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Abstract: Optofluidics is an exciting new area of study resulting from the fusion of microfluidics and
photonics. It broadens the application and extends the functionality of microfluidics and has been
extensively investigated in biocontrol, molecular diagnosis, material synthesis, and drug delivery.
When light interacts with a microfluidic system, optical force and/or photothermal effects may occur
due to the strong interaction between light and liquid. Such opto-physical effects can be used for
optical manipulation and sensing due to their unique advantages over conventional microfluidics
and photonics, including their simple fabrication process, flexible manipulation capability, compact
configuration, and low cost. In this review, we summarize the latest progress in fiber optofluidic
(FOF) technology based on optical force and photothermal effects in manipulation and sensing
applications. Optical force can be used for optofluidic manipulation and sensing in two categories:
stable single optical traps and stable combined optical traps. The photothermal effect can be applied to
optofluidics based on two major structures: optical microfibers and optical fiber tips. The advantages
and disadvantages of each FOF technology are also discussed.
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1. Introduction

Optofluidics is a reconfigurable, sensitive, and portable technology that combines microfluidic
systems and the optical systems [1]. Microfluidic technology makes an optofluidic system more
reconfigurable because the liquid of microfluidics has a unique flexibility for solid materials.
Optical technology can enhance the sensitivity of optofluidics by introducing new functionality
and opto-physical effects and can work at very small sizes in microfluidic channels. As a result,
with the integration of microfluidics and an optical system, optofluidics has become suitable for
multiple applications, such as medical diagnosis and treatment, environmental analysis, and substance
analysis [2].

Fiber optofluidic (FOF) technology is an important branch of optofluidics. As shown in Figure 1,
FOF has four major types of structures, the fiber-optic interferometer, fiber grating, microstructured
optical fibers (MOFs), and optical micro/nano fibers. In practice, FOFs show several notable
superiorities [3,4]. FOF devices are inexpensive and simple thanks to the mature manufacturing
technology of optical fibers. An FOF system can easily couple light into a chip with channels at
a submillimeter scale because of the tiny cross-section of optical fibers and can accurately interact
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with liquid samples based on its low loss transmission. Additionally, an FOF system can improve
performance with the notable fabricability of its optical fibers. For example, optical micro/nano
fibers fabricated with commercial fibers can enhance the sensitivity of the environment through the
evanescent field. Microstructured optical fibers (MOFs) can serve as both light transmission and
microfluidic channels, due to their specific structures, such as a suspended core, a hollow core, and air
cladding [5].
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Figure 1. Fiber optofluidic (FOF) studies based on the structures of (a) the fiber-optic interferometer,
(b) fiber grating, (c) microstructured optical fibers, and (d) optical microfibers.

Fiber-optic interferometers can be divided into several major categories according to their
structures, including a Fabry–Perot interferometer (FPI), whose interference is based on single arm
incident laser oscillated in a cavity; and Mach-Zehnder, Michelson, and Sagnac, whose interference
occurs via a two-arm optical laser split from the incident laser [6]. The typical structures of fiber-optic
interferometers are summarized in Table 1.

A Fabry–Perot interferometer (FPI) can be used for optofluidic sensing based on either an extrinsic
or intrinsic cavity, which is usually fabricated with two parallel mirrors, as shown in Figure 1a. The FPI
can be designed for sensing with high performance by filling the special material or optimizing the
mirrors of the cavity. A high-visibility in-line with the optofluidic Fabry–Perot cavity was demonstrated
by splicing a silica capillary tube into two single mode fiber (SMFs) and polishing the latter optical
fiber of the FPI [7]. Refractive index detection with a high sensitivity of 1148.93 nm/RIU was achieved
thanks to the smooth end faces of the SMFs. Another sensing probe based on FPI was fabricated by
sandwiching a cavity between the single mode fiber (SMF) facet and a Nafion film [8]. The results
indicated that Nafion could be used for temperature and humidity sensing.

Traditionally, two-arm interferometric structures, i.e., a Mach–Zehnder interferometer (MZI),
a Michelson interferometer (MI), and a Sagnac interferometer (SI), are composed of two separate fibers [6].
Recent studies show that these two-arm interferometric structures can also be implemented as an in-line
fiber optic core-cladding-mode interferometer, and thus have the advantage of compactness, simplicity,
easy alignment, high coupling efficiency, high stability, and low-cost. Two-arm interferometric
structures are promising for many sensing applications, such as label-free biosensing [9], humidity
sensing [10,11], temperature-immune refractive index (RI) sensing [12,13], temperature sensing [14],
and pressure sensing [15,16].

Table 1. A summary of sensing application based on fiber-optic interferometer.

Device Types Structures Applications Ref.

FPI Extrinsic/intrinsic cavity RI sensing [7]
Temperature and humidity sensor [8]

MZI/MI Waist-enlarged fiber taper
Label-free biosensing [9]

Temperature-immune humidity sensing [10,11]
Temperature-immune RI sensing [12]

MZI/MI Core-offset Temperature-immune RI sensing [13]
MZI Two micro-cavities RI-immune temperature sensing [14]

SI Fiber loop mirror Temperature-immune pressure sensing,
High-temperature sensing [15,16]

FPI is Fabry-Perot interferometer, MZI is Mach-Zehnder interferometer, MI is Michelson interferometer, SI is Sagnac
interferometer, and RI is refractive index.



Micromachines 2019, 10, 499 3 of 25

The optical fiber grating (OFG) is inscribed in the fiber core to form a sensing probe with the
grating on the fiber tip or along the fiber axis. OFG can detect the changes of parameters in microfluids
by mode coupling between the forward and backward transmission modes in the fiber core, or between
the transmission mode in the core and in the cladding [17,18]. A sensing probe based on fiber Bragg
grating inscribed in the photonic crystal fiber (PCF) was proposed for DNA detection, which is the first
direct measurement of genomic DNA without a polymerase chain reaction (PCR) or other amplification
reactions [17]. An in-line fiber optofluidic RI sensor was also proposed based on long-period fiber
grating inscribed in a side-channel photonic crystal fiber [18]. A linear response and a sensitivity of
1145 nm/RIU was demonstrated.

Microstructured optical fibers (MOFs) are an excellent structure for optofluidic sensing due to
their effective sample delivery and optical transmission. In [19], a side-channel photonic crystal fiber
(PCF) was designed as a compact and ultrasensitive all-in-fiber optofluidic sensing platform. The large
channel on one side of the fiber core enables a strong light-matter interaction and easy lateral access of
liquid samples. It offers promising applications in chemical and biological analysis for monitoring
the environment or biological/medical diagnosis. The working principle of optical micro/nano fiber
sensors is based on an evanescent field. The electromagnetic field will partially penetrate into the
cladding region to form an evanescent field, when the photon beam propagates through the core [20].

