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Abstract: Fluid viscosity is ubiquitous property and is of practical importance in intelligent fluids, industrial 

lubrication, and pipeline fluid transportation. Recently, there has been a surging interest in viscosity regulation. 

Here, we have developed a group of photorheological fluids by utilizing azobenzene polymers with a light-induced 

microstructure transformation. In this work, a photosensitive polymer with 4,4'-bis-hydroxyazobenzene as the 

main chain was designed and synthesized as a pivotal functional material. The sufficiently large structural 

difference under ultraviolet and near-infrared light makes it possible to regulate the viscosity of a polyethylene 

glycol solution. The viscosity of the photosensitive rheological fluids under ultraviolet light radiation is found 

to be up to 45.1% higher than that under near-infrared light radiation. To explore this intelligent lubricating 

technology, the friction regulation of ceramic sliding bearings was investigated utilizing photosensitive 

rheological fluids. Reversible friction regulation with a ratio of up to 3.77 has been achieved by the alternative 

irradiation of near-infrared and ultraviolet light, which can be attributed to the differences in mechanical 

properties and molecular structures under ultraviolet and near-infrared light according to both simulations 

and experiments. Such photorheological fluids will have promising applications in controllable lubrication, 

intelligent rheological fluids, and photosensitive dampers. 
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1  Introduction 

The viscosity of fluids is closely tied to industrial 

production and daily life, such as in navigation [1, 2], 

pipe flows [3], mechanical lubricants [4–11], water 

conservancy, and biorheology [12, 13]. In particular, 

with the development of intelligent fluids such as 

electrorheological fluids [14, 15], magnetorheological 

fluids [16–20], pH-sensitive fluids [21], photorheological 

fluids [22–24], and other stimuli-responsive fluids 

[25, 26], these intelligent fluids are attracting extensive 

attention as smart fluid dampers for vehicle [27, 28], oil 

and gas pipeline transportation [29], in wafer surface 

polishing [30, 31], and friction regulation [5, 32–36]. 

However, some intelligent fluids have disadvantages, 

such as in electrochemical corrosion in electrorheological 

fluids. In addition, irreversible transformation pro-

perties, high cost and environmental pollution have 

blocked the development of other stimuli-responsive 

fluids [21, 37]. As the application of intelligent fluids has 

increased, new kinds of liquids are urgently needed. 

Among all kinds of stimuli, light stimuli have a series 

of advantages, including convenience, cleanliness, 

biocompatibility, and fast response [38, 39]. The light 

field shows wide potential applications in intelligent 

materials and mechanical systems, such as for 

hydrophilic/hydrophobic wetting surfaces [40, 41], 

light-sensitive hydrogels [42], and light-induced 

mechanical arms [43, 44]. Therefore, light is considered 

an ideal outside stimulus to regulate the viscosity of 

photosensitive intelligent fluids. 
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Recently, a class of organic photosensitive materials 

has aroused increasing interest on account of their 

significant structural differences and responsive per-

formance. To date, great efforts have been dedicated 

to intelligent materials [45–47], including diarylethene, 

fulgide, azobenzene, spiropyran, carbon nanotubes, 

and graphene oxide. These photosensitive materials 

are widely used in flexible robots [48], liquid tran-

sportation [40], and photoforce sensors [49]. Among 

these external stimuli-responsive materials, azobenzene 

and its derivatives have attracted the most attention 

due to large changes in both their geometry and 

molecular length under ultraviolet (UV)/visible/ 

thermal stimuli [50–53]. Azobenzene has two isomers, 

trans isomers (under visible/thermal/near-infrared 

(NIR) light) and cis isomers (under UV light). The 

molecular length of the cis isomer is 38.8% shorter 

than that of the trans isomer. Most atoms of the trans 

isomer are coplanar, while those of the cis isomer are 

noncoplanar [53, 54]. In addition, the photoisomerization 

of azobenzene is reversible, which makes it possible 

to prepare reusable photosensitive rheological fluids. 

Although a single azobenzene molecule has obvious 

structural differences between the trans isomer and 

cis isomer, the differences at the angstrom scale are 

not effective enough to influence the macroscale 

performance of photosensitive rheological fluids. 

Therefore, magnifying the differences between the 

cis and trans isomer is a simple and efficient way 

to solve the problem. A photosensitive polymer with 

azobenzene as the main chain is promising to satisfy 

these requirements. Organic photosensitive azobenzene 

polymers as optical switching materials provide 

the advantages of being green, efficient, saving and 

intelligent but present challenges in developing 

excellent photosensitive rheological fluids. 

