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Microparticles controllable 
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spatial shaping performed by 
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The ability to arrange cells and/or microparticles into the desired pattern is critical in biological, 
chemical, and metamaterial studies and other applications. Researchers have developed a variety of 
patterning techniques, which either have a limited capacity to simultaneously trap massive particles or 
lack the spatial resolution necessary to manipulate individual particle. Several approaches have been 
proposed that combine both high spatial selectivity and high throughput simultaneously. However, 
those methods are complex and difficult to fabricate. In this article, we propose and demonstrate 
a simple method that combines the laser-induced convection flow and fiber-based optical trapping 
methods to perform both regular and special spatial shaping arrangement. Essentially, we combine 
a light field with a large optical intensity gradient distribution and a thermal field with a large 
temperature gradient distribution to perform the microparticles shaping arrangement. The tapered-
fiber-based laser-induced convection flow provides not only the batch manipulation of massive 
particles, but also the finer manipulation of special one or several particles, which break out the limit of 
single-fiber-based massive/individual particles photothermal manipulation. The combination technique 
allows for microparticles quick accumulation, single-layer and multilayer arrangement; special spatial 
shaping arrangement/adjustment, and microparticles sorting.

The ability to arrange cells or microparticles into desired patterns is critical in numerous biological studies and 
applications such as microarrays1,2, tissue engineering3,4, and regenerative medicine5,6. Currently, several tech-
niques and devices for micro manipulation have been implemented to supplement the conventional approaches: 
optical tweezers7,8 and optoelectronic tweezers9,10 offer single particle manipulation but have a limited capacity to 
trap plenty of particles simultaneously, owing to the strong focusing requirement, and thermo-/electro-/dielec-
trophoresis11–17 allows massive manipulation but lacks the spatial resolution necessary to manipulate individual 
particle. Several approaches have been proposed that combine both high spatial selectivity and high through-
put simultaneously, including photothermal trapping18 and spatial patterning of plasmonic19, optofluidic20,21, 
and structured light landscapes22,23. However, those methods are complex, expensive, and difficult to fabricate. 
Therefore, we propose a method to combine the laser-induced convection flow method and fiber-based optical 
tweezers to manipulate and arrange microparticles. This method has the advantages of allowing massive parti-
cles manipulation and maintaining the necessary spatial resolution for individual particle manipulation. This 
approach is attractive because microparticles are attracted over long ranges by convection currents, thus allowing 
direct collection of particles. The laser-induced convection flow effects based on the optical fiber is more con-
venient for the manipulation along the vertical or depth direction, which has advantages over the microman-
ipulation based on the traditional optical lens20–24. The laser-induced convection flow method contain not only 
the batch manipulation of massive particles, but also the finer manipulation of special one or several particles, 
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which breakouts the limit of single-fiber-based massive/individual particles photothermal manipulation. In addi-
tion, being different from the manipulation of thermos-optically25,26 and collective photothermal effect27,28, our 
method is much safer for most organisms. The thermos-optically and photothermal effect methods have to pro-
duce high temperature (>100 Celsius), which damage the living organisms in the solution. Moreover, compared 
with the light-induced hybridization of some special particles29,30, the laser-induced convection flow effects is 
more universal, working for most common particles. In other words, the samples are not necessary to have the 
characteristic of electronic, magnetic or plasmatic, our manipulation is applicable to most particles, from special 
to normal.

In this work, we combine the laser-induced convection flow method and the fiber-based optical trapping 
method to achieve massive/individual microparticles spatial shaping arrangement. Essentially, we combine a light 
field with a large optical intensity gradient distribution and a light-induced heated field with a large temperature 
gradient distribution to produce both the regular and special shape arrangements of microparticles. For the reg-
ular arrangement requirements, we may employ the thermal gradient distribution method, which is fast, simple 
and low-cost. For the special shape arrangements, we may switch to the fiber-based optical tweezers method.

Results
Principle of microparticles accumulation. In this work, the laser-induced convection experiment is per-
formed in a chamber with a drop of a water solution (~0.15 ml) on a slide, whose volume is about 2 mm in height 
and 10 mm in diameter (see Fig. 1e). Laser-induced convection flow arises because of the heat in the aqueous 
solution that results from the 1.48 μm laser power being absorbed strongly by water. This establishes a tempera-
ture gradient and produces the convection flow. The convection flow drives the microparticles towards the heat 
source and results in the accumulation and arrangement. As a key device, a fiber probe with a special shape tip 
(see Fig. 1c) is selected to integrate the light field and the thermal field. Thus, on the basis of the wavelength divi-
sion multiplexing (WDM) technology, we achieve the independent-control of the light field and the thermal field.

