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ARTICLE INFO ABSTRACT

Keywords: Optical manipulation of liquids has extensive applications, ranging from biological research to information
OPtoﬂu@iCS' technology. However, existing technologies struggle with a fundamental limitation, as the pinning force of the
Pneumatic piston contact line significantly resists liquid motion. In this study, a novel strategy is introduced to govern fluid motion
Nanofluid . : . e . . s .

. and overcome this barrier. Our approach involves positioning a nanofluid slug within a sealed capillary tube and
Thermoplasmonic

directing irradiation to one side of the slug. Intensive local vaporization of nanofluid is generated due to the
thermo-plasmonic effect of nanoparticles, leading to a considerable driving force and rapid motion of the slug.
Based on this principle, the opto-thermoplasmonic pneumatic piston was proposed. The direction of motion is
controlled by modulating the laser irradiation direction. Furthermore, the laser beam parameters enable
adjustable piston oscillation frequency and speed. To better understand the characteristics of the opto-
thermoplasmonic pneumatic piston, theoretical studies were conducted to analyze the kinetic characteristics
of the piston, revealing an expression consistent with the Kelvin-Voigt model. Various factors affecting the
performance of the pneumatic pistons were also studied. Based on the experimental results and motion model,
we found and explained that the oscillation amplitude presents an exponential relationship with the working

Vapor propulsion

frequency I, = a(1 — e:'/%), where the coefficient a is related to the laser power, slug length, and nanofluid
concentration, while the coefficient b is solely dependent on the nanofluid concentration. These opto-
thermoplasmonic pneumatic pistons epitomize a new paradigm for manipulating aqueous mesoscopic systems,
thus forging new paths for light-propelled soft motors with precise motion control.

1. Introduction 8]. However, typical photochemical actuators have response times
measured in seconds, making them unsuitable for high-frequency ap-

Actuators are sensors that convert external energy into mechanical
motion. Various actuators enhance production efficiency and reduce
costs in daily life. They have significant applications in national defense,
aerospace, and medical engineering, attracting attention from countries
and experts worldwide[1-3]. Their core materials must respond to
external stimuli by changing softness, shape, phase, and strength[4,5].
In recent years, light-driven actuators have gained widespread attention,
because they enable remote contactless operation and can be used stably
in extremely harsh environments[6]. Light-driven actuators are classi-
fied into photochemical and photophysical types based on their working
principles. Photochemical actuators utilize unique functional groups
within the material to undergo reversible photochemical reactions with
incident light, imparting different properties to the actuators. For
example, chromophoric functional groups like azobenzene can undergo
reversible photochemical reactions under visible and ultraviolet light[7,
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plications[9,10]. In contrast, photophysical actuators use physical pro-
cesses resulting from the interaction between light and material, with
response times in the millisecond class. Photothermal actuators are the
most common and simple photophysical actuators, which convert light
energy into thermal energy, causing deformation or phase changes and
triggering actuators operation. A variety of photothermal actuators have
been developed. Chen developed an intelligent gripper using a
CNT-paper/BOPP combination, which bends significantly under
infrared radiation and can lift and move objects twenty times heavier
than a single actuator[11]. Vélez-Cordero used laser heating photosen-
sitive materials to make gas in a cavity expanding[12]. The gas driven a
liquid column movement to create a light-controlled valve. Meng et al.
utilized nanoparticle films to absorb solar energy and convert it into
thermal energy, producing a light-driven "motorboat" that moves
quickly on the water surface[13].
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Table 1
The comparation of various optical actuators.
Ref. Actions Response Stimulation Durability Highlight
time
[71 bend <5ps UV light > 1000 Maximum stress is estimated to be 56 MPa
photochemical  cycles
[8] bend ~10 min UV light > 5min Exhibit an expansion and contraction behavior liking a natural muscle
photochemical
[91 bend ~30 min Vis light > 4 cycles Biomimetic curling motions
photochemical
[11] bend 10s NIR light > 100 The force density is about 51.
photothermal cycles
[12] translation 1s Vis light > 40 cycles The piston is reciprocating motion. Amplitude < 2 mm, Vpax< 0.7 mm/s
movement photothermal
[13] translation ~0.3s 532 nm laser - Moving speed is 34.6 mm/s in water and moving direction can be controlled.
movement photothermal
This translation ~0.2s 527 nm laser > 100 The energy conversion part and the moving part are combined in the piston which has a quick

