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Abstract
Microfluidic technology has potential advantages in the complex manipulation of microfluidics on small-sized 
chips. However, it is difficult to integrate microvalves with complex flow channel structures, and this has limited 
the miniaturization of microfluidic systems and their portable applications. Light-responsive hydrogel (LRH) 
materials can rapidly change their volume under laser irradiation and can be used to prepare flexible microvalves to 
realize the integrated control of microfluidics. A simple fabrication method for an LRH microvalve on a microfluidic 
chip is proposed. The microspheres, as control elements of the microvalve based on an LRH modified with Laponite 
RD nanoclay and ferriferous oxide (Fe3O4) nanoparticles, are prepared through a T-shaped flow channel. The 
microvalve is assembled on the microfluidic chip with a normally closed circulation channel. The open/close 
performance of the microvalve is represented by the color change of the photonic crystal material. The results 
show that the LRH microspheres shrink and the flow channel opens after laser irradiation for 2 s. After stopping the 
laser at 18 s, the valve core swells and the flow channel closes.
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INTRODUCTION
Currently, microfluidic technology can realize the complex operations of microfluidics on small-sized chips. 
The main components of a microfluidic system are three parts, namely, the microvalve, micropump and 
microfluidic flow sensor[1]. Among these parts, the microvalve is the most important control element for the 
automation and large-scale integration of the microfluidic system[2].

According to the different driving forms, the existing traditional microvalves, including pneumatic[3,4], 
mechanical[5-7] and electromagnetic valves[8-10], have complex structures and numerous components, which 
make it difficult to fabricate microfluidic chips and limit their portability. To solve these problems, some 
researchers have reported microvalves based on responsive hydrogels, which can change their volume in 
response to changes in light[11,12], magnetic[13,14] and temperature fields[15], and pH[16,17]. The use of such 
materials to fabricate microvalves is expected to simplify the process of compositing microvalves in 
microfluidic chips and removing additional control structures to achieve high performance and low cost.

Compared with other forms of responsive hydrogel microvalves, Light-responsive hydrogel (LRH) 
microvalves have the advantages of fast response and simple control. Since 2004, the reports of LRH 
materials have increased rapidly[18]. Doping photothermal materials (such as iron oxide[19], gold[20,21], silver[22] 
and graphene oxide[23]) inside poly-N-isopropylacrylamide (PNIPAM) is currently a common method for 
preparing LRH microvalves.

Researchers have improved the open/close speed of microvalves by modifying hydrogel materials[24,25] and 
selecting more efficient photothermal materials[26]. Nevertheless, few details have been reported regarding 
microfluidic chip designs with LRH microvalve structures and the fast characterization methods of their 
microfluidic control properties. With the aim of fabricating microfluidic chips by the soft lithography 
process[27], in this study, we propose a method to rapidly prepare an LRH microvalve in the flow channel 
structure of a microfluidic chip. First, the hydrogel microspheres are synthesized outside the chip, which are 
then injected into the microvalve mounting node on the microfluidic chip through the injection channel to 
complete the on-chip assembly of the microvalve. Laponite RD-modified hydrogel microspheres are 
prepared through a T-shaped flow channel, and the microspheres could correspondingly hybridize more 
ferriferous oxide (Fe3O4) nanoparticles with better photothermal conversion properties. Moreover, Fe3O4 is 
low-cost and easy to obtain. The microvalve structure is compounded on a microfluidic chip with a 
circulation channel by the above method. To characterize the liquid supply properties of microfluidic chips, 
it is combined with a photonic crystal film to construct a duality color-changing unit, and the surface 
wetting area (color-changing area) is used to rapidly and indirectly show the microfluidic liquid supply 
volume.