The distributions of the light field, thermal field, fluid flow velocity field, and microparticles velocity field can be 
governed by a set of coupled partial differential equations describing the electromagnetic (EM), heat-transfer (HT), 
fluid mechanics (FM) and particles motion (PM) phenomena. (1) EM. We employ a normal commercial commu-
nication optical fiber (SMF-28, Corning©) with a special tapered tip (see Fig. 1c) in the experiment. The fabrica-
tion method of the fiber tip is described in the Method section. The fiber probe immerses in the aqueous solution 
and launches the laser power of 1.48/0.98 μm in wavelength. In order to describe the EM field, we employ the 
“Electromagnetic Wave, Frequency Domain” module in the Comsol software to simulate the output light field dis-
tribution (see Fig. 1b, the coordinate system is defined as shown in Fig. 1a and e). (2) HT. The heat transfer in the 
fluids solves for the equation as ρCpu(r)·∇T(r) = ∇·(k∇T(r)) + μαΦ(r), where ρ = 1 × 103 kg/m3, is the fluid den-
sity, Cp = 4.2 × 103J/(kg·K), is the specific heat capacity at constant pressure, T(r) is the temperature distribution, 

Figure 1. Simulated results of particles motions caused by the laser-induced convection. (a) 2-dimensional 
schematic diagram of the EM and HT simulated coordinate system; (b) Simulated results of the output light 
field; (c) SEM Image of the fiber tip; (d) Simulated results of the temperature field (the inset image shows 
the relaxation time); (e) 3-dimensional schematic diagram of the experimental configure; (f) Enlarged 
3-dimensional schematic diagram to show the FM and PM simulated model; (g) Simulated results of the fluid 
velocity field (the arrows show the moving direction); (h) Simulated results of the particles velocity field (the 
arrows show the moving direction).
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u(r) is the velocity vector of the heat transfer, k = 0.62 W/(m·K) is the thermal conductivity, μαΦ(r) is the heat 
source caused by the laser power absorption, and μα = 26 cm−1, is the absorption coefficient31, Φ(r) (W/m2) is the 
total fluence rate, which can be obtained from the EM simulation results. We employ the “Heat Transfer in Fluid” 
module in the Comsol software to simulate the temperature field distribution in the solution (see Fig. 1d, the insect 
provides the thermal relaxation time, which is about 5 ms). (3) FM. We simulate the convection flow velocity field 
distribution by solving the equations of ∇·(ρuf(r)) = 0 and ρ0(uf(r)·∇) uf(r) + ∇p(r) − η∇2uf(r) = g(ρ(r) − ρ0), 
where uf(r) is the flowing velocity and p(r) is the pressure distribution, η = 1 × 10−3 Pa·s is the viscosity of the water, 
and g is the gravitational acceleration vector. The flow velocity pattern possesses a toroidal Rayleigh–Bénard flow 
(see Fig. 1g). Given that the buoyancy force is dependent on the spatial temperature distribution, the presence of 
the light source power strongly influences the peak convection velocity achieved in the system. In order to describe 
the toroidal flow, we build a 3-dimensional model by using the Comsol software (see Fig. 1f, which provides the 
position and volume of the model). We employ the “Laminar Flow” module in the Comsol software to simulate the 
fluid flowing tendency and velocity (see Fig. 1g, where the arrows provide the fluid flowing directions). (4) PM. We 
employ the “Particle Tracing for Fluid Flow” module in the Comsol software to simulate the moving velocity of the 
microparticles in the solution (see Fig. 1h). When the fluid flows, it will drive the immersed microparticles moving. 
The microparticles motion can be described as, F = d(mpv)/dt = mp(uf − v)/(τpS), where τp = ρdp

2/(18η), and S is a 
constant, mp is the particle mass, dp is the particle diameter, v is the particle moving velocity.

