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Abstract: Hydrogel microfibers with inhomogenous 
structure can achieve some complex motions such as 
bending, folding and twisting. So it can be applied to 
soft actuators, soft robots and micropumps. In this 
paper, continuous bilayer hydrogel fibers in which one 
layer is calcium alginate hydrogel and the other is linear  
poly(N-isopropylacrylamide) (PNIPAM)/calcium algi-
nate/graphene oxide (GO) semi-interpenetrating hydrogel 
were prepared based on microfluidic spinning method. 
The results show that the bilayer hydrogel fibers have par-
ticular porous internal structures of semi-IPN hydrogels 
and the pore size becomes smaller with the increase of 
GO content. Besides, the bilayer hydrogel fibers can bend 
response to the temperature and near-infrared (NIR) 
light. The diameter of the hydrogel fibers can be tuned by 
changing the flow rate of spinning fluid and the take-up 
velocity of winding device.

Keywords: bilayer hydrogel fiber; microfluidic spinning; 
NIR light responsive; calcium alginate; poly(N-isopropy-
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1  Introduction
Stimuli-responsive hydrogels as a kind of smart material 
can change their volumes in response to various stimuli 
such as temperature (1), pH (2), electric field (3,4) and 
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Abstract: Let F denote a �eld and let V denote a vector space over Fwith �nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X �→ TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 �ags, 12 decompositions,
and 24 bases for V.
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1 Introduction
Let F denote a �eld and let V denote a vector space over F with �nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De�nition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.

The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, De�nition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module for the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, Theorem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
De�nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).

Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).
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glucose concentrations (5). Stimuli-responsive hydrogels 
with homogeneous structure usually show reversible 
isotropic volume expansion or contraction. Recently, 
considerable efforts have been focused on the fabrication 
of inhomogeneous hydrogels which can achieve some 
complex motions such as bending, twisting and folding 
by controlling the external stimulus. They provide more 
possibilities to fabricate artificial muscle, soft actuators 
and micropumps (6).

Until now, various stimuli-responsive hydrogels 
with inhomogeneous structure have been prepared by 
many methods including stacking stimuli-responsive 
hydrogels to form multilayer hydrogel sheets (7), forming 
hydrogel microfibers or microspheres with complex 
structure by microfluidics device (8,9), forming bilayer 
fibers or films by electrospinning (10-12) and in-situ 
polymerization under special external conditions (13). 
Among these, microfluidic spinning and electrospinning 
are facile ways to obtain bilayer fibers. For example, a 
bilayer fiber composed of poly(N-isopropylacrylamide) 
(PNIPAM) and poly(methyl methacrylate-co-butyl 
methacrylate) was prepared by electrospinning (10). 
After photo-crosslinking, the prepared bilayer fiber can 
achieve reversible buckling and stretching in response to 
temperature in water. Recently, a one-step and continuous 
spinning method based on fast ion-crosslinking was 
reported for preparing bilayer hydrogel. Yao et al. 
fabricated a bilayer sodium alginate (SA) hydrogel 
fiber using a multi-channel capillary microfluidics 
and applied the complex microfiber for cell co-culture 
and 3D growth (9). Shunsuke et al. prepared a bilayer  
SA/poly(N-isopropylacrylamide-co-acrylic acid) hydrogel 
fiber by using a microfluidic spinning device containing 
a Y-shaped connector (8). The bilayer hydrogel fiber 
can bend and unbend in response to temperature and 
pH, and has potential application in the soft actuators  
and robots.

Recently, NIR light responsive hydrogels have attracted 
wide interest because NIR light is easy to be controlled. 
NIR light responsive hydrogels were usually prepared by 
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combining thermo-sensitive polymer such as PNIPAM with 
light-absorbing nanoparticles such as carbon nanotubes 
(14), graphene (15), graphene oxide (16-18), gold nanorods 
(19,20) and ferroferric oxide nanoparticales (21,22). 
Graphene oxide has the advantages of high NIR light 
absorbance and conversion efficiency. Consequently, GO 
has been utilized not only in robust polymer hydrogels but 
also in photoresponse functional hydrogels. Zhang et al. 
designed a new IR driving hydrogel by stacking  
GO/PNIPAM hydrogel sheet and PNIPAM hydrogel sheet to 
form a bilayer hydrogel (7). The bilayer hydrogel showed 
a rapid, reversible and tunable anisotropic bending in 
response to the NIR irradiation.