work  movement photothermal cycles

response and rapid reciprocating movement. Amplitude < 10 mm, Vpmax < 1.7 mm/s

The photothermal actuators involve two energy conversion pro-
cesses: the conversion of light to heat and the conversion of thermal
energy into mechanical work. For the first process, the efficiency of
light-to-heat conversion is crucial. For commonly used materials, such as
metals and semiconductors, about 90 % of incident light is reflected at
the air-metal interface, with only 10 % being absorbed and converted
into thermal energy[14-16], resulting in very low energy conversion
efficiency. In recent years, the use of nanotechnology to construct mi-
crostructures on the surfaces of metals and semiconductors has signifi-
cantly improved light-to-heat conversion efficiency.
Nanofluids—mixtures of nanoparticles and base liquids—have seen
rapid development over the past decade[17]. Nanofluids possess
numerous excellent properties, such as high thermal conductivity, su-
perior optical characteristics, and low viscosity[18]. They can enhance
light-to-heat conversion efficiency through plasmonic effects, nearly
100 % absorbing the light and converting it into thermal energy[19].
This enhancement can significantly improve the performance of pho-
tothermal actuators.

The application of nanofluids in photothermal actuators is a research
branch of optofluidics. Optofluidics is a paradigm for the actuation by
using optical forces or light-induced capillary forces[20-22]. The
capillary actuation has advantages over the optical force since it doesn’t
need special optical setups. While the capillary force causing by wetta-
bility gradient is too weak to surmount the contact-line pinning, thus
limiting the motion in a short distance at low speed. [6,23,24] Recently,
the Marangoni force, induced by surface tension gradients, has been
used to manipulate particles within fluids [25,26]. However, this
method requires a two-phase system to generate a liquid-gas interface,
which limits its range of applications and the types of objects it can
affect. The nanofluids can be heated to intense boiling under a laser
irradiation [27]. The rapid vapor generation, resulting in momentum
and pressure variations, would be a promising source of power[28]. The
drive force generated by pressure variation is powerful enough to
overcome the contact-line pinning.

Herein, we demonstrate an opto-thermoplasmonic pneumatic piston
fabricated by loading a liquid slug of gold nanofluid in a sealed capillary
glass tube. The device is named for its ability to mimic the reciprocal
motions of a piston, performing oscillating movements of the slug via
asymmetric thermoplasmonic-induced vapor generation. The collective
heating of gold nanoparticles is confined at the vapor/liquid interface,
leading to intense heating with a high evaporation rate. The piston can
move rapidly, and its oscillation behavior can be easily regulated by
adjusting the laser power. A systematic investigation of the oscillating
behavior was conducted to study the impact of parameters such as laser
power, piston length, and nanofluid concentration. Compared with
existing technology (as listed in Table 1), our vapor-enabled device has
shorter response time and great motion performance. This piston ex-
hibits a novel capsule structure and fuel-free oscillation, which will be

Fig. 1. Experimental setup (1, laser device; 2, beam splitter; 3, laser beam; 4,
experimental platform, 5, guide rail; 6, reflective prism; 7, light baffle; 8, gold
nanofluid piston; 9, liquid injection tube).

helpful in designing new fluidic machines for cargo transport and
biomedical applications.

2. Materials and methods

The actuator was fabricated from PMMA. The entire fabrication
process of the piston was as follows: 1) the two ends of a transparent T-
shaped tube were sealed with small circular plates; 2) the tube was then
vacuumed; 3) a certain amount of the nanofluid was injected into the
tube driven by external air pressure; 4) finally, the liquid-injection tube
was sealed, with two cavities reserved at both ends (as shown in Fig. S1).
The main tube has a length of 4 cm, an inner diameter of 1.8 mm, and a
wall thickness of 0.60 mm (Fig. 1). The inner diameter of the actuator
was less than the capillary length of the nanofluid (~2.7 mm), ensuring
that the liquid piston consistently isolates the cavities at both ends
during oscillation. The nanofluids in tube serves as energy conversion
part and the executive element, which substantially reduces both the
cost and difficulty of making actuators. Depression boiling and vacuum
injection were employed to remove non-condensable gases from the
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Table 2

Key parameters of the pistons used in this study.
Case L c
Al 20 mm 100 ppm
A2 20 mm 200 ppm
A3 20 mm 500 ppm
A4 30 mm 100 ppm
A5 30 mm 500 ppm

Note : L: length of liquid slug; c: concentration of nanofluid

vapor gold nanoparticle
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Fig. 2. The working principle of opto-thermoplasmonic pneumatic pistons. The
vapor generation at air/liquid interface and differential pressure propels the
fluid slug to move forward.

nanofluid. Nanofluid optical properties directly impact actuator per-
formance, especially spectral and photothermal conversion. The con-
centration of nanofluids influences photothermal efficiency. Table 2 lists
key parameters of the five pistons used in this study.

