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INTRODUCTION

WHY SOFT ROBOTICS ?

▸ In nature, bodies are made with soft parts… 

▸ Is it an advantage in term of design ? it depends on the environment, the 
task etc…

human skeleton: 11% of the body mass 
skeletal muscles: 42% of the body mass

Is it too complex or too simple ?
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WHAT IS A « SOFT-ROBOT » ?
▸ Use of soft materials

Warein Robotics  



INTRODUCTION

WHAT IS A « SOFT-ROBOT » ?
▸ Use of soft materials 

▸ Deformable structure



INTRODUCTION

DEFINING SOFT ROBOTICS

▸ Two « definitions » in the literatureDefining Soft Robotics: a first broad classification
Variable impedance actuators
and stiffness control
• mechanically (or passively) compliant joints 

with variable stiffness 
• compliance or impedance control 

Use of soft materials in robotics

• Robots made of soft materials or structures that 
undergo high deformations in interaction

• Soft actuators and soft components

IEEE Robotics and Automation Magazine, 
Special Issue on Soft Robotics, 2008

Laschi C. and Cianchetti M. (2014) “Soft Robotics: new 
perspectives for robot bodyware and control” Frontiers 
in Bioengineering & Biotechnology, 2(3)

Compliant Joints  
(but still articulated rigid structure)

Deformable structure 
(the motion of the robot is created by deformation)



INTRODUCTION

DEFINING SOFT ROBOTICS

▸ Compliant mechanisms
definition: compliant mechanisms are flexible mechanisms that transfer an input force and 
displacement at one port to an output force and displacement at another port through elastic body 
deformation.

COMPLIANT 
MECHANISMForce 

(input port)

Displacement 
(output port)

Low elastic modulus  
(Soft material) 
or  
High elastic modulus 
(Geometrical structure)

COMPLIANT  
MECHANISM

▸ Advantages for robotics 

▸ Exploit the mechanical feedback from 
the interaction with the environment  

▸ use body compliance (instead of 
fighting it)

https://en.wikipedia.org/wiki/Mechanism_(technology)
https://en.wikipedia.org/wiki/Displacement_(vector)
https://en.wikipedia.org/wiki/Deformation_(engineering)


INTRODUCTION

WHY NOW ?

▸ [Mol78] Molaug, O. (1978). Flexible robot arm U.S. Patent No. 4,107,948. Washington, DC: U.S. Patent and 
Trademark Office.  

▸ [Hir78] Hirose, S., & Umetani, Y. (1978). The development of soft gripper for the versatile robot hand. 
Mechanism and machine theory, 13(3), 351-359. 

PIONEERING WORK



INTRODUCTION

WHY NOW ?
▸ Link with 3D printing

3D printing of Silicone Oregon State University

Neri Oxman, MIT



INTRODUCTION

WHY NOW ?
▸ Mesostructured material

Vanneste et al. RAL (ICRA) 2020



INTRODUCTION

WHY NOW ?
▸ Bio-inspiration

Octopus has inspired many groups in soft robotics



▸ Introduction 
▸ Why soft robotics ? 
▸ What is soft robotics ? 
▸ Why now? 

▸ Design 
▸ Bio-inspiration 
▸ Soft-robot technology 
▸ Morphological computation 

▸ Modeling and simulation 
▸ FEM simulation in real-time 
▸ Constraint-based modeling 

▸ Control methods 
▸ Inverse kinematics 
▸ Sensing & Closed-loop control 

▸ Perspective / Conclusion

11SUMMARY



DESIGN 
▸ Bio-inspiration 
▸ Soft-robot technology 
▸ Structure and optimisation 



BIOINSPIRATION AND 
BIOMIMETICS



BIOINSPIRATION AND BIOMIMETICS

EXAMPLES OF COMPLIANT ROBOTS INSPIRED BY NATURE

▸ Elephant trunk 

▸ Ian Walker, Clemson 
University

Walker, Ian D., and Michael W. Hannan. "A novel'elephant's trunk'robot." Advanced Intelligent Mechatronics, 1999. Proceedings. 1999 IEEE/ASME 
International Conference on. IEEE, 1999.



BIOINSPIRATION AND BIOMIMETICS

EXAMPLES OF COMPLIANT ROBOTS INSPIRED BY NATURE

▸ Elephant trunk 

▸ Festo

Festo, INC. Bionic handling assistant –flexible and compliant movement. https://www.festo.com/group/en/
cms/10241.htm



BIOINSPIRATION AND BIOMIMETICS

EXAMPLES OF COMPLIANT ROBOTS INSPIRED BY NATURE

▸ Fish 

▸ Compliant body motion to undulate and move



BIOINSPIRATION AND BIOMIMETICS

EXAMPLES OF COMPLIANT ROBOTS INSPIRED BY NATURE

▸ Fish 

▸ MIT 

https://www.csail.mit.edu/research/sofi-soft-robotic-fish



BIOINSPIRATION AND BIOMIMETICS

EXAMPLES OF COMPLIANT ROBOTS INSPIRED BY NATURE

▸ Fish  

▸ Boyer et al, Mines Nantes, France 

soft eel
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SOFT ROBOT TECHNOLOGIES

SOFT ACTUATORS 

▸ Fluidic actuators

Hydraulic actuation

Mc Kibben muscles
PneuNet 



SOFT ROBOT TECHNOLOGIES

SOFT ACTUATORS 

▸ Tendons

3

body upon actuation and will result in tendons damaging
the robot body.

c) Tendon path shapes. The embedded tendon can be de-
signed to follow any shape. Different shapes of tendon
paths induce different body deformations, thus, different
results of actuation and locomotion.

A. Body Design
The robots described here are printed on a Stratasys R� Con-

nex 500TM printer utilizing PolyJetTM additive manufacturing
technology using TangoPlusTM as the soft material (Shore
Hardness A 26-28) and VeroClearTM (Shore Hardness D 83-
86) as the hard material [40]. The experimental robot has a
soft rectangular body with horizontal ribs that impart structural
anisotropy to facilitate bending and reduce the substrate con-
tact area (Fig. 1). TangoPlusTM has a maximum extensibility of
approximately 200%. Hence, these ribs reduce the local strain
experienced during extreme bending and prevent elongation
failure.