For the micro/nano fiber with a subwavelength diameter, the evanescent field is improved and
interacts with the microfluid for sensing, as shown in Figure 1c. A microfiber, for which the diameter
of the narrowed region is 7.8 µm, can achieve high humidity sensing [21]. A three-dimensional
(3D) graphene network coated on the cladding of the microfiber can enhance the interaction
between the moisture molecules and the three-dimensional graphene network (3-DGN) cladding.
The relative humidity (RH) sensor displayed a fast response time of 4.0 s and an ultrahigh sensitivity
of −4.118 dB/%RH in a relative humidity range from 79.5% RH to 85.0% RH.

Optofluidics not only structurally combine optics and microfluidics, but also induce new
opto-physical effects from the energy transfer between light and microfluid and thus allows new schemes
and functions for manipulation and sensing. However, few papers have comprehensively summarized
the state-of-art fiber optofluidic (FOF) technologies in the literature. Recently, Vaiano et al. published an
excellent review article about fiber optofluidics, which for the first time summarized the developments
of the “lab on fiber (LOF)” concept for biological sensing applications [22]. They introduced the LOF
technologies in three classes: lab on tip, lab around fiber, and lab in fiber, according to the integration
location of functional unit. They compare the LOF technologies in terms of principle of operation,
fabrication method, versatility in the design, and performance. They mainly focused on the functional
material and structure of fibers in a microfluidic environment. The interaction between optics and
microfluidics deserves another review to reflect its progress.

In this review, we summarize the latest progresses in fiber optofluidic (FOF) technology and analyze
the correlation between fiber optics and microfluidics. Specifically, we mainly consider the optical
force and photothermal effect, because they have been studied extensively, and many applications of
manipulation and sensing in optofluidics have been demonstrated. Other photo-physical effects, such
as the photoacoustic effect, are beyond the scope of this review.

The optical force can be generated by radiation pressure. It was first reported in 1970s, when Ashkin
observed particle acceleration by a single laser beam [23]. Optical trapping with single laser beam was
achieved in 1986 [24]. After that, researchers realized that optical force might be an effective tool for
manipulating objects at a microscale [25–28]. Optical manipulation is a noncontact and nondestructive
method and thus has great potential in the biological and healthcare sectors [17,25,26]. Additionally,
optical force can be used for optofluidic sensing because its characters would be influenced by the
trapped object or the microfluidic environment [29–32].

The photothermal effect may cause a thermal rise from laser beam, when liquid or objects in
the microfluid absorb the laser energy. More specifically, the status of the target particle and/or
the solvent may vary when the laser beam irradiates. The variations of charge carriers, molecular
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orientation, electrostriction, and radiation pressure in materials influence the conversion process of
light energy to thermal energy. The changes in thermal energy further affect the temperature, refractive
index, and the volume of the components in optofluidics, including liquid, objects, and the optical
structure. In 1880, Bell and his coworkers reported the photothermal phenomenon in their paper on
the photoacoustic effect [33], and the mechanism was reported by Terazima [34]. The photothermal
effect has several unique advantages and can be used in optofluidics for multiple applications. First of
all, the photothermal effect is applicable to a mix of solid, gas, and liquid matters states. Therefore,
this effect is helpful to investigate the energy transfer between these states. Secondly, the photothermal
effect has the potential for optofluidic multi-parameter detection and control. Lastly, the photothermal
effect provides a non-contact method, which reduces the risk of mechanical damage in optofluidics.

The rest of this review is organized as follows. Section 2 introduces FOF technology based on
optical force. The applications of optical trapping, manipulation, and sensing can be achieved with
the stable single optical trap (SSOT) and stable combined optical trap (SCOT). The SSOT is formed
only with optical force, while the SCOT is formed with the help of microfluidic flow force. Section 3
introduces FOF technology based on the photothermal effect. This device is mainly performed with
two structures: the optical microfiber and optical fiber tip.

2. FOF Technology Based on Optical Force

Conventionally, optical force was often generated based on light beams in free space focused
by a high numerical aperture (NA) microscope objective, which is known as optical tweezers [24,35].
This bulky device makes optical tweezers difficult to use and expensive. The optical force based on
the optical fiber structure offers many advantages over conventional methods, such as its low cost,
compact configuration, easy integration, flexibility, and long transparent distance. It can serve as a
versatile tool for optical manipulation and sensing. However, it is challenging to generate a stable
trap for the optical fiber structure due to the low NA of the fiber. To resolve this problem, two main
categories of optical traps (i.e., the stable single optical trap (SSOT) and stable combined optical trap
(SCOT)) have been developed. The SSOT is formed only with the optical force, which is mainly based
on the structures of the lensed fiber or fiber taper, dual-beam fiber trap, and special constructions.
SCOT is formed with a balance of optical force and microfluidic flow force, which can provide more
flexible manipulation with a longer distance.

2.1. Stable Single Optical Trap with Optical Force

A stable single optical trap (SSOT) can be formed only with optical force to achieve trapping
and manipulation. Since the optical force generated by a flat fiber tip usually pushes the object away,
SSOT either utilizes a single optical force formed by a lensed fiber or fiber taper to enhance convergence
(see Figure 2a) or utilizes the dual-optical forces formed by dual beams from different directions to
maintain balance (see Figure 2b).
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2.1.1. SSOT Based on Single Optical Force

A fiber taper is a straightforward way to form an SSOT by enhancing the trapping efficiency
of a single optical fiber. The fiber taper can strongly focus the laser beam with a lens-like structure,
allowing a 3D SSOT to be achieved [36]. This structure is easy to fabricate with a commercial optical
fiber by chemical etching [37–39], polishing [40], or heating-and-drawing [36]. However, it has the
limitation of a short working distance and fixed SSOT due to the firm, sharp structure of the fiber taper.
The fiber taper can trap an object, but it hardly changes the object’s position without moving itself.

Yuan et al. reported a series of pioneering studies and demonstrated several new methods to solve
this problem. In 2013, they first demonstrated controllable SSOT without moving the fiber [37]. A yeast
cell can be manipulated for a distance of approximately 3 µm with the power ratio of a fundamental
mode beam (LP01) and the low-order mode beam (LP11) generated in a normal single-core fiber
taper. Then, they achieved multidimensional manipulation by using the LP11 mode beam excited
with a special fiber taper [38]. In 2015, they achieved optical trapping and launching based on
dual-wavelength single fiber optical tweezers [39]. As shown in Figure 3, a 980 nm laser was used to
trap the object towards the fiber taper, and a 1480 nm laser was used to launch the object with a certain
velocity. The trapping force and the launching force can be controlled independently with different
laser powers at different wavelengths.
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Figure 3. Schematic diagram of the dual-wavelength single fiber optical tweezers [39]. (a) Optical
trapping force generated by the 980 nm laser beam. (b) Optical launching force generated by the
1480 nm laser beam, where the power of the 1480 nm laser beam is smaller than the power of the 980 nm
laser beam, and thus the target is trapped while other objects are blown away. (c) If the power of the
1480 nm laser beam is larger, the launching force can launch the target away with a certain velocity.

