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In this reported work, a femtosecond-laser-based microsolidifying method was employed to fabricate three-dimensional (3D) microsolenoids
by injecting liquid metal into helicalmicrochannels in fused silica and solidifying the liquid metal, and a proposed finite element method-3D-
vector simulation approach was used to analyse the structure influence. An improved femtosecond laser irradiation followed by chemical
etching technology was used to fabricate the complex 3D microchannels, in which an optimal laser power compensation strategy of tuning
laser power from 7 to 12 mW was involved. Asilanisation process was carried out before the injection process to facilitate the injection of
gallium. 3D numerical simulations of the microsolenoids were carried out by an electromagnetic-coupled analysis method; and a
simulation-based co-energy calculation method was used to evaluate the inductance of the 3D microsolenoids. 3D microsolenoids of
optimised configurations were then achieved according to the analytical results.
1. Introduction: Three-dimensional (3D) microsolenoids have
always been critical for miniaturisation of large-scale functional
systems, including integrated circuits (ICs), microfluidic systems
and microelectromechanical systems (MEMS) [1–5]. Although
many efforts have been directed towards 3D microfabrication, it
is still a technical challenge to achieve complex 3D
microsolenoids[4–7]. The reported microsolenoids were mainly
based on the lithographic process which can only provide planar
microcoils or microsolenoids of a multiplayer structure, not to
mention the tedious fabricating process and expensive cost.
At the same time, analytical evaluation of microsolenoids has

mostly concentrated on the 2D planar spirals. Nowadays, the per-
formance prediction of 3D microsolenoids mainly depends on the
empirical formula or scalar analysis by the finite element method
(FEM) [8–12]. These methods have limitations to the precise calcu-
lation or prediction of the properties of microscale solenoids owing
to their lack of considering the unique geometry configurations of
3D microsolenoids, such as a greater ratio of helix pitch to radius
etc. However, the reported 3D microsolenoids, which have been
applied in on-chip nuclear magnetic resonance (NMR) and other
microsystems [1–5], mostly consist of a sparse structure with a
large ratio of helix pitch to coil radius; and the influence of the
wire diameter cannot be neglected.
With the development of femtosecond laser technology, a femto-

second laser irradiation followed by chemical etching (FLICE) tech-
nology has been utilised to fabricate complex 3D microchannels in
fused silica [13–16]. In this Letter, a femtosecond-laser-based micro-
solidifying process is proposed to fabricate 3D cylindrical microsole-
noids by combining the FLICE technology and liquid-metal-
injection technology. Meanwhile, 3D microsolenoids of different
geometrical parameters were modelled and numerically simulated
using a FEM-3D-vector analysis method. The simulation process
involves 3D electricmagnetic-coupled FEM calculation using
ANSYS software which can more precisely calculate the properties
of 3D microsolenoids. A simulation-based co-energy calculation
method was subsequently used to evaluate the inductance of the
3D microsolenoids. Lastly, microsolenoids of optimised configura-
tions were fabricated according to the simulation results. Typically,
this simulation method is beneficial for the optimal design and per-
formance prediction of 3D microsolenoids.
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2. Methods development
2.1. Structure design and fabrication: Cylindrical coils have proven
to be the most efficient structure as solenoids than other structures.
Although cylindrical air-core solenoids have lower inductance than
ferromagnetic core coils, yet they are often used at high frequencies
because they are free from energy losses called core losses that
occur in ferromagnetic cores, which increase with frequency.
Moreover, the cylindrical air-core coils have been defined as key
elements in microfluidic applications, especially in the NMR
microsystems [5].