In this work, we designed a kind of photosensitive 

polymer by integrating 4,4'-bis-hydroxyazobenzene 

as a photosensitizer into a polycondensation polymer. 

Interestingly, the photosensitive azobenzene polymer 

exhibits two totally different morphologies: One 

conformation is a linear chain under NIR light, and 

the other conformation is a serrated chain under UV 

light. In addition, the mechanical properties, including 

the Young’s modulus and shear modulus, are also 

different under UV and NIR light. The viscosity of 

the photosensitive rheological fluid under UV light  

is up to 45.1% higher than that under NIR light. 

Photosensitive rheological fluids have shown obvious 

reversible regulation of the friction of ceramic sliding 

bearings. The maximum friction coefficients could be 

changed by approximately 3.8-fold. These results have 

potential applications in intelligent fluid braking, 

microfluid transportation, and a wide range of fields 

requiring external stimuli-responsive viscosity. 

2 Materials and methods  

2.1 Materials 

Chemicals including azobenzene derivative and 

hexamethylenene diisocyanate were purchased from 

Tokyo Chemical Industry and Sinopharm Chemical 

Reagent Corporation. Other reactants and catalysts, 

such as polyglycol 200/300/400, tetrahydrofuran (THF), 

and Bu2Sn dilaurate, were obtained from Aldrich. The 

purity of all of these reagents is AR grade. 

In this work, polymer materials were synthesized to 

achieve photoresponsive properties via azobenzene 

functional groups. 4,4'-bis-hydroxyazobenzene was 

particularly important to realize the folding and 

stretching of the polymer chains corresponding to  

the cis isomer and trans isomer conformations.   

The polymer was the polycondensate of 4,4'-bis- 

hydroxyazobenzene and hexamethylenene diisocyanate. 

Hexamethylene diisocyanate played a connecting role 

in the polymer chain. The synthesis process is described 

in the Electronic Supplementary Material (ESM). The 

final product was a brown amorphous powder with 

chemical name poly (4,4'-bis-hydroxyazobenzene 

hexamethylene diisocyanate) (P-AZO-HDI). 

2.2 Characterizations of P-AZO-HDI 

The mass spectra of the P-AZO-HDI polymer were 

measured by gas chromatography mass spectrometry 

(GC/MS-QP2010). The P-AZO-HDI polymer was 

dissolved in acetone to obtain the tested samples. The 

IR absorption spectra were characterized by a Fourier 

transform infrared spectrometer (Bruker, Horiba, 

Germany). During the Infrared spectra measurements, 

the samples were prepared by the squash method to  

form a submillimeter thick film, and the test was 
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performed under atmospheric conditions at room 

temperature. The UV-visible absorption spectra were 

recorded on a UV-visible spectrophotometer (UV-2700, 

Shimadzu, Japan). The samples were composed of 

1×10-5 mol·L-1 P-AZO-HDI and N-methyl pyrrolidone 

(NMP) solution. The morphology of the powder or film 

formed of P-AZO-HDI was observed by scanning 

electron microscopy (SEM). 

2.3 Photoisomerization experiments 

To characterize the light-induced transition between 

the cis and trans isomers, P-AZO-HDI was illuminated 

by a mercury lamp (Philips, λ = 210–380 nm). NIR 

irradiation was carried out by using an IR-250 RH 

lamp (Philips, λ  = 760–5,000 nm). Azobenzene can 

transform from the cis isomer into the trans isomer 

under the infrared thermal effect. Here, NIR light was 

used to achieve a rapid heating goal. 

2.4 Viscosity measurements 

The light-controlled viscosities of the photosensitive 

fluids were measured on an Anton Paar Physica 

(MCR302) rheometer. The test temperature was at an 

ambient temperature of 25 °C. The cone-plate measur-

ing system was selected to measure the viscosity. 

The diameter of the cone was 50 mm, and the cone- 

plate gap was equal to 103 μm. The angle of the cone 

was 179°. The shear rates ranged from 1 to 300 s–1, and 

the total test time was approximately 3 min for each 

sample. To explore the photoresponsive viscosity, each 

sample was adequately irradiated by UV/NIR light 

before testing. During the viscosity test, the samples 

and rheometer were sheltered to avoid the influence 

of ambient light. 

