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Supplementary Information for " An All-Optical Multidirectional Mechano-Sensor

Inspired by Biologically Mechano-Sensitive Hair Sensilla"

Supplementary Note 1: Biological Systems of Mechano-Sensitive Hair-Like Sensilla
Mammals, including humans, rely on cochlear hair cells with stereocilia and kinocilia for the
transduction of mechano/acoustic stimuli into membrane potential changes in receptor
neurons'*?, and some mammals (felid, murine, etc.) also use whiskers to provide nonvisual
but acute sensory information, such as vibrations, under poor visibility conditions>.
Moreover, the cilia of crickets detect mechanical signals in the surrounding environment and
courtship and prey signals*’; fishes use their lateral line system to detect water motions and
pressures for predator and prey detection, object avoidance and social behaviors®®; and
spiders use the deflections of the tactile hair protruding from their exoskeleton's surface to

detect forces and prey or predator signals propagated through airflow or wet areas>’.

Supplementary Note 2: Experimental Proof of the Force Sensing Mechanism

To analyze the main reason for the shift in the resonance wavelength, a solid microsphere-
based mechano-sensor and a hollow microbubble-based mechano-sensor were prepared. Both
mechano-sensors were packaged in the same polymer matrix (MY-133-V2000), and external
forces (F, ¢ = 180°) were applied at the same axial position. As shown in Supplementary
Fig. 1, the solid microsphere-based mechano-sensor has very little force sensitivity. In
addition, microbubble-based mechano-sensors encapsulated with four different commercial
polymer matrices (Supplementary Table 1) were prepared. To study the effect of the polymer
matrix on the force sensitivity of the mechano-sensor, the geometric parameters of the
microbubbles and the micro-hairs are the same in all four mechano-sensors, and the external

forces (F, ¢ = 180°) were applied at the same axial position. As shown in Supplementary
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Fig. 1, the mechano-sensor encapsulated with MY-133-V2000 has the highest sensitivity. The
mechano-sensors encapsulated with polymer matrices with smaller or larger elastic moduli

have lower force sensitivity.
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Supplementary Fig. 1. Experimental results of the force sensitivity comparison among
microsphere-based mechano-sensor encapsulated with MY-133-V2000 and microbubble-
based mechano-sensors encapsulated with four different polymer matrices (MY-132-V15K,
MY-132-A, NOA1348, and MY-133-V2000).

The above experimental results indicate that the strain effect on the microbubble is the
main reason for the shift in the resonance wavelength. Under the same external force, the
strain effect on the solid microsphere is much weaker than that on the hollow microbubble.
For the four microbubble-based mechano-sensors, the strain effect on the microbubble is not
significant if the elastic modulus of the polymer matrix encapsulating the mechano-sensor is
small, and the microbubble cannot deform if the elastic modulus of the polymer matrix
encapsulating the mechano-sensor is too large. Therefore, the strain effect on the microbubble

is strongest at an intermediate value of the elastic modulus.
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Supplementary Table 1. Comparison of the properties of commercial UV-crosslinked low-

refractive-index polymer.

Product name 19{51 Oa tnm Elastic Modulus (MPa) Poisson's Ratio Hardness Shore
MY-132-A 1.322 0.4 0.495 30A
MY-132-V15K 1.322 Very low - 7
MY-133-V2000 1.329 5.2 0.41 70 A
NOA1348 1.348 158 - 30D

Supplementary Note 3: Theoretical Analysis

The strain (&, & and &) components along three coordinate axes in Cartesian coordinates are

shown in Supplementary Fig. 2a. To simplify the mechano-sensor, the lever model is
introduced (Supplementary Fig. 2b). The mechano-sensitive micro-hair serves as a lever in
the system. The UV glue (Norland, NOA68) with an elastic modulus of 138 MPa and a
hardness shore of 60 D is used for rigid fixation and serves as the fulcrum in the lever system.
The low-refractive-index polymer matrix (MY-133-V2000) with an elastic modulus of 5.2

MPa and a hardness shore of 70 A is used to elastically fix and protect the microbubble and

the fiber taper.
a b
Mi I
icrobubble Micro-hair e
]
2 .
]éiy
. A4 & / A\
e . Rigid fixation
Fiber taper

Supplementary Fig. 2. (a) Schematic illustration of the strain components (&, &, and &)
along the three coordinate axes in Cartesian coordinates. (b) Schematic illustration of the
mechano-sensor under an external force F, showing the design of the lever model.