Microparticles accumulation and regular arrangement. When the laser source (1.48 μm in wave-
length) power is smaller than a critical value (here is 53 mW, the explanation of the critical laser power is provided 
in the Method section), the microparticles (polystyrene spheres, PSs. The diameter of the PS is 10 μm) in the 
aqueous solution achieve regular accumulation and arrangement in a single layer on the bottom of the solution. 
The trapped PSs organize themselves into a tightly packed hexagonal assembly. We measure the accumulating 
velocity v of PSs with different input laser power, Pin = 10, 20, 30, 40, 50 mW. The results are summarized in 
Fig. 2a. Given that v and ΔT scale linearly with the input power over the entire range of ΔT = 0 to ΔT = 51 K, 
the larger the laser power Pin, the larger the accumulating velocity v (see Supplementary Movie 1). When the 
laser power is 50 mW, more than 600 PSs accumulate within 180 s. Thus, the average accumulating speed is about 
3.33 ± 0.03/s.

Microparticles multilayer arrangement. When the PSs fall in the effective convection area, they begin 
to fill up the potential well from the bottom until the bottom of the potential well is fully occupied. An increase in 
the potential well depth results in an increase in the number of PSs trapped in the area. When we move the fiber 

Figure 2. Experimental results. (a) Maximum fluid velocity and temperature increase for various light source 
power; (b) The simulated results of the PSs moving speed distribution, the red arrows represent the PSs moving 
speeds; (c) The sketch diagram of the laser-induced convection flow forces keeping the PSs arranging compactly 
and stably; (d,e) Schematics and images of the microparticles multilayer arrangement from the side view (the 
small images in the upper-left corner of each image are seen from the top view.
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probe upwards slightly, which corresponds to adding the effective trapping volume, the PSs stack layer by layer 
vertically into a three-dimensional tower cluster [see Fig. 2e–h and Supplementary Movie 2]. The stack has 4 lay-
ers. From the top view, we may distinguish the PSs multilayer arrangement due to the refractive index difference 
performed by the multilayer PSs superposition. From the side view, the multilayer arrangement is visible clearly. 
According to the Fig. 2b and c, which provides the convection flow currents distribution in the three-dimensional 
coordinate system. In the -xoz plane, the flow currents are towards the position of δ (labeled in Fig. 2b), where the 
flow currents turn upwards from the bottom of the substrate, being along the y-axis direction. On the bottom of 
the substrate, the pushing forces from all direction towards the position of δ will take along the PSs on the bottom 
to accumulate around δ. Due to the spherical shape of the PSs, they are packed compactly in the hexagonal shape. 
The pushing forces are regarded as the fence around the accumulated PSs, which keeps the PSs forming compact 
and stable arrangement. When the PSs finish the filling and arrangement of the 1st layer, there are still plenty of 
PSs in the solution, the pushing forces still exist, which causes the second layer arrangement of PSs. Similarly, the 
pushing forces can still be regarded as the fence around the two-layer PSs, which keep the PSs forming the stable 
arrangement. Similarly available, the laser-induced convection performs the arrangement of PSs in the third and 
fourth layers and more. In addition, the number of the layers is also determined by the depth of the fiber probe df 
(labeled in the figure below).

Microparticles special-spatial-shape arrangement. We may arrange the PSs in a special shape by the 
switch to the fiber-based optical tweezers working mode. After the PSs finishing the regular arrangement in 
the single layer, we employ the same fiber probe, switching the laser source wavelength to the 0.98 μm, to trap 
individual PS at certain locations. Thus, we may achieve the vacancy arrangement of 31 positions in the shape 
of letters “H”, “E” and “U” (see Fig. 3a and c). Additionally, we may arrange the picked-out PSs in the special 
shape of letters “H”, “E” and “U” (see Fig. 3b and d) in other positions. In the practical experiment, we employ a 
glycerin-water solution (volume ratio 1:4) to reduce the perturbation of PSs in the chamber. After the accumula-
tion and arrangement of the PSs, which are trapped into a tightly packed hexagonal shape. The Fig. 3e provides 
the schematics of the arrangement unit, the net force exerting on the unit is zero. When we turn off the power of 
1.48 μm laser source and turn on the power of 0.98 μm laser source, due to the absence of the heat absorption, the 
temperature of the solution drops back to the room temperature, the temperature gradient in the solution is very 
small. The interaction forces of the PSs in an arrangement unit is zero (see Fig. 3f). Therefore, the PSs will keep 
the hexagonal shape arrangement. In other words, the particle will keep the position unchanged. When we pick 
up the particle in the center of the unit, the interaction forces of the leaving PSs are still zero, therefore, the pickup 
manipulation will not affect the arrangement of the PSs (see Fig. 3g). The neighbor particles are not affected by 
the removed particle.