An SSOT based on microfibers or nanofibers can achieve long-range manipulation due to its
surface evanescent fields. Li and his coworker have done much research in this field and produced
many theoretical and experimental results [40–42]. A nanofiber can trap the objects on its surface
by the optical gradient force and propel trapped objects along the surface by the optical scattering
force [42]. Further, as the evanescent field around the nanofiber can interact with the surrounding atoms,
SSOT based on nanofibers can be used as an effective tool for atom manipulation and detection [43–47].
Recently, Li et al. developed a special nanofiber by embedding a silver nanowire (AgNW) into a
polymethyl methacrylate (PMMA) nanofiber [40]. This nanofiber achieved trapping with a low laser
power with a broad wavelength range because the AgNW enhanced the optical gradient force.

An SSOT based on a single optical force can trap a single object on or close to the fiber taper in
a 3D fashion with a strongly focused beam. A manipulation length of several micrometers can be
achieved with optical mode multiplexing and wavelength multiplexing, since the structure of the fiber
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taper is critical for functional performance, which also causes defects, such as the poor reconfigurability
of devices and a short manipulation length [48–50].

2.1.2. SSOT Based on Dual-Optical Force

A dual-beam fiber trap (DFT). This DFT has the special advantage of stable and flexible
manipulation between two laser beams based on its fiber. The typical structures of DFTs are shown
in Figure 4. As shown in Figure 4a, the primary DFT can achieve long-range optical manipulation
between two aligned flat or lensed fiber tips with the help of two optical forces. The aligned fiber
tips provide two coaxial and opposite optical forces for the object, and the magnitude of optical force
is determined by laser power and the distance between the fiber tip and the object. In this case,
the position of the object can be controlled by the balance point of the optical forces, which can be easily
adjusted by the laser power from each fiber [30]. A misaligned DFT further increases the manipulation
dimension to implement precise object rotation [31]. In addition to the structure based on two strictly
collimated fibers, hollow-core photonic crystal fiber (HC-PCF) [32] (Figure 4b) and inclined fibers [33]
(Figure 4c) can also form a dual-beam trap with more functional advantages.
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In [51], a DFT was used for multiple object trapping and manipulation, as shown in Figure 5.
Two aligned fibers with flat facets were separated by 160 µm, and each fiber emitted 100 mW of
laser with two 980 nm laser diodes, which created a platform for optical trapping and manipulation.
Figure 5a shows multiple polystyrene microspheres (PSMs), with 1 µm diameters, stably trapped
between two fiber ends. The PSMs form linear arrays by themselves and get closer with more PSMs.
When the number of PSMs is 13 or more, they start self-sustained oscillations with a range of 20 µm
for a period of 0.5 s, as shown in Figure 5b. The DFT with an offset of about 5 µm can keep PSMs
oscillating as a loop. The trajectory of the outermost PSM for eight-PSM oscillation loops is shown in
Figure 5c.
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Figure 5. Multiple trapping and manipulation with the dual-beam fiber trap [51]. (a) Optical trapping
of multiple objects. (b) Optical oscillating of a linear array of 13 objects. (c) Trajectory of the outermost
polystyrene microsphere (PSM) for eight PSMs. The laser power of each fiber is 100 mW at 980 nm, and
the objects are PSMs of with 1 µm diameters.
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In addition to optical trapping and manipulation, DFT may also deform a soft object, such as a
living cell. Guck and coworkers achieved measurement of cell membrane elasticity with a unique
DFT [25]. They stably trapped a single cell in a DFT formed by two SMFs. Then, they stretched it along
the optical axis because the force on each side of the cell membrane may be about several hundred pN.
Additionally, the unfocused laser beams can avoid thermal damage to the living cell, even if the laser
power is several watts. This has potential use in biological and medical research.

DFT can also be used for sensing. Force sensing was achieved by DFT with an inclination angle
(θ) [52]. The inclination angle (θ) between the two fibers was used for function selection. For object
trapping, θ should be ≤45◦, and for object lifting and force sensing, θ should be ≥50◦. A temperature
sensor was developed with a trapped microparticle in the DFT [30]. The DFT was formed by two
aligned fibers with concave tips and sealed in a quartz capillary. For temperature sensing, they used a
980 nm laser to adjust the position of the microparticle and a 1550 nm laser to form the interference
spectra for sensing. Li and his coworkers also demonstrated an inclined DFT with two optical fiber
tapers for cell regulation and analysis [53,54]. One fiber taper was used for trapping the cell or forming
cell chain. The other fiber taper was used to manipulate the targeted cell. This method has the potential
for investigation of cell growth, the intercellular singling pathway, and pathogenic processes.

As fabrication technology improves, SSOTs based on special constructions, such as multi-core
fibers, PCFs, and nanofibers, are proposed with better performance. Multi-core fibers can increase
the manipulation dimension combined with a special fiber taper [55]. Yuan and his coworkers used
a dual-core fiber [53], four-core fiber [56], and coaxial core optical fiber [57] to achieve controllable
optical manipulation, oscillation, and object shooting. Cristiani et al. proposed an SSOT based on a
multicore optical fiber [58]. The cores were shaped with the proper angles to reflect the laser beams into
a tight focus, which is the SSOT. A strong gradient optical force generates the SSOT for 3D trapping.
This SSOT can trap and manipulate microparticles over a relatively long distance with better flexibility
than a DFT. The hollow-core photonic crystal fiber (HC-PCF) is an excellent carrier for optofluidics,
as it is a combined channel for both laser and microfluid. A centimeter-scale long distance optical
manipulation was achieved by HC-PCF [59]. A focused laser beam vertical to the fiber was used
to trap the object in front of the core of the HC-PCF, and then a horizontal laser beam was used to
push the object in the HC-PCF. After that, the object could be manipulated along the HC-PCF with
the laser power from each end of the HC-PCF. Additionally, this research could lead to a promising
new approach for biomechanical detection, because it can achieve cell deformation with the help of
shear force. SSOT formed by HC-PCF can also be used for sensing. The multiple-parameter sensing
of temperature, transverse mechanical vibration, and electric/magnetic fields was achieved with the
help of a trapped object in the HC-PCF [32]. The object was trapped and adjusted to the sensing
area with the counter-propagating laser in the HC-PCF. The change of optofluidics was reflected by a
back-scattered light.