3D helical microchannels in fused silica, which served as the
micromoulds of the 3D solenoids, were fabricated by selective
etching of fused silica after femtosecond laser irradiation, as
shown in Fig. 1a. The femtosecond laser micromachining system
consists of a femtosecond laser source (wavelength: 800 nm,
pulse duration: 50 femtosecond, repetition rate: 1 kHz), a micro-
scope objective, a programmable three-axis stage, a CCD camera
and a laser beam control system. During the laser irradiation
process, the bulk fused silica (10 × 10 × 0.8 mm3) was fixed on
the three-axis stage; and the designed patterns were written in
fused silica with femtosecond laser pulses by translating the bulk
fused silica along the programmed pattern path. The chemical
etching process was carried out in hydrofluoric (HF) acid solution
assisted by the ultrasonic bath. The processing parameters were
kept constant as: scanning speed of 10 μm s−1 and HF solution con-
centration of 10%. A circular-polarisation laser was used to elimin-
ate the polarisation influence on etching efficiency [16] because the
circular-polarisation laser contributes to isotropous modification of
the irradiated region, and the velocity direction of the laser beam
scanning complex 3D patterns is changing in 3D. Then, liquid
metal of gallium (Ga, mp ≃ 30◦C) was injected into the micro-
channels and solidified to form the microsolenoids. In addition, a
silanisation process was carried out before the injection of
gallium to decrease the free energy of the metal–silica interface
of the channels.

2.2. Analytical evaluation: 3D microsolenoids of different
geometrical parameters were modelled and numerically simulated
using a FEM-3D-vector analysis method rather than traditional
FEM-scalar analysis. The simulation process involves the FEM
623
& The Institution of Engineering and Technology 2013

https://www.researchgate.net/publication/3425188_A_CopperPolyimide_Fabrication_Process_for_Fabricating_High-Inductance_Microinductor?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/3425188_A_CopperPolyimide_Fabrication_Process_for_Fabricating_High-Inductance_Microinductor?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/224189938_CMOS_compatible_electrochemical_process_for_improving_quality_factor_of_spiral_microinductors?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/224189938_CMOS_compatible_electrochemical_process_for_improving_quality_factor_of_spiral_microinductors?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/24206001_3D_Metallic_Nanostructure_Fabrication_by_Surfactant-Assisted_Multiphoton-Induced_Reduction?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/24206001_3D_Metallic_Nanostructure_Fabrication_by_Surfactant-Assisted_Multiphoton-Induced_Reduction?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/24206001_3D_Metallic_Nanostructure_Fabrication_by_Surfactant-Assisted_Multiphoton-Induced_Reduction?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/51829574_Adhesive-based_liquid_metal_radio-frequency_microcoil_for_magnetic_resonance_relaxometry_measurement?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/51829574_Adhesive-based_liquid_metal_radio-frequency_microcoil_for_magnetic_resonance_relaxometry_measurement?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/51829574_Adhesive-based_liquid_metal_radio-frequency_microcoil_for_magnetic_resonance_relaxometry_measurement?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/51829574_Adhesive-based_liquid_metal_radio-frequency_microcoil_for_magnetic_resonance_relaxometry_measurement?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/227994839_Microsolidics_Fabrication_of_ThreeDimensional_Metallic_Microstructures_in_Poly(dimethylsiloxane)?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/41225218_The_Inductance_Coefficients_of_Solenoids?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/228332452_Analytical_evaluation_of_magnetic_field_by_planar_micro-electromagnet_spirals_for_MEMS_applications?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/3101148_Inductance_computation_by_incremental_finite_element_analysis?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/7010892_Laser_processing_for_bio-microfluidics_applications_(Part_II)?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/224403232_Maselli_V._et_al._Fabrication_of_long_microchannels_with_circular_cross_section_using_astigmatically_shaped_femtosecond_laser_pulses_and_chemical_etching._Appl._Phys._Lett._88_191107?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/7668787_Polarization-Selective_Etching_in_Femtosecond_Laser-Assisted_Microfluidic_Channel_Fabrication_in_Fused_Silica?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/7668787_Polarization-Selective_Etching_in_Femtosecond_Laser-Assisted_Microfluidic_Channel_Fabrication_in_Fused_Silica?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/221734579_Rapid_prototyping_of_three-dimensional_microfluidic_mixers_in_glass_by_femtosecond_laser_direct_writing?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/3130927_An_on-chip_vertical_solenoid_inductor_design_for_multigigahertz_CMOS_RFIC?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==
https://www.researchgate.net/publication/2996584_Inductance_formulas_for_circular_and_square_coils?el=1_x_8&enrichId=rgreq-a0e0b230-e59e-4c46-be75-bc59efd652c6&enrichSource=Y292ZXJQYWdlOzI2MDMzMTI2NDtBUzoxMjY2NTM0MDE0MDc0OTVAMTQwNzIwNzkzMzAwNQ==