A finite element method (FEM) model was used to analyze the responses of the

mechano-sensor to applied external forces F.. As a stimulus input in the simulation, an
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external force F’ is applied in the ¢ = 0° direction (Supplementary Fig. 3a), and the
corresponding displacement is 2 um. The stress field distribution in the equatorial cross-
section of the mechano-sensor is shown in Supplementary Fig. 3b. The microbubble and fiber
taper move in the ¢ = 0° direction, and the stress effect of the polymer matrix is negligible.
The radial strain dR/R and the strain-induced effective refractive index change dn.p/nes in the
equatorial cross-section of the microbubble are the averages of their field distribution
integrals (Supplementary Fig. 3¢ and d). The radial strain field distribution along the
microbubble's equatorial cross-section has a maximum negative value at ¢ = 0° (that is, the
same direction of F), a maximum positive value at ¢ = 180° (that is, the opposite direction of
F;), and values of approximately zero at ¢ = 90° and 270° (that is, the direction perpendicular
to F). The fiber taper amplifies the radial strain at the coupling position (that is, ¢ = 0° in the
microbubble's equatorial cross-section), resulting in dR/R < 0 and a blueshift in the resonance

wavelength.
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Supplementary Fig. 3. Simulations of the mechano-sensor under an external force F (¢ =
0°). (a) Schematic illustration of the experimental device and FEM model of the mechano-
sensor under an external force F (p = 0°). (b) Stress field distribution in the r-¢ plane under
an external force F (¢ = 0°). (¢) and (d) Field distributions of the radial strain and strain-
induced effective refractive index change along the equatorial cross-section of the
microbubble under an external force F; (¢ = 0°), respectively.

Then, an external force F was applied in the ¢ = 90° direction (Supplementary Fig.
4a), and the stress field distribution in the equatorial cross-section of mechano-sensor is
shown in Supplementary Fig. 4b. The microbubble and fiber taper move in the ¢ = 90°
direction, and the stress effect of the polymer matrix is also negligible in this case. The field
distributions of the radial strain and strain-induced effective refractive index change along the
equatorial cross-section of the microbubble are shown in Supplementary Fig. 4c and d,

respectively. The radial strain field distribution is negative in the range of ¢ = 0° to 180° in
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the equatorial cross-section but positive in the range of ¢ = 180° to 360°. When the radial
strain field integral distributed within the equatorial cross-section of the microbubble are
averaged, dR/R and dney/ner are both approximately zero. This is because the radial strain at
the coupling position (that is, ¢ = 0° in the microbubble's equatorial cross-section) is
approximately zero, resulting in a negligible strain amplification effect introduced by the
fiber taper. There is no resonance wavelength shift when the external force F is applied in

the ¢ = 90° or 270° directions.

a b - X104 N m2
o Microbubblel 5
‘ % Fiber taper |
e Voo 4
_’q) 3
Ir
2
/'/‘ﬁ\ 1
- |

C x10¢  d X108
20 6

4

10
dR/R =6.523X10" AdNgifNer = -2.227 X101 2
7
,'(p 0 |,»qo 0
r r -2
-10
-4
'20 '6
Fiber taper Fiber taper

Supplementary Fig. 4. Simulations of the mechano-sensor under an external force F (¢ =
90°). (a) Schematic illustration of the experimental device and FEM model of the mechano-
sensor under an external force F; (¢ = 90°). (b) Stress field distribution in the 7-¢ plane under
an external force F (¢ = 90°). (¢) and (d) Field distributions of the radial strain and strain-
induced effective refractive index change along the equatorial cross-section of the

microbubble under an external force F (¢ = 90°), respectively.
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Supplementary Note 4: Optimization of the Mechano-Sensor