Microparticles sorting. When the PSs of different sizes are in the same convection flow field, the accumulat-
ing velocity is determined by the sizes of the PSs. The larger the PS diameter, the smaller the vertical component 
of the accumulating velocity. When the laser source power is 60 mW, the PSs may exhibit the motion along the 
y-axis direction, achieving the toroid flow (see Fig. 1h). If we move the fiber probe downwards, the toroid flow 
shape will not be a closed loop (see Fig. 3h). When the PS1 (with a diameter of 10 μm) and PS2 (with a diameter of 
15 μm) are in the solution, the accumulating velocities of the PS1 and PS2 are different, achieving the sorting of PSs 
(see Fig. 3i and j). According to the schematic diagram, the particles of different sizes flow in different trajectories, 
if we move the fiber probe downwards, we then achieved sorting of the microparticles with different rp values.

Figure 3. Experimental results. (a), (b) Schematics and (c), (d) Images of the especially spatial shaped 
arrangement of the microparticles combined with the optical tweezers technology; (e–g) Schematics of the net 
forces exerting on an arranged unit (j) Schematics of microparticles sorting principle and (k), (l) images of the 
microparticles sorting.
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Discussions
In addition to the thermal effect, the 1.48 μm laser source produces the optical radiation pressure forces. Figure 4a 
and b provides the simulated results of the axial (z-axis direction) trapping forces and the transverse (y/x-axis 
direction) trapping forces produced by the 1.48 μm laser source. (The optical force calculated method is described 
in the Methods section). As shown in Fig. 4a and b, the axial force is in the magnitude order of ~pNs/mW, which 
means when the incident laser power is 1 mW, the optical trapping forces are in the magnitude order of 1pN. 
However, in the practical experiment, the strong absorption of the 1.48 μm laser by the water causes the violent 
vibration of the water near the fiber tip, which prevents the stable trap. In addition, according to the simulated 
results, the effective trapping range of the radiation pressure forces is <20 μm, which is too short to achieve the 
aggregation of thousands of PSs. Therefore, the radiation pressure trapping forces produced by the 1.48 μm laser 
source don’t contribute the aggregation manipulation of microparticles.

When the 1.48 μm laser source is off and 0.98 μm laser source is on, the effect of laser-induced convection 
flow disappears, there only exists the radiation pressure force produced by the 0.98 μm laser source. Figures 4a 
and b also provide the simulated results of the axial and transverse trapping forces produced by the 0.98 μm laser. 
Compared with the forces produced by the 1.48 μm laser, the optical trapping forces produced by the 0.98 μm 
laser are larger. The 0.98 μm laser source is suitable to trap and manipulate the PSs. We may employ the fiber 
probe to pick up the PSs on some special positions after they aggregate and arrange, or place the picked-up PSs on 
the special positions to achieve the special spatial shaping as seen in Fig. 3a–d.

Microparticles thermophoresis is a non-equilibrium cross-flow effect between mass and heat transport. When 
a colloidal suspension is placed in a temperature gradient field, the microparticles will be arrived by a thermo-
phoretic force and perform a steady thermophoretic drift velocity32,33. The thermophoretic force is proportional 
to the temperature gradient (see Method section). Figures 4c–e provide the temperature gradient distributions 
of the fluid along the x-, y-, and z-axis directions respectively. The temperature gradient is several K/μm near the 
fiber tip, therefore, the thermophoretic force is in the magnitude order of ~100pN, and the thermophoretic veloc-
ity is in the magnitude order of ~1 mm/s. However, this area is small (the distance L < 50 μm), the temperature 
gradient decline strongly (being about 1/10) when the distance between the fiber tip is >50 μm. When the PSs 
is far away from the fiber tip (L > 500 μm), the temperature gradient reduces to be several K/mm, therefore, the 
thermophoretic force is in the magnitude order of ~0.1pN, and the thermophoretic velocity is in the magnitude 
order of ~1 μm/s. Compared with the experimental results, the PSs accumulating velocity is in the magnitude 
order of ~mm/s within the range of ~1 mm. Therefore, when the PSs are far away from the fiber probe (>500 μm), 
the laser-induced convection flow makes a contribution to microparticles accumulation, when the PSs are near 
the fiber probe (<50 μm), the thermophoretic plays a leading role. In the middle area (50 μm < L < 500 μm), both 
two forces exert on the PSs.

