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We Have Talked About Physically Modeling of the 4D World…

PhysGaussian: Physics-Integrated 3D Gaussians for Generative Dynamics. 

Xie et al.  CVPR 2024

Image formation and 
stereopsis

3D / 4D Modeling Physical Modeling
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What We Discussed is like Watching Movies from a Box

https://www.lomography.com/magazine/112686-thomas-edison-and-the-kinetoscope
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But, Human Has Other Types of Sensing

Image source: Wikipedia

https://youtu.be/FQhn0OFArs8?si=yHawxIFmQPaKg3X8



https://objectfolder.stanford.edu/objectfolder-real 5

A Visual, Aural and Physical World
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Meanwhile, Human Acts Not Just Watches

https://www.history.com/articles/stone-age



7 https://www.cns.nyu.edu/~david/courses/perception/lecturenotes/brain/brain.html

Our Brain is Created to Perceive and Sense



In the Following Weeks, We’ll Talke About

Perception

Cognition Action
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Physical perception
(tactile sensing)

Basic concepts of 
action control
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Tactile Sensing—From Humans to 

Humanoids.  Dahiya et al.



• Contact vs. no contact

• Force (normal, shear)

• Temperature

• Texture

• Friction

• Object pose or motion

• Detailed Geometry of an Object

• ….

What Information Can be Derived from Tactile 
Sensing?
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• Visionless action

• Stable grasp

• Fine-grained or dynamic action

• Safe robot control

• …

What Can We Do with Tactile Information?
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How to Equip Robots with Tactile Sensing?
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Image source: https://spectrum.ieee.org/why-tactile-intelligence-is-the-future-of-

robotic-grasping



Low-Cost Force-Sensing Resistor
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Video source: Wikipedia

Rotating without Seeing: Towards In-hand Dexterity through Touch.  Yin et al.  

RSS 2024



Low-Cost Force-Sensing Resistor
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Rotating without Seeing: Towards In-hand Dexterity through Touch.  Yin et al.  

RSS 2024



GelSight: Visuo-Tactile Sensor

15 https://youtu.be/aKoKVA4Vcu0?si=BHu-Gsi0OXg6mLNA



Visuo-Tactile Sensor is Putting a High-Quality 
Depth Sensor Near the Object Surface

16 https://youtu.be/aKoKVA4Vcu0?si=BHu-Gsi0OXg6mLNA



Visuo-Tactile Sensor is Putting a High-Quality 
Depth Sensor Near the Object Surface

17 https://youtu.be/aKoKVA4Vcu0?si=BHu-Gsi0OXg6mLNA



Visuo-Tactile Sensor Facilitates Reconstruction 
of Detailed Geometry

18 https://youtu.be/aKoKVA4Vcu0?si=BHu-Gsi0OXg6mLNA



19 https://youtu.be/aKoKVA4Vcu0?si=BHu-Gsi0OXg6mLNA

Visuo-Tactile Sensor Facilitates Sensing of 
Directional Forces



20 https://youtu.be/aKoKVA4Vcu0?si=BHu-Gsi0OXg6mLNA

Visuo-Tactile Sensor Facilitates Understanding 
Physical Properties of Objects



How to Simulate Tactile Sensing?

21
Soft-bubble grippers for robust and perceptive manipulation. 

Kuppuswamy et al.



How to Simulate Tactile Sensing?

22

Object surface

Sensor surface

Tactile sensing requires precise 
frictional contact modeling at 

the object-sensor surface 

𝑓𝑡

𝑓𝑛



How to Simulate Tactile Sensing?

23
General-Purpose Sim2Real Protocol for Learning Contact-Rich 

Manipulation With Marker-Based Visuotactile Sensors. Chen et al.

• A closer look at visuo-tactile sensors
rigid body

deformable 
body



How to Simulate Tactile Sensing?

24
Efficient Tactile Simulation with Differentiability for

Robotic Manipulation.  Xu et al.

• A tactile point can be described as an attached particle on the 
elastomer frame.  The base-to-particle transformation is 𝐸



How to Model the Motion of Tactile Points?

25
Efficient Tactile Simulation with Differentiability for

Robotic Manipulation.  Xu et al.

𝑓𝑛

• The motion of a tactile point is determined 
by the shear force 𝑓𝑡 and normal force 𝑓𝑛

• The shear force is induced by frictions, 
which is determined by relative motion and 
the normal force between two surfaces:

𝑓𝑡 = −
𝑣𝑡
𝑣𝑡

min 𝑘𝑡 𝑣𝑡 , 𝜇 𝑓𝑛

• How to calculate the normal force?



How to Model the Normal Force?  Let’s Ignore 
Impenetrability Constraints

26 TacSL: A Library for Visuotactile Sensor Simulation and Learning.  Akinola et al.

• Larger penetration depth 𝑑
leads to larger normal force

• Let 𝒏 denotes normal vector

• Normal force:

𝑓𝑛 = −𝑘𝑛 + 𝑘𝑑 ሶ𝑑 𝑑𝒏



How to Model the Motion of Tactile Points?

