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Abstract: Benefiting from the great advances of the femtosecond laser two-photon polymerization
(TPP) technology, customized microcantilever probes can be accurately 3-dimensional (3D)
manufactured at the nanoscale size and thus have exhibited considerable potentials in the fields of
microforce, micro-vibration, and microforce sensors. In this work, a controllable microstructured
cantilever probe on an optical fiber tip for microforce detection is demonstrated both theoretically
and experimentally. The static performances of the probe are firstly investigated based on the finite
element method (FEM), which provides the basis for the structural design. The proposed cantilever
probe is then 3D printed by means of the TPP technology. The experimental results show that the
elastic constant & of the proposed cantilever probe can be actively tuned from 2.46N/m to 62.35N/m.
The force sensitivity is 2.5nm/uN, the O-factor is 368.93, and the detection limit is 57.43nN.
Moreover, the mechanical properties of the cantilever probe can be flexibly adjusted by the
geometric configuration of the cantilever. Thus, it has an enormous potential for matching the
mechanical properties of biological samples in the direct contact mode.
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1. Introduction

With the trend of device miniaturization,
micromanipulation and microforce measurement
have attracted great interest from researchers in
various fields [1-4]. In the microscopic world, tiny
objects are easily damaged by excessive external
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forces, so reliable and high-precision microforce
measurement is of great significance for the
biomedicine, microassembly, and equipment
protection [5—7]. The design and implementation of
the miniaturized and highly sensitive microforce
sensor is one of the most important research goals in

the field of mechanics. In recent years, optical fiber
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fiber
structures have been developed, such as the fiber

microforce sensors based on different
Bragg grating (FBG) [8-10], micro-nano fiber
(MNF) [11-13], Fabry Perot interferometer (FPI)
[14-17], and Mach Zehnder interferometer (MZI)
[18]. Among these microforce sensors, the optical
fiber FPI microforce sensor is widely concerned
because of its high sensitivity, simple configuration,
fast response, and miniaturization.

As an ultra sensitive micro-electro-mechanical
system (MEMS) device, the microcantilever has the
advantages of non-labeling, real-time, positioning,
and specific detection, and has been widely used as
the atomic force microscope (AFM) probe and other
detection elements [19]. Since the FPI formed
between the microcantilever and the end face of the
fiber

deformation of the cantilever, the optical fiber FPI

optical can detect the weak vertical
sensor based on the microcantilever has gradually
attracted the attention of scientists. Compared with
manual alignment integration methods, additive
manufacturing selectively adds materials to
three-dimensional (3D) structures [20-22]. The
micro-nano scale additive manufacturing technology
is mainly based on the chemical process of
photoresist polymerization and curing. It uses this
material to generate and distinguish soluble or
insoluble blocks under laser exposure conditions,
build preset graphics on the two-dimensional (2D)
level, and finally form micro-nano structures
through the spatial stacking of materials [23, 24].
The two-photon polymerization (TPP) can directly
add materials to print various complex micro-nano
structures on the fiber substrate, effectively realize
the precise integration of the microcantilever beam
and optical fiber, and make it possible to combine
the MEMS technology with the optical fiber sensing
technology [25-27]. In the previous work, based on
most of the research, the structure designed and
prepared has always remained in the common
rectangular shape [28-30]. Therefore, the flexible

design of the cantilever probe structure and the
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unique mechanical properties of the structure given
by 3D printing have not been deeply explored. Up to
now, it is still a challenge to realize arbitrarily
shaped cantilever probes. Therefore, the force sensor
based on the microstructure cantilever beam probe
needs further development.

In this paper, a novel microforce sensing
technology based on femtosecond laser induced
two-photon polymerization for the fabrication of the
fiber end for a fiber-optic microforce sensor is
proposed. The controllable microstructure of the
microcantilever beam endows it with the force
sensitivity. Based on the finite element method
(FEM), the static performance of the structure is
simulated, which provides a basis for the structural
design. The elastic constant k of the designed the
fiber end for a fiber-optic microforce sensor can be
actively adjusted from 2.46 N/m to 62.35N/m. We
can adjust the geometry of the cantilever to change
the mechanical properties of the probe to match the
mechanical properties of the biological sample. The
force sensitivity of this type of optical fiber
microforce sensor is 2.5nm/uN, Q is 368.93, and the
detection limit is 57.43nN. A new and practical
optical fiber micro-force sensing technology is
realized, which promotes the application of the
optical fiber micro-force sensing technology in
biomechanics, material science measurement, and
other key fields.