To obtain a mechano-sensor with high displacement/force sensitivity, the geometric
parameters of the micro-hair (that is, the glass capillary) and microbubble and the mechanical
properties of the polymer matrix were optimized through the FEM scanning parameters. The

outer contour of the microbubble can be approximately fitted with a Gaussian line shape:

Foer = Rty + Rospnie = Regi) € (S1)
where Rcapiliary 18 the radius of the capillary, Rpussie is the radius of the microbubble, and a is
related to the expansion length of the microbubbles along the z-axis and is only determined
by the discharge area of the fiber fusion splicer. Supplementary Fig. 5a shows a microbubble
with a radius of 160 um and a wall thickness of 1.5 um prepared from a fused silica capillary
with a radius of 61.5 um and a corroded thickness of 10 um. The outer contour of this

microbubble is fitted with a Gaussian line shape (red line):

r o =58.54+101.6-¢ %107 (S2)

where 58.54 um is basically consistent with the capillary outer radius of 61.5 um, and 160.14
um is basically consistent with the microbubble outer radius of 160 um. When the hollow
fused silica capillaries are used to fabricate the hollow microbubbles, the volume of the glass

remains constant, so the curve for the inner contour of the microbubble can be formulated as:

r =48.54+110.1-¢ 38107 (S3)

inner
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Supplementary Fig. 5. Parametric scanning of the geometric parameters of the capillary and

microbubble. (a) The outer contour of a microbubble is fitted with a Gaussian line shape (red
line). Rpupbie and Tpupsie are 160 pm and 1.5 pm, respectively. Reapitiary and Teapitiary are 61.5 pm
and 10 pum, respectively. (b) Relations between Rpussie and the geometric parameters of the
capillary (i.e., Reapitiary and Teapitiary). Tounnie 18 fixed at 1.5 pm. The solid black line
corresponds to the contour of Rpussie = 190 pm. The star label corresponds to the Reapinary and
Teapitiary selected for the micro-hair. (¢) Simulations of the relations between the displacement
sensitivity of the mechano-sensor (Sp) and the position of the applied force (L) under an
external force F(¢ = 180°). (d) Outer contour of the microbubble fabricated for mechano-
opto-transduction is fitted with a Gaussian line shape (red line). Rpusvie and Tpuspie are 185 pm
and 1.5 pm, respectively. Reapitiary and Teapitiary are 84 um and 8 pm, respectively. The scale

bars in (a) and (d) represent 100 um.
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In conclusion, the curves equation for the inner and outer contours of the microbubble

produced by the fiber fusion splicer (FSU-975) can be formulated as:

_ —5.4x107° 2?
router - Rcapillary + (Rbubble - Rcapil[ary) : > (S4)

)+ (R, T,

)- -5.598x107° 22
bubble :

Tomer = (Reapiiary = Leapitiary wbte ~ Reapittary + Teapittary —
where Teapiliary and Tpuppie are the thicknesses of the capillary and microbubble walls,
respectively. As shown in Supplementary Fig. 1, the strain effect on the microbubble is the
main reason for the shift in the resonance wavelength, indicating that reducing Tpussie can
effectively improve the displacement/force sensitivity of the mechano-sensor. In practice,
considering that Tpussie 1S too thin to constrain the optical WGM and the stability of the
preparation process, the thinnest Tpuspie We can fabricate is 1.5 pm. Therefore, Tpussre 1s fixed
at 1.5 um in the following simulations and experiments.