Figure 4f provides the comparison of the optical radiation pressure force Fpr, the thermophoretic force Fth, 
and the dragging force Fdg, produced by the solution convection current flow. Fpr, is determined by the inci-
dent 1.48 μm laser source power Pin. If the heating absorption of the solution does not disturb the optical radi-
ation pressure, the 1 mW laser can produce about 1pN optical radiation pressure force. The effective range of 
Fpr is short, within 50 μm (see Fig. 4a and b). Fth is determined by the gradient distribution of the temperature 
field. As seen in Fig. 4c–e, the temperature gradient declines strongly, which is scaled in the form of exponential 

Figure 4. Forces and velocities. Simulated results of 1.48 μm and 0.98 μm laser axial trapping force (a) and 
transverse trapping force (b), where dz and dy are the axial and radial distances between the fiber tip and the 
PS center, which are shown in the inset in (a), the refractive index of PS is 1.59 and the power of the incident 
laser is 1 mW; Simulated results of the temperature gradient distribution produced by the laser-induced heated 
field along the x-axis direction (d), y-axis direction (c), and z-axis direction (e); the insects in them provide the 
enlarged information of the temperature gradient distribution in different ranges; Here the spatial coordinate 
(see Fig. 1g) of the fiber tip is (0,150,180), and unit is μm; (f) Comparison among the optical radiation pressure 
force Fpr, the thermophoretic force Fth, and the dragging force Fdg produced by the solution convection flow. The 
coordinate in the (f) is logarithmic; Schematic (h) and Image (i) of the semicircular shape arrangement of the 
microparticles.
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function. According to the temperature gradient experimental results, we see that the Fth declines from 500pN 
to 0 when the distance to the fiber tip increases from 0 to 500 μm. Fdg is determined by the relative speed vp, 
which is the difference between the PSs moving speeds and the solution current flow speeds. In the range of 
0–2000 μm, the Fdg declines from the 100pN to 0. Compared with Fth, the declining trend of the Fdg is slower. In 
summary, when the PSs are far away from the fiber probe (500 μm < L < 2000 μm), the laser-induced convection 
flow makes a contribution to microparticles accumulation, ensuring the PSs transported towards the fiber probe; 
when the PSs move near to the fiber (0 < L < 50 μm), the thermophoretic plays a leading role. In the middle area 
(50 μm < L < 500 μm), both forces, Fth and Fdg exert on the PSs.

The thickness of the water layer is about 2 mm, and we investigate the relationship between the fiber probe 
depth and the PSs peak velocity. According to Fig. 4g, the PSs peak velocity reaches the maximum, of 1.24 mm/s 
when the depth h (labeled in Fig. 1a) of the fiber probe is near the half of the water layer thickness (~1 mm). 
The smaller the distance between the fiber probe and the water top (bottom) interface, the smaller the PSs peak 
velocity.

When an interface exists between a liquid (water droplet) and a solid (glass slide), there exists a contact angle 
due to the wettability and the surface tension. Therefore, the edge of the water droplet is arc-shaped (see Fig. 4h 
and i). When the fiber tip is near the interface of the water and air, the scatting force and the convection force pull 
the particles from the substrate, and the microparticles move along the inner surface of the interface baseline, 
realizing the semicircular shape arrangement, as seen in Fig. 4h and i and Supplementary Movie 3.

Methods
Two-step method to fabricate the fiber tip. We develop a two-step method to fabricate the fiber tip. The 
two steps include chemical etching and discharged current fusion molding. Step 1: a selective chemical etching 
procedure is used. The chemical etching solution is composed of 48% hydrofluoric acid (HF), 40% ammonium 
fluoride (NH4F), and deionized distilled water. The volume ratio of the three solutions is 1.5:1:134. Here, we chose 
1-bromodecane as the protective liquid layer35, which is very important for the final profile of the fiber tip. After 
etching in solution for 60 min at room temperature, the cone angle of the tapered fiber tip is 30°. Step 2: a special 
discharge current fusion molding procedure is used. The single arc discharge, with a weak fusion current and a 
short fusion time, is generated from a commercial fusion splicer (Fujikura FSM-60s) and used to fuse and mold 
the fiber tip (prepared in step 1) into a special tapered-tip profile.

Temperature measurement. The temperature measurement is based on measuring the fluorescence effi-
ciency of rhodamine B (0.1 mM solution), whose temperature dependence has been well documented36. In the 
measurements, a 532 nm green laser is used to excite the fluorescence. A spectrometer (Ocean Optics 2000) is 
used to collect the fluorescence spectrum. This calibration is repeated three times to determine the temperatures 
when illuminated by 1.48 μm laser with the power of 50 mW.