The presented soft robot uses two overlapping, motor-tendon
actuators that allow controlled deformation of the soft body.
Each motor-tendon actuator consists of a brushless Maxon
motor (RE10 256102 with gear head GP10 218416) that
actively shortens a Nylon tendon (fishing line) by winding it
around a pulley. The distal end of the tendon is attached to the
soft robot body (Fig. 1). The resting length of the tendon is
restored passively by the release of the stored elastic energy as
the body relaxes. A design challenge results from the modulus
and strength mismatch resulting from interaction between the
nylon tendons of the actuator and the soft material used for
the robot body. This is solved by internally coating the tendon
paths with segments of hard material and allows for both -
efficient energy transfer to induce body deformation as well as
protection of the soft body from being damaged by the tendons.
The robots are designed in a modular fashion - the friction
mechanisms and soft body are separately printed. The resulting
robot is an assembly of the friction mechanism and soft body
snapped together as visible in Fig. 2. This modular design
facilitates quicker assembly (human cost) and easier repair.
Multi-material printing is instrumental in quick manufacturing
of such complex design solution.

B. Friction manipulation design
The friction manipulation is performed using two strategies

by utilizing 1) the relative difference in frictional interaction
of two different materials with the environment, or 2) the
direction of motion to vary the amount of frictional drag
between the robot and the surface.

Virtual grip mechanism. This mechanism utilizes relative
difference in frictional interaction of two different materials
with the environment. It is similar to a variable friction mech-
anism first described for soft robots powered by shape-memory
alloy coils [10] and consists of stiff capsules at each end of
the robot that also serve as motor housings (Fig. 1). Each
capsule is made from two different materials, one relatively
soft (M1, Shore Hardness A 26-28) and the other hard (M2,

Fig. 1: Detailed description of the soft robot design. The
135mm ⇥ 60mm rectangle (top view) shaped soft body is
attached to friction manipulation mechanisms at each end of
the robot. The 8.5mm deep grooves impart anisotropy to the
otherwise isotropic material and facilitate more deformation
about the length of the robot as compared to the width. The
friction manipulation mechanism includes a compartment to
hold the motor of the motor-tendon actuator. The sigmoid
shaped tendon paths start at one edge at 4mm distance from
the edge (yellow circle). The tendon paths terminate at 85mm
along the length and d mm from the opposite edge (red
circle). The blue contour between the robot body and friction
mechanism indicates its modular assembly with the soft body.

Fig. 2: The soft robot printed as three modules of two friction
mechanisms (for each end) and a soft body. The hollow arrows
indicate the direction of movement for the friction modules
along the sleeve to attach with the body module. The dotted
hollow lines indicate the tendon paths. The motors are inserted
inside the friction manipulation mechanism with a pulley
attached to the shaft.
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Design and locomotion control of soft robot using  friction manipulation 
and motor-tendon actuation Vishesh Vikas, Eliad Cohen, Rob Grassi, 
Canberk So ̈zer and Barry Trimmer 



SOFT ROBOT TECHNOLOGIES

SOFT ACTUATORS 

▸ Shape memory materials:Peristaltic locomotion with antagonistic actuators in soft robotics

Sangok Seok, Cagdas D. Onal, Robert Wood, Daniela Rus, and Sangbae Kim

Abstract— This paper presents a soft robotic platform that

exhibits peristaltic locomotion. The design principle is based

on the unique antagonistic arrangement of radial/circular

and longitudinal muscle groups of Oligochaeta. Sequential

antagonistic motion is achieved in a flexible braided mesh-tube

structure with NiTi coil actuators. A numerical model for the

mesh structure describes how peristaltic motion induces robust

locomotion and details the deformation by the contraction

of NiTi actuators. Several peristaltic locomotion modes are

modeled, tested, and compared on the basis of locomotion

speed. The entire mechanical structure is made of flexible

mesh materials and can withstand significant external impacts

during locomotion. This approach can enable a completely soft

robotic platform by employing a flexible control unit and energy

sources.

I. INTRODUCTION

Peristalsis is common in small limbless invertebrates such
as Oligochaeta (worms). Oligochaeta need to deform their
body to create the essential processes of locomotion (en-
gagement, propulsion, and detachment) in contrast to legged
locomotion which involves legs for the same functions. By
deforming their body, worms can modulate friction forces
of ground contact points at the body. For applications that
require operation in limited space, peristalsis can enable
robust locomotion without the need for complicated limb
structures.

Several worm-like platforms have been developed for
operation in confined spaces, such as with endoscopy. Serial
configurations of pneumatic actuators generated peristaltic
locomotion for an endoscope that maneuvers inside a small
tube [4]. Alternatively, moving magnetic fields can drive
sequential expansion of each segment when filled with a
magnetic fluid [8]. Piezoelectric actuators have demonstrated
reciprocal motion of two halves of the platform with direc-
tional skin [2]. Finally, NiTi actuators have been used to
contract each elastic segment and then extend by releasing
the stored elastic energy in the structure [5].

