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[bookmark: _GoBack]Captions for Videos S1 to S5
Video S1. Real-time host-computer visualization of high-sensitivity whisker sensor (HSWS) responses under loading directions of 40°, 45°, 50°, 55°, and 90°.
Video S2. Demonstration of the HSWS-based virtual tactile feedback and VR interaction system.
Video S3. Demonstration of HSWS-enabled coordinated mobile robot teleoperation and robotic gripper manipulation.
Video S4. Demonstration of HSWS-enabled autonomous obstacle avoidance using a mobile robot.
Video S5. Demonstration of HSWS-enabled S-shaped wall-following autonomous exploration using a mobile robot.
Video S6. Demonstration of HSWS-enabled linear wall-following autonomous exploration using a mobile robot.
Table S1. Comparison of features between the HSWS and previously reported whisker sensors 
	Year
	Sensor Type
	Force
Resolution
(N)
	Minimum
Angular
Resolution (°)
	Number
of
Electrodes
	References

	2026
	capacitance
	0.006N
	5°
	4
	This Work

	2025
	Triboelectric
	0.024N
	5°
	2
	S1

	2024
	Triboelectric
	0.05N
	180°
	2
	S2

	2024
	Resistive
	0.0024N
	45°
	4
	S3

	2019
	Resistive
	0.002
	15
	4
	S4

	2024
	Piezoelectric
	0.0013N
	180°
	1
	S5

	2023
	Piezoelectric
	0.00007N
	180°
	1
	S6

	2024
	Magnetic
	0.34N
	1.76°
	1
	S7

	2024
	Magnetic
	0.005N
	180°
	1
	S8



Figure S1. Screen-printing fabrication process of the HSWS interdigitated electrodes.
[image: ]
Figure S2. SEM images of the conductive silver electrodes of the HSWS, including the surface morphology, printed line width, and cross-sectional morphology of the conductive layer.
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Figure S3. Complete confusion matrix for loading-direction classification at 5° angular intervals. 
[image: fe9e2b4996941b62585a7598b2438fb2]
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Figure S4. Training loss, training-set accuracy, and test-set accuracy as a function of training epoch for the loading-direction classification model.
[image: a8300c3158c25f308c10ac3581f4a9dc]
Supporting Notes
Note S1. Simplified Electromechanical Model of the HSWS
The HSWS consists of a boar-bristle whisker, a lower cross-shaped thermoplastic polyurethane (TPU) flexible membrane, upper and lower interdigitated electrodes, and upper and lower housings. When an external lateral force is applied to the whisker, the whisker bends and transfers the applied load to the central region of the lower cross-shaped TPU membrane. Because the whisker root is bonded to the center of the lower membrane, the bending moment generated at the whisker root drives the cross-shaped TPU membrane to undergo bending deformation. The lower interdigitated electrode is printed on the surface of the TPU membrane and therefore moves together with the membrane during deformation. In contrast, the upper electrode remains stationary within the cross-shaped groove of the upper housing. Consequently, deformation of the lower electrode changes both the local interelectrode spacing and the effective capacitive coupling area between the upper and lower electrodes, ultimately producing four-channel, direction-dependent differential capacitance signals.
Owing to its slender and flexible geometry, the boar-bristle whisker can be approximated as an Euler–Bernoulli beam. Similar to the treatment of whisker structures reported in previous studies, a slender whisker under small-deformation conditions can be described using a beam-bending model, while the flexible support at its base can be further represented by an equivalent elastic support.
The transverse bending behavior of the whisker under an external load can be expressed as
			
Where denotes the transverse displacement of the whisker at position  and time t, x is the coordinate along the whisker length,  is the Young’s modulus of the boar-bristle whisker,  is the second moment of area of the whisker cross section,  is the whisker density,  is the cross-sectional area of the whisker, and  represents the distributed external load acting on the whisker.
In both the experiments and finite element simulations conducted in this work, the whisker was subjected primarily to slowly varying loads and can therefore be approximated as operating under quasi-static conditions. Accordingly, the inertial term associated with whisker acceleration can be neglected.

Equation  can therefore be simplified to
		
For a cylindrical whisker, the cross-sectional area and second moment of area are given by
		
and
		
respectively, where r is the whisker radius. In this work, the whisker radius was 
and the effective whisker height was 
When an external lateral force F is applied at or near the whisker tip, the force is transmitted along the whisker to its root, generating a bending moment given by
		
whereis the bending moment at the whisker root, is the externally applied lateral force, and is the effective whisker height. Equation  indicates that, under the same applied force, a larger whisker height produces a greater bending moment at the root, thereby providing a stronger deformation-driving moment for the central region of the TPU membrane.
The lower cross-shaped TPU membrane can be regarded as a flexible elastic structure supporting the whisker root. For simplified analysis, the cross-shaped TPU membrane can be represented by a combination of an equivalent linear spring and an equivalent rotational spring. The linear spring describes the translational deformation of the membrane center, whereas the rotational spring represents the rotation or tilting of the membrane center under an applied bending moment. Accordingly, the elastic restoring force generated at the central region of the cross-shaped TPU membrane can be expressed as
		