The gold nanofluid is a stable and homogeneous solid-liquid mixture
of gold nanoparticles dispersed in water, which exhibits a remarkable
proficiency in photothermal conversion. Gold nanofluids were prepared
by sodium citrate reduction method[29]. There are gold nanoparticles
and sodium citrate, acting as the stabilizer, in gold nanofluids. The
detailed characterization of gold nanofluid is shown in Fig. S2. The gold
nanoparticles are spherical, and average diameter is 17.13 nm with
analyzing 179 nanoparticles (as shown in Fig. S2a, b). Higher concen-
trations contain more gold nanoparticles. For 100 ppm, about
1.96 x 10'2 nanoparticles are involved in one milliliter gold nanofluid.
The spectral transmittance of the nanofluid diminishes progressively
with increasing nanofluid concentration (shown in Fig. S2c). Notably, at
A= 520 nm, the transmittance reaches its nadir where the plasmonic
effect of gold nanoparticle excited. The laser wavelength used in the
experiment is 527 nm. As shown in Fig. S2c, the gold nanofluid also
exhibits strong absorption of incident light at A= 527 nm. The absorp-
tion length L, is defined as the distance in the solution required to absorb
90 % of the incident light energy. This parameter reflects the concen-
tration of incident energy and is solely depended on the nanofluid
concentration. The L, decreases as the nanofluid concentration in-
creases, indicating that higher concentrations result in more concen-
trated laser energy at the liquid-air interface. At a concentration of
500 ppm, the gold nanofluid absorbs 90 % of the light energy within a
1.5 mm liquid film (shown in Fig. S2d).

The experimental setup is depicted in Fig. la. The actuator was
mounted on a platform capable of precise adjustments to ensure the
coaxial alignment of the liquid piston with the light beam. A laser device
emitting a beam at 527 nm was used, and the beam was split into two
identical beams with a spot size of 1.5 mm using a beam splitter.
Reflecting prisms directed the beams to irradiate the liquid piston from
both ends. Each light pathway was equipped with a baffle moving at
1 m/s to switch the incident beams on and off, allowing only one side of
the laser to pass through the baffle. The operation of the actuator relied
on plasmonic heating of the nanofluid, which generated intensive vapor
and differential pressure to drive the piston movement (Fig. 2). The
motion of the liquid piston was tracked and recorded using a high-speed
camera and an infrared camera operating at 100 Hz, both controlled by
a synchronizer.
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Fig. 3. Images of actuator working (a: the position of liquid-piston moving; b:
enlarged right air-liquid interface when laser power off; c: enlarged right air-
liquid interface when laser power on; Case A3, P = 1.5 W, f=0.05 Hz.).

3. Results and discussion
3.1. Actuators characteristics

The complete motion process of actuator A3 over one cycle is illus-
trated in Fig. 3a. The laser power is set to 1.5 W with an irradiation
switching frequency of 0.05 Hz. Initially, the liquid piston is positioned
on the left side of the tube, with the incident laser switching from the
right side to the left. This causes intensive local vaporization at the left
interface of the piston, leading to a significant increase in cavity pressure
as vapor gas fills the left cavity, propelling the piston to move right. At
10 seconds, the liquid piston reaches the far-right end, after which the
laser switches incident direction, causing the piston to change its mov-
ing orientation and return to its initial position at 20 seconds,
completing one motion cycle. The red dashed line in Fig. 3a represents
the trajectory of the liquid piston within the actuator. The trajectory in
half a cycle exhibits nonlinear properties over time, with the piston’s
velocity gradually decreasing. Figs. 3b and 3c provide enlarged images
near the heating interface with and without light irradiation, respec-
tively. Numerous small droplets accumulated on the tube wall by vapor
condensation verify that laser irradiation results in nanofluid evapora-
tion, and the vapor propels the liquid piston. During the piston’s motion,
droplets within the travel range are periodically merged and absorbed
by the piston, ensuring long-term stable operation of the actuator.