2.5 Light-controlled friction measurements 

The friction measurements of ceramic bearings with 

pure sliding system were conducted on a UMT3 

tribometer. A Si3N4 ceramic bearing material was 

selected to achieve the light-controlled friction 

regulation. A ball-on-disk configuration was adopted 

to simulate the working conditions of the bearing. The 

sphere was a Si3N4 ball with a diameter of 10.7 mm, 

and the flat surface was a thin slice of SiO2. The test 

speeds ranged from 0 to 330 mm·s-1, and the speed 

interval was 5.23 mm·s-1. The total test time was 

approximately 10 min, and the measurements were 

performed at room temperature (25 °C). The load 

was set to 1 N, and a 500 g sensor was selected. As 

calculated by Hertzian elastic contact theory, the 

maximum Hertzian contact pressure was 289.1 MPa 

and the Hertzian contact radius was 40.6 μm. The 

photosensitive fluid samples were the same as the 

viscosity-tested solutions, which included pure PEG200, 

PEG300, PEG400, and their corresponding solutions 

containing 2 wt% P-AZO-HDI. These samples were 

illuminated by NIR light or UV light for 2 min. After 

irradiation, the solutions were stored in a dark environ-

ment until the temperature recovered to 25 °C. 

2.6 Elastic modulus measurements 

The Young’s modulus of P-AZO-HDI flakes under 

UV/NIR light illumination was obtained by Atomic 

Force Microscope (AFM) in situ measurements under 

ambient conditions with shading treatment. The flakes 

of the P-AZO-HDI polymer were prepared by com-

pression molding. First, 6 mg P-AZO-HDI powder was 

weighed and put into a square mold. Then, a 0.3 MPa 

pressure was maintained for 10 min on the mold. 

Finally, submillimeter transparent flakes were obtained 

by careful demolding. The flakes were fixed on a glass 

substrate, and the force curves were measured in situ 

under different irradiation conditions. In this work, a 

conical silicon probe was selected to survey the elastic 

modulus. The Young’s modulus was obtained by fitting 

the force curves with the Hertz/Sneddon contact model. 

The fitting process can be found in the ESM. 

2.7 Simulation calculation 

The P-AZO-HDI property calculations were simulated 

by Material Studio 2017. The photoresponsive 

P-AZO-HDI polymer had two kinds of isomers, the 

trans isomer (NIR), and cis isomer (UV). There were 

three tasks, including chain morphology, shear modulus, 

and Young’s modulus, for each isomer. The method 

to simulate the morphology was to optimize the 

geometric structure of the cis and trans isomers. Here, 

the end-to-end distance and radius of gyration of the 

P-AZO-HDI polymer were selected to characterize 

the morphology differences between the cis and trans 

isomers. Taking the degree of polymerization into 
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account, a series of polymers were simulated to observe 

the morphology of the cis/trans polymer. The shear 

modulus and Young’s modulus were calculated by 

constructing an amorphous cell. The cell was formed 

with a certain proportion of polymers with different 

polymerization degrees. In this simulated calculation, 

the crystal building tool and Forcite tool were applied 

to optimize the geometry and calculate the mechanical 

properties. The detailed modeling and simulation 

process are listed in the ESM. 

3 Results and discussions 

3.1 Photoresponsive polymer P-AZO-HDI 

The transformation between the cis isomer and trans 

isomer of azobenzene plays a decisive role in the light- 

controlled viscosity. The trans isomer can be converted 

to a cis isomer by irradiation with UV light, and recovers 

to the initial state when triggered by visible/thermal 

(NIR) stimuli, as shown in Fig. 1(a). The cis isomer and 

trans isomer of azobenzene have obvious differences 

in molecular length and structural conformation.   

To further magnify the differences in azobenzene 

properties, azobenzene was introduced into the 

main chain of the P-AZO-HDI polymer. The powder 

morphology of P-AZO-HDI was flowers in clusters, as 

shown in Fig. 1(b). The UV-visible absorption spectrum 

of P-AZO-HDI was measured to determine the light- 

responsive wavelength, which was important for the 

design and application of light-controlled viscosity. 

There were two absorption peaks in the UV-visible 

spectrum of azobenzene. A strong peak was at 365 nm, 

and a weak peak was at 440 nm. In the UV-visible 

spectrum of the polymer, the 440 nm absorption peak 

was too weak to be submerged. The UV-visible spectrum 

of P-AZO-HDI with NMP as the solvent had a strong 

absorption peak at 365 nm in the primary state, as 

shown in Fig. 1(c). Then, after exposure to UV light 

for 2 min, the 365 nm absorption peak was quickly 

reduced. It was basically recovered to the initial 

value via illumination with NIR light for 2–5 min. In 

addition, the cis isomer can be converted to a trans 

isomer at temperatures higher than 80 °C. NIR light had 

an obvious advantage in its rapid heating to trigger 

the cis-trans transformation due to its excellent thermal 

effect. The results demonstrated that P-AZO-HDI 

had good photoresponsive properties triggered by 

NIR/UV light. 