Based on the principle of volume conservation during the preparation of the
microbubbles and Equation (S4), once the geometric parameters of the capillary, including
Reapitiary and Teapitiary, are determined, the radius of the prepared microbubble (Rpusbie) can be
obtained (Supplementary Fig. 5b). Reapitiary and Teapitiary are determined to optimize the
displacement sensitivity of the mechano-sensor (Sp). The FEM simulation results indicate
that the larger the radius and wall thickness of the capillary are, the larger the radius of the
prepared microbubble (Supplementary Fig. 5b), and ultimately, the higher the displacement
sensitivity of the mechano-sensor (Fig. 2h). Because the circular symmetry of the prepared
microbubble will be broken if Rpussie €xceeds the limited discharge area of the fiber fusion
splicer (FSU-975), Rpubbie 1s limited to less than 190 um (black solid line in Supplementary
Fig. 5b and Fig. 2h). Finally, a fused silica capillary with a radius of 84 um and a wall
thickness of 8 um is selected as the micro-hair (the star label in Supplementary Fig. 5Sb and
Fig. 2h), and a microbubble with a radius of 185 um and a wall thickness of 1.5 um is

fabricated for mechano-opto-transduction. In the FEM simulation, Sp varies with the action
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point of the external force (L), as shown in Supplementary Fig. Sc. The outer contour curve
of the prepared microbubble (Supplementary Fig. 5d) is fitted with a Gaussian line shape (red
line):

7 =83.45+101.03 - 53%107 % (S5)
where 83.45 um is basically consistent with the capillary outer radius of 84 um, and 184.48
um is basically consistent with the microbubble outer radius of 185 um. This result indicates
the rationality of the process for calculating the radius of the microbubble (Supplementary
Fig. 5b and Equation (S4)).

The final version of the bioinspired optical mechano-sensor is shown in
Supplementary Fig. 6, which is composed of a thin-walled glass microbubble integrated with
a glass micro-hair that is optically coupled with a fiber taper at the equator of the
microbubble resonator. To fit the outer contour curve of the microbubble with a Gaussian line
shape and quantitatively control the geometric parameters of the microbubble, the prepared
microbubble is approximately 200 um away from the melting node where the glass capillary
is sealed. Notably, such a short distance of 200 pm does not affect the displacement
sensitivity of the mechano-sensor. The radius (Rcapiiary) and wall thickness (7capitiary) of the
glass capillary are 84 um and 8 um, respectively. The radius (Rpusrie) and wall thickness
(Trubbie) of the glass-based hollow microbubble are 185 pm and 1.5 pm, respectively. The 50
mm long micro-hair collects information about the mechanical stimuli in the environment,
such as forces and vibrations, and propagates the information to the microbubble. The thin-
walled microbubble configuration is mechanically flexible, allowing the device to transform
these environmental mechanical stimuli into shifts in the WGM resonance wavelength and

the spectral light signals (i.e., shifts in the dips).

S10



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

Supplementary Fig. 6. (a) Image of the mechano-sensor. The scale bar represents 10 mm.
(b) Optical microscope image of a microbubble integrated with a glass micro-hair standing
on its top center. The scale bar represents 200 pm.

As shown in Supplementary Fig. 14, prior to the preparation of a microbubble from a
fused silica capillary, the coating on the capillary surface needs to be removed. The coating
can be removed from the entire capillary surface or only selectively from the microbubble
surface. To analyze the effect of the coating removal ratio on the displacement sensitivity, an
FEM model was used. As shown in Supplementary Fig. 7, when the capillary has no coating
in part of the polymer matrix, the proportion of coating has little effect on the displacement
sensitivity of the mechano-sensor. However, when the proportion of coating present is large
enough that the capillary is coated in the part of the polymer matrix, the displacement
sensitivity is greatly reduced. Therefore, it is necessary to ensure that the capillary in the
polymer matrix is not coated after encapsulation.
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Supplementary Fig. 7. Effect of the coating removal ratio on the displacement sensitivity of
mechano-sensor.

