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Background of Soft Robots

This octopus-inspired
robot can grip, move,
and manipulate a wide

range of objects.
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Figure: Soft snake robot ! Figure: Octopus-inspired gripper 2

Challenges

J Infinite degrees of freedom

] Actuation physics
] Environmental interaction

Categories of Modeling

 Piecewise constant curvature approach (PCC)
( Variable curvature approach (VC)

1'Qi et al., Soft Robotics '18
2Xie et al., Soft Robotics 20
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Piecewise Constant Curvature approach (PCC)

O PCC examples
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It fails to capture the shape under relatively large payloads or gravity.

3 Polygerinos et al., TRO '18
4Gong et al., IJRR 20
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Variable Curvature approach (VC)

VC approaches

 Cosserat rod theory [Renda, TRO '18]
 Finite element method (FEM) [Wu, RAL '22]

Limitation: High computational cost due to PDEs or large sets of coupled ODEs

Compact VC representation but still captures continuous shape with high-fidelity.
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Overview

Euler Spiral-inspired

Learning-based Representation
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Figure: General framework of modeling for soft robots >

> Webster et al., IJIRR '10
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Euler Spiral

1 Proposed in 1694 by Bernoulli as the classic elastica problem.

 The curvature changes linearly with respective to the arc length.

Applications

O Rail track transition design ©

 Shape completion ’

Euler spiral
transition

B Constant
radius

6Eliou et al., Eur. Transp. Res. Rev. '14;
"He et al., Vis. Comput. Ind. Biomed. Art. 21.
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Shape Representation inspired by Euler Spiral

Figure: Illustration of the Euler Spiral
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(x(s)=cosO(s), x(0)=x,,

3(s)=sin6(s).  y(0) =y, (1)
| ds)=x(s).  0(0)=8,

N\

Traditional:  x(s) = x5 + K,

N
Extended: K(s)= Z KkSk, (2)
k=0

By plugging Eq. (2) into Eq. (1), one can get:
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The curve 1s compactly characterized by the shape
parameters ( = {k, } = [KooKla---:KN]T-
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Numerical Validation

[ High-fidelity physical simulation for soft bending actuator (ground truth) ’
( Validation Results (curve fitting)
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"Mei et al., TMech 24
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Learning-based Forward and Inverse Models

Learning-based
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[ Actuation input for this specific robot: Pneumatic input P , Payload W .
O Forward neural network: Input is [P,#] and outputis q=x".

O Inverse neural network: Input is [4, P 1" and output is V.

Dataset collection: | P-W.q]
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Curvature Parameters Extraction

Challenge of Dataset Collection

The direct and accurate measurement of the curvature is not readily available.

G! Hermite Interpolation Problem

Finding a G! smooth curve fitting two given points £, B, and the corresponding
orientation angles 6,6, .

VA
Optimization Problem:
v(Lik) — 21|
K* = argmin [y(L; K) — y1]
werN+1 || 0L k) — 6y ] ||
s.t. z(0) =20, y(0) =yo
©(0) = cosby, ¥(0)=sinb,
0 X

Figure: Illustration of G1 Hermite Interpolation
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Experimental Setup

Visual-detectable Soft fiber-reinforced
Dots bending actuator

Pressure Gauge
\ Camera

*3 2 4

RI

Metal Beads

Pneumatic Control Board Pressure Sensor
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Model Prediction Results

] Forward Model Prediction Results

Predicted curve with N=0
Predicted curve with N=1
Predicted curve with N=2

(b)

Table I. Average errors (%) at three reference
points relative to actuator length.

1/3 position er- 2/3 position er- Tip error (%)

N=2 3.38 + 0.21 2.19 + 0.40 1.93 + 1.33
N=1 3.43 = 0.18 2.50 £ 0.45 2.02 £+ 1.58
N=0 6.67 = 4.24 17.5 + 19.0 35.0 £ 35.0
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Model Prediction Results

] Inverse Model Prediction Results

Table I1. Average tipload errors (%) with re-
spect to the range of the payload for different

orders.
Order Load Error (%)
| N=2 0.72 + 0.62 |
N=1 1.08 + 1.12
N=20 1.21 4+ 1.08

Payload resolution is 0.254¢g for each bead (1%)
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Conclusions

1. A compact VC representation but captures continuous shape
with high-fidelity

2. Effective curvature extraction using G' Hermite interpolation
3. Learning-based model for robot-specific mapping

4. Experimental validations on actual robot
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Future Work

1. Control-oriented dynamic model

2. Extend to 3D space with torsion

Curvature

(green) 7

Torsion

(blue) .
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Thank you!
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