However, there is no report on the preparation of NIR 
light responsive hydrogels fiber based on microfluidic 
spinning. Here, we present a one-step, continuous 
process for the hydrogel fibers with bilayer structure 
by using a microfluidic spinning device containing 
a Y-shaped channel. Water-soluble linear PNIPAM 
were first synthesized by free radical polymerization 
reaction. Then bilayer hydrogel fibers with one layer 
of calcium alginate hydrogel and the other layer of 
PNIPAM/calcium alginate/GO semi-IPN hydrogel were 
prepared. The pore structure, mechanical property, 
swelling ratio and temperature/NIR light responsive 
behaviors were studied.

2  Materials and methods

2.1  Materials

N-Isopropylacrylamide (NIPAM, TCI Co., Ltd.) was 
purified by recrystallization from toluene/cyclohexane 

(6/4, v/v) to remove inhibitor before use. Potassium 
persulfate (KPS, Shanghai Chemical Co., Ltd.) was 
purified by recrystallization in deionized water. N,N,N’,N’-
tetramethylethylenediamine (TEMED) and sodium 
alginate (SA) were purchased from Aladdin Reagent Co., 
Ltd. Calcium chloride (CaCl2) was obtained from Shanghai 
Chemical Co., Ltd. Graphene oxide (GO) was obtained 
from Nanjing XFNANO Materials Technology Co., Ltd. 
Poly(dimethylsiloxane) (PDMS) prepolymer and curing 
agent were obtained from Dow Corning.

2.2  Microfluidic device

In this paper, the microfluidic spinning device 
was designed  and assembled based on the report 
of Shunsuke  et  al. (8). As is shown in Figure 1, the 
microfluidic spinning device consists of Y-shaped 
channel, conical tube, collection channel and winding 
device. The Y-shaped channel ensures that two fluids can 
form a stable parallel laminar flow after their meeting. The 
conical tube and the outer fluidic channel make it easier 
to control the diameter of hydrogel fiber. The function of 
winding device is to collect the continuous hydrogel fiber. 
The sizes of each part are shown in Figure 1.

2.3  �Preparation and characterization of 
PNIPAM

NIPAM (5 g) monomer and deionized water (50 mL) 
were mixed and stirred in 100 mL flask till complete 
dissolution. The flask was placed into ice-water bath 
and the NIPAM solution was purged with nitrogen for 
30 min to remove oxygen. Then KPS solution (0.2 g/mL, 
0.5 mL) and TEMED (50 μL) were added to initiate the 

Figure 1: Schematic diagram of microfluidic spinning device. scale bar of SEM images is 500 μm.
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polymerization reaction. After 2 h, the reaction solution 
was taken out and heated to 80°C. Then the precipitate 
was collected and dried at 50°C.

Dry polymers were characterized by FTIR spectroscopy 
(Nicolet 6700) and its molecular mass was analyzed 
by GPC (PL-GPC 50 Agilent, LS) in dimethylacetamide  
at 20°C.

2.4  Preparation of bilayer hydrogel fiber

Three kinds of solution were used in the preparation 
of bilayer hydrogel fibers. A fluid was an aqueous 
solution composed of linear PNIPAM, SA and GO, in 
which the concentrations of PNIPAM and SA were 15 mg 
mL-1 and 10 mg mL-1, respectively. GO was ultrasonically 
dispersed in deionized water, and then NaOH was 
added to adjust the pH value of the solution to 7.0. 
The concentrations of GO in A fluid were designed 
as n (n=0, 1, 2 and 4 mg mL-1). B fluid is SA aqueous 
solution with concentration of 20 mg mL-1. The outer 
fluid is CaCl2 aqueous solution with concentration of 
1 m. A fluid, B fluid and CaCl2 solution were introduced 
into microfluidic spinning device by syringe pumps 
(PHD ULTRA, Harvard Apparatus) as shown in Figure 1. 
The hydrogel fiber out of the channel was collected 
by the winding device. The hydrogel fiber has bilayer 
structure, one is calcium alginate hydrogel layer, and 
the other is PNIPAM/calcium alginate/GO semi-IPN 
hydrogel layer. Therefore, the bilayer hydrogel fibers 
are named as C/CPGn hydrogel fibers, in which n 
represents the concentrations of GO in A fluid.