This paper presents peristaltic locomotion using the unique
characteristics of a mesh-tube driven by antagonistic circular
and longitudinal NiTi muscle groups. The body structure
consists of an elastic fiber mesh tube, which enables the
antagonistic arrangement between radial/circular muscle and
longitudinal muscle [3]. The kinematic model of mesh tube

Sangok Seok, Cagdas D. Onal, Sangbae Kim, and Daniela Rus are,
respectively, a graduate student, a post doctoral fellow, and faculty members
in Massachusetts Institute of Technology, Cambridge, MA 02139, USA
sangok@mit.edu

Robert Wood is a faculty member in School of Engineering and Applied
Sciences at Harvard University, Cambridge, MA 02138, USA

This work is supported in part by Defense Advanced Research Projects
Agency (DARPA) grant W911NF-08-C-0060 (Chemical Robots)
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Fig. 1. Oligochaeta utilize antagonistic radial and longitudinal deformation
of the body. The meshworm prototype exhibits peristaltic locomotion
induced by a similar antagonistic configuration.
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Fig. 2. The mesh structure can transmit power from the longitudinal
direction to the radial direction and vice versa.

deformation describes how peristaltic contraction enables
locomotion of the platform. To ensure a minimum number
of actuators, induced antagonistic actuation is introduced and
experimentally validated. Multiple gait modes are chosen and
tested on the prototype and analyzed to determine locomotion
speed and efficiency.

II. ANTAGONISTIC ACTUATION IN SOFT BODIES

Natural muscles generate power in contraction. Vertebrates
attain flexion and extension motions from intricate kine-
matics of rigid bones, joints with cartilage, and contract-
ing muscles in antagonistic arrangements. In invertebrates,
a hydrostatic skeleton enables shape change and stiffness
modulation. Oligochaeta, in particular, employ an antago-
nistic pairing of radial muscles and longitudinal muscles.
Figure 1 shows the arrangement of muscle groups found in
Oligochaeta.

Antagonistic circular or radial muscles and longitudinal
muscles control movements of the hydrostatic bodies of
earthworms [6]. Coelom in each septum contains liquid that
works as fluidic transmission between the longitudinal and
radial directions. With this divided cavity filled with fluid,

MIT & Harvard University



SOFT ROBOT TECHNOLOGIES

SOFT ACTUATORS

▸ Dielectric ElectroActive Polymers (EAP) 

▸ Polymers that exhibit a change in size or shape when 
stimulated by an electric field.  

▸ Can be used as actuator and sensor

Univ Sydney
Eamex Corp.SRI International.



SOFT ROBOT TECHNOLOGIES

SENSORS
▸ Textile Silicone Hybrid Sensor 

▸ two outer electrode layers of highly stretchable 
silver plated knitted textile 

▸ a dielectric layer of silicone elastomer in between 

▸ Capacitance change when the sensor is stretched 



SOFT ROBOT TECHNOLOGIES

SENSORS

▸ Pneumatic sensors 

▸ Flow  

▸ Pressure



SOFT ROBOT TECHNOLOGIES

SENSORS

▸ Optical fibers & compliant structure

  

cannot provide force feedback to the surgeon. 

For these reasons, we have been developing a multi-DoF 

force sensor for the arm of the EU-project STIFF-FLOP, in 

collaboration with 11 European academic partners 

(www.stiff-flop.eu) [12-14]. The STIFF-FLOP arm is a soft 

robotic arm that can squeeze through standard MIS trocar 

ports enabling precise closed-loop motion control of the arm, 

i.e. omni-elongation and bending of the arm using air 

pressure feedback and bending sensors [15] (a sketch of the 

arm is shown in Fig 1). In addition, the stiffness of the arm 

can be adjusted at various regions along its length through 

granular jamming [10-11]. This provides opportunities to 

perform compliant force control tasks using force and tactile 

sensors while the robot is moving through the abdominal 

environment of a patient. Moreover, due to the lack of metal 

components and electric circuits in the structure of the 

STIFF-FLOP arm, the surgical operation can be potentially 

carried out employing intra-operative MRI (Magnetic 

Resonance Imaging). 

Conventional multi axial force sensors usually employ 

strain gauges driven by electrical circuitry and are made of 

metal components. The application of this class of sensors 

makes the robotic system vulnerable to magnetic or electrical 

fields. Also, these sensors usually do not have a hollow 

structure and, thus, prevent the passing through of cables and 

tubes that may be needed for a fully-functional surgical 

device. Often the standard force sensors do not conform to the 

geometry of the STIFF-FLOP arm. Hence, to enable 

embodiment of the multi-axis force sensor along with other 

actuation and sensing components, and to preserve unique 

advantages of the STIFF-FLOP arm including MR 

compatibility, a new sensor approach was explored here.  

To tackle the aforementioned limitations, we take 

advantage of a fiber optic sensing approach [16-19], which is 

inherently safe and well-suited to be accompanied with 

intra-operative imaging systems [18]. Here, a ring-shaped 

multi-axis force sensor, as shown in Figs. 1 and 2, is designed 

and implemented allowing actuation and sensing components 

of the arm to pass through from the base of robot to its tip, 

including the pipes for the fluidic actuation chambers to pass 

between successive segments of the manipulator.  

In this paper, we present the design and development of an 

optical based three axis force sensor which can measure 

applied forces. In the following text, we explain the design, 

calibration, and calculation of the force components of the 

sensor. Finally, from the result of the experiments, we verify 

our proposed methods.  

II. DESIGN METHODS AND FABRICATION 

A. Design Concept 

The design concept of the multi axial force sensor should 

satisfy several conditions as follows:  

1) The sensor employs optical fiber technology to be 

immune against magnetic and electric fields. Also, our 

approach eliminates possible damage to the patients due to 

electric currents. 

2) This sensor devices will also serve as connecting 

element between segments of the STIFF-FLOP manipulator 

and, hence, should have a ring-like structure to conform to the 

shape of the manipulator. A hollow section in the central 

region of the sensor should be provided to allow auxiliary 

pipes and cables to pass through. 

3) The sensor should be capable of measuring three 

components of external force and moments including Fz, Mx, 

and My in order to determine relevant interactions with the 

environment. Note that, the STIFF-FLOP manipulator has 3 

DoF including two omni-directional bending motions and an 

elongation motion. 