To analyze the functional groups of the P-AZO-HDI 

polymer, IR absorption spectroscopy was conducted, 

as shown in Fig. 1(d). The stretching vibration peaks 

of the N–H bonds (new bonds) and C–H2 bonds were 

3,331 and 2,933 cm-1, respectively. The wavenumbers 

 

Fig. 1 Basic characterization of the photosensitive polymer P-AZO-HDI. (a) Chemical structure of P-AZO-HDI and photoresponsive 
mechanism of azobenzene; (b) SEM image of the P-AZO-HDI powder; (c) UV-visible absorption spectra of the P-AZO-HDI polymer (The 
UV absorbed peak was at 365 nm); and (d) IR absorption spectrum of P-AZO-HDI (IR: 3,331 cm-1 (m; νs(NH)), 2,933 cm-1 & 2,856 cm-1

(m; νs(CH2)), 1,617 cm-1 & 1,577 cm-1 (s; νc=c(Ar)), 645–950 cm-1 (m; ω(Ar–H))). 
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at 1,617 and 1,577 cm-1 were the vibration peaks of 

the benzene skeleton. The wavenumbers from 645 

to 950 cm-1 were the stretching vibration peaks of the 

Ar–H bonds. The full IR spectral interpretation can 

be found in Fig. S1(a) in the ESM. P-AZO-HDI was 

the polycondensate of an azobenzene derivative and 

hexamethylene diisocyanate, as shown in Fig. 1(a) 

and Scheme S1 in the ESM. The C–H2 bonds were 

from hexamethylene diisocyanate. The benzene 

skeleton and Ar–H bonds were from the azobenzene 

derivative. There were characteristic peaks of the 

two reactants in the IR spectrum of P-AZO-HDI. The 

results indicated that the polycondensation reaction 

was successfully ongoing. In addition, the mass 

spectrum (Fig. S1(b) in the ESM) was measured to 

determine the degree of polymerization of P-AZO-HDI. 

The degree of polymerization was spread across 7 to 

20, and most polymers fell within 7 to 12. By roughly 

simulating the polymer structures, the molecular 

lengths of the P-AZO-HDI polymer were distributed 

from 10 to 40 nm. Therefore, the P-AZO-HDI was 

successfully synthesized through experimental and 

analytical results. 

3.2 Light-controlled viscosity 

The light-controlled viscosities of the P-AZO-HDI 

and PEG200/300/400 solutions were measured on a 

cone-on-plate system. The tested shear rates ranged 

from 0 to 300 s-1 at 25 °C. The viscosities of four 

photorheological fluids (PEG300 and P-AZO-HDI) of 

different concentrations were tested to determine the 

best concentration. The variation rate (Δ) of the viscosity 

was defined as the increase in viscosity divided by 

the viscosity under NIR light. The variation rate of 

the viscosity increased as the P-AZO-HDI content 

increased, as shown in Fig. 2(a). The average variation 

rates were 5.1% for 0.5 wt% fluid, 7.5% for 1 wt% fluid, 

10.7% for 1.5 wt% fluid, and 25.4% for 2 wt% fluid. 

The solubility of P-AZO-HDI in polyethylene glycol 

is close to 2 wt% at room temperature. The viscosities 

of 2 wt% P-AZO-HDI and PEG300 changed from 

126.92 to 87.95 mPa·s under UV light as the shear 

rates increased from 0 to 300 s-1. The viscosities of   

2 wt% P-AZO-HDI and PEG300 ranged from 88.28 to 

75.28 mPa·s when exposed to NIR light, as shown in 

Fig. 2(b). At most, there was a 43.8% rate of change. 

The dripping test of PEG300 and 2 wt% P-AZO-HDI 

solution under UV and NIR irradiation was recorded 

by camera. As shown in Fig. 2(c), after irradiation with 

UV or NIR light, 1 mL of the fluid was added to the 

pipettes. The dripping duration time of the NIR- 

irradiated liquid was 13.0 s, while the dripping  

 

Fig. 2 Light-controlled viscosities of P-AZO-HDI and PEG300 solutions triggered by NIR/UV light. (a) Δ of photoresponsive PEG200
solutions with P-AZO-HDI concentrations of 0.5, 1.0, 1.5, and 2.0 wt%; (b) reversible light-controlled viscosity transformations of 
2 wt% P-AZO-HDI and PEG300 solutions; and (c) photosensitive rheological fluid dripping test of 1 mL 2 wt% P-AZO-HDI and
PEG300 solutions. 
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duration time of the UV-irradiated liquid was 19.5 s. 