As shown in Fig. 3a, the liquid piston positioned on the left side of the
actuator is set as the initial state. The origin of coordinates is located at
the midpoint of the actuator, with rightward motion of the liquid piston
considered positive. The motion curve of the actuator’s liquid piston was
obtained using high-speed camera images. Fig. 4 shows the motion
curves of actuator A3 under different laser switching frequencies. The
laser heating power was set at 1.5 W. The liquid piston oscillated from
one side to the other in the actuator, following the laser switching di-
rection. The oscillatory motion frequencies ranged from 0.05 Hz to
3.6 Hz. The motion of the pistons in the actuator is presented in Movie
S1 of the Supplementary Material. In Fig. 4a, the black curve represents
the motion of the piston within the actuator, exhibiting a sawtooth
waveform with good periodicity, repeatability, and stability. The blue
curves represent the absolute value of the piston’s instantaneous ve-
locity, calculated from the motion curve (black curve). The liquid piston
reaches its maximum velocity (2.6 mm/s) when changing direction,
then gradually decreases to ~0.1 mm/s as it moves. Both the movement
and velocity curves of the piston exhibit exponential decay
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Fig. 4. Displacement of the liquid piston versus time for the A3 actuator at different frequencies f. The laser power in all cases is 1.5 W.
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Fig. 5. The scheme diagram of heat generation and localization (the physical
model of photo-thermal conversion).

characteristics. With increasing laser switching frequency, the liquid
piston continued to move regularly from one side to the other. However,
the motion amplitudes decreased from 8.3 mm to 0.35 mm. The
maximum amplitude of the liquid piston in Fig. 4 reaches ~8 mm,
significantly exceeding the motion amplitudes (~1 mm) of optically
driven actuators reported in the literature [12,30]. The amplitude and
velocity of the liquid piston motion in the actuator indicate that the
influence of the contact line pinning force on the liquid piston is minimal
and can be neglected. The actuators in this study exhibit a better
signal-to-noise ratio. In future work, the process of energy conversion
and the influence of various factors will be investigated to study the
operational characteristics of the actuators.

Supplementary material related to this article can be found online at
doi:10.1016/j.sna.2025.116515.

The nanofluid piston is a crucial component for energy conversion
and movement in the proposed actuator. Its photothermal capability is
closely linked to the actuator’s performance. The liquid piston is
required to exhibit high optical absorption and excellent photothermal
conversion ability to generate vapor. In this study, gold nanofluid is
selected to create the liquid piston. The gold nanoparticles in the
nanofluid interact with the incident laser, where the free electrons inside
the nanoparticles oscillate in resonance with the laser, a phenomenon
called the plasmonic effect. This enhances optical absorption and facil-
itates the conversion of optical energy into thermal energy[27]. The
nanoparticles’ temperature rapidly rises. Heat is then dissipated into the
water through thermal conduction, leading to temperature increases
and vapor generation, as depicted in Fig. 5. Nanofluid vaporization in-
creases the cavity pressure, inducing a pressure difference between the
cavities on both sides of the liquid piston, propelling the piston’s
movement. The incident laser undergoes exponential decay within the
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Fig. 6. The spatial distribution of actuator temperature (a: temperature map of actuator for P = 1.0 W, ¢= 500 ppm, L=20 mm and f=0.05 Hz; b: temperature at
actuator axes showing bimodal distribution; c¢: dynamic temperature at air-liquid interfaces of point A and B).

gold nanofluid, with the majority of laser energy concentrated near the
nanofluid slug interface. Furthermore, as nanofluid concentration in-
creases, energy concentration becomes more pronounced, facilitating
rapid vaporization at the gas-liquid interface and enhancing energy
utilization efficiency. These results are supported by Mie’s scattering
theory and the Radiative Transfer Equation (as shown in the Supple-
mentary Material).

The energy conversion and thermal inertia of the actuator are
demonstrated through the temporal and spatial variation of the tem-
perature during its operation. Fig. 6a shows the temperature field vari-
ation of the actuator over one cycle at a frequency of 0.05 Hz (dynamic
temperature variation can be seen in Movie S2 of the Supplementary
Material). The temperature distribution within the liquid piston follows
a "high-low-high" pattern, with two hot spots located near the piston’s
vapor/liquid interfaces. The temperature in the middle of the piston
remains nearly constant. The temperatures of these hot spots alternate,
rising and falling with time, consistent with the switching period of the
laser beam, indicating minimal thermal inertia in the actuator. The
upper temperature of the liquid piston is higher than the lower part (as
shown in Fig. 6a), attributed to the upward movement of high-
temperature fluid due to buoyancy.

