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Objectives

In this work we present a constraint-based dynamics model to represent a 1-
Dimensional pneumatic actuator in a multi-physics environment. The main con-
tributions of this work are:

1 A dynamics and actuation framework for 1D pneumatic soft actuators that
accurately represent a large range of deformations;

2 An accurate dynamics model for a modular soft robotic snake;
3 A simulator for performing real-time control of soft robots.

Soft Robotic Snake

The snake is an assembly of four custom built pressure chamber links with two pressure
actuators, and constraints that make them expand in a single direction, and bend in an
arc due to a central constraint between the two pressure chambers[1, 2, 3].

Figure 1: Full snake assembled real and simulated.

Figure 2: Single link with con-
straints highlighted

Simulation

Lagrangian multiphysics simulator with frictional contact model described as:

Mq̈ − f(q, q̇)− JTb λb − JTnλn − JTfλf = 0
cb(q,p) + Eλb = 0

0 ≤ cn(q) ⊥ λn ≥ 0

∀i ∈ A, DT
i q̇ + |D

T
i q̇|
|λf,i|

λf,i = 0

∀i ∈ A, 0 ≤ |DT
i q̇| ⊥ µiλn,i − |λf,i| ≥ 0

∀i ∈ I, λf,i = 0.

• q ∈ Rnd are the vectors of generalized coordinates with nd degree of
freedom (DOF)s, determined by the number of particles and rigid bodies on the
system.

• M ∈ Rnd×nd is the mass-matrix that describes the inertial properties of the system.
• f(q, q̇) is a generalized force function that includes external and gyroscopic

forces.
• cb(q) is a set of bilateral constraints of length nb, with λb the associated Lagrange

multipliers.
• Elastic energy potentials are defined in terms of compliant constraints.
• E ∈ Rnb×nb is a block-diagonal compliance, or inverse stiffness matrix[4].
• p are the target pressures for the actuators.
• The contact and frictional forces are based on Coulomb’s model, which defines an

admissible cone of contact forces [5].
• cn(q) are unilateral contact constraints, with nc the number of contacts in the

system, and λn,i and µi the normal force Lagrange multiplier and friction
coefficient for the ith contact respectively.

• λf,i parameterize the frictional forces for contacts, with a corresponding basis Di

that defines the surface tangent plane at the contact point.
•A = {i ∈ (1, · · · , nc) | µiλn,i > 0} defines the active contact set, with inactive

contacts I being its complement.
• Jb,Jn contain the gradient of bilateral and normal constraint functions with

respect to q.
• Jf = [D1, · · · ,Dnc]T is the set of frictional basis vectors.

The soft links are simulated using tetrahedral finite elements (FEM). We use a
constant strain element, and a linear isotropic constitutive model with a lumped
mass model. Each tetrahedron defines a 6-dimensional constraint vector of coro-
tational strains. Material response is specified through the constant element com-
pliance (inverse stiffness) matrix defined by the Young’s modulus and Poisson ratio.

Snake Model

Figure 3: Mesh with tetrahedral edges de-
fined.

Figure 4: Constraints set up in Simulation as
fixed distance constraints

Pressure Dynamics

Actuation made with a network of distance constraints defined over FEM Geometry. Pressure is simulated by adjusting the
rest length across actuation dimension by a factor ε

ε(p) = 1 + p

Y

• Y - soft link material’s Young modulus.

Pressure dynamics update ODE that accounts for actuator natural dampening:

pi(t + h) =

{
pi(t) + ps∆pi2ki is inflating
pi(t)−min(pi(t)kd, Tp) is deflating

Simulation Results

Figure 5: Visual comparison of link expansion after settling from -10 to 10 psi pressure. Negative values mean the left chamber is inflated, while positive values are for the right chamber. The simulation displays high accuracy on the curvature up to 8 psi, where the dashed lines were traced. After that the pressure
becomes excessive and the real link stops following the linear model

Type Quantity
Rigid Bodies 15
Particles 1504
Distance Constraints 1460
Tetrahedral Finite Elements 4536
Rigid Joints 10
Particle Attachments 217
Simulation Time* 11.63ms

Table 1: size of the structure for one simulated snake
* Benchmark done on a Intel core i7 5820k, 16GB of RAM and a NVIDIA GTX 1080ti GPU

Figure 6: step analysis

Figure 7: curvature analysis
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