SSOT based on a single optical force is easy to integrate and move but has the disadvantage
of a short and fixed trapping/manipulation range. An SSOT based on dual-optical force uses two
counter-propagating laser beams to effectively extend its trapping/manipulation range. Moreover,
this method reduces the requirements of the fiber facet, thus makes the system simpler and
reconfigurable for fabrication and also harmless to the trapped object. However, SSOT based
on fiber inherently has an inflexible manipulation range as it uses optical force only to control its
trapping position. Introducing the flow force in microfluidics is helpful to achieve a flexible and
controllable scheme. To be specific, by adjusting both the optical force and flow force, the object can be
manipulated along the optical axis, as discussed below.

2.2. Stable Combined Optical Trap with Optical Force and Microfluidic Flow Force

In this sub-section, we will introduce a stable combined optical trap (SCOT), which is formed
with the combination of optical force from a single optical fiber and the flow force from the microfluid.
Optofluidic applications based on SCOT will be introduced in two categories according to the type of
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optical force. One is a SCOT based on the optical scattering force from the fiber tip, and the other is a
SCOT based on the optical gradient force from optical microfibers.

2.2.1. SCOT Based on Optical Scattering Force

The principle of the SCOT near the optical scattering force is shown in Figure 6. The optical
manipulation, along with the optical axis, is based on the force balance on the object between the axial
optical force, Fao, and the microfluidic flow force, Fv. The flow force can be calculated by Stokes law,

Fv = k1v. (1)

Here, k1 = 6πηa, where η is the coefficient of viscosity of water, and a is the radius of the microparticle.
As the direction of Fv is the same with the microfluidic flow, Fv is directed toward the fiber tip.
In contrast, Fao, consisting of the scattering force, Fas, and the axial gradient force, Fag, forms a counter
force to push the object away from the fiber end. The Fag is negligible compared to Fas, due to low
acceleration of light intensity generated by the optical fiber tip. Fao is directly proportional to the laser
power and inversely proportional to manipulation length, Lm, which is the vertical dimension between
the center of the microparticle to the fiber tip. The object can be trapped at a certain Lm, corresponding
to the position of the SCOT, because the total force on the object is zero. This process can be described as

Fv(v) = Fao(Lm) (2)

Henceforth, Lm can be controlled by both the flow rate (v) and the laser power (P), and v can also be
calibrated by P and Lm.
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In comparison to the SSOT on the fiber taper, the SCOT over the fiber tip possesses the advantage
of being easy to fabricate, flexible to manipulate, and compactable to be integrated. Moreover, it greatly
extended the manipulation length based on the balance between the optical force and fluid flow and
shows the potential for truly 3D optical manipulation.

The SCOT over the fiber tip can achieve controllable manipulation of single object with a long
range along the optical laser beam. Gong and his coworkers made much progress in this respect.
They achieved long range optical manipulation with the graded-index fiber (GIF) due to its periodic
focusing effect [29]. In [60], a controllable manipulation length of over 177 µm was achieved by
integrating a GIF taper with a microcavity. In this work, the manipulation length Lm was directly
controlled by adjusting the laser power, the flow rate, or the length of the air cavity (Lc), where the air
cavity was formed by the two flat fiber ends of the GIF and SMF.

Figure 7 shows the principle of manipulation based on the air cavity (Lc). In brief, the Lc affects the
incident angle and the coupling intensity of the laser beam from the SMF to GIF. Due to the periodic
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focusing effect of the GIF, the different incident angle and the coupling intensity produced a different
light distribution from the GIF taper. The optical force was controllable, and the object could be
manipulated according to the newly balanced SCOT.

Micromachines 2019, 10, x 9 of 25 

 

different light distribution from the GIF taper. The optical force was controllable, and the object 
could be manipulated according to the newly balanced SCOT. 

 
Figure 7. Principle of controllable optical manipulation based on air cavity length. 

In 2016, a strain controllable optical manipulation was proposed with a longer range up to 
1314.1 μm [61]. This method manipulates the object by directly stretching the GIF. As the light beam 
converges and diverges periodically in the GIF, the change of fiber length can be used to control the 
distribution of the emergent field. Figure 8a shows a sequence of microscopic images of stretching 
the 52.5 cm GIF with a step of 50 μm. Compared to the optical manipulation of the SCOT with an 
optical fiber taper, the method in [61] consists of a simpler fabrication process with high repeatability 
and more stable performance. Figure 8b showed that the manipulation length (Lm) changes by 
controlling the strain on the GIF. 

 
(a) (b) 

Figure 8. (a) Microscopic images of strain controllable optical manipulation by increasing the strain 
to 0, 95 με, 286 με, 571 με, 667 με, 1048 με, 1143 με, and 1238 με, respectively. (b) Manipulation 
length versus strain at flow rate of v = 150 nL/min [61]. 

Although the GIF provides a new optical manipulation method based on the periodic focusing 
effect, it is difficult to mass-produce it with consistent performance by precisely controlling the GIF 
length. The distribution of the emergent field is sensitive to the length of the GIF, so the performance 
of optical manipulation may vary substantially even with very slight difference between each GIF.  

The introduced flow force reduces the requirement of the light convergence so that the SCOT 
can be achieved with a flat SMF. This is the simplest scheme, with the advantage of being 
easy-to-fabricate and use, having high uniformity and availability for mass production, and low 
cost. Optofluidic flow rate detection was also achieved with a structure similar to that in Figure 6. 

Figure 7. Principle of controllable optical manipulation based on air cavity length.

In 2016, a strain controllable optical manipulation was proposed with a longer range up to
1314.1 µm [61]. This method manipulates the object by directly stretching the GIF. As the light beam
converges and diverges periodically in the GIF, the change of fiber length can be used to control the
distribution of the emergent field. Figure 8a shows a sequence of microscopic images of stretching the
52.5 cm GIF with a step of 50 µm. Compared to the optical manipulation of the SCOT with an optical
fiber taper, the method in [61] consists of a simpler fabrication process with high repeatability and
more stable performance. Figure 8b showed that the manipulation length (Lm) changes by controlling
the strain on the GIF.
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Figure 8. (a) Microscopic images of strain controllable optical manipulation by increasing the strain to
0, 95 µε, 286 µε, 571 µε, 667 µε, 1048 µε, 1143 µε, and 1238 µε, respectively. (b) Manipulation length
versus strain at flow rate of v = 150 nL/min [61].

Although the GIF provides a new optical manipulation method based on the periodic focusing
effect, it is difficult to mass-produce it with consistent performance by precisely controlling the GIF
length. The distribution of the emergent field is sensitive to the length of the GIF, so the performance
of optical manipulation may vary substantially even with very slight difference between each GIF.