This meant that the viscous forces of the fluids under UV 

light were higher than those under NIR light. Repeating 

the reversible light-controlled viscosity experiments 

several times, the viscosities of UV irradiation were 

typically higher than those of NIR light. 

Most solutions of 2 wt% P-AZO-HDI mixed with 

polyethylene glycol (Figs. 2(b), 3(a), and 3(b)) behaved 

as non-Newtonian fluids with shear thinning pro-

perties. However, pure polyethylene glycol essentially 

maintained Newtonian fluid properties. The viscosities 

of solutions irradiated by UV light were typically 

higher than those irradiated by NIR light. At low shear 

rates, the viscosity difference was greater. When 

the shear rates were higher than 30 s-1, the viscosity 

differences remained relatively stable. The viscosities 

of pure PEG200, pure PEG300, and pure PEG400 

were 45.78±2.057, 66.97±4.816, and 93.35±0.385 mPa·s, 

respectively. The viscosities of 2 wt% P-AZO-HDI and 

PEG200 exposed to UV light were 20–65 mPa·s higher 

than those irradiated by NIR light, as shown in    

Fig. 3(a). The change extent of the viscosities was up 

to 45.1%. The viscosities of the 2 wt% P-AZO-HDI 

and PEG400 solution irradiated by UV light were 

10–17 mPa·s higher than those under NIR light, as 

shown in Fig. 3(b). The regulated rates ranged from 

11.1% to 16.4%. In addition, the viscosities of the 

P-AZO-HDI and polyethylene glycol solutions were 

reversibly transformed by alternating UV and NIR 

light irradiation, as shown in Figs. 2(b) and S2(a), 

and S2(b) in the ESM. The results of the fatigue tests 

indicated that the light-controlled viscosities of P-AZO- 

HDI and polyethylene glycol had a stable and obvious 

regulation in the photosensitive rheological fluids. 

 

Fig. 3 Light-controlled viscosities of 2 wt% P-AZO-HDI dissolved 
in (a) PEG200 solution and (b) PEG400 solution. 

3.3 Mechanical properties of P-AZO-HDI 

The mechanical and structural properties of the 

P-AZO-HDI polymer played a significant role in 

the light-controlled viscosity regulation. The Young’s 

modulus of P-AZO-HDI was determined by AFM in 

situ measurements. A diagram of the light-controlled 

Young’s modulus measurement is shown in Fig. 4(a). 

The test sample was a thin film made by the squash 

method. There were two force curves obtained by 

extending and retracting the motions of the AFM 

probe. Here, the extending force curve was selected 

to fit as described in the ESM. A 160AC-NA standard 

silicon probe was adopted to measure force curves, 

as shown in Fig. S3(a) in the ESM. The fitting modulus 

was the Hertz/Sneddon elastic contact modulus, as 

shown in Fig. S3(b) in the ESM. The Young’s modulus 

was 5.304 GPa when exposed to NIR light and   

2.634 GPa when irradiated by UV light as shown in 

Fig. 4(b). The Young’s modulus was repeated several 

times, and the average Young’s modulus was 7.975± 

2.357 GPa under NIR light and 3.039±0.351 GPa under 

UV light, as shown in Fig. 4(c) and Table S2 in the 

ESM. The simulation results supported the Young’s 

modulus measured by AFM. The Young’s moduli of 

the simulation results were 0.526 GPa for the trans 

isomer (NIR) and 0.153 GPa for the cis isomer (UV), 

as shown in Fig. 4(d). There was a regular pattern in 

which the Young’s modulus of the trans isomer (NIR) 

was significantly higher than that of the cis isomer 

(UV). 

According to the simulated results of the polymer 

structures, there were obvious differences between 

the molecular morphologies of the trans isomer (NIR) 

and cis isomer (UV). The trans isomer polymers were 

mainly long linear-chain structures, while the cis isomer 

polymers were serrated-chain structures, as shown in 

Fig. S3(f) in the ESM. Here, the terminal distance and 

radius of gyration of the P-AZO-HDI polymers were 

selected to investigate the difference between the 

trans and cis polymers. The terminal distance of the 

polymer was defined by the length between the first 

atom and the last atom of the molecule. Molecules 

with longer terminal distance had better straightness 

at the same degree of polymerization. The terminal 

distances of the trans isomer (NIR) were generally 

4.17–11.62 nm longer than that of the cis isomer (UV) 

as the degree of polymerization increased from 7 to 

20, as shown in Fig. 4(e) and Table S1 in the ESM. 

