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Supplementary Notes

Note S1. Piezoelectric phase evaluation of P(VDF-TrFE)/BTO nanofiber

The piezoelectricity of P(VDF-TrFE)/BTO nanofiber mat is determined by the
crystallinity. There are mainly three crystal phases in the P(VDF-TrFE) molecular chain,
namely a, B and y phases. Among them, the 3 phase has piezoelectricity and plays a
decisive role in the piezoelectricity of P(VDF-TrFE)/BTO nanofiber mat. The
crystallinity of the [3 phase can be analyzed by X-ray diffraction (XRD) and Fourier
Transform Infrared Spectroscopy (FTIR).

The BTO was used as the doping material for P(VDF-TrFE)/BTO nanofiber mat.
In order to achieve the best piezoelectric performance of the P(VDE-TrFE)/BTO
nanofiber mat, we optimized the BTO content, which can be referred to in our previous
papers [1]. When the BTO content is 5 wt%, the crystallinity of the 3 phase is better
than that of the nanofiber mat with doping ratios of 0 wt %, 9 wt% and 13 wt%.

The molecules in organic matter can obtain energy by absorbing certain
wavelengths of infrared light, causing the chemical bonds or functional groups in the
molecules to vibrate or rotate, resulting in the transition of molecular energy levels.
The vibration of chemical bonds is mainly divided into stretching vibration and
bending vibration. The chemical bonds or groups that make up the molecule
correspond to specific infrared absorption peaks. The structure of the corresponding
chemical bond or functional group can be determined by detecting the absorption of
infrared light.

P(VDE-TrFE) copolymer is a chain structure formed by the head-to-tail connection
of -CF2CH>- and -CFCFH- molecular chains. In order to further demonstrate the effect
of BTO on the crystallinity of piezoelectric fibers, FTIR spectroscopy was used to
characterize the crystallinity of P(VDE-TrFE)/BTO fibers. The FTIR result is shown in
Figure S3. It is known that the absorption peaks at 846 and 1288 cm™ are related to the
symmetric stretching vibration of the -CF: functional group, and the absorption peak
at 1400 cm™ reflects the wagging vibration of -CHzin the $ molecular chain. The related
band at 765 cm™ reflects the -CF: bending vibration of the a phase. According to the
Beer-Lambert law [2,3], the content of the 3 phase can be calculated by the following
formula:

Ap
F(p)- 1.26A,+Ag
wherein, a and 3 correspond to the absorption spectra at 765 cm™ and 846 cm™,
respectively. When the BTO content is 5 wt%, the crystallinity of 3 phase in P(VDF-
TrFE)/BTO nanofiber mat reaches 81%, which is better than other doped BTO contents.

(S11)



Note S2. Electrode configuration optimization

The piezoelectric constant of the P(VDF-TrFE)/BTO nanofiber mat is related to the
electrode structure. There are two working modes of P(VDF-TrFE)/BTO nanofiber mat,
ds1 and dss modes. The ds working mode of the nanofiber mat can be achieved by
combining interdigital electrodes with cantilever structures. During the deformation
of the piezoelectric cantilever, the internal stress is along the length of the cantilever
(direction 1), and the polarization directions of the upper and lower electrodes are
perpendicular to the length of the cantilever (direction 3). That is, the stress direction
and the polarization direction are perpendicular to each other, and the piezoelectric
constant is 431 mode. The interdigital electrodes make the polarization direction of the
piezoelectric cantilever consistent with the stress direction, which is the ds mode. For
interdigital electrodes, the output voltage of the piezoelectric nanofiber mat is
determined by the spacing of the interdigital electrodes. Compared to the ds mode,
the ds1 mode is not efficient in piezoelectric sensors with the same structure and stress
conditions. The reason is that the dss parameter is typically twice the value of the ds
parameter [4,5]. In addition, interdigital electrodes are located below the piezoelectric
nanofiber mat, which helps to protect the electrode layer from signal interference. The
interdigital electrodes can be distributed on the same plane, which reduces the
processing complexity. The advantages of interdigital electrodes as summarized as: 1)
Convert piezoelectric mode to improve the piezoelectric output of the sensor. 2) Avoid
signal interference and improve measurement accuracy. 3) Simplifying the processing
technology.



Note S3. Theoretical calculation of DSHPS

Under the action of an external flow, pressure difference between adjacent canal
pores is generated and can be expressed as AP=P1-P2. The fluid inside the microfluidic
canal is driven by the pressure difference and moves at a speed of v. Fluid motion
exerts drag force on the cilium attached on the apex of the cantilever and bends the
cantilever with a moment of M. The P(VDE-TrFE)/BTO nanofiber mat dispersed in the
cantilever deflects and generates charges.