The introduced flow force reduces the requirement of the light convergence so that the SCOT can
be achieved with a flat SMF. This is the simplest scheme, with the advantage of being easy-to-fabricate
and use, having high uniformity and availability for mass production, and low cost. Optofluidic flow
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rate detection was also achieved with a structure similar to that in Figure 6. According to Equation (2),
the flow rate can be calculated by laser power or manipulation length [61–63].

The performance of the flow rate sensing with SCOT based on the cleaved SMF is shown in
Figure 9 [62]. By coordinating the proper laser power, this device can detect the flow rate in a large
dynamic range from 20 nL/min to 22 µL/min and can manipulate the object from 3 µm to 715 µm.
The method calculating the flow rate with the laser power is named the open-loop mode, which is
particularly useful for detecting a low flow rate but limited for detecting a high flow rate, because
the manipulation length, Lm, is reversely proportional to the flow rate, v. In this case, the dual-mode
detection induced a closed-loop mode method and enlarged the dynamic-range by four orders of
magnitude, from 10 nL/min to 100,000 nL/min [63]. The sensing performance of the dual-mode
flowmeter is shown in Figure 10. The mode switching threshold was set as 5000 nL/min with an initial
laser power of 23.5 mW.
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Optical trapping and orientation were achieved with an abruptly tapered SMF [64]. Microfluid
delivered the Escherichia coli cell to the fiber tip with a velocity of 16 µm/s. A single E. coli cell was
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trapped with a laser power of 30 mW at a 980 nm wavelength, as shown in Figure 11a. The cell with an
arbitrary azimuthal angle θ (Inset I of Figure 11b) was trapped with a fixed orientation in the final
stable state. Figure 11b shows the calculated restoring torque on the object, with a θ at the central axis
of the fiber tip. As shown in inset II of Figure 11b, the most stable orientation for trapping occurred at
θ = 0, as the torque is 0. Figure 11c reflected the trapping ability of the abrupt tapered SMF. The cell
was trapped at θ = 0 (Inset I of Figure 11c) with the energy density distribution simulated as Inset II of
Figure 11c. It can be seen that the cell can be manipulated with a range of less than 8 µm and with a
trapped optical force of more than 2 pN when the velocity of microfluid is 16 µm/s.
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one after another, thereby forming a highly organized cell chain. All the trapped and connected cells 
were aligned with the same orientation. In 2017, they achieved controllable organization of the cell 
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Figure 11. Optical trapping of a single E. coli cell [64]. (a) Optical microscope images of the trapping
and orientation process of a single E. coli cell. The blue, red, and yellow arrows indicate flow velocity
(16 mm/s), the input laser with an optical power of 30 mW, and the orientation of the E. coli, respectively.
(b) The calculated torque acting on an E. coli cell as a function of azimuthal angle. (c) Calculated
trapping force (FT) exerted on a single E. coli cell as a function of distance (D) between the cell and the
fiber tip.

The SCOT over the fiber tip can also achieve the organization and transport of multiple objects. In
2013, Li and his coworkers reported an optofluidic method for realizing and retaining stable cell–cell
contact and controlling the trapped cells number using an abrupt tapered fiber (ATF) [64]. As shown
in Figure 12, an optical power of 30 mW at a 980 nm wavelength was launched into the ATF. Cells
delivered by the microfluid with a flow velocity of 3 µm/s were trapped onto the fiber tip one after
another, thereby forming a highly organized cell chain. All the trapped and connected cells were
aligned with the same orientation. In 2017, they achieved controllable organization of the cell chain
with a large-tapered-angle fiber probe, and demonstrated the performance with E. coli cells, yeast cells,
and human red blood cells [65]. The cell chain can be moved by a change of laser power and flow rate.
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Figure 12. Schematic of cell–cell contact realization and retaining process. A laser at 980 nm was
launched into an abrupt tapered fiber (ATF), which was placed in the microfluidic channel with a
flowing suspension of E. coli cells. Multiple cells were trapped and connected in order at the tip of the
ATF [64].

Microstructured optical fibers have customized structures for some unique applications. A hollow
annular-core fiber taper (HAFC) was used to manipulate and transport living cells [66]. A schematic
diagram of optical manipulation based on the HACF is shown in Figure 13. The hollow structure of
the HACF helps to realize the sterile transport of particles in the optical fiber and provides a flow force
by liquid viscous resistances (LVR). LVR is determined by the size of the object and the relative flow
rate. Thus, the HACF tweezers were used in object selection and manipulation. Moreover, it is easy to
clean the fiber probe and convenient for repeated use.
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A SCOT based on optical scattering force can achieve controllable long-range optical manipulation
and a sensitive flowmeter with an optical fiber probe. A larger optical scattering force is generated
by laser irradiation from the fiber probe, which can be balanced with the flow force generated by the
microfluid from the opposite direction of the laser irradiation. The optical scattering force can be
adjusted by the laser power, and the flow force can be related to the flow rate. In this case, controllable
long-range optical manipulation is achieved by adjusting the optical laser’s power and flow rate,
and the flow rate is calculated from the manipulation length or the laser power.

2.2.2. SCOT Based on Optical Gradient Force

A SCOT around the microfiber could achieve long-range manipulation along the fiber. The optical
gradient force plays a crucial role in optical trapping based on SCOT. A microfiber with a subwavelength
diameter enhances the evanescent field and exerts a large optical gradient force perpendicular to the
fiber surface. When the microfluid flows against the optical gradient force, the object can be trapped
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with the combination of optical force generated by the light leaked from the optical fiber and the
dragging force induced by the fluidic flow and then move along the surface via the optical scattering
force that occurs in the direction of light propagation [67].

A SCOT around the microfiber can achieve optical transport along the fiber with the help of
flow force, optical gradient force, and optical scattering force. Li et al. reported the backward optical
transport of Polystyrene (PS) nanoparticles (713 nm in diameter) using an optical nanofiber with a
diameter of 710 nm [68]. Figure 14 shows the schematic of the experiment. The optical forces, including
gradient force (Fg) and scattering force (Fs), were generated and controlled using a diode laser with a
980 nm wavelength, and the flow force (Fd) induced by the microfluid was dependent on flow rate.
When the laser was on, the evanescent field of the nanofiber applied Fg and Fs to the PS particle.
Fg, directed towards the stronger optical intensity region, traps the particles to the surface of the
nanofiber. The Fs with a direction parallel to the light propagation propels the particle to move along
the nanofiber. By varying the laser power from 0 to 90 mW and flow velocity from 0 to −20 µm/s,
the backward transport velocity exhibits a linear dependence. Furtherly, bidirectional optical transport
can be achieved with two counter-propagating laser beams from each end of the optical nanofiber [42].
The transportation direction and velocity of the particles can be controlled by changing the difference
between the laser power from each side of the nanofiber.
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Following this scheme, a particle separation method was demonstrated [69]. Figure 15 shows a
schematic of the SCOT around the microfiber. A 1.55 µm laser was launched into the microfiber for
particle separation. The microfiber with a 1.2 µm diameter was placed in a channel. The suspensions
flowed into the channel for separation. Three types of particle mixtures were successfully separated,
including 5/10 µm PMMA particles, 2.08 /5.65 µm SiO2 particles, and 2.08 µm SiO2/yeast cells.
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In conclusion, a SCOT based on optical scattering force (Fs) achieves force balance within a small
cross-section along the optical axis. Thus, it can accurately trap or manipulate a single object, even far
from the fiber probe. A SCOT based on optical gradient force (Fg) achieves force balance vertical to the
microfiber surface. Thus, it can simultaneously trap or manipulate a larger number of objects.