2. Sensing principle of the sensor

The complex feedback path of the AFM system is
replaced by optical fiber transmission, and the signal
is obtained by optical interference. The FP sensor
consists of a single-mode optical fiber (SMF) and a
micro-cantilever beam, as shown in Fig.1. The
reflectivity spectrum of the sensor consists of three
beam interference formed by the optical fiber end
face, the lower surface of the cantilever beam, and
the upper surface of the cantilever beam. An air
microcavity (FPI1) is formed between the end face
of the optical fiber and the lower surface of the



Famei WANG et al.: Microstructured Cantilever Probe on Optical Fiber Tip for Microforce Sensor

microcantilever beam. A polymer microcavity (FPI2)
is formed between the upper and lower surfaces of a
microcantilever beam. Finally, a hybrid microcavity
(FPI3) is formed between the optical fiber end face
and the upper surface of the microcantilever beam.
Here, the light intensity of FPI3 is relatively weak
compared to FPI1 and FPI2, and the light intensity
of FPI2 is fixed after the cantilever is manufactured.
Therefore, when a force is applied to the probe of a
microcantilever beam, the change of the reflection
spectrum is caused by the change of FPII in the air
medium. The free spectral range of FPIl can be
calculated by the following formula [31]:
2
A 1)
2nL
where A is the resonant wavelength, L is the cavity

FSR =

length of the FP cavity, and # is the refractive index
of the cavity medium in the FP cavity.
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Fig. 1 Schematic diagram of the interference principle for
the fiber optic end face FPI.

When the probe is subjected to force, the
cantilever is bent and deformed, and the optical path
difference and interference fringe of the FP cavity
change. The bending degree of the cantilever can be
determined by detecting the wavelength of the wave
crest or trough in the interference spectrum. The
correspondence between the wavelength change (AX)
and the cavity length of the FP cavity change (AL)
can be simplified as follows [32]:

fA_AL @
A L

By monitoring the drift of the interference
spectrum, the variation in the cavity length can be
inferred, and then the external force applied to the
probe can be measured.
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3. Simulation design of the sensor

In order to optimize the sensing characteristics
of the fiber end polymer microcantilever microforce
sensor, microcantilever beams with different shapes
are designed. As we all know, the hollow structure is
the best topology covering a 2D plane. Therefore,
circles,

we select hexagons, and triangles as

elements to perform the hollow design on
rectangular cantilever beams and optimize their
mechanical properties. Under the principle of the
method, the details of the

microcantilever beam with the hollow structure are

control variable
completely consistent except that the side length of
the cell is different. The base of the cantilever beam
is a cuboid with a length of 20 pm, a width of 20 um,
and a height of 40pum. The total length of the
cantilever beam is 60 um. In addition, a cylindrical
probe with a radius of 2um and a height of 15 um is
designed at the end of the microcantilever beam.
The front end of the cantilever beam is designed as a
small area block to improve its deflection sensitivity.
The length of a small area block at the front end of
the microcantilever beam depends on the diameter
of the optical fiber core (about 9um) and the error of
the printing position. The rectangular block with a
length of 15um is selected to ensure that the light is
fully reflected back into the fiber by the lower
surface of the microcantilever. In order to study the
static mechanical properties of the proposed hollow
structure cantilever probe, we use the COMSOL
Multiphysics software to establish force sensor
models with different structural parameters under
the same stress, and the simulation results are shown
in Figs.2(a)-2(c). The material parameters, Young’s
modulus, the Poisson ratio, and the density of the
polymer cantilever, are set to 2.34GPa, 0.33, and
1499kg.m™, respectively. The physical field of
solid mechanics is selected, and the same microforce
of 1uN is applied to the probe. The deformation of
each area under the force is shown in Figs.2(a)-2(c).
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The deformation increases with an increase in the
side length of the hollow structure cell. The
deflection of the microcantilever beam varies with
the side length of its hollow structure cell, as shown