Figure 1 Schematic illustration of the femtosecond-laser-based
microsolidifying process
a Improved FLICE technology of writing complex 3D microstructures with
extra accesses and laser power compensation
b Silanisation process of the inner surface of the microchannels
c Illustration of the microsolidifying process and the microfluidic-
compatible injection device
3D electricmagnetic-coupled calculation using ANSYS software. A
direct current of 0.2 A was applied on the 3D microsolenoids in the
simulation process, and the magnetic field or magnetic flux density
was then simulated. A simulation-based co-energy calculation
method was used to evaluate the inductance of the 3D
microsolenoids, according to the formula

WL = 1

2
LI2 (1)

where WL is the stored magnetic co-energy of the 3D
microsolenoids, L is the inductance and I is the current through
the inductor.

This simulation process has taken into consideration the number
of coils N, the solenoid length L, the solenoid diameter D, the wire
diameter d and the helical pitch H; and it can more precisely predict
the 3D microsolenoid performance. As shown in Fig. 2, the simu-
lation results of a straight microsolenoid were demonstrated with
geometrical parameters: N = 20, H = 125 μm, D = 200 μm and
d = 30 μm; the solenoid length is determined by the number of
coils and helical pitch as 2.5 mm.

3. Results and discussion
3.1. Realisation of 3D microsolenoids: The reported studies have
demonstrated that the selective etching of fused silica after laser
irradiation is associated with the femtosecond-laser-induced
624
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micro/nanocracks in the material [17] or modification of the
substance [18]. The microchannels of millimetres fabricated by
the traditional FLICE technology are usually strongly tapered
when a conical geometry in the microchannel is unavoidable, and
the FLICE technology is generally used to provide microchannels
in fused silica of less than a few millimetres [15, 16]. Based on
our previous work [19, 20], methods of fabricating complex 3D
microstructures with extra accesses and laser power compensation
were employed to improve the processing capability as shown in
Fig. 1a.

The extra accesses acted as extra entrances for the etching solu-
tion during the etching process. The amount and distribution of the
extra access was designed according to the geometry of the micro-
channels. According to our previous study [19], the diameter of the
microchannels is increased with laser power from 1 to 27 mW.
However, the microchannels fabricated with a high power ( >15
mW) are accompanied with cracks and a rough inner surface
which will be disadvantages for the injection of liquid metal. At
the same time, the laser with a low power ( < 5 mW) cannot
induce an efficient modification effect for the irradiated region of
fused silica, and microchannels with a great depth and large scale
cannot be achieved. Accordingly, the optimal fabricating strategy
of tuning laser power during the laser irradiation process was
used to improve the microchannel geometry quality. In the experi-
ment, the laser power was modified linearly from 7 mW at the
entrances/extra access to 12 mW in the middle of two adjacent
entrances by a computer-controlled attenuator to compensate for
the conical geometry in the microchannel.

For microchannels with a diameter >35 μm, liquid gallium can
easily fill the microfluidic channels completely; non-uniform
wetting of the microfluidic channels was rarely observed.
However, liquid gallium in narrower microchannels (diameter
<30 μm) was often accompanied with non-uniform wetting
points, and sometimes the liquid gallium in the microchannels
was separated as disconnected parts. As the diameter of the micro-
channels decreased to 20 μm, it became difficult to pull the liquid
gallium through the microfluidic channels. This phenomenon was
caused by the poor microscale wetting characteristics of liquid
gallium with fused silica. To improve the wetting characteristics
and fabricate more miniaturised metallic devices, silanisation of
microcavities before the injection of gallium was carried out
using dimethylchlorosilane, as described in Fig. 1b. After this
process, the inside surface of the channels was coated with a
layer of silane; and the silane decreased the free energy of the
metal–silica interface of the channels and made it possible to wet
the inside walls with liquid gallium. This process enabled efficient
fabrication of metallic structures in microchannels with a narrower
diameter (20–30 μm).