The major difference between a SCOT and SSOT is that a SCOT utilizes the flow force in the
microfluidic system as an extra control factor. By tuning the flow force, a SCOT can achieve more
flexible and longer-range trapping or manipulation, without requiring sophisticated fiber structures as
a SSOT does. In addition, a SCOT can calibrate the flow rate by measuring the laser power and the
manipulation length.

3. FOF Technology Based on a Photothermal Effect

Photothermal effects can be used for optical manipulation and sensing in optofluidics.
The photothermal effect is usually weak and needs to be enhanced by increasing laser radiation
or absorption. In FOFs, laser radiation is usually increased by applying a microfiber, and laser
absorption is usually increased by integrating special materials with different components of the
optofluidic system.

3.1. FOF Technology Based on Photothermal Effect with Microfibers

In a standard optical fiber, the optical field is well confined to the fiber core, unable to interact
with microfluid from the side [70]. Therefore, the key to generating a photothermal effect is improving
the radiation of the optical laser from the fiber core to the microfluid. The optical microfiber provides
an efficient solution for radiation enhancement, which has been extensively investigated.

Optical microfibers can easily be fabricated from commercial optical fibers by heating at a melting
temperature and stretching to an appropriate size, enabling much higher flexibility and compatibility
over conventional fiber-based systems [71,72]. Laser at a wavelength with high absorption to the
solution is often launched into the microfiber to further enhance the photothermal effect. This can
achieve optical manipulation and sensing for optofluidic applications.

The photothermal effect can achieve massive particle trapping and manipulation based on its
derivative effects, i.e., the photophoresis effect and temperature gradient effect. The photophoresis
effect is generated by an uneven heat distribution when the photothermal effect acts on the particles in
the microfluid [73]. Uneven heat distribution will increase the movement of the surrounding water
molecules, and eventually generate negative photophoresis or positive photophoresis to drive the
particle towards or away from the light source, separately. The temperature gradient effect is based on
the strong laser absorption of the liquid in the microfluid and can drive the particles to move to the
colder region [74].

Li and his co-workers have been achieved massive photothermal trapping and manipulation
with different structures, such as tapered optical fiber (TF) [75], subwavelength diameter optical fiber
(SDF) [76], and optical fiber ring (FR) [77], as shown in Figure 16 Using a TF with a diameter of 3.1 µm
for the taper (Figure 16a), plenty of particles were assembled into a spindle-shaped region, when the
laser power was 170 mW at 1550 nm. There was a space of about 380 µm between the assembled
particles and the TF after 15 min. Using an SDF (Figure 16b), particles were assembled around the SDF
with a laser power of 200 mW, and reached saturation after 360 s. With an FR (Figure 16c), particles
were trapped and assembled in the center of the FR with a power of 97 mW.
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Figure 16. Massive photothermal trapping and assembly of particles using (a) tapered optical fiber [75],
(b) subwavelength diameter optical fiber [76], and (c) optical fiber ring [77].

Photothermal effect can achieve optofluidic sensing based on the evanescent field around the
microfiber during laser transmission. The microfiber with a diameter of several micrometers or less
can enhance the evanescent field and is sensitive to the ambient temperature around it [78].

An optofluidic flow rate sensor based on the photothermal effect in a microfluid has been proposed
by Gong and coworkers [79]. The side view and the cross section of the sensor are shown in Figure 17.
A microfiber with a waist of approximately 3 µm was fabricated by heating and drawing a commercial
SMF. A hollow round capillary acted as an optofluidic ring resonator perpendicular to the microfiber.
A small fraction of the incident light of the microfiber was coupled into the capillary due to the
evanescent field and kept circulating in the wall due to the total reflection of the smooth inside of the
round capillary. A part of the reflection was coupled into microfiber and transmitted to the detector.
The wavelength shift of the transmission spectrum can be used as a function of the flow rate. As the
full width at half magnitude (FWHM) of the linewidth is narrow, this structure can achieve flow rate
sensing with high sensitivity.
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A laser at 1480 nm coupled into the fiber taper was used to heat the liquid in the capillary for
temperature change. The fiber taper can be easily fabricated with a commercial fiber by different
methods, such as chemical etching, mechanical polishing, and flame heating. Since the fundamental
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mode of the evanescent field was powerful due to its larger radius near the capillary and the effective
index (neff), it has often been chosen as the output for sensing. The microfiber was close to the outside
of the round capillary. Therefore, while the fundamental mode can act on the capillary, it cannot pass
through to change the parameters of the microfluid. As a result, the difference of temperature can be
calibrated with the relative wavelength shift as

∆λ
λ

=

(
α+

κwall
ne f f

∂ne f f

∂nwall

)
∆T (3)

where α is the thermal expansion coefficient of the resonator, which can be calculated by 1/r (∂r/∂T),
and κwall = ∂n/∂T is the photothermal effect coefficient of the capillary. The photothermal effect occurs
near the fiber taper. First, the temperature of the microfluid increased near the fiber taper and then
transferred to the round capillary. The wavelength shift is dependent on two factors in Equation (3):
the thermal expansion of the capillary and its photothermal effects.

Optical microfibers can enhance the effective photothermal effect for manipulation and sensing
applications. For optical manipulation, the photothermal effect enables massive objects manipulation
with high flexibility. For optical sensing, the photothermal effect could be employed together with
another microresonator for local detection of the microfluidic flow rate with high sensitivity by detecting
the wavelength shift.

3.2. FOF Technology Based on a Photothermal Effect with Special Materials

Recently, materials with strong laser absorption, such as gold nanoparticles (Au NPs), graphene
oxide (GO), and carbon nanotubes (CNTs), have been extensively investigated to improve the efficiency
of photothermal conversion. These kinds of materials can enhance the photothermal effect for FOF
to achieve applications of optical manipulation and sensing [80]. Photothermal materials are mostly
integrated with optical fibers or microfluids, as introduced below.