Supplementary material related to this article can be found online at
doi:10.1016/j.sna.2025.116515.

Fig. 6b shows the temperature variation along the central axis of the
actuator, corresponding to the dashed line in Fig. 6a. A bimodal pattern
is observed, with the highest temperatures occurring at both ends of the
liquid piston. The temperature decreases rapidly away from the

interface. The curves on both sides of the black dashed line represent the
temperatures of the cavities, while the central part represents the tem-
perature of the liquid piston. The higher temperatures at the piston ends
compared to the middle are due to the concentration of laser energy,
facilitating rapid vapor generation. Heat in the middle of the liquid
piston is primarily conducted from the ends. During actuator operation,
heat conduction in the middle of the piston balances out dissipation,
maintaining a constant temperature there. Fig. 6¢ shows the tempera-
ture variations over time at the left and right ends of the liquid piston
(points A and B in Fig. 6a). A periodic rise and fall in temperature, in
sync with the laser beam switching, is observed. The temperature rise
indicates optical energy absorption by the nanofluid, converting energy
into heat, while the temperature decrease signifies rapid heat dissipation
from the shell. The consistency between temperature variation and
piston movement demonstrates that the motion is propelled by vapor
generation at the ends of the liquid piston. The rapid photothermal
conversion and dissipation of the piston contribute to the actuator’s
minimal thermal inertia and quick response capability.

3.2. Motion model of actuators

The dynamic performance of piston can be further understood by
force analysis. Fig. 7a shows a diagram of force analysis of the liquid
piston, and the main forces involving the working process include the
pressure forces Fpp, Fp 1, the friction force Fr and the inertia force F;. The
force balance equation is as follows:
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Fig. 7. Physical model for actuator and curves fitting for liquid-piston move-

ment data. The inset in Fig. b is a kelvin module unit, which has elastic (E) and
viscous (1) components.

Fi+F =Fpp —Fpr = (p1 —Pp2)S (@)

where Fi=ma. We consider the nanofluid piston as incompressible fluid
with no-slip boundary conditions. The movement of the liquid piston in
actuator is a laminar flow and a quasi-static process. Thus, the flow field
of liquid piston follows the Hagen-Poiseuille laminar flow, and the
friction force between the piston and tube wall can be described as:[31]

F¢ = 8aLluu 2)
where y is the liquid dynamic viscosity, U is the average velocity of fluid,
and L is the length of liquid piston. In addition, the inertial force F; can

be ignored due to a small mass of liquid piston. Then Eq. (1) can be
written as

SﬂLﬂﬁ = (pl —pz)S (3)
Sinceti = dx/dt, we get
dx
SﬂLﬂE = (pl —pz)S (4)

Solving the differential Eq. (4) yields an analytical solution for the
liquid piston movement. The pressure difference on the right side is the

Sensors and Actuators: A. Physical 388 (2025) 116515

key important to solve the equation.

The pressure driving the liquid piston movement comes from the
vapor pressure and the volume change of the cavity. The piston in
actuator over a cycle is controlled by spring force, friction force and a
driven force, as shown in Fig. 7a. Assuming the water vapor in the cavity
behaves as an ideal gas, the following equation is derived based on the
ideal gas equation pV=nR,T.

1 1
(pl 7P2> 5= Rng(O.SLo ~l+x 05Ly+1l— X> ©

Where Ry is the gas constant; n represents the number of water mole-
cules that vaporize or condense over a cycle; T is the temperature of
vapor; Ly is the total length of the cavities on both sides. Substituting Eq.
(5) into (4) yields

dx 1 1
Ly — = R,Ti -
8rlu dt Ry n(O.SLO —lp+x 05Ly+1)— x> (6)

Solving the equation, we get

12 1., R
7§ ln(lo — X) + Z(lo — X) = t+ C] (7)

8rLu
To further simplify, the second item of above equation is neglected,
yielding
L
x =~ Iy + Ce 8Lu (8)

Where [y physically signifies the position where the piston velocity de-
creases to zero;P, = 8R,Tn/L3,defined as the stiffness coefficient of the
vapor within the cavity. According to the definition formula, the stiff-
ness coefficient is related to the vapor quantity, temperature, and cavity
volume. The vapor quantity inside the cavity is a function of laser power
P and nanofluid concentration c; the cavity volume is related to the
piston length L (for actuators with the same actuator length) and the
liquid piston position x; the average vapor temperature remains essen-
tially unchanged during laser irradiation, as shown in Fig. 6. Thus, the
stiffness coefficient Py is defined as a function of the piston length L, laser
power P, and nanofluid concentration c, and written as Pg=g(L, P, c).
Substituting the known parameters into Eq. (8) and fitting with the
motion curve, the values of Iy, Py and C thus can be determined.