27
Efficient Tactile Simulation with Differentiability for

Robotic Manipulation.  Xu et al.

𝑓𝑛

• Normal force:

𝑓𝑛 = −𝑘𝑛 + 𝑘𝑑 ሶ𝑑 𝑑𝒏

• The shear force:

𝑓𝑡 = −
𝑣𝑡
𝑣𝑡

min 𝑘𝑡 𝑣𝑡 , 𝜇 𝑓𝑛

• Total force:

𝑓 = 𝑓𝑛 + 𝑓𝑡

• Local shear and normal force at the tactile point:

𝑇𝑠𝑥 = 𝑓⊺𝑥 𝑇𝑠𝑦 = 𝑓⊺𝑦 𝑇𝑠𝑦 = 𝑓⊺𝑧



How to Simulate the Whole Dynamic System?

28

• Iterative simulation:
1. Move the robot’s end-effector

2. Detect collision and calculate the shear and normal force on 
the tactile sensor

3. Update the sensor observation

4. Update the dynamic of the robot and objects



How to Simulate the Whole Dynamic System?
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• The optimization problem:

Efficient Tactile Simulation with Differentiability for

Robotic Manipulation.  Xu et al.

where 𝐻 denotes the task horizon, ℒ𝑡 is a step-wise task-dependent cost 
function, 𝑢 is the action, 𝑞 is the simulation state and 𝑣 is the derived 
auxiliary simulation variables



Results

30
Efficient Tactile Simulation with Differentiability for

Robotic Manipulation.  Xu et al.
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Efficient Tactile Simulation with Differentiability for

Robotic Manipulation.  Xu et al.



However, This is just One Way of Tactile Simulation

32

There’s no perfect solution yet! Tactile 
simulation is still an underexplored problem



Why Do We Need Tactile Sensing?
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• Robotics: Contact-rich manipulation

• AR / VR: Immersive experience with physical feedback

Image source: OpenAI Image credit Davide Scaramuzza



34

Action 𝑎𝑡

Observations 𝑜𝑡

Observations 𝑜𝑡+1

Image source S. Levine

A Brief Introduction of Robotics

We’ll cover more next week!



Tactile Sensing Facilitate Robotics

35General In-Hand Object Rotation with Vision and Touch.  Qi et al.



Would Tactile Sensing Facilitate Sim2Real 
Policy Training?

36General In-Hand Object Rotation with Vision and Touch.  Qi et al.



Problem 1: Generalization to Objects of 
Different Shapes and Properties

37

• Solution: Learning for Implicit System Identification 

General In-Hand Object Rotation with Vision and Touch.  Qi et al.



Problem 2: Does Tactile Sensing Help?
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• Solution: A transformer for multi-modal sensor fusion

• Simplified tactile observation • Depth observation

General In-Hand Object Rotation with Vision and Touch.  Qi et al.



Results: Multi-modal Sensory Input is Better

39General In-Hand Object Rotation with Vision and Touch.  Qi et al.



Results: Fine-grained Tactile Sensing is Better

40General In-Hand Object Rotation with Vision and Touch.  Qi et al.



Results: Generalization to Unseen Objects

41General In-Hand Object Rotation with Vision and Touch.  Qi et al.



Results: Latent Features Encode Object Geometry

42General In-Hand Object Rotation with Vision and Touch.  Qi et al.



Tactile Sensing Facilitate AR / VR

43Tactile-Augmented Radiance Fields. Dou et al.



Tactile-Augmented Radiance Fields. Dou et al. 44

Joint Reconstruction of Geometry and Tactile 
Sensing



Tactile-Augmented Radiance Fields. Dou et al. 45

Learning to Impaint Tactile Sensing

• We can extrapolate unseen views by rendering.  What about 
reconstruction tactile sensing of untouched scenes?



Tactile-Augmented Radiance Fields. Dou et al. 46

3D + Haptic Modeling of the “True” Real World



Tactile Sensing and VLMs

47Binding Touch to Everything:Learning Unified Multimodal Tactile Representations.  Yang et al.  



48Binding Touch to Everything:Learning Unified Multimodal Tactile Representations.  Yang et al.  

Multi-Sensory Fusion: Binding Touch, Audio, 
Vision and Language 



Binding Touch to Everything:Learning Unified Multimodal Tactile Representations.  Yang et al.  49
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Embodied LLMs with Tactile Sensing Input

Binding Touch to Everything:Learning Unified Multimodal Tactile Representations.  Yang et al.  
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Touch-Driven Image Stylization

Binding Touch to Everything:Learning Unified Multimodal Tactile Representations.  Yang et al.  



Physical Feedback is Essential for Embodied Agents

52
ForceMimic: Force-Centric Imitation Learning with Force-Motion Capture System for 

Contact-Rich Manipulation.  Liu et al.

• Policies perform safer actions with physical feedback as inputs

without forcewith force



Physical Feedback is Essential for AR / VR

53



• Robotics
➢ Brief introduction of robotics 

➢ Visual-language model for embodied perception

➢ Visual-language-action model

What We Will Cover the Next Week
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Attendance Form

55
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