3.2.1. Materials Integrated with Optical Fiber (MIFs)

It is difficult to generate an optimal photothermal effect with an untreated optical fiber due to its
low light-thermal conversion efficiency. Integrating photothermal materials with the fiber (MIF) is a
useful method to improve the photothermal effect. MIF can achieve optical trapping and manipulation
based on the photothermal materials coated on the optical fiber tip or on the cylindrical surface.

Xing and co-workers investigated an optical manipulation method based on a graphene-coated
microfiber probe (GCMP) [81]. As shown in Figure 18a, a 980 nm laser coupled into the GCMP
can effectively trap erythrocytes based on photothermal effect induced thermophoresis and natural
convection flow and can arrange the trapped erythrocytes over a long distance, combining with the
optical scattering force. The MIF of the graphene oxide on the cylindrical surface of the fiber achieved
mobile vortex arrays with high stability for the no-time-delay, non-contact delivery of massive trapped
objects along the arbitrary direction [82], as shown in Figure 18b. When a 1070 nm laser was coupled
into the coated fiber, a temperature gradient was generated and excited the oscillatory wave to trap
and deliver the particles.

Optical sensing can also be achieved with MIF. Fiber optofluidic microbubble-on-tip (µBoT)
sensors, featuring a flat fiber tip coated with carbon nanotube (CNT) film [83] or gold nanofilm [84],
have been proposed. The process and sensing mechanism are mainly based on a reconfigurable
microbubble. When the laser was irradiated on the coated fiber tip, a microbubble was generated
and gradually expanded. The generation of the microbubble can be monitored using both the
microscope and interference spectrum of the interferometer formed by the fiber tip and the surface of
the microbubble, and the changes of parameters in microfluidics can be calibrated with the growth rate
of the microbubble.
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Figure 18. Schematic diagrams of optical trapping and manipulation based on the photothermal
materials coated (a) on the optical fiber tip [81] or (b) on the cylindrical surface [82].

A CNT-coated µBoT sensor can detect the temperature and flow rate with the laser at 980 nm.
The sensing signal was the free spectral range (FSR) of the microbubble heated with the same duration.
As the diameter of the µBoT interferometer increases over time, the FSR decreases. For temperature
sensing, the microbubble expands mainly based on gas generation from liquid vaporization around
the fiber tip. The principle of flow rate sensing is mainly based on microbubble expansion with the
dissolving gas in the flow fluid.

A gold-coated µBoT sensor can detect the concentration of the solution with a laser at 1550 nm.
Sucrose and H2O2 were chosen as models to demonstrate sensing performance, which represents two
different sensing mechanisms. One is based on the evaporation of liquid near the fiber tip, and the
other is based on heat-induced chemical decomposition. For sucrose sensing, the µBoT sensor achieved
a dynamic range of two orders of magnitude, from 0.5 wt% to 50.0 wt%. For H2O2 sensing, the
µBoT sensor achieved a dynamic range of five orders of magnitude, from 10−5 M to 1 M, as shown in
Figure 19. The microscopic images of the microbubbles generated with different concentrations of
H2O2 were recorded at different heating times (Figure 19a). The imaging method was chosen due to its
low cost, and ∆d as a function is shown in the log-log scale in Figure 19b.
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The result of sensing shows a large dynamic range and high sensitivity, which demonstrate the
high performance of sensing based on this mechanism. This is the first report on concentration sensing
based on a reconfigurable µBoT structure. This technique shows many advantages for optofluidic
detection, such as flexibility, reconfigurability, low cost, ease of fabrication, and ease of use.

Besides coating the photothermal materials on the fiber tip, compact fiber-optic sensors also
can be achieved by integrating materials into the optical fibers. A miniature, all-optical, fiber-optic
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sensor has been demonstrated for thermal conductivity measurements [85]. A vanadium doped fiber
spliced with an SMF was used as a highly absorbent part and coated with a thin zirconia film to create
a semi-reflective surface. Thus, the short section of vanadium doped fiber formed an all-fiber F–P
interferometer for sensing. The all-silica design makes the sensor compatible with most chemical
environments and has good potential for use at elevated temperatures and high pressures.

3.2.2. Materials Integrated with Microfluids

Materials with strong laser absorption abilities can also be directly integrated with microfluids,
such as the channel of microfluidics or the objects in the microfluid. This method increases photothermal
conversion efficiency and shortens the response time for manipulation or sensing.

Photothermal materials on the channel have been widely applied to handling liquids [86–88],
manipulation in microfluid [89–91], and micromaching processes [92] because the photothermal effect
on the channel can cause fluid dynamics, phase changing, interfacial action, and a strong vertical
temperature gradient. A laser induced microbubble-based device was introduced as an example of
a photothermal effect on the channel [93]. Graphene oxide (GO) was integrated with the channel,
which could serve as a miniature heat source to generate a microbubble and control dynamic behaviors
of flow by adjusting optical laser power at the micrometer scale. A microfiber was used to simulate
the photothermal effect at the locality of the microfluid with a 1070 nm CW laser. This device can be
used for optical manipulation based on the thermal convection around a microbubble, which can be
controlled by an optical laser. A simulation of thermal convection is shown in Figure 20. Based on
controllable thermal convection, i.e., vertical convection and Marangoni convection, the microfluidic
flow around the microbubble can be controlled easily, and the massive objects around the microbubble
can be manipulated.
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Figure 20. Simulation of thermal convection when the bubble is located at H = 230 µm and 500 µm and
P = 40 mW and 70 mW [93]. (a) Schematic model of different functional flows. (b) Simulated model
of the microfluidic system. (c) Vertical convection when a 160 µm diameter microbubble is located
above the heater with T = 400 K at H = 500 µm and P = 40 mW. The longest arrow shows the maximum
velocity of 40 µm/s. (d) Horizontal convection induced by the heater when the 160 µm diameter
microbubble is located at the side of the graphene oxide (GO) heater with T = 450K at H = 230 µm and
P = 70 mW. The longest arrow shows that the maximum velocity of 900 µm/s. Marangoni convection
(green arrows) at the surface of the bubble would influence movement of particles when the thickness
of the N, N-Dimethylformamide (DMF) was less than 300 µm. Flow-induced deformation of the bubble
is not considered in these simulations.

Photothermal materials integrated with the object have received great attention because the
materials can efficiently convert adsorbed photons into thermal energy, and this function can directly
act on the target with minimally invasive effects [94,95]. Based on these characteristics, photothermal
therapy and other bio-medical applications based on IT have been increasingly and widely investigated
as facile oncological treatment methods [96]. In 2003, Halas and co-workers first demonstrated the
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selective destruction of breast carcinoma cells based on the target region integrated with gold-on-silica
nanoshells [97]. After that, a variety of hybrid materials with different compositions or structures have
been explored for photothermal therapy (PTT) [98,99]. Optical fiber used to induce laser power to a
target are minimally invasive due to their flexibility, optical conductivity, and biocompatibility.

