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Notes S1. Theoretical modeling of ciliary layer 
S1-1. Mechanical modeling of individual cilium 

The ciliary layer consists of an array of magnetic composite microstructures. Each 
cilium is modeled as a cantilever beam based on the Euler–Bernoulli beam theory, 
which is applicable under the assumptions of small deformations, linear elastic 
material behavior, and negligible shear deformation. 

For a cilium with a cylindrical cross-section of diameter D , the second moment 
of inertia I  is given by: 
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Where D is the diameter of the cilium. 

Under a point load F  applied at the free end, the deflection H  at that end is 

expressed as: 
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Where l  is the length of the cilium and E  is the Young’s modulus of the 

magnetic composite material. 

S1-2. Equivalent stiffness of the ciliary layer 

The equivalent stiffness cK  of a single cilium, defined as the ratio of the 

applied force to the resulting tip displacement, follows from Equation (2): 

 c 3
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K

H l
   (3) 

To characterize the collective mechanical response of the ciliary array, we define 

an equivalent areal stiffness layerK  as the stiffness per unit projected area. Assuming 

a uniform array with n  cilia per unit area, and neglecting interactions between cilia 

under small static deflection, the total force per unit area for a given uniform tip 

displacement H  is n F . Therefore, 
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This parameter layerK (units: 3/N m ) represents the effective elastic modulus of 

the ciliary layer when treated as a continuum in subsequent analysis. 

 

  



 

 

Note S2. Analytical Derivation of the Equivalent Stiffness for the 

Butterfly Porous Structure 
S2-1 Geometric Parameterization of the Unit Cell 

To simplify the calculations and exploit the structural symmetry, we established a 

quarter-unit-cell model of the butterfly-like porous structure for analysis (Fig. S1). 

Boundary conditions were applied in accordance with the planes of symmetry: point A 

at the intersection of the symmetry planes was fully fixed, while points D and E on 

the symmetry planes were constrained against rotation about the z-axis. A 

concentrated force F  was applied along the y-direction at the relevant nodes to 

simulate the uniaxial compressive loading experienced by the unit cell under realistic 

contact conditions. This simplified model not only captures the global mechanical 

behavior effectively but also significantly enhances computational efficiency. 

S2-2 Force Method for Solving the Statically Indeterminate Structure 

The quarter-unit-cell model is a doubly statically indeterminate structure. To 

determine its internal forces, we analyzed it using the Force Method. Two key 

bending moments were selected as the redundant forces, denoted as 1X  and 2X . 

Following the principle of the Force Method, canonical equations were established by 

enforcing deformation compatibility conditions at these two sections: 
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Here, ij  denotes the displacement coefficient along the iX  direction induced by a 

unit unknown force 1jX  , while ip  represents the displacement along the iX  
direction caused solely by the external load F . This set of equations fully describes 

the deformation compatibility of the structure and forms the basis for solving the 

statically indeterminate internal forces. 

By solving the canonical equations of the Force Method, the analytical solutions 

for the unknown bending moments at the two critical sections are obtained: 
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In Equation (6), the coefficients 1A , 2A , 3A , 4A , 10A  are related to the 

structural geometric dimensions, and their specific expressions are listed in Table S1. 

This result clarifies the quantitative relationship between the sectional bending 

moment, the applied load, and the geometric parameters, providing a basis for 

subsequent internal force and equivalent performance analysis. 



 

 

S2-3 Method of Superposition for Displacement Calculation 
Displacement calculation was performed using the method of superposition. This 

method involves calculating the deformation of each major structural member 

(including CE, CB, AB, and CD) under the external load separately to determine its 

displacement component in the y-direction. The total displacement of the entire 

quarter-unit-cell in the direction of the applied load is then obtained by linear 

superposition. Based on the assumptions of small deformation and linear elasticity, 

this approach decomposes the displacement analysis of a complex structure into the 

sequential calculation and synthesis of individual member deformations, thereby 

systematically and clearly revealing the quantitative relationship between the load and 

the overall deformation. 

S2-3.1 Displacement of Member CE 

The displacement of member CE in the y-direction was calculated using the 

method of superposition. This displacement is the sum of three superimposed 

contributions: the bending displacement M
CEy due to moment, the axial displacement 

N
CEy  due to axial force, and the shear displacement S

CEy  due to shear force. Each 

component is calculated as follows. 

The bending displacement, caused by the sectional bending moment, is 

expressed as: 
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The axial displacement due to the axial force is expressed as: 
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Fl

Est
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The shear displacement, induced by the shear force and accounting for the shear 

shape factor, is expressed as: 
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The total displacement of member CE in the y-direction is given by the sum of 

the aforementioned three displacement components: 
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In Equations (7), (8), and (9), E represents the material’s elastic modulus, 0u  

denotes the Poisson’s ratio, and the remaining coefficients are detailed in Table S1 

and Table S2. This formulation systematically describes the deformation composition 



 

 

of the structural member, providing the necessary foundation for the subsequent 

synthesis of the overall displacement. 