B. Configuration of Optical Multi Axial Force Sensor 

The structure of optical three axis force sensor is shown in 

Figs. 1 and 2. The sensor uses quarter millimeter thick optical 

fibers SH1001-1.0 from LasIRvis Co. Ltd, mirrors as 

reflective surfaces, and a flexible ring-like structure to 
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Figure 2. The three axis sensor and the click-on mechanism to connect 

with the STIFF-FLOP manipulator  
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measure a force component Fz and two moment components, 

Mx and My. In order to measure these three force and moment 

FRPSR VU DV O DUV VKT G IRTPDVLR U RI VK U URTcU

structure need to be measured, as illustrated in Fig. 3  

The sensor makes use of a pair of optical fibers, one of 

them used for emitting the light and the other one for the 

receiving the light [16-19]. Fibers are arranged at a specific 

angle with respect to each other, as shown in Fig. 1, and are 

connected to FS-N11MN Fiber Optic Sensor, by Keyence 

Co., Ltd. The Keyence optic sensor has two light channels, 

one for emitting and for receiving light. The device works 

both as a light source and receiver of the reflected light, and 

eventually converts the amount of reflective light into voltage. 

When an external force is applied on the upper plate, three 

cantilever beams will be deformed as shown in Fig. 3. The 

three pairs of optical fibers can measure deformations �1, �2, 

and, �3 on the three points between the upper plate and the 

bottom plate as shown in Fig. 3. In order to anchor the force 

sensor to the structure of the STIFF-FLOP manipulator, a 

click-on mechanism is adopted, as shown in Figs. 1 and 2. 

The ring-like, hollow sensor structure allows passing optical 

fibers between the arm segments and connecting them to the 

force sensor. 

C. Sensor Structure Design and Simulation 

To measure the force/moment components, three 

cantilever beams are used as shown in Fig. 3. To satisfy the 

force range requirements of the STIFF-FLOP manipulator 

(0-10 N), we have performed an FEM analysis. Fig. 4 shows 

the result of the FEM simulation by using the SolidWorks 

Simulation tool, revealing that the sensor can measure the 

force within the required range. The material property values 

in this simulation were set at: tensile modulus of 1283 MPa, 

mass density of 1020 kg/m3, yield strength of 42500000 

N/m2; these assumptions were based on information provided 

by PROJET VisiJetdR EX200, 3D SYSTEM Co., Ltd.  

D. Optimization of Deployment of Optical Fibers 

In order to develop an optical based force sensor, the 

following key points should be considered: (1) a small 

deformation resulting from an external force should produce 

a sufficiently large value for the output voltage of the fiber 

optic sensor; (2) the output voltage of the fiber optic sensor 

should change linearly with respect to distance between 

optical fibers and the mirror, to lead to a linear relationship 

between physical force and output voltage of the optical fiber.   

However, depending on the distance from the mirror to the 

tips of the fibers, the orientation angle between two optical 

fibers a, and the depth d between them, the characteristic 

curve between the output voltage of the optical fiber and the 

distance was found to be different (Fig. 5). For this reason, in 

order to satisfy the two key points for the development of the 

optical force sensor, a device is proposed to optimize the 

measured voltage values against the corresponding actual 

parameters, including depth d and angle a. Using this device, 

the optimized angle between the two optical fibers has been 

determined as follows: 

1)  Experiment for Optimization of Deployment of Optical Fiber 

1.1) Device Design 

The device consists of a mirror, a linear guide, an actuator, 

and a rotational unit, which can adjust an amount of angle and 

distance between the two optical fibers as shown in Fig. 6. 

The actuator moves in a translational direction along the 

linear guide and the characteristic curve is obtained as shown 

in Figs. 7, 8 and 9. The characteristic curve shows how much 

the measured optical fiber voltages change with respect to 

distance. This device, ADC (Analog to Digital Convertor), 

and software can obtain characteristic curves between output 

voltage of the optical fiber D G GLUVD F DFVWDVRTcU FRG T

data). 

1.2) Setup for Experiments   

The angle between an optical fiber pair and the distance 

between their tips and the mirror are adjusted as shown in Fig. 

6: this is achieved by changing angle a and depth d, namely 

the distance between the mirror and the two optical fibers 

along the linear guide using DC motor.    

As shown in Figs. 5 and 6, the distal part of the two optical 

fibers was adjusted to be 6.5 mm away from the mirror. Then, 

a profile of different angles a (0�, 15�, and 30�) and different 

depths d (1, 2, 3) were tested while the distance between the 

fibers and the mirror were modulated from 0 mm to 6 mm 

along the linear guide, Figs. 5 and 6. In this way, the 

characteristic curve between the output voltage of the optical 

fiber and the distance between the mirror and the two optical 

fibers was obtained.          
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SOFT ROBOT TECHNOLOGIES

STRETCHABLE ELECTRONICS

Paik, Jamie K., Rebecca K. Kramer, and Robert J. Wood. "Stretchable circuits and sensors for robotic origami." Intelligent Robots and Systems (IROS), 2011 IEEE/RSJ 
International Conference on. IEEE, 2011.

Hirsch, Arthur, Hadrien O. Michaud, Aaron P. Gerratt, Séverine De Mulatier, and Stéphanie P. Lacour. "Intrinsically stretchable biphasic (solid–liquid) thin metal films." 
Advanced Materials 28, no. 22 (2016): 4507-4512.
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STRETCHABLE ELECTRONICS & SENSORS (CAPACITIVE AND PRESSURE)
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STRUCTURE AND OPTIMISATION

MORPHOLOGICAL COMPUTATION & EMBODIED INTELLIGENCE

▸ A concept… not yet a theory… A ‘soft’ animal world

human skeleton: 11% of body mass
skeletal muscle: 42% of body mass

Rolf Pfeifer and Josh C. Bongard, How the body shapes the way we think: a new view of intelligence, The MIT Press, Cambridge, MA, 2007

Zambrano D, Cianchetti M, Laschi C (2014) “The Morphological Computation Principles as a New Paradigm for Robotic Design” in Opinions
and Outlooks on Morphological Computation, H. Hauser, R. M. Füchslin, R. Pfeifer (Ed.s), pp. 214-225.

Embodied Intelligence and Morphological Computation

Adaptive behaviour emerges from the interaction between 
the morphology of the body, the environment and the task.