During the theoretical modeling of the DSHPS, it is believed that the fluid in the
canal is considered to be viscous and non-compressed fluid. The fluid moves inside
the canal, causing energy loss and pressure drop due to the frictional resistance of the
canal walls. Based on Bernoulli equation and Darcy-Weisbach formula [6,7], the flow
tield relationship inside the canal is given by:

P, +02_P2+02+H
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where v is the average flow velocity inside the canal, p is the fluid density, g is the
acceleration of gravity. Hr is the head loss along the canal due to the frictional

resistance, which can be expressed as [8]:
HE=A 1R g (52)

where [ is the spacing between adjacent canal pores, R is the hydraulic radius, and A is
the coefficient of frictional resistance, which is related to the Reynolds number (R.) and
the roughness of the canal, A is defined by:
64 16u
R PeR 83)

where u is the fluid dynamic viscosity. The average velocity of fluid in the canal can
be written as:
APR?
o 2ul

(54)

The viscous resistance F received by the cilium and the mechanical bending
moment M of the cantilever can be calculated by the following equations:

_ 1 2
H
M:FE (S6)

where Ca is the dimensionless pressure coefficient, S is the cross-sectional area of the
cilium and can be expressed as S=DH, D and H are the diameter and height of the
cilium.

The Parylene C layer on the upper layer of the P(VDF-TrFE)/BTO nanofiber mat
is relatively thin and is neglected in the design process. According to Hooke's law, the

bending stress generated in the P(VDF-TrFE)/BTO nanofiber mat can be calculated as:
Elz
arhiam ($7)



E
02=E2€2=LZ
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where E1 and E: are the Young’'s modulus of the P(VDF-TrFE)/BTO nanofiber mat and
Parylene C, I1 and I are the moments of inertia around the neutral axis for the P(VDEF-
TrFE)/BTO nanofiber mat and Parylene C, c is the distance from the upper surface of
the cantilever beam to the neutral layer, t: is the thickness of the P(VDF-TrFE)/BTO
nanofiber mat.

The generated charge Q can be expressed as follows:

21d33E, (Ext5-E11])pCaDH AP’R?
4221 (Er B+ Ext3)(Exti+Eaty)

where ds3 is the piezoelectric charge coefficient of the P(VDF-TrFE)/BTO nanofiber mat,

t2 is the thickness of the Parylene C substrate. Therefore, Q can be simplified as the
following formula :

Q=d3301A= (S9)

Qe<t{"DH*AP? (S10)

where 7 is a positive value. As can be seen that Q is proportional to the thickness of
the P(VDF-TrFE)/BTO nanofiber mat, diameter and height of the cilium.



Note S4. Dipole source platform calibration

In the dipole source platform calibration process, the dipole vibrates
perpendicular to the sensor. The pressure generates by the dipole can be calculated
using the following formula [9]:

21°f psa’ (512)

Pl-—3

where p is the density of water, f and s are the vibration frequency and amplitude of
the dipole, /is the distance between the dipole center and the sensor.

The MS5401 with a sensitivity of 1.15 mV/Pa was employed to calibrate the dipole
source platform. The dipole vibrated perpendicularly to the MS5401 at a frequency of
80+3 Hz. The pressure generated by the dipole was adjusted by changing the distance
between the center of the dipole and the MS5401. During the test, a DC regulated
power supply was used to provide +2.5 V voltage. The output signal was filtered by a
tilter and then collected by a data acquisition card.
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Supplementary Figures
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Figure S1. XRD spectra of P(VDF-TrFE)/BTO nanofiber mat.
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Figure S2. FTIR spectra of P(VDF-TrFE)/BTO nanofiber mat.
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Figure S3. PFM amplitude and phase diagrams of P(VDF-TrFE)/BTO nanofiber.
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Figure S4. Theoretical model creation of the cantilever.
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Figure S5. Resonant frequency analysis of the cantilever. (a) 3D simulation result; (b)

Evaluated by Laser Doppler Velocimetry (LDV).
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Figure S6. Schematic illustrating the pre-amplification circuit.




Figure S7. The layout and developed pre-amplification circuit. (a) Schematic diagram

of the printed wire layout on the PCB; (b) The developed pre-amplification circuit.
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Figure S8. Magnification times of developed integrated pre-amplification circuits

compared with theorical values.
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Figure S9. COMSOL model setup to simulate fluid-structure interactions of the
DEHPS. (a) Overall structure diagram of the FEA configuration under 1000 m

hydrodynamic environment; (b, ¢) Mesh generation of the DSHPS.
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Figure S10. Stress distribution in the DSHPS with PDMS canal at 1000 m deep-sea

environments.
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Figure S11. Simulation results exhibits the shear stress experienced by electrical
components within DSHPS packaged with PDMS. (a) Distribution of shear stress in
the x-direction within the DSHPS; (b) Distribution of shear stress in the y-direction

within the DSHPS.
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Figure S12. Experimental platform validation using a commercial MS5401 pressure
sensor. (a) Schematic illustrating the hydrodynamic pressure validation platform; (b)
Hydrostatic pressure response curve, the pressure sensitivity was calculated as 1.15
mV/Pa; (c) Pressure response of the MS5401 to different dynamic stimuli generated by

dipole source.
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Figure S13. Comparison of the voltage output between simulation and experimental
results of proposed DSHPS device, responding to series of pressure differences in the
shallow water environments.



