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ACTUATION MODULE

Grassmann, Shentu, Hamoda, Dewi, Burgner-Kahrs. Front. Robot. AI 2024
https://github.com/ContinuumRoboticsLab/OpenCR-Hardware

§ high-torque brushless DC motor

§ high resolution optical encoder

§ low-gear-ratio transmission

proprioceptive sensing

torque control 

modular
coupling to tubes/wires, tendons/rods

10 kHz low-level µ-controller
1 kHz high-level controller



ONE ACTUATION MODULE

Grassmann, Shentu, Hamoda, Dewi, Burgner-Kahrs. Front. Robot. AI 2024
https://github.com/ContinuumRoboticsLab/OpenCR-Hardware



TO CREATE THEM ALL

Grassmann, Shentu, Hamoda, Dewi, Burgner-Kahrs. Front. Robot. AI 2024
https://github.com/ContinuumRoboticsLab/OpenCR-Hardware
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PHYSICS-BASED MODELING
PERFORMANCE BENCHMARK

How to Model Tendon-Driven
Continuum Robots and Benchmark
Modelling Performance
Priyanka Rao*, Quentin Peyron, Sven Lilge and Jessica Burgner-Kahrs

Continuum Robotics Laboratory, Department of Mathematical and Computational Sciences, University of Toronto Mississauga,
Mississauga, ON, Canada

Tendon actuation is one of the most prominent actuation principles for continuum robots.
To date, a wide variety of modelling approaches has been derived to describe the
deformations of tendon-driven continuum robots. Motivated by the need for a
comprehensive overview of existing methodologies, this work summarizes and outlines
state-of-the-art modelling approaches. In particular, the most relevant models are
classified based on backbone representations and kinematic as well as static
assumptions. Numerical case studies are conducted to compare the performance of
representative modelling approaches from the current state-of-the-art, considering varying
robot parameters and scenarios. The approaches show different performances in terms of
accuracy and computation time. Guidelines for the selection of the most suitable approach
for given designs of tendon-driven continuum robots and applications are deduced from
these results.

Keywords: soft manipulator, soft arm, tendon actuation, modelling, soft robot

1 INTRODUCTION

Continuum robots are slender and soft manipulators that are mainly characterized by their
compliance and high dexterity. These properties together with their ability to follow non-linear
trajectories and easy miniaturization enables applications in areas such as minimal-invasive surgery
(Burgner-Kahrs et al., 2015) or inspection as well as assembly in confined spaces. Due to their
inherent compliance, the deformation of continuum robots is highly affected by the presence of
external forces. Such forces generally occur at the robot’s tip when interacting with the environment
during deployment using different tools fixed at the end-effector. While in theory they offer an
infinite number of degrees of freedom, only a subset of those can be actuated in practice. There exist
several different actuation principles for continuum robots including both extrinsic and intrinsic
methods. An overview of different actuation strategies for continuum robots is reviewed in Burgner-
Kahrs et al. (2015).

One commonly employed actuation principle is based on the use of tendons and these robots are
called as tendon-driven continuum robots (TDCR, see Figure 1). Several tendons are routed along
the robot’s flexible backbone. Actuation of the continuum robot is realized by pulling the tendons
which results in bending motions. Tendon actuation is an extrinsic actuation principle, as no
actuators are located inside the robot’s structure. The paper by (Hemami, 1985) is one of the first
publications concerned with TDCR. This work proposes a flexible lightweight robot arm, which is
composed of multiple flexible segments. The bending of each segment can be controlled using three
tendons. As a result, the robot can adopt highly non-linear shapes which allows manipulation in
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LEARNING-BASED MODELING
FIRST DATASET AND BENCHMARK 

Grassmann, Chen, Liang, Burgner-Kahrs. IEEE IROS 2022.
https://github.com/ContinuumRoboticsLab/CRL-Dataset-CTCR-Pose

100k 
joint space and task space

Benchmark
FK: 0.4% w.r.t. length

Effective representations
Sampling guidelines
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Actuation Constraints in Continuum Robotics Revisited: 
2 dof Manifold and Clarke Transform
Reinhard M. Grassmann, Anastassia Senyk, and Jessica Burgner-Kahrs

 Every displacement-actuated continuum robot 
is subject to actuation constraints 
 Solution exists for n = 3 and n = 4 actuators 
 How to deal with n actuators? 
 Can we identify the manifold of the joint space?

Turn 42 DoF into 2 DoF — overcoming 
the troublesome interdependancy between 
arbitrary numbers of tendons/cables/bellows. 
Enabling effective algorithms on the 2 DoF 
manifold embedded in the n dof joint space 
thanks to the proposed Clarke transform.

Motivation

 Revisit the actuation constraints 
 Analogy to Kirchhoff’s current law and 
Field-Oriented Control 
 Clark transformation

Approach

 Direct sampling without branching 
 Consideration of n actuators using tendons, 
cables, rods, and even bellows 
 Better joint control 
 Found a suitable displacement representation 
 Generalize Clarke transformation to n phases 
 2 dof manifold identified 
 Identify the linear one-to-one mapping

Results

CRL website

 Clarke transform to transform your inputs and 
outputs  
 Utilize the 2 dof manifold  
 Mandatory even for low dimensional problems (n = 3) 
 Useful for pneumatic/tendon/cable/backbone 
actuated continuum robots (including soft robots)

Conclusion

Poster design inspired by 
Mike Morrison

actuation constraint

2 dof manifold

generalized Clarke Transformation

joint representation

robot-depending mapping

On the Disentanglement of Tube Inequalities in 
Concentric Tube Continuum Robots

Reinhard M. Grassmann*, Anastassia Senyk*, and Jessica Burgner-Kahrs

 A CTCR has interdependent inequalities: 
 

 Utilizing an affine transformation matrix in our 
previous work on FK learning shows promising 
results (RSS 2019) 
 Is the affine transformation unique? 
 Can we utilize it for other application as well?

Converting interdependent inequalities 
into independent box constraints — 
removing the troublesome interdependancy 
between tubes in concentric tube continuum 
robots. Achieve better and more interpretable 
results while reducing the implementation 
effort.

Motivation

 Propper indexing 
 Proofs (induction and contradiction) 
 Investigating different application

Approach

 We prove the uniqueness (only one exists) 
 Application to 

 efficient sampling (surrogate problem) 
 workspace sampling (square root method) 
 control synthesis  

 Theoretical insights 
 type of distribution (Irwin-Hall) 
 non-minimum phase system (controller)

Results

CRL website

 Provides better and interpretable results 
 Interdependent inequalities become box constraints 
 Minimal implementation overhead (“sandwich”)  
 Should be consider in more frameworks (“low risk 
when trying”) 

Conclusion

Poster design inspired by 
Mike Morrison
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