Calculation of optical trapping force. We employ the COMSOL software to simulate output light field 
intensity distribution and calculate the optical radiation pressure force. We use the Maxwell stress tensor37, which 
is provided by the electromagnetic wave, frequency domain interface in the COMSOL software, to derive the 
optical forces exerting on the PSs38. The stress tensor approach is exact and does not rely on any assumption 
regarding the nature of the field (whether evanescent or propagating) or of the objects. Assuming a steady-state 
condition, the net radiation force F on the particle can be determined by integrating the dot product of the out-
wardly directed normal unit vector n̂ and Maxwell’s stress tensor 

↔
T  over a surface enclosing the particle, as 

∮ ˆ
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. Therefore, we may calculate the opti-

cal radiation pressure exerting on the PSs. Here, we employ the normal calculated method to estimate the magni-
tude of order of the optical radiation pressure. In the COMSOL software, the light radiation pressure exerting on 
the particles can be calculated by: = .F (ewfd dnTx)dsx s

∮ , = .F (ewfd dnTy)dsy s
∮ , and F (ewfd dnTz)dsz s

∮= . , 
where ewfd dnTx, ewfd dnTy, and ewfd dnTz. . .  are the downward x, y, z component of Maxwell’s stress tensor. 
We have verified that the calculated result is consistent with the analytical solution of MIE.

Calculation of thermophoretic force. For a large particle (rp ≫ λ0, rp is PS radius, and λ0 is the mean 
free path of the fluid), the thermophoretic force can be expressed as Fth = −9πrpη2H∇T(r)/(ρT), where H = (k/
kp + 2.2λ0/rp)/[(1 + 3λ0/rp)(1 + 2k/kp + 4.4λ0/rp)], is a coefficient that accounts for the differences in thermal con-
ductivity and size effect, which can be further reduced down to the ratio of the conductivities. Therefore, the 
thermophoretic force can be described as Fth = −9πrpη2k∇T(r)/[ρT(kp + 2k)].

Critical power. The elevated temperature near the fiber probe reduces the density of the water, resulting in 
buoyancy–driven flow as the fluid in this region rose. As expected with convection currents, flow velocities are 
determined primarily by the fluid temperature, which in turn is controlled by the light source power. When we 
add the light source power, the currents form a circular vortex in which microparticles are trapped. The con-
vection solution causes the microparticles to accumulate. Within this volume, the microparticles flow vertically 
upwards, resulting in outward flow at the top view of the fluid. As observed in three–dimensions, the flow pattern 
is toroid centered. The flow pattern is similar to that in a single Rayleigh–Bénard cell in which the convection 
rolls are radially oriented. Under the action of gravity and viscosity alone, the flow of the microparticles prob-
lem in a flow is given by the equation of vp = vr + 2(ρ − ρp)rp

2g/9, where vr = uf − v, is the relative velocity of the 
particle compared to the fluid flow, ρp is the mass density of the particle. For an approximately spherical particle 
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with radius rp. The third term on the right-hand side is the gravitational term, proportional to (ρ − ρp) and rp
2. 

We decompose the vp in the y-, x-and z- axis directions: vpy = vry − 2(ρ − ρp)rp
2g/9, vpx = vrx and vpz = vrz. When 

vpy < 0, the PSs will move in a 2D space, thus resulting in microparticles accumulation and regular arrangement. 
When vpy > 0, the PSs will move in a 3D space, resulting in microparticles toroid flow. The vpy is determined by 
the incident laser power, therefore, there exists a critical laser power Pc, when incident laser power P0 > Pc, the PSs 
may move in the 3D space; when incident laser power P0 < Pc, the PSs have to move in the 2D space.

Effects of evaporation. We employ a coverslip as the substrate, whose size is 1 cm×1 cm × 50 μm 
(length × width × height). The volume of the solution is π × × = .(5 mm) 2 mm 0 157 ml2 . The diameter of the 
fiber is 125 μm. The effective heating volume of the fiber probe is π × . µ × µ = . × −(62 5 m) 200 m/3 8 2 10 ml2 7 , 
which is too small than the solution volume. The thermal diffusivity of water is k c s/( ) 0 143 mm / Tp

2ρ = . . he 
results indicate that when the distance away to the heating source increases from 0 to 500 μm, the temperature 
gradient reduces to 1% of the initial value. Therefore, compared with the fiber probe, the solution is adequate for 
the laser-induced convection flow manipulation. In the practical experiment, we adjust the power of the 1.48 μm 
laser source from 30 mW to 50 mW, the duration time is 0.5 h to 1 h, which is long enough for most manipula-
tions. The experimental results show that the average evaporated volume is 5 ± 0.1%, the left solution volume is 
still adequate. Therefore, we neglect the evaporation effect.