S Many tasks become much 
easier if morphological 
computation is taken into account

In order to grasp the simplifying 
principles of morphological 
computation, we need to 
- exploit the mechanical 

feedback from the interaction 
with the environment

- use body compliance (instead 
of fighting it)



STRUCTURE AND OPTIMISATION

MORPHOLOGICAL COMPUTATION & EMBODIED INTELLIGENCE

▸ A concept… not yet a theory…

Body Control

Morphological computation

Embodied Intelligence

Part of the control is done (and 
delegated) naturally by the 
morphology of the body

The body contains local 
control elements or 

information processing 
elements

Pfeifer, Rolf, and Fumiya Iida. "Embodied artificial intelligence: Trends and 
challenges." Embodied artificial intelligence. Springer, Berlin, Heidelberg, 2004.

Pfeifer, Rolf, Fumiya Iida, and Gabriel Gómez. "Morphological computation for adaptive 
behavior and cognition." International Congress Series. Vol. 1291. Elsevier, 2006.



STRUCTURE AND OPTIMISATION

MORPHOLOGICAL COMPUTATION & EMBODIED INTELLIGENCE

▸ Evolutionary algorithms

Cambridge University | Fumiya Iida’s research group



STRUCTURE AND OPTIMISATION

MORPHOLOGICAL COMPUTATION & EMBODIED INTELLIGENCE

▸ Evolutionary algorithms

EVALUATE THE 
POPULATION

SELECT THE BEST 
INDIVIDUALS 

COMBINE THE BEST 
INDIVIDUALS 

CREATE NEW SHAPES 
(POPULATION)ADD NOVELTY

NEED of models !



MODELING AND SIMULATION 
▸ Modeling for real-time simulation 
▸ Constraint-based modeling

ForcePressure

Mass

Stiffness

©Jonathan Pepe/DEFROST team



MODELING AND SIMULATION

PHYSICS-BASED SIMULATION FOR ROBOTICS SYSTEMS
▸ Many use-cases !

Design stage

EPFL BioRob laboratory.

Simwise 4D.

Learning stage/ 

Open AI dexterous In-Hand Manipulation

test control strategies

Making decisions

NVIDIA Isaac Platform

planning

Training Simulator
for robotic-system

Da Vinci Training Simulator - Intuitive

safe verification 
environment

PHYSICS-BASED SIMULATION… 

TOO COMPLICATED FOR SOFT-ROBOTICS ?
OR 

ISN’T IT EVEN MORE IMPORTANT FOR SOFT-ROBOTICS ?

https://biorob.epfl.ch/


MODELING AND SIMULATION

▸ Rigid Robot Kinematics derived from geometry

PHYSICS-BASED SIMULATION FOR SOFT ROBOTICS SYSTEMS

q
q

dx

dq

dq

dx = J(q) dq

Only geometrical information

dq
dx

dq dx

dx = J(q) dq

Influenced by Internal Forces

-1
= Wxq(q) Wqq(q)dq 

W(q)  = Compliance Matrix

▸ Soft Robot Kinematics derived from mechanics !

DEFORMABLE MODELS SUITABLE  
FOR SIMULATION AND CONTROL OF SOFT ROBOTS ?



MODELING FOR REAL-TIME SIMULATION

Finite Strain Theory in continuum mechanics

▸ soft robots are deformable solids: why not using continuum mechanics ?

▸ ++ « Classical » mechanics  

▸ ++ material properties 

▸ — — no analytical solutions

Finite Element Analysis and Design 
Optimization of a Pneumatically 
Actuating Silicone Modulefor 
Robotic Surgery Applications

Elsayed et al. Soro 2014

Figure 5 illustrates that modules made from different
grades of silicone of different hardness achieve similar de-
formed shape for the same bending angle, but of course the
softer Ecoflex 0030 module requires about 1/3 of the pressure
driving the Ecoflex 0050 module to realize the same extent of
bending. The generated stress distribution is of particular
interest for two reasons: (a) to avoid bursting of the created
balloon in the pneumatic chamber under pressure, and (b) to
stiffen the actuated module so that the robot arm is stable in
its deformed shape for the surgeon to be able to perform the
required tasks of gripping, prodding, and cutting using sep-
arate slimmer arms or fingers that will protrude out of the tip
of the proposed silicone module arm. Figure 5 demonstrates
that the outer surface of the balloon in the Ecoflex 0050
module reaches a von Mises stress of 5 MPa for driving
pressures greater than 0.26 bar, homogeneously distributed
across the length of the balloon. Higher driving pressures
above 0.35 bar resulted in bursting the balloon in the Ecoflex
0050 module. The Ecoflex 0030 module reaches a much
lower maximum von Mises stress in the range of 0.5–0.9 MPa
at a tested driving pressure of 0.1 bar. The maximum force
that can be exerted by the tip of the module was also esti-
mated for both types of silicone module for a contact surface
area of 2.5 · 10 - 5 m2 at the tip of the module to reach 2.4 and
4.6 N for the Ecoflex 0030 and 0050 modules bent under
pressure 0.1 and 0.3 bar, respectively.

FEA parametric studies for design optimization
of the silicone module

FEA parametric studies of the Ecoflex 0030 silicone
module were conducted for module design optimization
based on the CAD models of Figure 1 under pressure actu-

ation of one pneumatic chamber to realize one-degree
bending of module.