2.5  Morphology observation

The swollen hydrogel fibers were quickly frozen in liquid 
nitrogen and then freeze-dried at -48°C for 24 h. Then 
the hydrogel fibers was broken in liquid nitrogen. The 
microstructure of the cross section was observed with 
scanning electron microscope (SEM, SU8010, Hitachi). 
The optical microscope photograph of the surface and 
cross section of hydrogel fibers was observed with optical 
microscope (XSP-17C, Shanghai Gauangmi Instrument 
Co., Ltd.).

2.6  Mechanical property

The mechanical property of hydrogel fibers was 
evaluated by tensile stress measurement using an 
Instron 5900 testing machine at room temperature. 

The diameter of hydrogel fibers is 500 μm. The distance 
between the two clamps is 20 mm and the tensile speed 
is 20 mm min-1.

2.7  Equilibrium swelling ratio

The hydrogel fibers with the same diameter and length 
were immersed into deionized water to approach the 
swelling equilibrium at room temperature. After wiping 
away the excess water on the surface with filter paper, 
the mass of the swollen hydrogel was measured at a 
time interval. The swelling ratio (SR) of the hydrogel was 
calculated as the follows:

	 SR W W W( )/
s d d

= − 	 		    
 (1)

where Ws and Wd represent the weights of hydrogel fibers 
in the swollen state and dry state, respectively.

2.8  �Temperature/NIR light responsive 
behavior

The hydrogel fibers were immersed into deionized water to 
reach the swelling equilibrium at room temperature and cut 
into 1 cm in length for the actuation test. The temperature 
responsive behavior was observed in 50°C of deionized 
water. The NIR light responsive behavior was observed in 
the atmosphere. The NIR light laser (808 nm) was used 
as the light source located at a distance of 20 cm from 
the fibers. The power density delivered to the sample was 
3 W cm-2. The temperature/NIR light responsive behaviors 
of the hydrogel fibers were recorded by a camera.

2.9  �The characterization of single layer 
hydrogel fiber

For further study of the effect of GO content on the property 
of PNIPAM/calcium alginate/GO hydrogel, the single layer 
hydrogel fibers (named as CPGn) were prepared and their 
chemical composition are the same with the layer A of the 
C/CPGn hydrogel fibers, respectively. Its volume-phase 
transition temperature (VPTT) of the hydrogel fibers  
was tested using a differential scanning calorimeter  
(DSC, 204F1, Nicolet) from 20°C to 45°C at a constant 
heating rate of 1°C min-1 under a nitrogen atmosphere 
with a flow rate of 50 mL min-1. The temperature of CPGn 
single layer hydrogel fibers under the irradiation of NIR 
light (808 nm, 3 W cm-2) were measured using a infrared 
thermal imager.
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3  Results and discussion

3.1  �Preparation and characterization of 
PNIPAM

Linear PNIPAM polymer was synthesized by free 
radical polymerization initiated by KPS in water 
(23-25). In the polymerization process, the reaction 
solution became very viscous after 1 h. In order to 
confirm the phase transition characteristic of the 
synthetic product, the reaction solution was heated to 
50°C (>LCST) and cooled to 0°C (<LCST) in succession. 
It was found that the solution turned to turbid at 50°C 
and became clear and transparent at 0°C. In addition, 
the FTIR spectrum (Figure 2a) exhibits characteristic 
peaks at 1645 and 1540 cm−1 corresponding to amide 
I and amide II, respectively. The characteristic peaks 
at 2877, 2931 and 2972 cm-1 corresponding to stretching 
vibration of C-H confirm that the synthetic polymer is 
linear PNIPAM (26). GPC result shows that the weight-
average molar mass of PNIPAM is 3.0×105 g mol−1 and 
its polydispersity index (PDI) is 2.0, which is consistent 
with the report on PNIPAM synthesized by one-step 
radical polymerization (1,27).