EXPERIMENTAL
Fabrication of microfluidic chip
The construction of the circulating flow channel microfluidic chip is shown in Figure 1. Both the width and 
height of the circulating flow channel and injection channel are 500 μm. The diameter and height of the 
microvalve mounting node are 1000 and 800 μm, respectively. The mold was printed out with an inkjet 3D 
printer (Eden 260 vs. Objet, USA). A coating machine (PDS-2010, Specialty Coating Systems, USA) was 
applied to evaporate a layer of Parylene film on the surface of the formed mold to ensure the subsequent 
curing of Polydimethylsiloxane (PDMS) and the smooth release of the formed structure. Subsequently, the 
polydimethylsiloxane matrix (Dow Corning, Midland, USA) and the curing agent were poured into the 
mold for a 4 h cure at 60 °C. After curing, the molded PDMS flow channel was peeled off. The surfaces of 
the cured PDMS flow channel structure and glass slide were treated by a plasma cleaner (YZD08-2C, SAOT, 



Page 3 of Pan et al. Soft Sci 2022;2:4 https://dx.doi.org/10.20517/ss.2022.03 12

Figure 1. Schematic diagram of construction scheme of microfluidic chip microvalve.

China), which were then bonded at 95 °C for 15 min to the construction of a microfluidic chip with the 
microvalve mounting node.

Preparation of LRH microspheres
According to the spherical hydrogel microspheres fabricated by this method[28], as shown in Supplementary 
Figure 1, the size of the LRH microspheres can be controlled by adjusting the size of the injection ports and 
the exit flow rate of the T-shaped flow channel. The detailed information on the specific preparation process 
of microspheres can be referred to in Supplementary Table 1. The pre-gel solution passing through the 
injection port was configured according to Table 1.

Characterization of LRH microspheres
Characterization of basic physical properties of microspheres
The cubic hydrogel material was prepared to characterize the swelling and deswelling properties. A volume 
of 80 μL of TEMED was added to the pre-gel solutions to prepare the LRH in 50 mL centrifugal tubes. After 
the hydrogel material reached the swelling equilibrium at room temperature, it was cut into cubes with a 
side length of 10 mm. A texture analyzer (TA, XT Plus, Stable) was used to test the compression resistance 
of the hydrogels at a compression speed of 10 mm/min until they broke.

When reaching the swelling equilibrium at room temperature, the LRH material was pre-frozen at -80 °C 
for 24 h and then vacuum freeze dried at -57 °C in a lyophilizer to remove moisture without any damage to 
the structure. After drying, the hydrogel samples were sputtered with gold and analyzed by field-emission 
scanning electron microscopy (SU8010LA, Hitachi) equipped with energy dispersive spectroscopy to obtain 
the morphology of the LRH microspheres and the distribution of photothermal nanomaterials.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202205/4846-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202205/4846-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202205/4846-SupplementaryMaterials.pdf
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Table 1. LRH configurations

Type NIPAM (g) 20 nm Fe3O4 (g) 10% w/v BIS (mL) Solvent 10% w/v APS (mL)

N01 3.6 0.4 5.8 3.68 mL water 3.2

N02 3.6 0.4 5.8 2 wt.% Lap-RD solution 3.2

LRH: Light-responsive hydrogel.

Characterization of swelling characteristics of LRH materials
The swelling characteristics of the above LRH were characterized by gravimetry and each test was repeated 
three times. The hydrogel sample was dried at room temperature until the weight did not change and then 
immersed in water at 20 °C for swelling. After 10 min, the sample was removed from the water. After 
wiping the surface, the sample was weighed and then put back into the water to swell. This step was 
repeated several times.

Furthermore, the deswelling properties of the hydrogel materials were characterized. The hydrogels at the 
swelling equilibrium were placed in water at 50 °C. After 10 min, the samples were taken out of the water to 
weigh on the wiping surface. This step was repeated several times.