Starting with the semicircular cross-sectional chamber
design (Fig. 1b), which in fact proved the chamber design
causing the least ballooning as will be seen in later parametric
studies, the effect of the chamber-module wall distance was
studied normalized by the total module diameter. The stan-
dard geometry was a module of 25 mm diameter and 65 mm
length, 55 mm chamber length, 3.7 mm chamber radius, and
1.5 mm distance between the chamber wall and the outer
module surface. Figure 6a presents the effect of the distance
between the pneumatically pressurized chamber and the
module’s outer surface on the pressure required to reach 90!
bending and the balloon side-projected area as in Figures 4
and 5. As this distance decreases, the pressure required to
bend the module to 90! also decreases in a linear manner
while the radial expansion and associated balloon area are
almost constant. Consequently, a ratio of chamber wall–
module wall distance/module diameter of 0.04 seems to be
the optimum in Figure 6a, translating to 1 mm chamber wall–
module wall distance for a 25-mm-diameter module. How-
ever, given the residual deformation and balloon surface
thinning of repetitively actuated experimental modules
leading to early balloon bursting, 1.5 mm chamber wall–
module wall distance was used, translated into a ratio of this
distance to module diameter of 0.06, which still corresponds
to a relatively low required one-chamber actuation pressure
of 0.08 bar as seen in Figure 6a.

The next step was to change the chamber length/module
length ratio in the range of 0.6–0.95. Figure 6b shows that the
pressure required for 90! module bending decreases linearly
as the ratio of chamber length/module length is increased.
This is accompanied by a reduction of the radial module

FIG. 5. FEA simulations of a module (with three semicircular pneumatic chambers, length = 8 mm) actuated in one degree
of freedom bending mode: comparison between Ecoflex 0030 and Ecoflex 0050 modules at different inputted actuating pressures
to achieve the same bending angles in both types of modules. Color images available online at www.liebertpub.com/soro

FEA OPTIMIZATION OF SOFT MODULE FOR ROBOTIC SURGERY 5

▸ ++ Well known in numerical mechanics 

▸ ++ Existing software (don’t need to know the 
continuum mechanics to use it)  

▸ ++ take into account the geometry and material 
properties 

▸ — — computation time

DEFORMABLE MECHANICAL MODELS FOR ROBOTICS SYSTEMS



MODELING FOR REAL-TIME SIMULATION

MECHANICAL DEFORMABLE MODELS
▸ FEM model 

▸ Newton’s second law

1.2. REAL-TIME INTEGRATION OF A DYNAMIC DEFORMABLE MODELS 17

step exceeds h (for instance tc = 2h), the (real) time elapsed between two successive
measured positions is equal1 to tc, whereas the simulated time between these two
positions is only h. It means that the simulated velocity of the probe is twice faster in
the simulation than it is in reality ! This creates an artificial excessive kinetic energy
that may completely distort the results !

So, we can state that the real-time constraint for an interactive simulation is primarily
a problem of accuracy !

We often present our choices as a tradeo� between accuracy and real-time performance
but, as explained above, we can finally justify them by a single problem of accuracy...
Even if we need to simplify the model to make it real-time, the error introduced by
these simplifications should be put in perspective with the errors that would be caused
by the failure of real-time. In our choice of time integration, we prefer schemes that
support constant and large time steps while maintaining the computations as simple
as possible. These reasons led us to use low order schemes, like implicit Euler, coupled
with a principle of a unique linearization per time step.

1.2.1 Time-stepping implicit integration:

Let’s consider a generic dynamic deformable model. Equations used to model the
dynamic behavior of bodies have led to a synthetic formulation, given by the Newton’s
second law:

M(q)v̇ = P(t)� F (q,v) +HT� (1.1)

where q ⇤ Rn is the vector of generalized degrees of freedom (for instance, displacement
of a mesh), M(q) : Rn ⌅⇥ Mn�n is the inertia matrix, v ⇤ Rn is the vector of velocity.
F represents internal forces applied to the simulated object depending on the current
state and P gathers external forces. HT� ⇤ Rn is the vector of constraint forces
contribution.

M(q) and F (q,v) are derived from the physics-based deformable model. H is the
matrix containing the constraint directions and � the vector of lagrange multipliers
containing the constraint force intensities.

Implicit schemes provide several advantages, in particular improved stability with
relatively large time steps. This is particularly relevant for interactive simulations
involving contacts with virtual devices controlled by an operator.

Using time-stepping methods, the time step is fixed and there is no limitation on
the number of discontinuity that could happen during a time step (Anitescu et al.
(1999)), but low-order integration schemes should be used. This could lead to excessive
dissipation if the time step is too large. However it provides stable simulations.

1quasi equal would be more appropriate if we integrate the variable delays caused by the measure of the
position itself.
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Inertia Matrix
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Vector of generalized degrees of freedom (nodes of a deformable model)
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Internal forces (non-linear model)
External forces
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Constraint force contribution
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Vector of velocities

Constitutive law FEM meshDeformable robot
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unknown forces: actuation & collision



MODELING FOR REAL-TIME SIMULATION

TIME INTEGRATION SCHEMES WITH COLLISION EVENTS

V-

V+ acceleration is not defined ! 

V- <0 before impact and V+ >0 
after impact.. between them, an 
infinite small time step

39



MODELING FOR REAL-TIME SIMULATION

TIME-STEPPING METHOD
▸ Low order Integration scheme: 

▸ 1 Linearization per step: 

▸ Matrix system to be solved: 

▸ Compatible with rigid body 
dynamics:

18 CHAPTER 1. MECHA. DEFORM. MODELS FOR REAL-TIME COMPUTATION

Let’s consider the time interval [ti, tf ] which length is h = tf � ti. We have:

M(vf � vi) =

⌅ tf

ti

(P(t)� F(q,v)) dt + h HT⇥ (1.2)

qf = qi +

⌅ tf

ti

vdt (1.3)

To evaluate integrals
⇤ tf
ti

(P(t)� F(q,v, t)) dt and
⇤ tf
ti

vdt we chose the following im-
plicit Euler integration scheme:

M(vf � vi) = h (P(tf )� F(qf ,vf )) + hHT⇥f (1.4)

qf = qi + hvf (1.5)
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where pf is the value of function P at time tf . The only unknown values are the La-
grange multipliers ⇥ but their computation is detailed in section 2.2. In the remainder
of this section, we will refer to this system using matrix A and vector b.