References
 1. Flaim, C. J., Chien, S. & Bhatia, S. N. An extracellular matrix microarray for probing cellular differentiation. Nat. Methods 2, 119–125 

(2005).
 2. Wheeler, D. B., Carpenter, A. E. & Sabatini, D. M. Cell microarrays and RNA interference chip away at gene function. Nat. Genet. 37, 

S25–S30 (2005).
 3. Stevens, M. M. et al. Direct patterning of mammalian cells onto porous tissue engineering substrates using agarose stamps. 

Biomaterials 26, 7636–7641 (2005).
 4. Tourovskaia, A., Figueroa-Masot, X. & Folch, A. Differentiation-on-a- chip: a microfluidic platform for long-term cell culture 

studies. Lab Chip 5, 14–19 (2005).
 5. Smith, C. Tools for drug discovery: Tools of the trade. Nature 446, 219–222 (2007).
 6. Khetani, S. R. & Bhatia, S. N. Microscale culture of human liver cells for drug development. Nat. Biotechnol. 26, 120–126 (2007).
 7. Ashkin, A., Dziedzic, J. M. & Yamane, T. Optical trapping and manipulation of single cells using infrared laser beams. Nature 330, 

769–771 (1987).
 8. Grier, D. G. A revolution in optical manipulation. Nature 424, 810–816 (2003).
 9. Chiou, P. Y., Ohta, A. T. & Wu, M. C. Massively parallel manipulation of single cells and microparticles using optical images. Nature 

436, 370–372 (2005).
 10. Hwang, H. & Park, J.-K. Rapid and selective concentration of microparticles in an optoelectrofluidic platform. Lab Chip 9, 199–206 

(2009).
 11. Brailanti, M., Vigolo, D. & Piazza, R. Does thermophoretic mobility depend on particle size? Phy. Rev. Lett. 100, 108303 (2008).
 12. Jiang, H. R., Wada, H., Yoshinaga, N. & Sano, M. Manipulation of colloids by a nonequilibrium depletion force in a temperature 

gradient. Rev. Lett. 102, 208301 (2009).
 13. Mittal, N., Rosenthal, A. & Voldman, J. nDEP microwells for single- cell patterning in physiological media. Lab Chip 7, 1146–1153 

(2007).
 14. Ho, C. T., Lin, R. Z., Chang, W. Y., Chang, H. Y. & Liu, C. H. Rapid heterogeneous liver-cell on-chip patterning via the enhanced 

field-induced dielectrophoresis trap. Lab Chip 6, 724–734 (2006).
 15. Thomas, R. S., Morgan, H. & Green, N. G. Negative DEP traps for single cell immobilization. Lab Chip 9, 1534–1540 (2009).
 16. Wang, T. H. et al. Single-Molecule J. Tracing on a Fluidic Microchip for Quantitative Detection of Low-Abundance Nucleic Acids. 

Am. Chem. Soc. 127, 5354–5359 (2005).
 17. Abdelgawad, M., Watson, M. W. L. & Wheeler, A. R. Hybrid microfluidics: A digital-to-channel interface for in-line sample 

processing and chemical separations. Lab Chip 9, 1046–1051 (2009).
 18. Xin, H. B., Li, X. M. & Li, B. J. Massive photothermal trapping and migration of particles by a tapered optical fiber. Opt. Express 19, 

17065–17074 (2011).
 19. Righini, M., Zelenina, A. S., Girard, C. & Quidant, R. Parallel and selective trapping in a patterned plasmonic landscape. Nat. Phys. 

3, 477–480 (2007).
 20. Psaltis, D., Quake, S. R. & Yang, C. Developing optofluidic technology through the fusion of microfluidics and optics. Nature 442, 

381–386 (2006).
 21. Liu, Y. & Andrew, W. P. Flow-assisted single-beam optothermal manipulation of microparticles. Opt. Express 18, 18483–18491 

(2010).
 22. Xiao, K. & Grier, D. G. Sorting colloidal particles into multiple channels with optical forces: Prismatic optical fractionation. Phys. 