Characterization of photothermal properties of LRH microspheres
A CCD camera (GS3-U3-23S6C-C, Point grey, USA) was used to collect the image information of the 
spherical microvalve. Image J software was used to process the graphic information to characterize the 
particle size of the microvalve. Ultimately, the structural parameters of the T-shaped flow channel were 
determined. The LRH micro-spheres were placed in a 23 mm-diameter Petri dish with the addition of 2 mL 
of distilled water. A NIR laser (2 W, 808 nm, Laserland) was used to irradiate the valve core with a spot 
diameter of 1 mm. An infrared camera (E8xt 2.1L, FLIR, Estonia) was applied to measure the two types of 
water condensation. The temperature of the glued sample was measured three times. The Lap-RD-modified 
microsphere material was heated using a water bath (HH-2, LICHEN, China) at a constant temperature in 
the range of 20 °C-50 °C (holding 5 min for every 1 °C) to analyze the temperature-dependent 
characteristics of the volume of the microspheres. Finally, the photothermal reversibility of the LRH 
microspheres was studied. The hydrogel was irradiated by a NIR laser for 10 s, which was then turned off to 
allow the hydrogel to cool to room temperature naturally. This was repeated five times for further post-
processing.

The preparation of LRH microspheres was performed through a T-shaped flow channel with a CCD camera 
(GS3-U3-23S6C-C, Point grey, USA) to collect the image information of the microspheres. ImageJ software 
was used to process image information to characterize the particle size. The LRH microspheres were placed 
in a 23 mm-diameter Petri dish with the addition of 2 mL of distilled water. The microspheres were 
irradiated with a NIR laser (1 W, 808 nm, Laserland) and the diameter of the laser spot was 1 mm. The 
temperature of the two hydrogel samples was measured using an infrared camera (E8xt 2.1 L, FLIR, 
Estonia). Three measurements were taken for each sample.

On-chip assembly and performance characterization of the microvalve
The on-chip assembly process of the microvalve is shown in Figure 1. The hydrogel microsphere with a 
diameter of 1.7 mm was placed in distilled water at 70 °C (the volume phase transition temperature) for the 
rapid shrinkage of volume. The hydrogel microsphere with a sufficiently small volume was then sucked into 
the syringe and injected into the microvalve mounting node from the injection channel. When the 
temperature drops, the volume of the hydrogel microsphere expands and occupies the internal space of the 
microvalve structure. Finally, the on-chip assembly of the microvalve was completed by closing the flow 
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path of the injection channel. A layer of photonic crystal film was connected with the circulating normally 
closed functional flow channel structure. When the microvalve was irradiated by the NIR laser, the volume 
shrunk, the outlet of the circulation channel opened to allow the liquid to flow out, and the surface of the 
photonic crystal was wetted by water to change the surface color. The opening and closing states at different 
flow rates were repeated at least five times. Three-day data were collected and used to evaluate the 
open/close performance of the microvalve.

RESULTS AND DISCUSSION
Physical properties of LRH
As shown in Supplementary Figure 2, LRH microspheres with different particle sizes were prepared by a 
T-shaped flow channel. Two kinds of cubic hydrogel materials were taken to characterize the mechanical 
properties. As shown in Figure 2A, the “N02” hydrogel had a higher compressive strength than the “N01” 
hydrogel. Under the compression process, the internal structure of the “N01” gel was not uniform and the 
stress changed abruptly several times. Comparably, the “N02” hydrogel had a relatively uniform texture and 
higher compression stress limit. The prepared “N02” hydrogel showed a uniform black appearance, while 
the “N01” hydrogel could be observed with some clear clustered black particles [Figure 2B]. The differences 
in appearance between the two hydrogels might be due to the different dispersion states of doped ferric 
tetrachloride nanoparticles in the hydrogels.

Figure 3A and C show the SEM images of the internal morphologies of the “N01” and “N02” LRH 
microspheres. Both “N01” and “N02” showed a uniform porous network structure. Compared to the “N01” 
hydrogel without Lap-RD modification, the “N02” hydrogel had a multistage pore structure and the 
primary pore was significantly larger than “N01”. This was because the difference in the reactivity ratio of 
BIS and NIPAM led to a disordered distribution of the crosslinking points of the gel. After modification by 
Lap-RD, two charges were simultaneously presented on the orderly Lap-RD wafers in solution, resulting in 
the formation of ordered physical crosslinks of poly NIPAM molecular chains in solution. Therefore, the 
“N02” hydrogel could initiate the chain initiation and chain termination on the RD sheet structure during 
the crosslinking process, contributing to the formation of a uniform multilevel pore structure.