1.2.2 Quasi-dynamic consistent simulation

This subsection is an abstract of the contribution presented in Theetten et al. (2007)
which is dedicated to precise and interactive simulation of mechanical splines. For this
work, we introduce a new method based on a simple idea: for a coherent simulation
of a spline, when it is not possible to do the computation in real-time, we switch from
a dynamic model to a static model. In the following, we generalize the concept to any
deformable model.

First, we will separate two di�erent notions that are often mixed:

• An interactive simulation is a simulation that has a refresh rate that is su⇤ciently
fast to allow a continuous and transparent interation with the user (typically
30fps for a visual interaction).

• A real-time simulation is a simulation for which there is a notion of time in the
models and the simulated time is the same than the execution time.
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the actuation is released and the parameters of the materials
are given by the Young modulus and the Poisson’s ratio
of the Hook’s law. Different levels of complexity exist in
the elastic deformation law which are: small displacements,
large displacements, large deformations but for most of our
robots, we rely on large displacements where a non-linear
computation is performed to obtain the strain with a linear
stress-strain relationship.

Depending on the constitutive equations and the geometri-
cal representation, several possibilities exist in Sofa to model
deformable materials. When dealing with 1D structures,
one can use beam elements [32] or geometrical curves as
in [33]. For 3D structures, there exist mass-spring models,
co-rotational FEM [34], embedded deformable solids [28]
as well as hyperelastic models to handle large deforma-
tions [27]. More concretely, each of these models can com-
pute the F term in Equation 1.

B. Actuator constraint

In our framework, we handle the actuation by defining spe-
cific constraints with Lagrange multipliers on the boundary
conditions of the deformable models.

Two types of actuators are considered in this work:
• Cable: when actuation is done by placing cables inside

the structure of the robot to pull at certain points and
create a deformation. The function �a(x) measures the
length of the cable which is modified by the actuation.
�a is the force applied by the cable on the structure.

• Pneumatic: when actuation is done by exerting a vari-
ation of pressure on the surface of the deformable
material. In such a case, �a(x) is a measure of the
volume of the cavity. �a is the uniform pressure inside
the cavity.

It is possible to specify the behavior of the actuator either by
assigning the value of �a or by setting the value of �a(x)
in the resolution process.

C. Contact constraint

When a potential contact on the robot has been detected,
�c(x) measures the shift between the robot and the obstacle
at the contact point and �c is the contact force. In order to
add the modeling of the environment, we need to deal with
contact mechanics and find the value of �c. For that, we will
rely on a formulation of the complementarity problem using
Signorini Conditions [11], [27]:

0  �c ? �c � 0 (2)

D. End effector and task space definition

It is possible to specify a constraint in the task space.
It is particularly useful to obtain a direct or inverse model
of the robot (see the following section). In this case, �e(x)
measures the shift along x, y and z between controlled
point(s), which is (are) considered as effector and desired
position(s) or trajectory.

For all constraint types, at each line i of the matrix H, we
have Hi =

@�i(x)
@x .

IV. NUMERICAL RESOLUTION

In this section, we describe how we integrate in time
the equation of the dynamics (Eq. 1) and the numerical
approaches used to solve the constraints.

A. Time integration or quasi-static formulation

We integrate equation 1 using a time-stepping implicit
scheme (backward Euler) to have unconditional stability.
Let us consider the time interval [ti, tf ] whose length is
h = tf � ti:

M(vf � vi) = h (P(tf )� F(qf ,vf )) + hHT� (3)
qf = qi + hvf (4)

The internal forces F are a nonlinear function of the
positions and the velocities. We then apply a Taylor series
expansion to F and make the following first order approxi-
mation:

F(qf ,vf )) = F (qi+dq,vi+dv) = fi+
�F
�q

dq+
�F
�v

dv (5)

Using dq = qf � qi = hvf and dv = vf � vi, we obtain:
✓
M+ h

�F
�v

+ h2 �F
�q

◆

| {z }
A

dv|{z}
dx

=�h2 �F
�q

vi�h (fi + pf )
| {z }

b

+hHT�

(6)
where pf is the value of the function P at time tf . The
only unknown values are the Lagrange multipliers � ; their
computation is detailed in Section IV-B. In the remainder of
this section, we will refer to this system using the matrix A

and the vector b.
If the deformable robot is attached to the ground (like a

manipulator) and its motion is performed at a low velocity,
we can ignore the dynamic part (Eq. 1) and use a static
formulation:

P� F (q) +H
T� = 0 (7)

Again, the Taylor series expansion (5) can be used to
obtain a unique linearization per simulation step:

�F
�q|{z}
A

dq|{z}
dx

= P� fi| {z }
b

+H
T� (8)

We obtain a formulation similar to the dynamic case
(Eq. 6) with h = 1.

B. Solving the constraints

From Equation 6 in dynamics or 8 in quasi-statics, the
equation has two unknowns: dx which provides the motion
of the degrees of freedom and �i, which is the intensity of
the actuators and contact loads. Consequently, the solving
process will be executed in two steps.

The first step consists in obtaining a free configuration
qfree of the robot that is found by solving Equation 8 while
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where pf is the value of function P at time tf . The only unknown values are the La-
grange multipliers ⇥ but their computation is detailed in section 2.2. In the remainder
of this section, we will refer to this system using matrix A and vector b.

1.2.2 Quasi-dynamic consistent simulation

This subsection is an abstract of the contribution presented in Theetten et al. (2007)
which is dedicated to precise and interactive simulation of mechanical splines. For this
work, we introduce a new method based on a simple idea: for a coherent simulation
of a spline, when it is not possible to do the computation in real-time, we switch from
a dynamic model to a static model. In the following, we generalize the concept to any
deformable model.

First, we will separate two di�erent notions that are often mixed:

• An interactive simulation is a simulation that has a refresh rate that is su⇤ciently
fast to allow a continuous and transparent interation with the user (typically
30fps for a visual interaction).

• A real-time simulation is a simulation for which there is a notion of time in the
models and the simulated time is the same than the execution time.