S2-3.2 Displacement of Member CB 

The same method of superposition as that used for member CE was employed to 

calculate the displacement of member CB in the y-direction. This displacement 

similarly comprises three superimposed components: those induced by bending 

moment, axial force, and shear force. 

The bending displacement, induced by the bending moment, is expressed as: 
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The axial compressive displacement induced by the axial force is expressed as: 
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The shear displacement, induced by the shear force and considering the shear 

shape factor, is expressed as: 
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Therefore, the total displacement of member CB in the y-direction is given by: 
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S2-3.3 Displacement of Member AB 

The bending displacement, induced by the bending moment, is expressed as: 
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The axial compressive displacement induced by the axial force is expressed as: 
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The shear displacement, induced by the shear force and considering the shear 

shape factor, is expressed as: 
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Therefore, the total displacement of member AB in the y-direction is given by: 

 
M N S

ABy ABy ABy ABy       (18) 

S2-3.4 Displacement of Member CD 

The bending displacement, induced by the bending moment, is expressed as: 
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The shear displacement, induced by the shear force and considering the shear 

shape factor, is expressed as: 
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Therefore, the total displacement of member CD in the y-direction is given by: 
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S2-3.5 Derivation of the Equivalent Stiffness 

Based on the calculated displacement components for each member of the 

quarter-unit-cell obtained in Sections S2-3 using the method of superposition, the total 

displacement of the unit cell in the y-direction, denoted as y , was derived using the 

principle of linear superposition. Its expression is as follows: 

 y CEy CBy ABy CDy         (22) 

In the equation, CEy , CBy , ABy  and CDy  represent the total displacement in 

the y-direction for the corresponding members. The calculation comprehensively 

accounts for the contributions of bending moments, axial forces, and shear forces to 

the deformation. This total displacement characterizes the overall compressive 

deformation of the unit cell under the specified boundary and loading conditions. 

Furthermore, based on the relationship between force and displacement, the 

equivalent stiffness yK  of the quarter-unit-cell in the y-direction can be derived. 

Since the analyzed model represents half of a symmetric structure (the 

quarter-unit-cell under symmetric boundary conditions), a conversion relationship 

exists between its overall stiffness and that of the half-structure. The specific 

expression is given by: 
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Where F is the applied concentrated load. This equivalent stiffness reflects the 

macroscopic deformation resistance of the butterfly-like porous structure in the 

y-direction, providing a crucial theoretical foundation for the subsequent prediction of 

the material's equivalent elastic modulus and for structural optimization. 

For a macroscopic structure composed of an array of porous butterfly-shaped 

unit cells, its overall stiffness can be derived from the individual cell stiffness and the 

arrangement of the array. Considering a rectangular array consisting of i  rows and  

j  columns of unit cells (denoted as an i j  array), a scaling relationship exists 

between the overall equivalent stiffness arrayK  and the stiffness of a single unit cell 

unitK , expressed as follows: 

 array unit

j
K K

i
  (24) 



 

 

The derivation of this relationship is based on a series-parallel mechanical model: 

Within each row, j  unit cells are connected in parallel along the horizontal direction. 

These cells share identical displacement, and the resultant force on the row equals the 

sum of the forces on each cell. Therefore, the equivalent stiffness of a single row is 

row unitK jK . In the vertical direction, the i  rows are connected in series. Each row 

is subjected to the same external force, and the total displacement equals the sum of 

the displacements of all rows, meaning the overall compliance equals the sum of the 

compliances of each row, leading to the following expression: 

 unit
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Note S3. Theoretical Modeling of Equivalent Contact Force and 

Magnetic Response Mechanism 
S3-1 Fundamental Theory of Magnetic Dipoles 

The magnetic field B  generated at an arbitrary observation point r  in space 

by a magnetized component is given by the magnetic dipole field formula: 

 0
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4 a
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Where m  is the magnetic dipole moment; 'a r r   is the vector pointing from the 

dipole location 'r  to the observation point, with magnitude | a |a   and unit vector 

a a / a ; and 0  is the vacuum permeability. 