As Figure 3B shows, the Fe3O4 nanoparticles in the “N01” hydrogel generally produced the agglomeration 
phenomenon. With the comparison of Figure 3B and D, the distribution of Fe3O4 nanoparticles was more 
uniform in the Lap-RD modified “N02” hydrogel, which could be attributed to the modification effect of 
Lap-RD. The lamellar layer of the foil was charged negatively and the end face was charged positively, which 
could rapidly form a three-dimensional colloidal structure with a uniform spatial arrangement in water, 
therefore increasing the viscosity of the system with a high degree of suspension. Thus, the increase in 
suspension of the pre-gel solution made the nanosized ferrous tetrachloride photothermal material difficult 
to precipitate and agglomerate.

The structural difference between the two hydrogels caused the difference in mechanical properties. The 
above results preliminarily indicate that Lap-RD could make hydrogels obtain a richer microstructure, 
thereby improving the mechanical properties of traditional chemically crosslinked hydrogels. Lap-RD also 
improved the suspension of the pre-gel solution and made the photothermal nanomaterial more uniformly 
dispersed in the LRH microspheres.

Swelling properties of LRH microvalve core material
Figure 4 shows the swelling and deswelling curves of the “N01” and “N02” hydrogels at 20 °C-50 °C. Both 
hydrogels presented a good temperature sensitivity because the macromolecular chain extended due to 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202205/4846-SupplementaryMaterials.pdf
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Figure 2. Characterization results of the physical properties of hydrogels. (A) Compressive strength curves of two hydrogels. (B) 
Photographs of “N01” and “N02” LRH microspheres. LRH: Light-responsive hydrogel.

Figure 3. Characterization results of the physical properties of hydrogels. (A) SEM image of “N01” hydrogel. (B) EDS characterization 
diagram of Fe element dispersion in “N01” LRH. (C) SEM image of “N02” hydrogel. (D) EDS characterization diagram of Fe element 
dispersion in “N02” LRH. EDS: Energy dispersive spectroscopy; LRH: light-responsive hydrogel.

hydration when the temperature was lower than the phase transition temperature. Moreover, the molecular 
chain also showed an extended conformation related to the swelling of hydrogels in an aqueous solution. 
When the temperature was higher than the phase transition temperature, the gel underwent rapid 
dehydration and condensation. Owing to the mutual attraction of the hydrophobic groups, the molecular 
chain conformation shrunk, exhibiting a deswelling phenomenon. The microvalve spool matrix is a 
temperature-sensitive hydrogel, which shrinks rapidly in water above the lower critical solution temperature 
(LCST). As seen in Figure 4A, the swelling speed of the “N02” hydrogel was faster than that of the “N01” 
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Figure 4. Comparison of swelling and deswelling properties of two kinds of hydrogels: (A) swelling rate; (B) deswelling rate.

hydrogel. According to a previous study[29], the swelling rate of the “N02” hydrogel was ~2.8 g/g at 200 min, 
while the “N01” hydrogel was only 1.2 g/g at 200 min. Figure 4B shows the deswelling rate of the “N01” and 
“N02” hydrogels at 20 °C (below LCST) to 50 °C (above LCST).

Compared with the “N01” hydrogel, the “N02” hydrogel showed a faster shrinkage and more water loss 
simultaneously. After soaking in water at 50 °C for 15 min, the volume of “N02” rapidly shrunk and the 
water loss was nearly 80%. In contrast, “N01” only released ~60% of water. This was due to the addition of 
Lap-RD, which increased the pore size of the “N02” hydrogel and generated a multistage pore structure 
(more space was provided for the flow of feed water). With the water more easily diffusing, the swelling 
performance of the hydrogel material could be improved significantly. The modification of Lap-RD greatly 
improved the swelling and deswelling performance, meaning that the modified hydrogel valve core could 
achieve a faster rate of volume change. In addition, the modification of Lap-RD did not fundamentally 
change the volume phase transition temperature (VPTT) of PNIPAM, which only increased the swelling 
rate of the hydrogel.

