network and
water in the PEGMA hydrogel made water molecules anchor
rmly in the polymer network,47–49 and the PEGMA hydrogel was
therefore frost-free. Peaks in the DSC curve30,50,51 indicate that
the PEGMA hydrogel can be cooled to temperatures as low as
�62 �C without freezing (Fig. 7). Subsequently, we placed the
PEGMA-b-PPGMA Janus Copolymer strips, which had been
stored at �20 �C for 24 hours, into an organic solvent (DMF) at
�20 �C and they could still bend in organic solvents at low
temperature. This indicated (Fig. 6b and S8†) that these Janus
Copolymer strips can still be used at low temperatures.
hydrogel.
3.5. Potential application

So actuators with variable shapes and extensive adaptive
abilities are required for applications in many elds such as
smart sensors, circuit switches, and so grippers. The Janus
strips of PEGMA-b-PPGMA are particularly responsive in
different solvents and thus serve as detectors for solvent leaks.
We could clearly distinguish between two solvents with
a similar polarity at around 4.3 through the bending direction.
To prove this, we designed a simple Janus strip with PEGMA-b-
PPGMA as the sensing element (Fig. 8). As a high polarity
solvent was added, the Janus strip began to bend toward the
PPGMA network structure and touched the right plate, causing
the right circuit to switch on, and the right light was turned on.
Conversely, when the low polarity solvent leaked, the Janus strip
Fig. 6 (a) Photo of the PPGMA organogel, the PAA hydrogel, and the
PEGMA hydrogel before and after freezing at �20 �C. (b) Bending
photographs of the PEGMA-b-PPGMA Janus copolymer strip (frozen
at �20 �C for 24 h) in DMF at �20 �C.

This journal is © The Royal Society of Chemistry 2018
bent toward the PEGMA side, causing the le circuit to turn on
and the le warning light was turned on (ESI Movie S3†).

By using the dual response characteristics of the PEGMA-b-
PPGMA Janus copolymer, a smart device which provides a dual
alarm and automatic disposal of solvent leaks can be designed,
by xing the Janus strip at the solvent leak line and placing two
sensitive sensors above and below the Janus strip in the proper
positions. When the amount of leaked solvent is within the
allowable range, there is no reaction in the control room
(Fig. S9a†). When the amount of leaked solvent allows only less
than half of the Janus strip to dissolve in the solvent, the lower
Fig. 8 Smart sensor for solvent leakage detection. A schematic
representation of the smart sensor circuit (bottom). Bending of the
PEGMA-b-PPGMA Janus strip in response to different solvents resul-
ted in the turning-on of different electrodes. When organic solvents
leaked, with toluene as an example, the strips bent towards the left
with the PEGMA network facing inwards, including the electrode on
the top of the strip. Then, the left circuit was connected, lighting the
blue lamp on the left. Similarly, the green lamp on the right flashed
when DMF was added, which is due to the strip bending towards the
right with the PPGMA network facing inward, which closed the right
circuit.

RSC Adv., 2018, 8, 35094–35101 | 35099

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06719h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

1/
24

/2
02

4 
5:

42
:0

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
part of the gel swells, causing the Janus strip to bend upwards,
touching the upper sensor and making the right controller
a green alarm (the control room turns green) which indicates
that the amount of solvent leaking has reached a certain level
and is close to the warning line (Fig. S9b†). At this point, if no
one is dealing with it, when the amount of leaked solvent
completely exceeds the Janus strip, since the gel in the upper
part begins to swell, the gel gradually attens and bends
downward, touching the sensor below. A red alarm is issued
(the controller turns red) and the pump below starts to pump off
the excess leaked solvent (Fig. S9c†). As a result, it equips a dual
alarm and automatic disposal function.

Due to the lack of mechanism in our material to dissipate
signicant amounts of mechanical energy under large defor-
mation, the actuator cannot provide high mechanical force. To
develop robust actuators, introducing physical interactions
(such as host–guest interactions, hydrogen bonds, and dipole–
dipole interactions) into the present Janus actuator is our
further research area to study. We believe that the designed
material can provide new ideas for newmaterials in the elds of
industry (automatic and safe collection of fractionation tower
discharge), agriculture (automatic control of water volume), and
medicine (early warning and automatic treatment of pleural
effusion).
4. Conclusion

In summary, we successfully synthesized a bilayer and shape
transition binary hydro/organo copolymer Janus strip by a one-
step interfacial copolymerization. The binary synergistic
PEGMA-b-PPGMA Janus strip, which is a synergistic interaction
between the hydrophilic network and the hydrophobic network,
showed unidirectional, bidirectional, and site-specic bending
associated with solvent polarity through the synergistic swelling
of the PEGMA network and the PPGMA network. Due to the
hydrogen-bonded hydration between the PEGMA network and
water in the PEGMA hydrogel, PEGMA hydrogels can still be
exible at low temperatures and show frost resistance,
expanding the application range of the Janus actuator. The
Janus strip’s specic bending towards solvents allows it to be
used as a smart sensor for solvent leaks and to determine
solvent polarity. The dual response provided by the dual active
layer provides the possibility of a double warning of solvent
leaks. Our experimental results indicate that the amphiphilic
polymer can also be used to develop hydro/organo actuators
successfully by a one-step non-traditional interfacial polymeri-
zation. The performance of the hydro/organo actuators was
improved accordingly and the practical application of the
hydro/organo actuators was enlarged signicantly. We believe
that the design idea of actuators that can be used at low
temperatures and that bend in relation to solvent polarity
brings new approaches and ideas to new areas and applications.
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