3.2  �Preparation and characterization of 
hydrogel fiber

The bilayer hydrogel fibers were prepared by using a 
microfluidic spinning device with Y-shaped channel. 
As is shown in Figure 1, the spinning solutions (A fluid 

and B fluid) and the CaCl2 solution were introduced into 
the inner and outer fluidic channels at a certain flow by 
syringe pumps, respectively. A fluid and B fluid met in the 
Y-shaped channel and formed a laminar flow in the conical 
tube because of their low Reynolds number. When they 
flowed into the collection channel and formed a stable 
coaxial flow with CaCl2 solution, Ca2+ ions diffused into 
both inner A and B fluids quickly. Because the guluronate 
units in the different free SA chains can form coordinate 
structure called as the “egg-box” junction, the A and B 
fluids were solidified by an ionic crosslinking stably and 
rapidly in the stable coaxial flow of inner fluids and CaCl2 
solution (28). Based on this feature, the spinning fluids 
can form straight fiber immediately because of the fast 
ionic crosslinking of alginate and Ca2+.

Because of the different composition for A and B fluid, 
two parallel layers were formed in the hydrogel fiber. One is 
calcium alginate hydrogel layer, and the other is PNIPAM/
calcium alginate/GO semi-IPN hydrogel layer. Only the 
PNIPAM/calcium alginate/GO semi-IPN hydrogel layer 
has temperature and NIR light responsive property. The 
anisotropic swelling/shrinking in respective to the external 
stimulus makes the bilayer hydrogel fibers achieve more 
complex motions such as bending, twisting and folding.

Optical microscope photograph of the bilayer hydrogel 
fiber is shown in Figure 3a. It can be found that two 
different layers are aligned along the axial direction of the 
hydrogel fiber. Layer A is PNIPAM/calcium alginate/GO 
semi-IPN hydrogel layer, and layer B is calcium alginate 
hydrogel layer. The layer A is black and non-transparent 
because of the existence of GO. Corresponding to the 
microscope photograph, SEM images of the cross section 
for layers A and B of hydrogel fiber (Figures 3b-i) show the 

Figure 2: FTIR spectrum (a) and GPC trace (b) of linear PNIPAM.
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difference in the morphology and pore size between layer 
A and layer B. As shown in Figures 3f-i, the morphology 
and size of the pores in layer B hydrogel are uniform 
because all composition of the spinning solution for layer 
B are the same, which leads to the identical hydrogel 
network formed during the microfluidic spinning.

The SEM images of the cross section for layer A hydrogel 
with different GO contents are shown in Figures  3b-e. 
Compared with layer B, the pore density is lower and the 
pore size is nonuniform. As mention above, SA chains were 
crosslinked by Ca2+ ions to form hydrogel network with 
linear PNIPAM interpenetrated in it. The concentration of 
SA in layer A is smaller than that in layer B, resulting to the 
lower crosslinking density, and linear PNIPAM has influence 

on the pore uniformity. In addition, with increasing the 
GO content, pore size becomes smaller, implying that a 
denser network structure has been formed in the layer A 
of hydrogel. The dense network can be attributed to the 
hydrogen bonding interaction between the N-H bond of 
PNIPAM and the O-H bond of GO nanosheet (29).

3.3  Mechanical property

The research of Shen et al. showed the GO sheets in the 
Polyacrylamide/GO hydrogel can strengthen the tensile 
properties of hydrogel because it can form the physical 
crosslinking structure in the polymer matrix (30). Figure 4 
is the stress-strain curve for the bilayer hydrogel fiber with 

Figure 4: The tensile stress-strain curve of the bilayer hydrogel fibers.