Finally, the mechanical properties of the polymer matrix, including the elastic
modulus £ and Poisson's ratio v, were optimized with fixed geometric parameters of micro-
hair and microbubble. As shown in Fig. 2i, when the elastic modulus of the polymer matrix is
5 MPa, the strain effect is the strongest, and the displacement sensitivity of the mechano-
sensor is the highest. An increase or decrease in the magnitude of the elastic modulus will
reduce the displacement sensitivity of the mechano-sensor, which corresponds to the
experimental results in Supplementary Fig. 1. The reason may be that the strain effect on the
microbubble is not significant if the elastic modulus of the polymer matrix is too small, and
the microbubble can not be deformed if the elastic modulus of the polymer matrix is too
large. Poisson's ratio has relatively little influence on the displacement sensitivity. Thus,
considering the commercial UV-crosslinked low-refractive-index polymers data
(Supplementary Table 1), the MY-133-V2000 polymer with an elastic modulus £ of 5.2 MPa

and Poisson's ratio v of 0.41 is selected as the polymer matrix.

Supplementary Note 5: Measurement Schematic Diagram of External Force F,

The full width at half maximum (FWHM) varies intricately as the external force F,(¢= 180°)

increases from 0.12 mN to 0.72 mN in steps of 0.12 mN (Supplementary Fig. 8a), which can
be attributed to complex influence factors (i.e., the strain effect on the microbubble, the
scattering loss caused by the gradual strain-induced effective refractive index change, and the
change in the gap between the microbubble and the fiber taper). The theoretical calculation

formula of the spring constant of the mechano-sensor can be expressed as:

=2z, (S6)
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Here, k (N m™!) is the spring constant of the mechano-sensor, F, (N) is the external
force loaded at the action point of the micro-hair, and L (m) is the position of the force action
1

point. The spring constant of the mechano-sensor (k) varies from 61.861 Nm™ to 0.412 N m"

as L increases from 3 mm to 15 mm (Supplementary Fig. 8b).
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Supplementary Fig. 8. (a) Full width at half maximum (FWHM) varies intricately as the
external force F increases from 0.12 mN to 0.72 mN. (b) Relations between the spring
constant of the mechano-sensor (k) and the position of the force action point (L). k is
inversely proportional to the third power of L.

To measure the directional characteristics of the mechano-sensor with external force
(F), the mechano-sensor is mounted on a rotating device, which drives the mechano-sensor
to rotate 360° around the z-axis. The displacement and force sensitivities of the mechano-
sensor are measured at 10° intervals, and the directional diagram of the mechano-sensor is
finally obtained (Supplementary Fig. 9). The static force value applied to the mechano-sensor
micro-hair is given by a commercial force sensor. The commercial force sensor is mounted
on a 3D stepper motor stage and equipped with a digital force gauge. The object applying the
external force is driven by the stepper motor, and the wavelength shift and the static force

change are recorded by a computer and a digital force gauge in real time, respectively. The
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238  displacement value is obtained by the stepper motor. The inset shows the position of the force

239  action point (L).
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241  Supplementary Fig. 9. Measurement schematic diagram of the external force (F;) applied to
242 the mechano-sensor micro-hair in the 7-¢ plane. Inset: Front view of the mechano-sensor.

243

244 Supplementary Note 6: Anti-Interference Capability Measurement

245  When perceiving mechanical stimuli in the environment, the mechano-sensor may be

246  disturbed by temperature changes in the external environment. Moreover, if working in

247  acidic, alkaline, or salt environments, such as seawater, the electrical mechano-sensor may be
248  corroded.

249 To demonstrate the anti-interference capability (i.e., temperature interference) of the
250  mechano-sensor, temperature is introduced as a variable during the displacement

251  measurement'’. To construct the two-dimensional (2D) sensing matrix Mr p, the sensitivities
252 of two WGMs are measured to decouple the temperature and displacement measurements.

253 The 2D sensitivity matrix Mr,p is defined as:

S, S
254 M, =" """ (87)
’ STZ SDZ
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Here, St and Sp are the temperature and displacement sensitivities, respectively. The
wavelength shifts of the two WGMs (A4 and AA») induced by temperature (A7) and

displacement changes (AD) are defined as:

R
A, Pl AD

Therefore, the changes in temperature and displacement can be solved by the

following matrix:

M ®
AD | A4

First, Supplementary Fig. 10a shows the evolution of the transmission spectra as the
temperature increases from 27.7°C to 28.2°C at 0.1°C intervals, while the displacement is
kept at 0 um. The temperature sensitivities (St1 and S12) of the two tracked WGMs are -
16.495 pm °C! and -21.665 pm °C"!, respectively (Supplementary Fig. 10b). The greater
negative thermo-optical effect of the polymer matrix and the weaker positive thermo-optical
effect of the glass wall both lead to the blueshift in the resonance wavelength with increasing

temperature.
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Supplementary Fig. 10. (a) Transmission spectra evolution of the mechano-sensor as the
temperature increases from 27.7°C to 28.2°C. arb. units, arbitrary units. (b) The temperature
sensitivities of two tracked WGMs. (¢) Transmission spectra evolution of the mechano-sensor
as the displacement increases from 0 um to 500 pum. arb. units, arbitrary units. (d) The
displacement sensitivities of two tracked WGMs. (e) Transmission spectra evolution of the
mechano-sensor at different temperatures and displacements (0 um and 27.7°C, 20 um and
27.8°C, 40 um and 28.0°C, 240 um and 28.1°C, and 280 um and 28.2°C). arb. units, arbitrary
units. (f) Temperature/displacement comparisons between the calculated and measured
results.

Second, Supplementary Fig. 10c shows the evolution of the transmission spectra as
the displacement increases from 0 pm to 500 pm at 100 um intervals (L = 5 mm, ¢ = 180°),
while the temperature is kept at 27.7°C. The displacement sensitivities (Sp1 and Sp2) of the
two above tracked WGMs are 0.0193 pm um™ and 0.0158 pm um™' (Supplementary Fig.

10d).

S16



284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

Because different WGMs have various energy ratios in the polymer matrix and glass
wall, mode 1 and mode 2 have distinct temperature and displacement sensitivities. Mode 2
has more energy leakage than mode 1 in the polymer matrix, so mode 2 has a larger
temperature sensitivity. However, mode 2 has a lower energy proportion in the glass wall
with the largest strain effect, so the displacement sensitivity of mode 2 is smaller.

Finally, the evolution of the transmission spectra as the temperature and displacement
changed concurrently was demonstrated (Supplementary Fig. 10e). By tracking the two
above tracked WGMSs and applying Equation S9, the displacement and temperature
measurements can be decoupled, as shown in Supplementary Fig. 10f. The derived root mean
square errors of the displacement and temperature are 20.15 um and 0.027°C, respectively.
The results show that the mechano-sensor has good displacement-temperature decoupling
stability. Moreover, compared to electrical mechano-sensors, the optical mechano-sensor has
fascinating features, such as all-optical multifunctional perception system.

Moreover, to demonstrate that the mechano-sensor can work properly in saline and
alkaline environments, the mechano-sensor was immersed in sea water. The sea water was
prepared according to ASTM standard D1141-98 (2013, American Society for Testing
Materials)!!'. An external force F, (9 = 0°, L = 12 mm) is applied on the micro-hair, with the
displacement increasing from 0 pm to 90 um in steps of 30 um (Supplementary Fig. 11a).
The calculated displacement sensitivity is -0.00255 pm pm™' (Supplementary Fig. 11b). The
result is comparable to that in Fig. 3e. Therefore, the force sensitivity is -3.131 pm mN!

according to Fig. 3e, and the calculated external force F; is shown in Supplementary Fig. 11c.
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Supplementary Fig. 11. (a) Transmission spectra evolution of the mechano-sensor as the
displacement increases from 0 um to 90 pum in the sea water environment. arb. units, arbitrary
units. (b) Displacement sensitivity of the mechano-sensor immersed in sea water. (¢) Relation

between the calculated F- and the displacement.

Supplementary Note 7: Measurement Schematic Diagram of the External Force F;
As shown in the measurement schematic diagram in Supplementary Fig. 12, the external
force (F~) applied along the z-axis of the mechano-sensor is the same as that shown in

Supplementary Fig. 8, except that the direction of the applied force is changed.