Fig. 3 shows the fabricated 3D microchannels and metallic
microsolenoids. Fig. 3d shows a microfluidic system consisting of
a straight microcoil and a central microchannel along the axis of
the microcoil; and deionised water, which can be replaced by bio-
chemical solutions, was easily introduced into the microfluidic
system.

3.2. Comparison and analysis: For short cylindrical air-core coils,
one can use the well-known Nagaoka formula [8] to calculate the
inductance L

L = Km0N
2pD2

4 L
(2)

where N is the coil number of solenoid, D is the solenoid diameter,
L is the length of the solenoid and K is the shape factor related to the
ratio of solenoid diameter to solenoid length (D/L). The Nagaoka
formula has the inconvenience of requiring a list of tabulated
values for different diameter/length ratios. Another formula,
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Figure 2 Simulation results of a 3D microsolenoid
a Structural schematic diagram
b Magnetic flux density distribution on the solenoid diameter–length section
c Magnetic flux density along the central axis
d Magnetic flux density along the solenoid diameter at the end face
Wheeler’s formula [9], can also be used to calculate the inductance
of short coils, which is the asymptotic approximation of the
Nagaoka formula.
Figure 3 3D helical microchannels and microsolenoids fabricated by the femtose
a 3D Helical microchannel
b 3D Microcoil
c 3D Helical microchannel with central channel
d 3D Microcoil with central microchannel filled with water
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Comparison of the Nagaoka formula and the FEM-3D-vector
analysis was carried out to calculate the inductance: varying one
of the four geometrical parameters (the coil number of solenoid
cond-laser-based microsolidifying process
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N, the solenoid diameterD, the length of the solenoid L and the wire
diameter d ) while keeping the other three geometrical parameters
constant. A relative error was employed to evaluate the calculation
accuracy of the Nagaoka formula:

Relative error

= |Simulation result− Calculation result|
Simulation result

× 100% (3)

Fig. 4 shows the simulation and comparison results: (Fig. 4a)
varying solenoid diameter 80–360 μm, keeping number of coils
as 10, wire diameter 10 μm and solenoid length 1 mm; (Fig. 4b)
varying solenoid length 0.2–2.5 mm, keeping number of coils as
10, wire diameter 10 μm and solenoid diameter 200 μm; (Fig. 4c)
varying number of coils 2–23, keeping solenoid length as 1 mm,
wire diameter 10 μm and solenoid diameter 200 μm; (Fig. 4d) rela-
tionship of the relative error and the ratio of helical pitch to solenoid
diameter (H/D); and (Fig. 4e) relationship of the solenoid induct-
ance and the ratio of wire diameter to solenoid diameter (d/D):
varying wire diameter 5–80 μm, keeping solenoid diameter as
200 μm, number of coils 10 and solenoid length 1 mm.The
results show that the relative error increases with the ratio of
Figure 4 Simulation results of the FEM-3D-vector analysis and Nagaoka formul
a Varying solenoid diameter
b Varying solenoid length
c Varying number of coils
d Relationship of the relative error and the ratio of helical pitch to solenoid diame
e Relationship of the solenoid inductance and the ratio of wire diameter to soleno
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helical pitch to solenoid diameter (H/D). Although the results of
the simulation and the calculation coincide with each other well
at little H/D, the Nagaoka formula is not suitable for sparse sole-
noids with large H/D.

As shown in Fig. 4d, the relative errors of varying solenoid length
and varying the number of coils are consistent with each other; the
relative error of varying solenoid diameter is less than the other two.
It means the simulation–calculation difference of varying solenoid
diameter is less than that of varying solenoid length or varying
the number of coils. The difference of the three simulation pro-
cesses exists in the geometrical influence of the wire diameter:
the ratio of wire diameter to solenoid diameter (d/D) changes
while varying solenoid diameter. The simulation results indicate
that the inductance decreases while increasing d/D, as shown in
Fig. 4e. The ratio of d/D (0.028–0.25) increases with H/D (0.28–
1.25) in the simulation process of varying solenoid diameter,
however it remains constant in the other two simulation processes.
Thus, the incensement of d/D with H/D contributes to the decrease
of solenoid inductance and the simulation–calculation difference.