Figure 3: (a) Optical microscope photograph of the surface and (b-i) SEM images of cross section of hydrogel fibers. Scale bar of 
microscope photograph is 100 μm, scale bar of SEM images is 2 μm. B-E and F-I are the layer A and layer B for C/CPG0, C/CPG1, C/CPG2 and 
C/CPG4 hydrogel fiber, respectively.
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425 μm in diameter. It can be seen that with the increase 
of GO contents, the strength and modulus of the hydrogel 
fibers improve significantly, while the elongation at break 
decreases. The C/CPG4 hydrogel fiber has good mechanical 
strength and its breaking strength reaches 400 kPa, 
which is due to the increase of the crosslink density of the 
hydrogel by embedding GO into the hydrogel matrix.

3.4  Swelling behavior

Figure 5 is the swelling curve of the bilayer hydrogel 
fibers in deionized water at 20°C. The swelling ratios of 
the hydrogel fibers increase rapidly at the early stage, 
and then reach their equilibrium states. In the progress 
of hydrogel swelling, the GO sheets in the hydrogel have 
complicated influence on the equilibrium swelling ratios. 
On the one hand, the GO sheets increase the crosslink 
density of polymer matrix and impede the swelling of 
hydrogel fiber. On the other hand, they improve the 
hydrophilicity of hydrogel fiber because the GO sheets 
contain some hydrophilic groups (31,32). It can be found 
from the comparison of C/CPG1, C/CPG2 and C/CPG4  
hydrogel fibers that the equilibrium swelling ratios reduce 
with the increase of GO content. The phenomenon is 
attributed to the fact that the polymer network structure 
of hydrogel fiber is more compact with the increase of the 

GO content. However, all of them are larger than that of 
C/CPG0 sample, because GO sheets in the hydrogel matrix 
contain some hydrophilic groups, resulting that more 
water can be held in the polymer network.

3.5  �Temperature responsive bending 
behavior

Figure 6a is the schematic of the temperature or NIR 
light responsive bending of the bilayer hydrogel fiber. 
The bilayer hydrogel fiber with length in 1.0 cm was 
fixed at one end and put in deionized water at 50°C 
to observe temperature responsive bending behavior. 
As shown in Figure 6b, the C/CPG0 fiber bent toward 
layer A and the bending angle increased gradually 
with prolonging the response time. Because thermo-
sensitive polymer PNIPAM is only distributed in layer 
A of the hydrogel fiber, layer A will shrinkage at the 
temperature above VPTT, while layer B does not 
response to temperature. As a result, the hydrogel fiber 
will bend toward layer A (Figure 6b).

The VPTT of hydrogel fibers was measured by DSC 
(Figure 7). The result shows that the incorporation of GO 
has limited influence on the VPTT of the hydrogel fibers 
because of no chemical bond formed between PNIPAM 
network and GO nanosheet.

Figure 5: The swelling curve of the hydrogel fiber in deionized water at 20°C.
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Figure 8 shows the bending angle of hydrogel fibers 
within 60 s in deionized water at 50°C. With increasing 
the GO content, both the bending angle and response rate 
of hydrogel fibers tend to decrease. The phenomenon is 
related to the mechanical properties and hydrophilicity 
of hydrogel fibers. As shown in Figure 4, the increase of 
GO content enhances the strength and modulus of the 
hydrogel fiber, making it more difficult to deform (33,34). 
In addition, the hydrophilic groups on GO sheets and the 
compact polymer network structure lead to a decrease in 
the water lose rate of the hydrogel fiber.

3.6  NIR light responsive bending behavior

Figure 6c is the photographs of NIR light responsive 
bending of the C/CPG2 fiber. The bilayer hydrogel fiber 

with length in 1.0 cm was fixed at one end and hung 
in the air. After applying NIR light, the bending angle 
of the bilayer hydrogel fiber was recorded. It can be 
seen that the hydrogel fiber also bent toward layer A, 
implying the shrinkage ability of layer A is higher than 
that of layer B. As well known, GO has a strong ability to 
absorb near infrared light and transform it into thermal 
energy. We measured the temperature of the hydrogels 
fiber after irradiated by NIR light. As shown in Figure 
9, the irradiation of NIR light caused the increase in the 
temperature for bilayer hydrogel fibers with GO in layer 
A. For example, when the NIR light irradiation time was 
5 s, the temperature of C/CPG4 fiber reached 38°C which 
was higher than its VPTT.