Commercial l '
force sensor J

3D stepper
motor stage

z
Mechano-sensor
sl

Supplementary Fig. 12. Measurement schematic diagram of the external force (F%).
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Supplementary Note 8: Durability Test of the Mechano-Sensor

There are two methods to investigate the durability and response of the mechano-sensor:
tracking the resonance wavelength shift of the WGM (A4) and monitoring the intensity
change in the WGM (Al).

When tracking A4 (Fig. 5d and Supplementary Fig. 13b), the output wavelength of the
tunable laser is tuned by an external triangular wave, covering the WGM spectrum to extract
the resonance wavelength. The response time and recovery time of the frequency response by
applying a square waveform with a frequency of 0.8 Hz to the piezo actuator are calculated as
18 ms and 20 ms, respectively (Supplementary Fig. 13¢). The mechano-sensor can detect a
square waveform with a frequency up to 16 Hz, as demonstrated in Supplementary Fig. 13b.
However, it is inaccurate to measure the response time by tracking AA. Due to the limitation
of the maximum scanning frequency of the external triangular wave (below 40 Hz), the
minimum time interval between data points in Supplementary Fig. 13c is 25 ms, exceeding
the calculated response time of 18 ms. Therefore, tracking A4 can not accurately capture the

response time, which is likely less than 18 ms.
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Supplementary Fig. 13. (a) Schematic diagram for tracking the wavelength shift (A1) of the
WGM and changes in the WGM intensity (A/). arb. units, arbitrary units. (b) Higher
frequency responses of the mechano-sensor by tracking the wavelength shifts. Square signals
are applied to the piezo actuator at frequencies of 1 Hz, 2 Hz, 4 Hz, 8 Hz, and 16 Hz,
respectively. (¢) Response time and recovery time of the mechano-sensor, determined by
tracking the wavelength shifts. (d) Low frequency responses of the mechano-sensor by
monitoring the intensity changes. Square signals are applied to the piezo actuator at
frequencies of 0.2 Hz, 0.4 Hz, 0.8 Hz, 1.6 Hz, 3.2 Hz, and 6.4 Hz. arb. units, arbitrary units.
(e) Higher frequency responses of the mechano-sensor by monitoring the intensity changes.
Square signals are applied to the piezo actuator at frequencies of 10 Hz, 20 Hz, 40 Hz, 80 Hz,
160 Hz, and 320 Hz, respectively. arb. units, arbitrary units. (f) Response time and recovery
time of the mechano-sensor, determined by monitoring the intensity change in the WGM. arb.

units, arbitrary units.

S20



350

351

352

353

354

355

356

357

358

359

360

361

362

In contrast, when monitoring A/ (Supplementary Fig. 13a), there is no need to scan
the entire WGM spectrum. Instead, the output wavelength remains at the rising or falling
edge of the resonance dip, and the response time of the mechano-sensor can be accurately
obtained by monitoring A/ through the oscilloscope. The accurate response and recovery
times of 1.24 ms and 1.26 ms, respectively, are obtained by applying a square waveform with
a frequency of 0.2 Hz to the piezo actuator (Supplementary Fig. 13f). The mechano-sensor
can detect a square waveform with a frequency up to 320 Hz, as demonstrated in
Supplementary Fig. 13d and e.

Notably, while monitoring A/ can accurately capture the response time of the
mechano-sensor, this method is strongly dependent on the selection of the start position and
the nonlinearity change in the intensity. Thus, it is more reasonable for us to investigate the

perception capability of the mechano-sensor using the wavelength shift approach.
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Supplementary Table 2. Comparison of the sensing performance of different types of force
Sensors.