in Figs.2(a)-2(c). The reason is that an increase in
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the side length reduces the effective area of the
cantilever beam. The smaller the effective surface
area of the cantilever beam is, the larger the flexure

deformation is, and the higher the sensitivity of the

sensor is.
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Fig. 2 Simulation results of the deflection distribution with microcantilever beams of different shapes: (a) finite-element analysis on
stress distributions of circular structure microcantilever probes with the radius of the circular cell of 1 um, 2um, 3 um, and 4 pum,
respectively, (b) finite element analysis on stress distributions of hexagonal structure microcantilever probes with the side lengths of
the hexagonal cell of 2pum, 3 um, 4 um, and 5pm, respectively, and (c) finite element analysis on stress distributions of triangular
structure microcantilever probes with the side lengths of the triangular cell of 4 um, 6 pm, 8 um, and 10 um, respectively.

4. Fabrication and characterization of the
sensor

The hollow structure microcantilever probe at
the end of the optical fiber is fabricated using the
TPP by a femtosecond laser. Here, a drop of
photoresist (IP-S) is dripped onto the optical fiber
tip to immerse the end face and then transferred to
our home-made femtosecond laser-induced TPP
equipment. The femtosecond laser power, repetition
rate, and central wavelength are 30mW, 80MHz,
and 800nm. The laser beam is focused on the
sample and the liquid is converted into a solid by
polymerization along the path of the focused laser
beam in the photoresist. After polymerization, the
sample is first immersed in propylene glycol methyl

ether acetate (PGMEA) for at least 10min and then

in isopropyl alcohol for approximately 5min to rinse
away any residual photoresist. At the same time,
ultraviolet irradiation is performed to provide
uniform cross-linking of the printed structure to
ensure its mechanical stability. After washing, the
cantilever is then printed successfully onto the fiber
tip. Figure3(a) shows the scanning electron
microscope (SEM) images of a microcantilever
beam. The SEM images in Fig.3(a) show that the
actual size of the microcantilever beam is consistent
with the design. It basically consists of three parts.
At the bottom, the base support column consists of
a cube with a cross-sectional area of
20 pmx20 pmx40 um. At the top, the microcantilever

beam with a beam length of 60um, a hollow
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structure cell side length of 4um, a beam width of

20pm, and a beam thickness of 4pum is attached to

the support column. At the front end of the cantilever

beam, a large area square is used to improve its

deflection sensitivity, and a probe with a diameter of
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4pm and a height of 15um is attached to the square

for force detection. It can be seen from the top view

that the surface is smooth and the shape is complete.

The rectangular block at the end of the microcantilever

blocks the fiber core to stimulate interference.
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Fig.3 SEM images and stiffness characteristics with microcantilever beams of different shapes: (a) SEM images of microcantilever
beams, (b) force-displacement curves of circular structure microcantilever probes with the radius of the circular cell of 4pum, 3 um,
2um, and 1 pum, respectively, (c) force-displacement curves of hexagonal structure microcantilever probes with the side lengths of
hexagonal cell of 5um, 4 um, 3 pm, and 2 pm, respectively, and (d) force-displacement curves of triangular structure microcantilever
probes with the side lengths of the triangular cell of 10 um, 8 pm, 6 um, and 4 um, respectively, and (e) force-displacement curves of
three rectangular microcantilever beams.
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In order to determine the mechanical properties
of the hollow structure microcantilever probe at the
end of the optical fiber, all characterizations are
performed using a nano-indentation (Hysitron
TI980). The hollow structure of the microcantilever
is an important factor to determine the performance
of the microforce sensor. The size of the periodic
porous structure is considered to play an important
of the
microcantilever. In this section, the influence of the

role in the mechanical performance
side length of the hollow structure cell on the

mechanical properties of the microcantilever
structure is studied. At first, the radius of the circular
structure cell is increased from 1um to 4um to
examine their overall mechanical performances, as
shown in Fig.3(b). The force curves of four sets
of the exhibit
lineshapes. In Fig.3(b), the elastic constant k ranges
from 3.45N/m to 7.48N/m. It can be seen from

Fig.3(c) that the elastic constant k gradually

microcantilever well-separated

decreases with an increase in the side length of the
hollow structure cell of the microcantilever beam.
The further analysis in Fig.3(c) focuses on the
elastic constant k&, which ranges from 2.46 N/m to
6.32N/m. Next, the side length of the triangular
structure cell is increased from 4pum to 10pum to
examine their overall mechanical performances. As
shown in Fig.3(d), the elastic constant £ ranges from
3.55 N/m to 9.46 N/m.