0.006

Position P, —o— Voltage
R L - o Yage
40.004
g 3 2
g 40.002 &
8 2 5
S 5
I I . 1 10.000
0 ; ; ; ; -0.002
S1 S2 S3 4
Sensing unit
5 : : : : 0.006 5 ; ; ; : 0.006
Position P, o— Voltage Position P, —e— Voltage
4. —a— Charge 4. —&— Charge
10.004 < 10.004
% 3. Q £ 3 (’g.
>y 10.002 5 o {0.002 o
D 2 ) T 5] 2
8 © o ol
K} 5 = 5
= 10.000 © N 10.000
0 ; ; ; ; -0.002 0 . ; ; ; -0.002
S1 S2 S3 4 S1 S2 S3 4
Sensing unit Sensing unit
5 : : : : 0.006 5 : 0.006
Position P —o— Voltage Position P, —— VoItage
41 4 —a— Charge 4] —a— Charge
_ 10.004 < 10.004
£ 3 2 Eas 5
Q 10.002 g S 10.002 5
g 2] S 2 2] o
S < o @©
> O > <
1) 10.000 ) 10.000 ©
0 : : ; ; -0.002 0 ; ; ; ; -0.002
S1 S2 S3 S4 S1 S2 S3 4
Sensing unit Sensing unit
(f)

Figure S14. Dipole source location at a vertical distance of 37.5 mm. (a) Schematic
diagram of testing mechanism; (b-f) The relationship between output voltage of the
sensing units and the theoretical charge when the dipole was located at the five

different positions.
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Figure S15. FSI analysis illustrating the location mechanism. Vertical distance was
maintained as 15 mm. The dipole source was located at P2. (a) Simulation results of
the velocity profile in the canal; (b) The displacement of the cantilever beam ends
corresponding to the four sensing elements in time domain; (c) Displacement

distribution results.
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Figure S16. FSI analysis illustrating the location mechanism. Vertical distance was
maintained as 15 mm. The dipole source was located at P3. (a) Simulation results of
the velocity profile in the canal; (b) The displacement of the cantilever beam ends
corresponding to the four sensing elements in time domain; (c) Displacement

distribution results.
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Figure S17. FSI analysis illustrating the location mechanism. Vertical distance was
maintained as 15 mm. The dipole source was located at P4. (a) Simulation results of
the velocity profile in the canal; (b) The displacement of the cantilever beam ends
corresponding to the four sensing elements in time domain; (c) Displacement

distribution results.
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Figure S18. FSI analysis illustrating the location mechanism. Vertical distance was
maintained as 15 mm. The dipole source was located at P5. (a) Simulation results of
the velocity profile in the canal; (b) The displacement of the cantilever beam ends
corresponding to the four sensing elements in time domain; (c) Displacement

distribution results.
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Figure S19. Hydrodynamic pressure detected by MS5401. (a) Commercial MS5401
response to the subtle hydrodynamic stimulus generated by paddles. It was evident

that the hydrodynamic pressure was as low as approximately 15 Pa. (b) FFT result of

the MS5401 to the paddles.
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Figure S20. (a-c) FFT response of DSHPS responded to the subtle hydrodynamic

stimulus generated by paddles, at a water depth of 1000 m.



Supplementary Table

Table S1. Performance comparison of flexible pressure sensors for hydrodynamic

perception.
Dynamic High Dynamic
Sensing Water
pressure pressure pressure Ref.
Material depth
detection limit resistance  sensing
PVDF sheet 0.11 Pa 0.3m No YES Jiang et al [R1]
PVDF 3.1 Pa 0.3m No YES Fu et al [R2]
PVDF 0.0032 Pa 0.3 m No YES Ma et al [R3]
P(VDE-
TrFE)/BTO 0.07 Pa 0.4 m No YES Ma et al [R4]
Nanofiber mat
silicon shallow Fernandez et al
1 Pa No YES
diaphragm water [R5]
light-guided shallow
<2.6 Pa No YES Herzog et al [R6]
PDMS lamella water
gold
>75 Pa 04 m No YES Kottapalli et al [R7]
piezoresistors
dielectric
N/A 2000 m YES No Shaikh et al [R8]
PDMS
dielectric
N/A 500 m YES No He et al [R9]
PDMS
P(VDE-
TrFE)/BTO 0.105 Pa 1000 m YES YES This work

Nanofiber mat
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Supplementary Movies

Movie
S1: Structure-electrostatic Multiphysics coupling simulations (Piezopotential

distribution within piezoelectric film).

S2: FSI analysis for vibrating sphere location by DSHPS array (Position 1).

S3: FSI analysis for vibrating sphere location by DSHPS array (Position 2).

S4: FSI analysis for vibrating sphere location by DSHPS array (Position 3).

S5: FSI analysis for vibrating sphere location by DSHPS array (Position 4).

S6: FSI analysis for vibrating sphere location by DSHPS array (Position 5).
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