S3-2 Segmented Magnetic Field Response Mechanism 
The layered structural design of this tactile sensor enables wide-range and 

high-sensitivity perception of external forces. In the micro-contact force stage, the 

low-modulus cilium layer dominates the deformation. Its significant bending 

displacement is efficiently converted into magnetic signal variation, thereby achieving 

high-sensitivity detection. When the external force increases further, the 

higher-modulus porous scaffold begins to undergo significant deformation and bears 

the main load. At this point, the system enters a stage of cooperative deformation 

dominated by the compression of the butterfly structure, supplemented by the elastic 

bending of the cilium. Consequently, the mechanical response and the resultant 

magnetic signal exhibit two characteristic stages: a high-sensitivity regime at low 

forces and a wide-load-bearing regime at high forces. 

S3-2.1 Stage I: Cilium-Dominated Deformation 

In this stage, the stiffness of the butterfly intermediate layer is very high, and its 

deformation is negligible. Only the cilium, acting as a fixed-base cantilever beam, 

undergoes elastic bending. Its deflection curve ( )w z  and rotation angle ( )z  are: 
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The cilium deformation alters the spatial distribution of the magnetic dipole. The 

resulting change in the vertical magnetic field component (1)
zB  at a fixed 

observation point is obtained by integrating the dipole field along the magnetized 

segment: 
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Where  t( ) sin ( ),0,cos ( )z z z   is the tangent vector direction of the magnetic 

moment. Under the small deformation approximation, the response is linear: 

 (1)
zB F   (29) 

S3-2.2 Stage II : Cooperative Deformation of Butterfly Layer and Cilium 

When the external force exceeds the threshold, the butterfly intermediate layer 

produces significant displacement y . Consequently, the base of the cilium 

undergoes a rigid-body displacement, with its elastic deformation superimposed on 

this displacement: 
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In this stage, the relative position vector a  to the observation point must 

account for both the elastic bending ( )w z  and the base displacement b : 

  0 0 0a ( ) cos , ( )sin , bx w z y w z z z         (31) 

The corresponding change in the vertical magnetic field component (2)
zB  is: 
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S3-3 Integrated Response Function and Model Significance 
Integrating the responses from both stages, the total change in the vertical 

magnetic field zB  for the entire sensing unit is a piecewise function of the external 

force F : 
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This magneto-mechanical coupling model fully reveals the physical mechanism 

underlying the transition from a micro-force linear response to a large-force nonlinear 

response. It establishes a quantitative theoretical relationship between the applied 

external force and the measurable magnetic field signal, providing the core theoretical 

basis for subsequent sensor design, and sensitivity optimization. 

  



 

 

Table S1. Parameter table of butterfly structure 

Parameters Expressions 

1A  1 1 3 4 4 2 3( ) ( ))l l l l l l l     

2A  1 2 3 4( )l l l l   

3A  2 2 3( 2 )l l l  

4A  4 2 3( 2 )l l l  

5A  2 2 4 1 2 4[ ( 2 )]l l l l l l   

6A  2
3 1 4( )l l l  

7A  2 1 2 1 4 2 4sin ( 2 )l l l l l l l    

8A  2
1 4 sinl l   

9A  3 1 2 3 4 4 2 3[ (2 2 ) (2 )]l l l l l l l l     

10A  1 2 3( )l l l   

1B     2 1 2 3 4 4 2 32 4 2 ][l l l l l l l l     

2B  2
1 2 4 sin 2l l l   

3B  2
1 4sin ( )

2

l
l l   

4B  3 4 1 2 4sin [2 ( )]l l l l l    

5B  2 4 1 2 4sin [2 ( 2 )]l l l l l    

6B  3 1 2 3 4 4 2 3sin [ (4 4 ) (4 )]l l l l l l l l      

 

 
  



 

 

Table S2 Geometric dimensions of the structure 

length mm Angle   

1l  5.53   63 

2l  8.43   78 

3l  5.53   63 

4l  0.815   

t  0.62   

s  15   

 

  



 

 

Table S3 Performance parameters of existing underwater tactile 

sensors 

Refs. 
Detection 

Range 

Maximum 

Sensitivity 

Response/recover 

time (ms) 

Simulated 

Depth 

Field-validated 

Depth 

[1] 45-625kpa 11.2kpa

 150,N/A 100m 5m 

[2] 8.9-94.6kpa 10.77kpa

 32,78 3000m < 3m 

[3] 0.062-450kpa 10.0338kpa

 100,400 < 1m N/A 

[4] 0-12N 10.058N
 200,250 50m N/A 

[5] 0-2N 182.62N
 30,30 5000m N/A 

[6] 50-600kpa 10.62kpa

 190,670 100m N/A 

[7] 0-30N N/A（3N） N/A 3000m 1384m 

[8] 0-18kpa <5pa N/A 1.8m 1.6m 

This 

work 
0.0063-718N 43.72 µT/N 12,24 12000m 2284.7m 

Note: The “N/A” denotes no relevant performance data 

  



 

 

 

Figure S1. Geometric dimensions of the unit cell of the butterfly-like porous 

structure for the deep-sea tactile sensor. 