The fitting curves using Eq. (8) with experimental data are compared
in Fig. 7b. The black dots represent the experimental data of the liquid
piston motion, while the red curve represents the fitting results using Eq.
(8). The red curves fit the experimental data quite well. Eq. (8) conforms
to the Kelvin model in viscoelastic theory, implying that the oscillatory
movement of the liquid piston can be decomposed into elastic and
viscous components[32] (as shown in the inset of Fig. 7b). The frictional
force Fs between the piston and the tube wall acts as the viscous element
n, while the vapor pressure ps-S in the compressed side cavity acts as the
elastic element E, and the vapor pressure p;-S in the irradiated side
cavity provides the driving force for piston motion.

3.3. The impact of different parameters

Fig. 8 shows the motion curves and the relationship between oscil-
lation amplitude I, and laser switching frequency f, for different actu-
ators (as listed in Table 2) under various conditions. Laser power P,
liquid piston length L, and nanofluid concentration c¢ significantly
impact the actuator’s working characteristics. Fig. 8a illustrates the
movement curves of the piston in actuator A3 under laser power of 1 W
and 1.5 W, respectively. Due to the excellent photothermal vaporization
characteristics of the nanofluid, the thermal inertia of the liquid piston is
very low. The actuator quickly responds to changes in the laser irradi-
ation position, exhibiting broad adaptability to laser powers. The travel
distance of the liquid piston increases with heating power. This is the
result of two opposing factors. Firstly, increasing the laser power
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Fig. 8. Effect of P, L and c on displacement and amplitude of air-liquid interface (a, b and c: displacement of air-liquid interface versus time for different cases; d, e

and f: and amplitude of air-liquid interface versus frequency for different cases).

enhances the vaporization rate of the nanofluid, increasing the external
force driving the piston movement and correspondingly enlarging the
piston oscillation amplitude. Secondly, increasing the laser power in-
creases the vapor quantity in the cavity, which will be compressed in the
next half cycle, impeding the piston’s movement in the next half cycle.
These two opposing mechanisms result in the piston oscillation ampli-
tude nonlinearly increasing with laser power.

Increasing the piston length L decreases the motion amplitude (see
Fig. 8b). On one hand, a longer piston increases motion resistance and
weakens the influence of the driving force. On the other hand, as the
piston length increases, the volume of the cavities in the actuator de-
creases. Actuators with longer pistons have larger vapor pressure in the
cavities for the same working duration. This increases the elastic
modulus of the actuator, resulting in smaller displacements of the piston
under the same driving force. As shown in Fig. 8b, the piston with a
length of 20 mm has a larger via« than the one with a length of 30 mm.
Friction between the piston and the tube wall hinders rapid changes in
piston speed[32], slowing down the actuator’s response rate.

Additionally, frictional force dissipates the kinetic energy of the piston,
affecting the efficiency of energy conversion.

Compared to laser power P and liquid piston length L, the nanofluid
concentration ¢ has the greatest impact on the actuator’s working
characteristics (as shown in Fig. 8c). Both the oscillation amplitude [,
and the maximum velocity vpax of the piston increase with rising
nanofluid concentration. It can be observed that the motion curves of the
piston with different nanofluid concentrations are triangular wave-
forms, but the degree of nonlinearity of the curves increases with
increasing nanofluid concentration. The dashed lines in Fig. 8c represent
the tangent line of the curves at the initial moment. The motion curve
with ¢=100 ppm coincides with the dashed line. As the nanofluid
concentration increases, the deviation of the curves from the dashed line
increases. These changes are mainly related to the absorption length L,
for nanofluids with different concentrations. As the nanofluid concen-
tration increases, the laser energy is absorbed by a thin liquid layer after
entering the liquid piston. This thin liquid layer converts into vapor,
causing the vapor pressure in the cavity with laser irradiation to rise
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Fig. 9. Effect of P, L and c on stiffness factor Py.

rapidly, resulting in large maximum velocity vmax and oscillation
amplitude I, in a short time. However, as the piston moves, its mo-
mentum is consumed by frictional forces, decreasing the velocity and
leading to nonlinear characteristics. For a liquid piston with low nano-
fluid concentration, most of the laser energy is converted into sensible
heat. The vapor generation rate is low, causing the force driving piston
motion to equal the frictional force between the piston and the tube
wall. The motion of the piston tends toward uniform rectilinear motion,
as represented by the blue curve in Fig. 8c.