Where  is the elastic restoring force generated by the membrane,  is the equivalent translational stiffness of the cross-shaped TPU membrane, and  is the equivalent displacement of the membrane center.
Similarly, the elastic restoring moment associated with rotation of the membrane center can be expressed as
		
where  is the restoring moment generated by the membrane,  is the equivalent rotational stiffness of the cross-shaped TPU membrane, and  is the rotation angle of the membrane center.
At the bonded interface between the whisker root and the central region of the TPU membrane, the force and bending moment transmitted by the whisker must be balanced by the elastic restoring force and restoring moment generated by the membrane. Therefore, the equilibrium relationships can be approximated as
		
and
		
Equations  and  show that a larger external force  produces a greater displacement  at the membrane center, whereas a larger effective whisker height d generates a greater bending moment at the whisker root and consequently a larger rotation angle  of the membrane center. In contrast, increasing either the translational stiffness  or the rotational stiffness  of the cross-shaped TPU membrane suppresses membrane deformation. Therefore, the whisker height, whisker radius, TPU membrane thickness, and the width and length of the cross-shaped beams all influence the deformation of the membrane and, consequently, the sensing response of the HSWS.
Because the upper electrode is fixed within the cross-shaped groove of the upper housing, whereas the lower electrode is printed on the deformable TPU membrane, bending of the TPU membrane causes displacement of the lower electrode relative to the stationary upper electrode. The capacitance of the-th sensing channel can therefore be approximated as
		
Where  is the vacuum permittivity,  is the relative permittivity of the dielectric medium between the electrodes,  is the effective capacitive coupling area of the -th channel, and is the local interelectrode spacing between the upper and lower electrodes of that channel. Therefore, deformation of the TPU membrane induced by whisker loading changes both  and , giving rise to four-channel, direction-dependent differential capacitance signals.
When the whisker bends under an external load, the cross-shaped TPU membrane undergoes asymmetric deformation, resulting in different changes in the local interelectrode spacing  and effective coupling area  among the four sensing channels. Accordingly, the capacitance variation of the i-th channel can be approximated as
		
Where  is the initial capacitance of the i-th channel,  is the variation in effective capacitive coupling area, and  is the variation in local interelectrode spacing.
Equation  indicates that the capacitance variation of the HSWS originates from two primary contributions: changes in the effective capacitive coupling area between the upper and lower electrodes and changes in the local interelectrode spacing. Because different loading directions produce different deformation regions and deformation amplitudes in the cross-shaped TPU membrane, the four capacitive channels exhibit distinct direction-dependent response patterns. Consequently, the loading direction and contact force magnitude applied to the whisker can be decoded from the four-channel capacitance variations.
Overall, the electromechanical transduction process of the HSWS can be summarized as
		
This simplified model illustrates that an external lateral force is first converted into a bending moment at the whisker root through the effective whisker height. The resulting bending moment then drives deformation of the cross-shaped TPU membrane, which changes the local interelectrode spacing and effective capacitive coupling area, ultimately producing four-channel, direction-dependent differential capacitance signals.


Note S2. Material Parameters and Boundary Conditions for Finite Element Simulation
The whisker was modeled using the material properties of boar bristle, while the TPU membrane served as the primary flexible deformable component. The conductive silver-paste electrode layer was assumed to deform conformally with the TPU membrane.
	Component
	Material
	Young’s
Modulus（E）
	Poisson’sRatio（ν）
	Density（ρ）

	Whisker
	Boar bristle
	Experimentally calibrated value
	0.3-0.35
	1200-1400

	Lower 
membrane
	TPU
	19.306MPa
	0.49
	1100-1200

	Electrode layer
	Conductive silver paste
	Assumed to deform conformally with the TPU membrane
	_____
	_____

	Housing
	PLA
	2-3GPa
	0.35
	1200-1300


Note S3. Confusion matrix for texture classification
The fully connected neural network MLP used in this work was implemented using the PyTorch framework in Python. Both model training and deployment were performed on a computing platform equipped with an NVIDIA GeForce RTX 3050 Laptop GPU. The architecture of the MLP model is described in detail as follows:


class MLP(nn.Module):
def__init__(self, in_features, num_classes=9):
super( ).__init__( )
self.feature_extractor=nn.Sequential(
nn.Linear(in_features, 256),
nn.BatchNorm1d(256),
nn.LeakyReLU(0.1, inplace=True),
nn.Dropout(0.2),
nn.Linear(256, 128),
nn.BatchNorm1d(128),
nn.LeakyReLU(0.1, inplace=True),
nn.Dropout(0.2),
nn.Linear(128, 64),
nn.BatchNorm1d(64),
nn.LeakyReLU(0.1, inplace=True),
)
self.classifier=nn.Sequential(
nn.Linear(64, 32),
nn.BatchNorm1d(32),
nn.LeakyReLU(0.1, inplace=True),
nn.Dropout(0.2),
nn.Linear(32, num_classes)
)
def forward(self, x):
features=self.feature_extractor(x)
logits=self.classifier(features)
return logits
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