A hybrid material with components of zinc phthalocyanine (ZnPc), polyethylene glycol
(PEG), core–shell nanoparticles (NPs), a gold (Au) core, and graphene oxide nanocolloid (GON)
(ZnPc-PEG-Au@GON NPs), were successfully applied to the in vitro photothermal ablation of HeLa
(Human cervical cancer cell line) cells [98]. A 660 nm fiber coupled laser was used to generate a effect
on treated HeLa cells, and induced death of nearly all of them, as shown in Figure 21a. Figure 21b
shows the contrast of the cell viability of HeLa cells treated with ZnPc and ZnPc-PEG-Au@GON NPs.
The results clearly indicated that ZnPc-PEG-Au@GON NPs could enhance photothermal efficiency for
medical treatment.
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Figure 21. (a) Bright-field and fluorescence microscopy images of control, ZnPc, and ZnPc-PEG-
Au@GON nanoparticle (NP) treated HeLa cells wgucg were exposed to a 660 nm fiber coupled laser
with 67 mW/cm2 for 15 min and subsequently stained by a lince/Dead assay reagent, green: live cells,
red: dead cells. (b) Cell viability of HeLa cells treated with ZnPc, and ZnPc-PEG-Au@GON NPs and
subsequent exposure to 808 nm with 0.67 W/cm2 for 20 min, 660 nm with 0.2 W/cm2 for 10 min, or both
light sources with the same condition, sequentially [98].

In conclusion, FOF technology based on a photothermal effect can achieve massive object
manipulation and microfluid sensing with microfibers or with special materials, which enhance laser
radiation or absorption, respectively. However, because light energy needs a relatively long time
to be converted to heat energy, FOF technology based on a photothermal effect usually has a long
response time for manipulation or sensing. Therefore, photothermal materials are often used to further
increase photothermal conversion efficiency. However, this method maybe unstable in some cases,
as photothermal materials could be washed away by the microfluid.

4. Conclusions

This review mainly introduces the fiber optofluidic technology (FOF) based on two major
opto-physical effects: optical force and the photothermal effect. Optical force is used for optofluidic
manipulation and sensing with a stable single optical trap (SSOT) and a stable combined optical trap
(SCOT), and the photothermal effect is used for various microfluidic control applications with an
optical microfiber and special absorption materials.
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SSOT and SCOT exploit different types of forces in optofluidic systems. SSOT is formed only by
optical force and can be further subdivided into those based on a single optical force and those based
on a dual-optical force. The former often uses fiber taper to generate a large optical force through a
strong convergent laser beam, while the latter uses two beams to generate a pair of balanced optical
force via two counter-propagating laser beams. SCOT is formed with a balance of optical force and
flow force in the microfluid. Furthermore, according to the components of optical force balance with
flow force, SCOTs can be subdivided into those based on optical scattering force (Fs) and those based
on optical gradient force (Fg). The SCOT based on Fs is often generated by a fiber tip, whose end is
against the fluid flow direction. This SCOT can consciously adjust the position of the trapped object
along the optical axis with a large manipulation range. Further, it can also be used for flow rate sensing
with excellent performance in dynamic range and sensitivity. The SCOT based on Fg is often generated
by an optical microfiber, which is perpendicular to the fluid flow. This SCOT is an effective method for
massive trapping and manipulation of objects at the micro/nano scale.

The photothermal effect is used for FOF technology in two major ways: by using the optical
microfiber and by using special absorption materials. The optical microfiber is often used for enhancing
laser radiation and can achieve massive object manipulation, as well as for flow rate sensing. Integration
with photothermal materials, such as carbon nanotubes (CNTs), and gold (Au), is a common and
effective method to enhance laser absorption. Photothermal materials can be flexibly integrated with
any FOF components when required. FOF technology can be integrated with fibers and generate a
laser-controlled thermal field to achieve optical manipulation and sensing. Materials integrated with
a channel can be used for handling liquids, manipulation in microfluid, micromachining processes,
and other applications of microfluidic control. Materials integrated with a target can directly act on
the target with a certain position and less thermal energy loss. This method has broad prospects in
biological research and medical treatment.

The main results of fiber optofluidic technology based on optical force and photothermal effects
are summarized in Tables 2 and 3, respectively. Using optical force and photothermal effects,
FOF technology present various advantages, including easy fabrication, miniaturization, low cost,
high sensitivity, and a large dynamic range. We believe that many new applications will be explored
for physical, chemical, and biological use based on FOF technology in the near future [100,101].

Table 2. A summary of fiber optofluidic technology based on optical force.

Device Types Principle Fabrication Features

Stable Single Optical Trap based
on single optical force

Strongly focused beam Fiber taper Single object trapping with short range
[36–39]

Surface evanescent fields Micro/nanofiber Massive object trapping on the fiber surface
[40–47]

Stable Single Optical Trap based
on dual optical force

Balance of two optical
forces

Two aligned fiber probes Object manipulation (~200 µm) [30].
Object deformation [25]

Two misaligned fiber
probes

Object rotation [31]
Object oscillating, and moving around [51]

Object lifting, and force sensing [52]
Cell regulation and analysis [53,54]

HC–PCF
Multiple parameter sensing [32]

A centimeter-scale long distance optical
manipulation, cell deformation [59]

Stable Combined Optical Trap
based on optical scattering force Fs = Fv Fiber probe

Long range manipulation and large
dynamic range flowmeter [60–63]

Multiple object organization [64,65]
Manipulation and transportation [66]

Stable Combined Optical Trap
based on optical gradient force Fg = Fv Microfiber Massive trapping, manipulation, and

selection [42,67–69]
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Table 3. A summary of fiber optofluidic technology based on a photothermal effect.

Device Types Principle Fabrication Features

FOF technology based on
a photothermal effect

with a microfiber

Enhancing the laser
radiation

Fiber taper Massive particle trapping and manipulation [75]

Micro/nanofiber Massive object trapping on fiber surface [76]
Flow rate sensing [80]

optical fiber ring Massive object trapping in center of ring [77]

FOF technology based on
a photothermal effect
with special materials

Enhancing the laser
absorption

Materials integrated with
the fiber

Massive object trapping and delivering [81,82]
Multiple parameter sensing [83–85]

Materials integrated with
the channel

Microfluid control [86–88],
massive object manipulation [89–91],

micromaching processes [92]

Materials integrated with
the channel

Medical treatment with minimally invasive effects
[94–99]
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