Photothermal conversion performance of microsphere materials
The constructed on-chip LRH microvalve could be controlled by a NIR laser without any contact. The Fe3O4 
photothermal nanomaterial dropping in the microvalve core absorbed infrared light and generated heat. 
The total energy generated was associated with the distance, number, and arrangement of the photothermal 
nanoparticles. For the same type of samples, qualitative analyses of their photothermal conversion 
performance were carried out through the  infrared thermometerter. The “N01” and “N02” hydrogel 
microspheres with a particle size of 1.7 mm were tested. Figure 5A shows the temperature change of an LRH 
microsphere immersed in water irradiated by a 1 W/cm2 NIR laser with a wavelength of 808 nm. The LRH 
microspheres rapidly absorbed energy, which heated up under the irradiation of the NIR light. The 
temperature change process of the hydrogel microspheres was observed by an infrared camera, and the 
highest temperature of its center was measured to investigate the photothermal conversion performance of 
the two hydrogels.

As shown in Figure 5B, the microspheres prepared by the “N02” hydrogel were all heated to ~65 °C after 10 
s of laser irradiation, indicating a good photothermal consistency. The temperature changing trend of 
unmodified “N01” hydrogel microspheres was similar to that of “N02”. They both reached the highest 
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Figure 5. Analysis of the photothermal performance of hydrogels. (A) Heating process of N02 hydrogel recorded by an infrared camera. 
(B) Heating curve of two hydrogel materials. (C) Particle size changes of N02 hydrogel with different particle sizes under cyclic laser 
irradiation.

temperature before stopping the laser irradiating. However, the highest heating temperatures of the same 
batch of “N01” hydrogel microspheres differed greatly. Generally, the “N02” hydrogel modified with Lap-
RD had an obvious photothermal conversion and stability compared with the “N01” hydrogel when 
exposed to the 808 nm NIR laser. The experimental results could be analyzed by combining the dispersion 
of the photothermal materials in the two hydrogels. The Fe3O4 particles were easily agglomerated and 
precipitated in the “N01” pre-gel solution. During the preparation of hydrogel microspheres by the 
T-shaped flow channel, the Fe3O4 particles in the pre-gel frontal solution also deposited continuously, which 
made the content of Fe3O4 particles in the same batch of microspheres significantly different. This led to a 
large difference in the maximum heating temperature between the same batch of “N01” LRH microspheres. 
Additionally, the Fe3O4 nanoparticles would also agglomerate during the crosslinking process of the 
hydrogel. This would lead to the cluster aggregation of Fe3O4 particles in the prepared photoresponsive 
hydrogel microspheres, which might further affect the photothermal conversion properties of the hydrogel 
microspheres.

The stability and repeatability of the swell-shrink transition of the Lap-RD-modified hydrogel microspheres 
were also studied. As shown in Figure 5C, three different particle sizes of “N02” photoresponsive hydrogel 
microspheres were exposed to five cycles of NIR laser irradiation. The particle sizes of the three 
microspheres basically remained unchanged and the volume reduction of the hydrogel microspheres was 
less than 3%. These results indicate that the light response volume change of this kind of microvalve was 
reversible and repeatable.
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Performance and characterization of microvalve for microfluidic chip
The mechanical properties and photothermal conversion properties of the LRH materials were improved by 
modifying the traditional NIPAM hydrogel with Lap-RD materials. The surface of the photonic crystal film 
was subjected to hydrophilic treatment, which was then attached to the upper layer of the circulating flow 
channel assembled with the microvalve [Figure 6A]. As observed in the color change of the photonic crystal 
layer, the time required for turning on and off can be characterized. Deionized water was introduced from 
the inlet of the microfluidic chip at a fixed flow rate of 5 mL/min. At this time, no color change was 
observed on the surface of the photonic crystal film, meaning that there was no liquid flowing out from the 
main outlet.