  



 

 

 
Figure S2. Schematic illustration of the fabrication process for the deep-sea 

tactile sensor. The device features a bio-inspired layered architecture designed to 

achieve both high sensitivity and a broad pressure-response range. 

  



 

 

 
Figure S3. Experimental platform for dynamic performance testing of the tactile 

sensor under high hydrostatic pressure. (a) Schematic of sensor mounting and 

loading. The tactile sensor is fixed to a test base, and a standard weight, controlled via 

a precision sliding rail above it, is used to apply precisely calculable contact loads. (b) 

Close-up view of the weight loading motion. (c) Schematic illustrating the complete 

test platform positioned inside the high-pressure chamber. (d) Actual state of the fully 

integrated test system within the high-pressure chamber. 

  



 

 

 
Figure S4. Schematic of the small-scale laboratory hydrostatic pressure chamber. The 

chamber has a maximum working pressure of 30 MPa, capable of simulating an environment 

equivalent to approximately 3000 meters water depth. The inset provides a detailed view of the 

bio-inspired tactile sensor's placement and its connection via waterproof cables to the external 

real-time signal acquisition system.  



 

 

 
Figure S5. Schematic showing the mechanical testing specimens and the 

corresponding experimental setup used in this study.  



 

 

 
Figure S6. A set of objects used for testing the measurement range of the tactile 

sensor, featuring masses of 0.63 g (a feather), 18.9 L (drinking water), and 2 L 

(liquid for computers). 

  



 

 

 
Figure S7. Validation of closed-loop control and non-damaging grasping based 

on tactile feedback. (a) Process of non-damaging grasping for a sea star. (b) Process 

of non-damaging grasping for a sea cucumber. (c) Process of non-damaging grasping 

for a sea snail. 

  



 

 

 
Figure S8. Four material samples with different hardness levels used for gripping 

identification. 

  



 

 

 
Figure S9. Schematic of the experiment for object hardness identification using 

the tactile sensor. (a) The grasping system mounted on an enclosure structure. (b) A 

soft gripper integrated with the deep-sea tactile sensor, along with four silicone 

material samples of different Shore hardness, employed to validate the sensor's 

capability for material hardness discrimination. 



 

 

 
Figure S10. Hierarchical control architecture of the deep-sea tactile soft grasping 

system. The system employs a three-layer structure—surface (research vessel), carrier 

(ROV platform), and end-effector (operational gripper)—to enable remote command 

and data interaction. The terminal system consists of three core modules: (1) The 

actuation module (including a peristaltic pump and a pressure-compensated oil 

bladder), responsible for generating and regulating the grasping force; (2) The control 

module, which coordinates all subsystems via an RS-485 bus and enables real-time 

communication with the ROV; (3) The sensing module (integrating a 5×5 Hall sensor 

array), whose signals are acquired through a flexible printed circuit, read by an 

NRF52840 module, and transmitted back to the control module via RS-485, thereby 

forming a tactile feedback loop. This architecture achieves full-link integration from 

surface command to deep-sea force control, supporting a 

“perception-decision-execution” closed loop for adaptive grasping in deep-sea 

environments.  



 

 

 
Figure S11. In-situ sea trial validation of the deep-sea tactile perception system 

deployed on the “Haidou-1” ROV. (a) The integrated soft gripper with tactile 

sensors being prepared for deployment on the mother ship's deck. (b) The system 

descending with the ROV to a maximum depth of 2284.7 meters. (c) The system 

safely retrieved back on deck alongside the ROV upon completion of the operation. 



 

 

 
Figure S12. Operational workflow of the deep-sea adaptive grasping system 

deployed on the ROV platform. (a) Overall deployment scenario showing the 

integrated deep-sea operation system, comprising perception, actuation, and control 

units, during descent. (b) In the underwater environment, the system performs 

adaptive force-closed-loop grasping of a sea star based on real-time tactile feedback. 

(c) Successfully retrieved sea star sample, demonstrating the system's capability for 

non-damaging manipulation of fragile deep-sea organisms. 

  



 

 

Figure S13. Time sequence diagram of 25-channel tactile forces during the sea 

star grasping process. 

  



 

 

 
Figure S14. Time sequence diagram of 25-channel tactile forces during the sea 

cucumber grasping process. 

  



 

 

 
Figure S15. Time sequence diagram of 25-channel tactile forces during the sea 

snail grasping process.  



 

 

 
Figure S16. Time sequence diagram of 25-channel contact forces during the 

tactile-feedback-based collaborative sampling process. 
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