There was a different of up to 33% in molecular length 
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between the trans and cis polymers at the same 

degree of polymerization. In general, a smaller radius 

of gyration represented a more twisted polymer. The 

radius of gyration of the trans isomer (NIR) was up 

to 24% larger than that of the cis isomer (UV). The 

simulated results indicated that the trans isomer was 

straighter than the cis isomer. In addition, the simulated 

shear modulus of the trans isomer polymer was  

0.534 GPa while that of the cis isomer polymer was 

0.339 GPa, as shown in Fig. 4(e). The mechanical 

properties and molecular structure differences between 

the trans and cis isomers provided the possibility of 

achieving light-controlled viscosity. 

3.4 Friction regulation by photosensitive rheological 

fluids 

According to the Hamrock–Dowson film thickness 

formula (Eqs. (S5) and (S6) in the ESM), the film 

thickness of the contacted areas will increase 0.67% 

as the viscosity increases 1%. Therefore, the light- 

controlled viscosity of rheological fluids had an 

important influence on the friction of contact area, 

especially in the boundary lubrication and mixed 

lubrication. The photosensitive rheological fluid is 

potential to application in the light-induced intelligent 

braking of some devices, such as dampers, gears, and 

bearings. Here, the friction measurement of ceramic 

sliding bearings (Fig. 5(a)) was conducted on a universal 

mechanical tester type 3 (UMT3) adopting a point 

contact mode. The silicon nitride sliding bearing and 

the diagram of light-controlled friction are shown in 

Fig. 5(b). The COF of pure PEG200/300/400 was also 

measured, as shown in Fig. 5(c). The COF of pure 

PEG200/300/400 first decreased and then remained 

relatively stable as the test speeds increased from 0 to 

330 mm·s-1. The coefficients of fiction (COFs) that 

changed with test speeds from 0 to 330 mm·s-1 were 

recorded under NIR/UV light. The COF of the 2 wt% 

P-AZO-HDI and polyethylene glycol solutions had 

obvious differences after irradiation by NIR/UV light, 

especially when the test speeds were lower than  

180 mm·s-1, as shown in Fig. 5(d). However, the light- 

controlled friction lost effectiveness at speeds greater 

than 180 mm·s-1. It was conjectured that the lubricated 

state had been transformed from mixed lubrication  

to elastohydrodynamic lubrication at a speed of   

180 mm·s-1. Because the thickness of lubricated film 

was about 15 nm at the speed of 150 mm·s-1 and   

 

Fig. 4 Mechanical performance and molecular simulation results of P-AZO-HDI. (a) Diagram of the light-controlled Young’s modulus
measurement by AFM; (b) fitting force curves of P-AZO-HDI (The Young’s modulus was 5.304 GPa under NIR light and 2.634 GPa
under UV light); (c) statistical chart of the reversible Young’s modulus of the P-AZO-HDI film (The average Young’s modulus was
7.975 ± 2.357 GPa under NIR light and 3.039 ± 0.351 GPa under UV light); (d) simulated results of mechanical properties (The Young’s 
moduli were 0.526 GPa for the trans isomer (NIR) and 0.153 GPa for the cis isomer (UV). The shear moduli were 0.534 GPa for the
trans isomer and 0.339 GPa for the cis isomer); and (e) results of the molecular conformation simulation (Light-controlled molecular 
structures with a series of degrees of polymerization were characterized by terminal distance and radius of gyration). 
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the comprehensive surface roughness was 5 nm. In 

elastohydrodynamic lubrication, the film thickness 

separates the contacted interface by a thick fluid layer. 

Therefore, the COFs under UV and NIR light were 

almost the same at speeds greater than 180 mm·s-1. 

The COFs under NIR light were much higher than 

those under UV light at speeds below 180 mm·s-1, as 

shown in Figs. 5(e)–5(g). Whether under UV or NIR 

light irradiation, the COF change trend of P-AZO-HDI 

in different polyethylene glycols followed similar rules, 

decreasing first and then increasing slowly as the 

speed increased. 