As shown in Figure 6B and D, the LRH microvalve was in a closed state at 0 s with a better sealing 
performance at the flow rate of 10 mL/min. When the laser was switched on, the microvalve opened with a 
1 W and 808 nm NIR light for 2 s. As shown in Figure 6C, the volume of the hydrogel microspheres in the 
microvalve shrunk, and the water could pass through the gap created by the shrinkage of the microspheres. 
In this state, the microvalve was opened and the liquid flowed out from the main outlet to wet the surface of 
the photonic crystal film. As shown in Figure 6D, the solute among the photonic crystal structures was 
replaced by water from the air after the film was wetted and the color of the part wetted by water changed 
from the original green to red. After stopping the laser irradiation, the liquid continuously flowed through 
the hydrogel microspheres, which would take away heat. When the temperature of the hydrogel 
microspheres was lower than the VPTT, the hydrogel microspheres began to absorb water and swell. After 
18 s, the microspheres reoccupied the internal space of the microvalve, making it close again. The 
discoloration area of the photonic crystal layer stopped changing at this time, showing that the opening and 
closing response time of the microvalve was ~20 s.

The reproducibility of the hydrogel microvalve was studied at different flow rates. When the inlet flow rate 
was lower than 1 mL/min, the water flow could not pass through the narrow slits of the hydrogel 
microspheres and the microvalve was closed. When the inlet flow rate was greater than 20 mL/min, the 
liquid leakage would occur at the microvalve. Therefore, the effective working range of flow rate in the 
microvalve structure was 1-20 mL/min. As shown in Figure 7, the period from the opening state to the 
closing state of the microvalve became longer as the flow rate increased. During the five consecutive tests on 
the same day, the closing time of the microvalve gradually increased. After a full day of swelling, the closing 
time of the microvalve returned to the initial level. However, the subsequent continuous laser irradiation 
would prolong the closing time of the microvalve. These experimental results indicated that the valve 
actuation was reversible and the LRH microvalve had the potential for achieving flow control in 
microfluidic chips. The microvalve would still work properly when it carried out opening and closing cycles 
20 times a day for 5 d. However, if the laser was shone continuously for 10 s or more, the microvalve would 
be destroyed.

CONCLUSIONS
This study modified a temperature-sensitive hydrogel material using the Laponite RD matrix material to 
enhance the swelling capacity and mechanical properties of the original material. The modification of RD 
also made the Fe3O4 nanoparticles distribute uniformly, contributing to the consistent light-to-heat 
conversion performance of the hydrogel material. LRH microspheres were prepared using a T-shaped flow 
channel, which was controlled by a single outlet. Based on the circulating flow channel microfluidic chip, 
the microspheres were assembled on the chip through the injection channel to complete the on-chip 
construction of the microvalve. The duality color-changing unit was constructed according to the 
photochromic mechanism of photonic crystal, and the open/close performance of microvalve was 
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Figure 6. Characterization of the performance of LRH microvalves. (A) Schematic diagram of duality color-changing unit assembly. (B) 
Hydrogel microvalve in the closed state; from left to right are the side view, A-A cross-sectional view and the actual top view. (C) 
Hydrogel microvalve in the open state; from left to right are the side view, A’-A’ cross-section Schematic diagram and physical top view. 
(D) Color change process of photonic crystal layer on the surface of the duality color-changing unit after hydrogel microvalve is opened 
(dotted line indicates the position of the flow channel under the film, the green area is the initial color of the photonic crystal film and the 
red area indicates that the film is wetted by water). LRH: Light-responsive hydrogel.

Figure 7. Reproducibility of hydrogel microvalves at different flow rates.
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characterized by the color change of the photonic crystal. The experimental results showed that the LRH 
microvalve had a good opening and closing response. The fluid would open after the microspheres were 
irradiated by laser for 2 s. Meanwhile, the fluid flowing through the microspheres would take away the heat. 
After the microspheres absorbed water and swelled for ~18 s, the fluid closed. The microvalve prepared in 
this study had a good open/close performance and stable repeatability.
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