Response  Recovery

Structures Platform/Material . ) Sensitivity DL Refs.
time/ms time/ms
Dual-modal ) .
ZnO nano/microwire 360 360 221.5N! 21 mN 12
piezotronic transistor
Electrospun o .
) ) Poly(vinylidene fluoride) 0.05Pa (13
micropyramid arrays 0.8 - 19 kPa™! 13
film mN)

on-skin devices

Shape memory polymer and

gold strain gauges '*

Pizeoresistor !° 0.25 14
MEMS barometers '¢ 1613 1.129 uN 2!
Graphite pencil trace !’ 3716 65 15 46,0 N 2 333 uN 16
mN-
Electronic whiskers CNT-Ag NP film 819 50 17 2617 20 kPat 19 632 pN 22 14-23
-
Graphene 2° 90 18 1.31 mN 2
Fluorinated ethylene 100 1
propylene 2! 22020
Giant magnetoresistive
sensor 2223
) . ) 3.994 pm This
Photonic whisker Silica microbubble 1.24 1.26 0.9 uN
mN-! work

Supplementary Note 9: Fabrication Procedures for the Mechano-Sensor

The fabrication of the microbubble is shown in Supplementary Fig. 14. Initially, to prepare a
thin-walled hollow microbubble, a fused silica capillary (Zhengzhou INNOSEP Scientific,
China) needed to be corroded by hydrofluoric acid until the corroded wall thickness was
4~10 pum. Subsequently, a section of a silica capillary was placed at the electrodes of an
optical fiber fusion splicer. When the electrodes were discharged, one end of the silica
capillary was sealed. Then, the outer coating layer of the silica capillary was burnt with an
alcohol burner and wiped with microscope lens paper. The silica capillary was placed at the
center of the electrodes. The other end of the silica capillary was connected to a Teflon tube

and a syringe. While the syringe was being pushed and the electrodes were discharging, the
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silica capillary was heated, melted and expanded, and finally, a hollow core microbubble

structure with a long mechano-sensor micro-hair was fabricated.

Burning and cleaning

Silica capillary

Cf/oati - ” @9

3

Electrode ¢ :
Alcohol burner \ — )

(‘\\

d (\ , e : f
w" v

3
Microbubble

Discharging " Swelling
Supplementary Fig. 14. Fabrication procedures for the microbubble resonator. (a) A silica
capillary was used, and (b) the end of the capillary was sealed by electrode discharge. (¢) The
coating was burned, and the capillary was cleaned with microscope lens paper. (d) The
capillary was connected to a syringe and placed under the electrodes. (e) The electrodes were
discharged, and air was blown into the capillary, causing it to swell. (f) Finally, the prepared
microbubble resonator with a long mechano-sensor micro-hair was obtained.

The fabrication procedures for the bioinspired mechano-sensor are shown in
Supplementary Fig. 15. The UV glue (Norland, NOA68) with an elastic modulus of 138 MPa
and a hardness shore of 60 D was used for rigid fixation and a hard clamp. The polymer
matrix (MY-133-V2000) with an elastic modulus of 5.2 MPa and a hardness shore of 70 A
was used to elastically fix and protect the microbubble and the fiber taper. First, the fiber
taper was fixed on a glass scaffold with NOA68 glue (Supplementary Fig. 15a—c). Second,
the gap between the fiber taper and glass scaffold was filled with the polymer matrix
(Supplementary Fig. 15d). Next, the microbubble was accurately controlled by five-

dimensional optic alignment stages to realize the best coupling condition with the fiber taper
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(Supplementary Fig. 15¢), and the micro-hair was glued on the glass scaffold by NOA68

glue. Afterward, the optical coupling region between the fiber taper and the microbubble was

completely wrapped with the polymer matrix to improve the stability of the sensor

(Supplementary Fig. 151).

a b
UV glue N
Glass scaffold e e / “"“"\\,‘_, "
e \ \ 0 \ & / A | \ */?
'\ L | A i
d € Micro-hair
Matrix .
\ UV glue Matrix
\ g i
g \ §\ = { —‘\ ,ﬁf" e
| Microbubble

Supplementary Fig. 15. Fabrication procedures for the bioinspired mechano-sensor. (a) A
glass scaffold was used for microbubble-fiber taper coupling. (b, ¢) Fiber taper was placed on
the glass scaffold and fixed with UV glue. (d) Gap between the fiber taper and glass scaffold
was filled with matrix. (e) Microbubble with micro-hair was coupling with the fiber taper and

fixed. (f) Optical coupling region was wrapped with matrix.
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