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Physics-based simulation / animation: 1980s-Now

Inverse problem for Physics-based simulation: 2000s-Now
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Bending Rigidity: 684.3 g.mm2

Bending Rigidity: 77331 g.mm2

≫
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An Anonymous Fabric

Simulation  
Result

Real BehaviorQuestion:  
How to estimate bending parameters  
to achieve the most realistic behavior?

In-house Simulator

?

≈ As Close As PossibleEstimated  
Bending 

Parameters 

Next: related works
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Cantilever Tester1

[1]: ASTM. 2018. ASTM D1388: Standard Test Method for Stiffness of Fabrics. (July 2018). 
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Cantilever Tester1 Curly Effect in Cantilever Tester

Curly edge effects the 
measurement result.

[1]: ASTM. 2018. ASTM D1388: Standard Test Method for Stiffness of Fabrics. (July 2018). 
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Quadratic Bending Model3

Dihedral Angle-based Model1

Diagonal Spring bending Model2

E(x) =
3γ

(H0 + H1)e
∥Kx∥2

E(x) = α ( 2θ(x)
e(H0 + H1) )

2

E(x) = β ( ∥x0 − x3∥ − r
e(H0 + H1) )

2

[1] Bridson et al, “Simulation of Clothing with Folds and Wrinkles.” SCA 2003
[2] Bouaziz et al, “Projective Dynamics: Fusing Constraint Projections for Fast Simulation.” SIGGRAPH 2014 
[3] Bergou, et al. “A Quadratic Bending Model for Inextensible Surfaces.” SGP 2006
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E(x) =
3γ

(H0 + H1)e
∥Kx∥2

E(x) = α ( 2θ(x)
e(H0 + H1) )

2

E(x) = β ( ∥x0 − x3∥ − r
e(H0 + H1) )

2

Bending Parameters

α
β
γ

Bending Rigidity: The material property which associate torque and curvature.

Bending Parameter: Parameters used in simulator for bending effect.
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E(x) =
3γ

(H0 + H1)e
∥Kx∥2

E(x) = α ( 2θ(x)
e(H0 + H1) )

2

E(x) = β ( ∥x0 − x3∥ − r
e(H0 + H1) )

2

Bending Parameters

α
β
γ

Estimate bending parameters, which are applicable in the simulator directly.

Next: pipelines
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Simulator 
Settings

Data 
Synthesis

Network 
Training

Next: nonlinear bending model

Nonlinearity & anistropicity
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E(θ) = ∫
θ

0
τ(κ(ξ), e)dξ

τ

Bending Energy: 
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E(θ) = ∫
θ

0
τ(κ(ξ), e)dξ

τ

fi = − ∇iE = − (ακ + βκ2)e∇iθ(x)

Bending Energy: 

Bending Force: 
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E(θ) = ∫
θ

0
τ(κ(ξ), e)dξBending Energy: 

fi = − ∇iE = − (ακ + βκ2)e∇iθ(x)Bending Force: 

κ =
1
R

=
2 sin θ

H2
0 + H2

1 − 2H0H1cos(π − θ)
≈

2θ
H0 + H1

R
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1
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[1] Narain, et al, “Adaptive Anisotropic Remeshing for Cloth Simulation.” SIGGRAPH Asia 2012
[2] Grinspun, et al, “Discrete shells.“ SCA 2003
[3] Romero, et al, “Physical Validation of Simulators in Computer Graphics: A New Framework Dedicated to 
Slender Elastic Structures and Frictional Contact”.SIGGRAPH 2021

Master Curve Validation3
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The Strip Template
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Measured Bending Rigidity (gray)The Strip Template
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Measured Bending Rigidity (gray)

k = [α, β]

k(ϕ) = cos2 ϕkwarp

+sin2 ϕkweft

Trigonometric FittingThe Strip Template

Linear Interpolation
Trigonometric Fitting
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kwarp

kbias

kweft

Given a Fabric

k =
kwarp

kbias

kweft
∈ ℝ6

Three Directions Bending Parameter Vector

Next: curvature-based bending
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kwarp

kbias

kweft

kφ0

kφ1

φ
⃗d

k(φ) = [cos2 φ
sin2 φ]

T

[kφ0

kφ1]

Edge-based Bending Stiffnessis Edge Direction⃗dGiven a Fabric
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kwarp

kbias

kweft

kφ0

kφ1

φ

⃗d

k(φ) = [cos2 φ
sin2 φ]

T

[cos2 φ0 sin2 φ0

cos2 φ1 sin2 φ1] [kφ0

kφ1]

Curvature-based Bending Stiffnessis Current Bending Direction⃗dGiven a Fabric
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Mesh-Independent Simulation in Strong Anisotropic Case
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Cusick Drape Pose Correlation Analysis indicates stretch 
parameters affect little on Cusick Drape
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Simulator 
Settings

Data 
Synthesis

Network 
Training
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Subspace 
Construction

Bending 
Parameter 
Sampling

Depth Images 
Synthesis

Real Fabric 
Measurement

Simulator 
Settings

Data 
Synthesis

Network 
Training
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τi = ρgE
N−1

∑
j=1

xj + xj+1 − 2xi

2
∥rj+1 − rj∥

α*, β* = argmin
α,β

N

∑
i=1

∥τi − (ακi + βκ2
i )E∥

Get the Bending Parameters 
in Single Direction
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α*, β* = argmin
α,β

N

∑
i=1

∥τi − (ακi + βκ2
i )E∥

Single Direction

kweft = [αweft βweft]
kbias = [αbias βbias]
kwarp = [αwarp βwarp]

k =
kwarp

kbias

kweft

Three Directions (Whole Fabric)
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k =
kwarp

kbias

kweft

k1
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⋮
k618

Dataset
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𝒩8

k1

k2

⋮
k6000

Sampled Bending  
Parameter Vectors

Sampled Vectors 
Visualization
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Decoder
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k1

k2

⋮
k6000

Sampled  
Bending Parameters

Type-I and Type-II  
Init Pose

Static Drape Pose Depth Images
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Simulator 
Settings

Data 
Synthesis

Network 
Training
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ℒ =
∑I

i=1 gi − pi
2

I

1/2k1

k2

⋮
k6000

Dataset

Ground truth   
Prediction 

gi
pi

Loss  
Function 
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ℒ =
∑I

i=1 gi − pi
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One View?

Two Views?

Four Views?
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Cantilever Tester: 10min per 
Fabric, Cost > $500. 

Our Drape Tester: 3min per 
Fabric, Cost < $30.
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Drape pose Reconstructed Mesh Simulator

Bending parameter

Simulation result
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Reconstructed Mesh

Simulation Result

Compare
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metric1: mean vertex displacement (in mm) between the reconstructed and simulated shape

metric2: mean of the relative mean curvature difference (in parentheses) 
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Photograph
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By OursPhotograph
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By OursPhotograph By Cantilever Tester By Ours By Cantilever TesterPhotograph
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More Test Cases in Our Appendix.

http://sa2022.siggraph.org


sa2022.siggraph.org

Conclusions and Limitations

59

http://sa2022.siggraph.org


sa2022.siggraph.org

Conclusions and Limitations

60

Conclusion: 
We justify the effective use of deep neural networks in the development of a novel bending 
stiffness parameter estimation system.  

Limitations: 
1. Hysteresis effect 
2. A unified test for both stretch and bending parameters 
3. The test pipeline can be automated and improve further more
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Style3D research job hiring  
(internship, full-time job)
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