Fig. 8d-f are the relationships between the oscillation amplitude [,
and the frequency f, under different conditions. It is observed that both
the data obey an exponential decay relationship of [, = a(1 — e+ /%),
Note that f,! represents the actuator working period T,. Thus, the
relationship can also be rewritten as I, = a(1 — e~"/?). The values of a
and b are obtained from curve fitting. The coefficient a reflects the
amplitude magnitude of the piston, while the coefficient b reflects the
variation trend of the amplitude against frequency (period). It is shown
that the coefficient a is related to laser power P, liquid piston length L,
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and nanofluid concentration c. However, coefficient b is only controlled
by nanofluid concentration c. It’s easy to understand that increasing the
driving force (i.e., increasing laser power P and nanofluid concentration
¢) and decreasing the motion resistance (i.e., reducing the piston length
L) can enlarge the oscillation amplitude. The data in Fig. 8d-f also
validate this conclusion. Latter, the reasons why coefficient b is only
related to nanofluid concentration will be analyzed.

According to Eq. (8), the oscillation amplitude can be expressed as:

P,

L = x(%) *X(O) =-C|1- eiFgLﬁ‘Ta 8

Comparing Eq. (8) with I, = a(1 — e /%), the a= —C and b=
167Lu /P, can be obtained. Thus, the coefficient C in Eq. (8) represents a
constant characterizing the amplitude of piston, while the coefficient b is
related to the viscous friction and stiffness coefficients of the actuator.
The expression of the stiffness coefficient Pg is not yet fully clear. Ac-
cording to the definition of the stiffness coefficient P;=g(L, P, c), the
following section will discuss the effects of the laser power P, liquid
piston length L, and nanofluid concentration c on the stiffness coefficient
P,

Fig. 9 illustrates the relationship between the stiffness coefficient Py
and various factors. (1) As shown in Fig. 9a, the differences between the
two curves are small, indicating that the laser power P has little effect on
the stiffness coefficient. Analyzing the dynamics of the piston, Py pri-
marily reflects the compression capability of the vapor in the com-
pressed side cavity, which is not heated by the laser during piston
movement. Thus, the stiffness coefficient is minimally affected by laser
power. (2) With increasing piston length L, the stiffness coefficient in-
creases (as shown in Fig. 9b). An increase in piston length implies a
decrease in cavity volume, allowing a small amount of vapor to generate
significant pressure, hindering the movement of the piston. Therefore,
the longer piston has a smaller oscillation amplitude [, and maximum
velocity vimax, as depicted in Fig. 8b and e. It is noted that, under different
frequencies, the Py for a 30 mm liquid piston is approximately 1.5 times
that for a 20 mm liquid piston. Thus, for the constant actuator length, Py
is approximately proportional to the piston length. (3) A larger nano-
fluid concentration c results in a greater stiffness coefficient P;. With an
increase in nanofluid concentration, the laser power is absorbed over a
limited distance, resulting in a higher temperature there. Switching to
the next half-cycle, the piston remains at a high temperature, increasing
the saturation vapor pressure in the compressed side cavity and thus
enlarging the stiffness coefficient.

Overall, the stiffness coefficient Py is primarily influenced by the
liquid piston length L and nanofluid concentration c. Considering that
the viscous friction force and stiffness coefficient are both proportional
to the liquid column length L, it can be deduced from Eq. (8) that co-
efficient b is only influenced by the nanofluid concentration c. There-
fore, the nanofluid concentration is the most important factor
influencing actuator performance. A high-concentration nanofluid can
concentrate the light energy in a microscale domain, which not only
reduces the absorption length but also increases the oscillating ampli-
tude as well as the response rate at high frequency.