Here, the COF ratio was defined by the COF under 

NIR light divided by that under UV light at the  

same speed. The COF ratio was selected to measure 

the regulating performances of the photosensitive 

rheological fluids. The maximum COF ratios were 

3.77 in PEG200 and 2 wt% P-AZO-HDI solution    

at the speed of 68 mm·s-1, 2.35 in PEG300 and 2 wt% 

P-AZO-HDI solution at the speed of 26 mm·s-1, and 

2.85 in PEG400 and 2 wt% P-AZO-HDI solution at 

the speed of 10 mm·s-1, as shown in Fig. 5(d). The 

COF change ranges were 20%–100% in other works 

of light-induced friction [5, 55, 56]. Further studies of 

light-controlled friction fatigue tests showed that the 

friction regulations underwent reversible transformation 

under UV and NIR light, as shown in Fig. 5(h). The 

COF of PEG200 and 2 wt% P-AZO-HDI tended to 

alternate between 0.056±0.0098 (NIR) and 0.015±0.0066 

(UV) at the speed of 68 mm·s-1. The COF of PEG300 

 
Fig. 5 Regulation of the COF for ceramic bearings by photosensitive rheological fluids. (a) Pictures of the ceramic sliding bearings and
friction tests on UMT tribometers; (b) diagram of friction measurements regulated by UV/NIR light; (c) COF of pure PEG 200/300/400
solutions for varying test speeds; (d) COF ratio was defined by the COF under NIR light divided by that under UV light (The largest 
regulated ratios of the photosensitive rheological fluids were 3.77 in PEG200, 2.35 in PEG300, and 2.85 in PEG400); (e) COF of 2 wt% 
P-AZO-HDI and PEG200 solutions for test speeds from 0 to 330 mm·s-1; (f) COF of 2 wt% P-AZO-HDI and PEG300 solution for varying
test speeds; (g) COF of 2 wt% P-AZO-HDI and PEG400 solution for varying test speeds; and (h) reversible friction regulation achieved 
by P-AZO-HDI and polyethylene glycol solutions (The COF tended to alternately change between 0.056 ± 0.0098 (NIR) and 0.015 ± 0.0066
(UV) at the speed of 68 mm·s-1 in PEG200 and 2 wt% P-AZO-HDI solution, between 0.055 ± 0.0076 (NIR) and 0.023 ± 0.0055 (UV) at 
the speed of 26 mm·s-1 in PEG300 and 2 wt% P-AZO-HDI, and between 0.083±0.0084 (NIR) and 0.029 ± 0.0010 (UV) at the speed 
of 10 mm·s-1 in PEG400 and 2 wt% P-AZO-HDI). 
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and 2 wt% P-AZO-HDI changed from 0.055±0.0076 

irradiated by NIR light to 0.023±0.0055 when exposed 

to UV light at the speed of 26 mm·s-1. The COF    

of PEG400 and 2 wt% P-AZO-HDI varied from 

0.083±0.0084 (NIR) to 0.029±0.0010 (UV) at a speed of 

10 mm·s-1. The results indicated that the photosensitive 

rheological fluids effectively regulated the friction of 

ceramic sliding bearings. 

3.5 Regulating mechanisms of light-controlled 

viscosity and friction 

According to the results of the simulations and 

experiments, the molecular structure differences before 

and after UV irradiation played a decisive role in the  

light-controlled viscosity. The trans isomer molecules 

under NIR light were long linear-chain structures, 

whereas the cis isomer molecules under UV light had 

serrated-chain morphologies, as shown in Fig. S3(f) 

in the ESM. The molecular length of the trans isomer 

was up to 33% longer than that of the cis isomer. The 

cone-plate viscosity measurement system was simplified 

as shown in Fig. 6(a). The higher viscosity was due to 

the greater possibility of twining on the vertical shear 

plane. Because the cis isomer of P-AZO-HDI had a 

serrated-chain morphology, a higher shear force is 

needed to overcome the resistance of the molecular 

tangle. In contrast, the trans isomer of P-AZO-HDI 

had a linear-chain structure and shear occurred easily 

due to almost no entanglement between these straight 

chains. This meant that the viscosity under NIR light 

was much smaller than that under UV light. 

There were two critical factors, the photosensitivity 

of the rheological fluids and the mechanical properties 

 

Fig. 6 Mechanisms of light-controlled viscosity and friction. (a) Light-controlled viscosity was ascribed to the structural differences 
between the trans and cis isomers of P-AZO-HDI (The P-AZO-HDI cis isomer was a serrated-chain structure, which meant that it was 
more likely to twine during shearing. The lower viscosity under NIR light was due to the linear-chain structure of the trans isomer) and 
(b) two factors (photosensitive fluids and mechanical properties of the P-AZO-HDI layer in contact areas) accounted for light-controlled 
friction (The higher viscosities (UV) meant thicker lubricated film. Therefore, frictional pairs were more likely to separate under UV
light, which led to a lower COF. In addition, the P-AZO-HDI layer easily sheared and deformed, leading to a lower COF under UV light 
due to the smaller shear modulus and Young’s modulus. In contrast, the higher COF under NIR light was due to the anti-shear and 
anti-deformation properties of the P-AZO-HDI layer with a larger shear modulus and Young’s modulus. The photosensitive fluids and 
mechanical properties of the P-AZO-HDI layer worked together to regulate friction). 
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of the P-AZO-HDI layer, which accounted for the 

friction regulation of ceramic sliding bearings. The 

mechanism of friction regulation (Fig. 6(b)) was divided 

into two parts. The first factor was the lubricated film 

thickness difference induced by the photosensitive fluid. 