Rev. E 82, 051407 (2010).
 23. Melville, H. et al. Optical trapping of three dimensional structures using dynamic holograms. Opt. Express 11, 3562–3567 (2003).
 24. Yamaoka, Y., Nambu, M. & Takamatsu, T. Fine depth resolution of two-photon absorption-induced photoacoustic microscopy using 

low-frequency bandpass filtering. Opt. Express 19, 13365–13377 (2011).
 25. Fujii, S. et al. Fabrication and placement of a ring structure of nanoparticles by a laser-induced micro nano bubble on a gold surface. 

Langmuir 27, 8605–8610 (2011).
 26. Braun, M. & Cichos, F. Optically controlled thermophoretic trapping of single nano-objects. ACS Nano 7, 11200–11208 (2013).
 27. Roy, B. et al. Self-assembly of mesoscopic materials to form controlled and continuous patterns by thermos-optically manipulated 

laser induced microbubbles. Langmuir 29, 14733–14742 (2013).
 28. Nishimura, Y. et al. Control of submillimeter phase transition by collective photothermal effect. J. Phys. Chem. C 118, 18799–18804 

(2014).
 29. Lida, T. et al. Submillimeter network formation by light-induced hybridization of zeptomole-levelDNA. Sci. Rep. 6, 37768 (2016).
 30. Yamamoto, Y., Shimizu, E., Nishimura, Y., Iida, T. & Tokonami, S. Development of a rapid bacterial counting method based on 

photothermal assembling. Opt. Mater. Express 6, 1280–1285 (2016).
 31. Palmer, K. F. & Williams, D. Optical properties of water in near infrared. J. Opt. Soc. Am. 64, 1107–1110 (1974).
 32. Doering, C. R. & Gibbon, J. D. Applied Analysis of the Navier-Stokes Equations (Cambridge University Press, 1995).
 33. Piazza, R. Thermophoresis: moving particles with thermal gradients. Soft Matter 4, 1740–1744 (2008).
 34. Chuang, Y. H., Sun, K. G., Wang, C. J., Huang, J. Y. & Pan, C. L. A simple chemical etching technique for reproducible fabrication of 

robust scanning near-field fiber probes. Rev. Sci. Instrum. 69, 437 (1998).
 35. Hoffmann, P., Dutoit, B. & Salathe, R. P. Comparison of mechanically drawn and protection layer chemically etched optical fiber 

tips. Ultramicroscopy 61, 165–170 (1995).



www.nature.com/scientificreports/

8Scientific REPORTS | 7: 14378  | DOI:10.1038/s41598-017-14802-1

 36. Lemoine, F., Antoine, Y., Wolff, M. & Lebouche, M. Simultaneous temperature and 2D velocity measurements in a turbulent heated 
jet using combined laser induced fluorescence and LDA. Exp. Fluids 26, 3152323 (1999).

 37. Jackson, J. D. Classical Electrodynamics, 2nd ed. (Wiley, New York, 1975).
 38. Stratton, J. A. Electromagnetic theory (McGraw-Hill, New York, 1941).

Acknowledgements
National Natural Science Foundation of China (61227013, 61377085, 11574061, 61405043, and 61675053); 
111Project (B13015); Postdoctoral Science Foundation Fund of China (2015T80322, 2014M550181, 
2014M551217); Natural Science Foundation of Heilongjiang Province (F201338); Fundamental Research Funds 
for the Central Universities.

Author Contributions
Z.H. Liu conceived the project. J.J. Lei and Y.X. Zhang designed the experiments. J.Z. Zhang and X.H. Yang 
carried out the material synthesis, device fabrication and characterization with the assistance of J. Yang and  
Y. Zhang wrote the manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-14802-1.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-14802-1
http://creativecommons.org/licenses/by/4.0/

	Microparticles controllable accumulation, arrangement, and spatial shaping performed by tapered-fiber-based laser-induced c ...
	Results
	Principle of microparticles accumulation. 
	Microparticles accumulation and regular arrangement. 
	Microparticles multilayer arrangement. 
	Microparticles special-spatial-shape arrangement. 
	Microparticles sorting. 

	Discussions
	Methods
	Two-step method to fabricate the fiber tip. 
	Temperature measurement. 
	Calculation of optical trapping force. 
	Calculation of thermophoretic force. 
	Critical power. 
	Effects of evaporation. 

	Acknowledgements
	Figure 1 Simulated results of particles motions caused by the laser-induced convection.
	Figure 2 Experimental results.
	Figure 3 Experimental results.
	Figure 4 Forces and velocities.