3.4. Comments and perspective

In opto-thermoplasmonic pneumatic pistons actuator, the light en-
ergy transforms into heat, which is then converted into the kinetic en-
ergy of liquid column movement. Photothermal conversion efficiency
mainly depends on the nanofluid’s optical properties, concentration,
and laser wavelength. Photothermal conversion is optimized when the
incident wavelength aligns with the nanofluid’s absorption peak. In this
study, the superior optical properties of gold nanofluids enable 100 %
photothermal conversion efficiency. The conversion efficiency of ther-
mal energy to Kkinetic energy is primarily influenced by the
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Fig. 10. The working cycle of opto-thermoplasmonic pneumatic piston pump. (a, The device of the pump; b, The working process of the opto-thermoplasmonic

pneumatic piston pump).

concentration of nanofluids, the thermal conductivity of the casing,
thermal diffusivity of the base liquid, and its vaporization latent heat.
Increasing nanofluid concentration enhances thermal-to-kinetic energy
conversion efficiency. For the cases in this study, the conversion effi-
ciency of thermal energy to kinetic energy is only about 10~ . And the
output power is 6.8 x 1077 mW. Most thermal energy escapes through
the tube walls instead of converting into the liquid column’s kinetic
energy. Preventing heat loss through the tube walls can significantly
improve the conversion efficiency of thermal energy to kinetic energy.

Due to limitations in laser spot size and processing methods, this
study only experimentally investigated the performance of actuators
with a 1.8 mm inner diameter. Combined with previous experimental
results[12], reducing the inner diameter of the actuator can achieve a
larger amplitude of piston movement and higher operating frequencies,
greatly enhancing the performance of the actuator. The actuator can be
utilized as a signal converter in mechanical and control fields. For
example, in this study it converts the square wave signal of laser
switching into a sawtooth wave signal of liquid piston movement.

In addition to functioning as a signal converter, the actuator can also
serve as a controller and a driver. Although the actuator’s output power
is low, this provides a potential direction for its application. The device
in Fig. 10a is modified from the opto-thermoplasmonic pneumatic pis-
tons actuator, serving as a microfluidic plunger pump and fluid valve.
The nanofluid in the T-shaped tube serves as both the power source and
the plunger, with the branch pipe connecting an oil reservoir to supply
silicone oil to the main pipe. Fig. 10b shows one working cycle of the
actuator, and the operation process is detailed in the Movie S3 of sup-
plementary video. When the laser irradiates the left end of the nanofluid
piston, steam is generated, pushing a certain volume of silicone oil out of
the device, while the nanofluid liquid column blocks the branch pipe,
preventing the silicone oil in the reservoir from flowing downward.
When the laser irradiation stops, the steam in the tube condenses, and
the nanofluid piston returns to its initial position, opening the branch
pipe and allowing the silicone oil in the reservoir to flow into the main
pipe. This cycle repeats, continuously pumping silicone oil outward. By
controlling the laser irradiation time, the volume of silicone oil pumped
by the nanofluid liquid column can be precisely adjusted, showing
promising applications in microfluidics and chemical engineering.

Supplementary material related to this article can be found online at
doi:10.1016/j.sna.2025.116515.

4. Conclusions

By innovatively managing plasmonic heating, liquid evaporation,
and condensation in opto-thermoplasmonic fluidics, we propose a new
method to drive liquid piston movement by vapor pressure arising from
photo-induced asymmetric evaporation, which relies on neither wetting
gradients nor the Marangoni effect. The liquid piston can move rapidly,
and its cyclic oscillation can be facilely regulated by adjusting the laser
sources. The actuator characteristics have been investigated in detail.
The oscillatory motion behavior is analogous to a pneumatic piston that
can be described by a Kelvin-Voigt model with elastic and viscous
components. The piston is able to work in phase with the excitation laser
beam in the range of 0.05-3.6 Hz, and we believe that a more sensitive
oscillation movement at high frequencies could also be expected if
smaller tube sizes are used. The oscillating amplitude exhibits an

exponential decay with the working frequency I, =a(1 — e~+'/%). Based
on the theoretical analysis and experimental data, it is found that co-
efficient a is related to the laser power, piston length, and nanofluid
concentration, while coefficient b is only dependent on the nanofluid
concentration. This novel actuator consolidates the moving and power
conversion components into one, simplifying the actuator’s structure. It
can work not only with simple liquids but also with complex fluids,
creating new opportunities in the development of soft robots for
biomedical, chemical, and other applications.
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