In the boundary lubrication and the mixed lubrication 

(low speeds), the thickness of lubricated film has a 

significant influence on friction coefficient. According 

to Eq. (S6) in the ESM, the film thickness of 2 wt% 

P-AZO-HDI and PEG200 (Fig. 6(b)) under UV light 

was up to 30.2% thicker than that under NIR light. The 

lubrication film thickness ranges (Figs. S4(a) and S4(b) 

in the ESM) were up to 29.3% greater in the 2 wt% 

P-AZO-HDI and PEG300 solutions and up to 11.0% 

greater in the 2 wt% P-AZO-HDI and PEG400 solutions. 

The results indicated that the frictional pairs were 

more likely to be separated by a thicker film layer, 

leading to a smaller COF under UV light. The two 

surfaces were more likely to come into contact under 

NIR light, contributing to higher friction. When the 

speeds were higher than 180 mm·s-1, the lubricated 

state was elastohydrodynamic lubrication. The friction 

pair was separated by elastohydrodynamic fluid film, 

which led to the close friction coefficients under UV 

and NIR light.  

The second factor was the mechanical property 

difference of the P-AZO-HDI layer on the contact 

areas. Here, the mechanical properties included the 

shear moduli and Young’s moduli of the trans and cis 

isomers. As the results of the mechanical properties 

of P-AZO-HDI showed, the Young’s modulus under 

NIR light was 2.62 times that of the modulus under 

UV light, as measured by AFM. The regulated range 

of the Young’s modulus was 3.44 times according to 

the simulation of the mechanical properties. In addition, 

the simulated shear modulus under NIR light was 

1.58 times that of the modulus under UV light. It was 

speculated that the P-AZO-HDI layer was hard to 

shear and deform with shearing direction due to the 

larger Young’s modulus and shear modulus under NIR 

light. Therefore, the anti-shear and anti-deformation 

properties led to a higher COF under NIR light. When 

exposed to UV light, the P-AZO-HDI layer easily 

sheared and deformed with the shearing direction  

owing to the smaller Young’s modulus and shear 

modulus. The bedding-shear and easy-to-deform 

P-AZO-HDI layers resulted in smaller COFs under 

UV light. In conclusion, the photosensitive rheological 

fluids and mechanical properties of the P-AZO-HDI 

layer worked together to achieve light-controlled 

friction of ceramic sliding bearings. 

4 Conclusions 

In summary, we designed a group of photosensitive 

rheological fluids composed of 2 wt% poly (4,4'-bis- 

hydroxyazobenzene hexamethylene diisocyanate) 

(P-AZO-HDI) and polyethylene glycol. These fluids 

can achieve reversible viscosity regulation via the 

obvious differences in the structural and mechanical 

properties under UV compared to NIR light. The 

P-AZO-HDI polymer with azobenzene units as the 

backbone was designed as a photoresponsive functional 

material. The molecular length under NIR light was 

33% longer than that under UV light. The mechanical 

properties, such as the shear modulus and Young’s 

modulus, were also significantly different under UV/NIR 

light. The regulated ranges of light-controlled viscosity 

were increased by 45.1% in PEG200, 43.8% in PEG300, 

and 16.4% in PEG400. Photosensitive rheological fluids 

were used to achieve reversible friction regulation of 

ceramic sliding bearings. The maximum COF regulated 

ranges were 3.77 times greater in PEG200, 2.35 times 

greater in PEG300, and 2.85 times greater in PEG400. 

The mechanism of the light-controlled viscosity was 

ascribed to the structural differences between the trans 

and cis isomers of P-AZO-HDI. The friction regulation 

of ceramic bearings was due to the photosensitive 

fluids and mechanical properties of the P-AZO-HDI 

layer. The light-controlled viscosity, light-controlled 

shear modulus, and light-controlled Young’s modulus 

worked together to regulate friction. This work not 

only provides a strategy to design photoresponsive 

polymers with quite different structures under UV/NIR 

irradiation but also develops new intelligent rheological 

fluids based on light stimuli. These results are significant 

for understanding the mechanism of viscosity and 

friction regulation from scientific and technological 

views. Photosensitive fluids have wide applications in 

smart rheological fluids, liquid transport, intelligent 

lubrication, and photoforce sensors. 
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