The Nagaoka formula nor the Wheeler’s formula do not take into
account wire diameter and spacing between the turns, which means
a calculation

ter (H/D)
id diameter (d/D)
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they are based on densely-winded uniform straight solenoids. The
turns are touching each other in these formulae, but some insulation
is assumed to prevent shorting in practice. Actually, some kind of
large spacing between turns is unavoidable in most reported micro-
solenoids; the reported microcoils mostly consist of a sparse struc-
ture applied in microfluidic systems, on-chip NMR systems etc.
The FEM-3D-vector analysis concentrates more on the microsole-
noids’ geometry and is almost completely approaching the real 3D
microsolenoids. Thus, the FEM-3D-vector analysis is more suitable
for the microsolenoids whose performance is largely determined by
their typical geometrical construction.
Figure 6 3D microsolenoids of U-shape and O-shape fabricated by the
femtosecond-laser-based microsolidifying process
a, b U-shape helical microchannels and microsolenoids
c, d O-shape helical microchannels and microsolenoids
3.3. Construction extension: Another advantage of the FEM-3D-
vector analysis method is the convenience to evaluate more
complex 3D microsolenoids other than straight ones. As shown in
Fig. 5, 3D microsolenoids of U shape and O shape were
modelled and simulated by the FEM-3D-vector analysis method;
the magnetic flux density distribution on the solenoid diameter–
length section and magnetic flux density along the circle diameter
(along the red lines in Fig. 5) were characterised, respectively.
The geometrical parameters were kept the same as the straight
microsolenoid shown in Fig. 2 as: N = 20, H = 125 μm, D =
200 μm, d = 30 μm and centreline diameter 800 μm. The
simulated solenoid inductances were 7.04 nH for the straight
microsolenoid, 6.897 nH for the U-shape microsolenoid and
7.345 nH for the O-shape microsolenoid. The O-shape
microsolenoid has the biggest solenoid inductance, because it is
accompanied with the minimum magnetic flux leakage with a
circular structure.
The femtosecond-laser-based microsolidifying technology has a

flexible processing capability of 3D microsolenoids; and 3D micro-
solenoids of intricate constructions according to the optimal design
can be achieved. Fig. 6 shows the fabricated 3D U-shape and
O-shape microsolenoids with the geometrical parameters the same
as the simulation structures in Fig. 5.
The femtosecond-laser-based microsolidifying method also has

some limitations. The improved femtosecond laser irradiation fol-
lowed by chemical etching (FLICE) technology involved in the fab-
ricating process is accompanied with an extra access structure
which may have side effects on microsolenoid performance.
Figure 5 Simulation results of 3D microsolenoids
a O-shape
b U-shape
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However, the side effects of the extra access structure could be
eliminated or decreased by decreasing the length of extra access
or filling the extra access with polymeric materials. In addition,
the low-melting point of gallium may not meet a wide range of op-
eration temperatures; but as a vast kind of reported low-melting
point metals [7] can be used to form the 3D microsolenoids, the
femtosecond-laser-based microsolidifying method will be benefi-
cial for the fabrication of microsystems, for example, microfluidic
systems. Meanwhile, the FEM-3D-vector analysis is a static ana-
lysis process. It needs further analysis to study the microsolenoid
performance at high frequencies, such as the influence of skin
effect where the current density is largest near the surface of the
solenoid. However, this facile analysis method can provide more
precise static evaluation of the 3D microsolenoid with a sparse
structure, and is beneficial for optimal design.
4. Conclusion: This Letter presents a femtosecond-laser-based
microsolidifying technique to fabricate intricate 3D microsolenoids
in fused silica, and a FEM-3D-vector simulation approach was
proposed to analyse the structure’s influence. The
femtosecond-laser-based microsolidifying technique method has
several advantages over other techniques to fabricate 3D
microsolenoids: the fabricating procedure is facile and maskless,
and makes it possible to fabricate 3D microsolenoids with
arbitrary configuration. 3D numerical simulations of the
microsolenoids are carried out by a FEM-3D-vector analysis
method; and a simulation-based co-energy calculation method was
used to evaluate the inductance of the 3D microsolenoids. More
accurate prediction results can be gained than with the empirical
formula. The fabricating and analysing methods in this study will
be beneficial for the application of complex 3D microsolenoids.
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