Such a phenomenon is caused by the efficient 
absorption and transformation of the NIR light energy 
to thermal energy by GO, which causes the temperature 

Figure 7: DSC curves of the hydrogel fibers.

Figure 8: The bending angle of the hydrogel fibers in deionized 
water at 50°C.

Figure 6: (a) Schematic of the temperature/NIR light responsive bending of the bilayer hydrogel fiber. (b) The photographs of temperature 
responsive bending of the C/CPG0 fiber in deionized water at 50°C. (c) The photographs of NIR light responsive bending of the C/CPG2 fiber 
after irradiated by NIR light.
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of layer A above its VPTT faster than the layer B as 
shown in Figure 9. Therefore, layer A shrank quickly 
and caused the bending of the bilayer hydrogel fiber. 
It can be concluded that GO in the hydrogel fibers can 
transfer energy and serve as a nanoheater to increase 
the temperature of the gel matrix uniformly and 
rapidly.

Figure 10 shows the bending angle of hydrogel fibers 
within 40 s after irradiated by NIR light. The bilayer 
hydrogel fibers show fast bending rate, the bending angle 
of C/CPG4 fiber reaches 120° within 30 s. Moreover, the 
bending angle and response rate increase with increasing 
the GO content.

3.7  �Influence of the spinning parameters on 
NIR light responsive bending behaviors

In the progress of microfluidic spinning, the major 
factors for controlling the fiber diameter are the flow 
rates of the spinning solutions and the take-up velocity 
of winding device (35). As shown in Figure 11, under a 
fixed flow rate of outer fluid, the diameter of the hydrogel 
fiber increases almost linearly with increasing the flow 
rate of the inner fluids (A fluid and B fluid with the same 
flow rate). Similarly, the decrease in the flow rate can 
of outer fluid also increase the diameter of the hydrogel 
fiber, because the outer flow causes a shearing force 
on the inner flow during gel formation. In addition, 
Figure 11 show that under a fixed flow rate of inner and 
outer fluids, the increase in take-up velocity of winding 
device can also decrease the diameter of the hydrogel 
fiber. In summary, different diameters of hydrogel fibers 
can be obtained conveniently by changing the spinning 
parameters.

We also examined the effect of the diameter of the 
hydrogel fiber on the NIR light responsible and bending 
behavior. After being irradiated by NIR light, the hydrogel 
fibers with smaller diameters bend faster than those with 
larger diameters (Figure 12). For example, the bending 
angle of the hydrogel fiber with diameter of 320 μm reaches 
120° at 20 s. The result is consistent with a literature 
report in which the shrinking/swelling rate of a stimuli-
responsive hydrogel depends on its size because the H2O 
was expelled faster from the gel network (36).

Figure 9: Temperature of the hydrogels fiber after irradiated by  
NIR light.

Figure 10: The bending angle of the hydrogel fibers after irradiated 
by NIR light.

Figure 11: Influence of the flow rates of the A, B and outer fluids 
(QA, QB and Qoutter) and the take-up velocity of winding device (v) 
on the hydrogel fiber diameter. The A fluid and B fluid have the 
same flow rates.
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4  Conclusions
Here we report the preparation of bilayer hydrogel 
fibers based on a microfluidic spinning device. The 
bilayer hydrogel fiber can bend response to temperature 
and NIR light. In addition, the NIR light responsive 
property and mechanical property was increasing with 
the increasing of GO content. Besides, by changing the 
parameter of the spinning parameters, the diameter and 
NIR light responsive bending rate of hydrogel fibers can 
be controlled easily. Thus, the temperature/NIR light 
responsive hydrogel fiber can be applied in the NIR light 
driving actuators in the future.
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