The duty cycle of the air holes in three different
structures of microcantilever beams is compared in
Table 1. It can be seen that the larger the duty cycle
of the air holes in microcantilever beams is, the
the elastic coefficient £ is.

smaller Finally,

its stability is discussed by measuring three
different rectangular microcantilever beams. The
experimental results provided in Fig.3(e) show that
the force curves of three rectangular microcantilever
beams, and k& remains at the same value of
(62.35+£0.94)N/m. The small fluctuations observed
in sensitivity confirm that the structure has the good

mechanical stability and repeatability under printing
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conditions. More importantly, we can change the
mechanical properties of the microforce sensor by
adjusting the size of the side length of the hollow
structure cell so as to match the mechanical
properties of the biological sample.

Table 1 Performance comparison of different hollow
structure microcantilever beams.

Hollow Size of the side length k Duty cycle of the
structure (um) (N/m) air hole (%)

R4 4 3.45 74.9

R3 3 4.00 73.4

R2 2 5.16 63.0

R1 1 7.48 479

H4 5 2.46 79.6

H3 4 3.65 73.8

H2 3 5.00 63.2

H1 2 6.32 54.6

T4 10 3.55 72.1

T3 8 6.38 56.8

T2 6 8.32 443

Tl 4 9.46 36.6

5. Microforce measurement

Three types of performance analysis of the
proposed hollow structure cantilever probe are
carried out, namely, elastic properties, optical
properties, and mechanical properties. The elastic
of the

cantilever probe have been discussed in detail above.

properties proposed hollow structure
Here, we choose the cantilever probe with the elastic
coefficient (k=5.00N/m) to analyze its optical and
mechanical properties. The morphology of the
sample is characterized by the SEM. Figures 4(a)
and 4(b) show a series of SEM images. The hollow
structure cantilever probe on the end face of the
optical fiber is clearly visible and the morphology is
complete. It can be seen that the force sensor is
composed of the SMF and hollow

cantilever beam probe. The

structure
hollow structure
cantilever probe is composed of three parts. At the
bottom, the base support column consists of a cube
with a cross-sectional area of 20 umx20 pmx40 pm.
At the top, the microcantilever beam with a beam

length of 60um, a hollow structure cell side length
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of 4um, a beam width of 20um and a beam
thickness of 4 um is attached to the support column.
At the front end of the cantilever beam, a small area
rectangular block is used to improve its deflection
sensitivity, and a probe with a diameter of 4 um and
a height of 15 um is attached to the square for force
detection. Because of the low stiffness of the
polymer material, the thickness of the cantilever
beam cannot be too small. So we choose 4um to
ensure the support and high sensitivity of the
cantilever beam. Figures 4(a) and 4(b) show the
electron microscope pictures of the microcantilever
probe of the hollow structure taken from different
angles, showing the relatively smooth surface of the
microcantilever and the good parallelism between
the optical fiber end face and the microcantilever.
These characteristics contribute to improving the
intensity of the reflected light and the sensitivity of
the device to deformation, which lay an ideal
foundation for the sensing spectrum.

According to (2), the micro force sensitivity can
be obtained by the tilt wavelength shift caused by
the unit force of the hexagonal hollow cantilever
probe. The experimental device consists of the
broadband light source (BBS), optical spectrum
analyzer (OSA), 3dB coupler, and 3D electric
displacement platform for the micromanipulation
sensor, as shown in Fig.4(e). Figure 4(c) shows the
reflection spectrum of the microcantilever beams.
The interference spectrum shows three-beam
interference formed by the resonances of three
mirrors on the fiber end face and on the upper and
lower surfaces of the microcantilever beam. The
small envelope within the spectrum is formed by the
FP cavity of the air medium, which contains the
deflection information of the microcantilever beam
to be monitored. The free spectral range of the
microcantilever near the wavelength of 1412.8nm is
16.3dB.

According to (1), the cavity length of the prepared

40.8nm and the extinction ratio is

microcantilever is approximately 24.5 um. The error
between the measured cavity length and the design
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height of the sensor base is due to the fact that
during the printing process, it approaches the
interior of the fiber end face by about 15um,
preventing the probe from falling off during the
development process. Based on the nano-indentation
test system, the static mechanical properties and
micro-force sensitivity of the cantilever probe with
the hollow structure are tested. Firstly, a hexagonal
hollow cantilever probe with a spring constant of
5.0N/m is tested. The cantilever probe is fixed
on the Physik Instrumente (PI) piezoelectric
displacement table, and the microcantilever probe is
gradually pressed into the hard glass substrate with a
step length of 164nm under the drive of the PI
piezoelectric displacement table. The indentation
depth of the hard glass substrate can be regarded as
0. According to Hooke’s law (F=kd), the micro
force of the cantilever probe is 820nN per step.
During the application of the progressive force, the
reflection spectrum is monitored in real time.
Figure 4(d) shows the reflection spectrum change of
the sensor beam probe when the force gradually
increases from 0 to 5.74uN. The blue shift can be
clearly observed at the tilted wavelength, as shown
by the arrow. The extinction ratio of the reflection
spectrum decreases with an increase in the force due
to the bending of the cantilever beam. The
relationship between the tilt wavelength and the
force is shown in Fig.4(f). With an increase in the
applied force, the falling wavelength moves linearly
to the shorter wavelength. By using the linear fitting
of the falling wavelength change, the force
sensitivity of the force sensor is calculated to be
2.5nm/uN, which is two orders of magnitude higher
than the previously reported optical fiber force
sensor. R-squared (R®) describes the matching
degree of data and fitting function, which is 0.99269.
It is worth noting that in our micro force sensing
measurement, the sensor probe works within the
framework of the linear elastic range, and there is
no lag between the force and the change of the
cavity length.
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Fig.4 Experimental setup and microforce measurement: (a) and (b) SEM images of the hexagonal hollow cantilever probe, (c) and
(d) reflection spectra of the sensor, (¢) measurement system setup, and (f) linear fitting between the spectral variable and the force.
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For an ideal sensor device, the QO factor and
detection limit (DL) of the sensor are also important,
because they represent the overall performance of
the system. For optical fiber sensors, Q is defined as

follows [33]:

A

0=-"0 (3)
A,

where A4, is the central wavelength of the resonant
peak, A4, is the half peak width of the resonant
peak. According to the spectrum of Fig.4 (c), 4,
and A4, are 1412.98nm and 3.83nm, respectively,
so Qis 368.93.

The detection limit (DL) is usually determined
by the sensor resolution (R) and sensor sensitivity
(S). S can be directly obtained from the calculation
results. R can be approximately solved by individual

noise variances (namely, R =30) [34]:
R
DL = 5 4

Standard deviation (o) is used to describe
amplitude changes due to the noise, SNR is the
signal to noise ratio. At the spectral resolution of the
demodulator instrument, ¢ also exists in spectral
changes [35]:

o= My (5)
4.5(SNR"*)

In our microforce sensing experiment, the main
limitation of the DL is AA4,,. The measured value of
AA, is 3.83nm, and the SNR is expressed in linear
units (50dB). The DL of the device is calculated as
57.43nN. Such an ultra small DL value can help the
proposed sensor detect tiny force changes.

6. Conclusions

This work proposes the design and manufacture
of the hollow structure cantilever probe microforce
sensor on the end face of an SMF employing a
femtosecond laser induced TPP 3D microprinting
technology. The elastic constant £ of the designed
fiber end for a fiber-optic microforce sensor can be
actively adjusted from 2.46 N/m to 62.35N/m. We
can adjust the geometry of the cantilever to change

Page 9 of 11

the mechanical properties of the probe to match the
mechanical properties of the biological sample. The
force sensitivity of this type of the optical fiber
microforce sensor is 2.5nm/uN, Q is 368.93, and
DL is 57.43nN. Due to the
extensibility of polymer materials, the sensor shows

flexibility and

the excellent stability and repeatability in multiple
mechanical cycles. The sensor has the advantages of
the simple manufacture, super high sensitivity,
flexibility, and great reproducibility, and has
potential application prospects in the field of

biomechanical detection.
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