Mass and Inertia Gravity forces Coriolis & centrifugal forces

No assumption on the type of deformable model  (compatible with hyperelastic models)

[Stewart & Trinkle (1996)] 



MODELING FOR REAL-TIME SIMULATION

HOW TO MAKE IT REAL-TIME ?
▸ Use of numerical recipes 
▸ Optimisation of the structure of the matrix (see D.James et al.,…) 
▸ Preconditioners  (see H.Courtecuisse et al.) 
▸ Domain decomposition (see Barbic et al., Kry et al., …) 
▸ … 

▸ Code & formulation optimisation 
▸ GPU implementation (see J.Allard et al., …) 
▸ Multigrid or adaptive methods  (Georgii et al., Debune et al.,…) 
▸ Fast hyperelastic models (see S.Marchesseaux, H.Delingette et al.) 
▸ … 

▸ Precomputation 
▸ Condensation methods (Cotin et al.,…) 
▸ Reduced-order methods (Barbic et al., Goury et al.…) 
▸ …

41
Different communities: computer animation, biomechanics, numerical methods,…
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MODEL ORDER REDUCTION
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Introduction
Projection-based model order reduction for soft robots

Some examples

FEM Model
Snapshot-POD
Hyperreduction

Projection-based reduction

State variables are expressed in a reduced space spanned by a
few basis vectors:

q (t ,�(t)) ⇡ q(0) +
NX

i=1

�i↵i(t ,�(t)) = q(0) +�↵(t ,�(t)) (4)

=

α1 . α2 . α3 .

α4 . α5 . α6 .

+ +

+ + +

Journées Scientifiques 2018 June 27-29th 2018

New Degrees of Freedom

Goury & Duriez IEEE Trans on Robotics, 2018
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MODEL ORDER REDUCTION
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▸ This leads to the reduced equations  

▸ Offline stage:  

▸ shake the robot within the range of its actuators => compute a snapshot space 

▸ Find basis that minimize the cost function: 

▸ After SVD                    (and truncation), we obtain the reduced basis: 

▸ Hyper-reduction 

▸ additional stage for reducing computations with no loss of information

Introduction
Projection-based model order reduction for soft robots

Some examples

FEM Model
Snapshot-POD
Hyperreduction

Projection-based reduction

This leads to the reduced equations:

�T
A(qt , vt)�| {z }

Ar

˙d↵(t + 1) = �T
b(qt , vt)| {z }

br

+(H�)T

| {z }
Hr

�, (5)

Journées Scientifiques 2018 June 27-29th 2018

Introduction
Projection-based model order reduction for soft robots

Some examples

FEM Model
Snapshot-POD
Hyperreduction

Snapshot POD

“Offline” stage: shake the robot within the range of its actuators
to compute the snapshot space S.
Find basis � that minimises the cost function:

bJ(�)2 =
X

�⇤2b⇤

t=tntX

t=t0

���q(t ,�⇤(t))�
X⇣

�i
T

q(t ,�⇤(t))
⌘
�i

���
2

2
. (6)

After a singular value decomposition: S = U⌃VT , we obtain the
reduced basis after truncation:
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▸ Performance

8

Fig. 4: First few basis vectors generated with the snapshot-POD method.

Arms 
Measurement 
Position

Goal 
Position

Fig. 5: Position where the error is measured for the arms
on one hand, and the top of the robot (Goal) on the other
hand.
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Linear elastic FOM Goal errors

Linear elastic FOM Arms errors

Linear elastic ROM Goal errors

Linear elastic ROM Arms errors

Hyperelastic FOM Arms Error

Hyperelastic FOM Arms Error

FEM Mesh size 

increases

RID size increases

Fig. 6: Comparison between full order models (FOM)
with several meshes and reduced order models (ROM)
with increasing reduced integration domains, in terms of
accuracy versus computational time. The error is mea-
sured on the goal point and on the arms of the robot
(for the hyperelastic model, we display the error for the
arms only for clarity of the graph). Values are extracted
from Tables I and II. For the FOMs (continous lines),
a more refined mesh implies a better accuracy, but at a
high computational cost which results in a timestep rate
decrease. To reach Timestep rates allowing interactivity
(circa 25 fps for example), the FOM has to be based on a
coarse mesh and hence has low accuracy. Comparatively,
for the ROMs (discontinuous lines), the interactivity rate
can be achieved with an error of an order of magnitude
smaller than the FOMs. The timestep rate can increase
dramatically while decreasing the size of the RID but the
error remains low.

Fig. 7: Multigait soft robot. Picture taken from [41]

of the legs while inflating the corresponding cavity. The
layer has the clear e↵ect of bending the leg, which matches
the behaviour of the real robot. In Figure 10, we can see a
comparison between the real robot and its finite element
simulation.

Fig. 8: Zoom in the mesh: a membrane constitutive law
is applied onto the bottom layer of the soft robot. That
contribution is added to the nodes located at the bottom
of the robot.

b) Generation of the reduced basis and rigid body

modes: Unlike the previous example, this robot is not
fixed on the floor (so a dynamical model is necessary for
the simulation) , and the contacts of the floor onto the
robot influences its deformation. To generate a relevant
snapshot, we perform the o✏ine phase while simulating the
robot inside its environment, i.e. onto the floor, to account
for those specific deformations but without friction. So
during the o✏ine phase, the robot is not moving, it is
only deforming while staying at its initial position. The
robot may also crawl around on the floor since it is not

Goury & Duriez IEEE Trans on Robotics, 2018

Performance 
 Coarse mesh

Model order 
reduction

Computation time 0.03s 0.02s

relative error for 
goal position 0.35 0.08

relative error for 
arm position

0.6 0.1

Introduction
Projection-based model order reduction for soft robots

Some examples

What is a Soft Robot ?
Challenges versus traditional rigid robotics

Problem

Accurate model =) Fine mesh =) Large computational time

Journées Scientifiques 2018 June 27-29th 2018
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CONSTRAINT-BASED MODELING

CABLE AND PRESSURE  

Festo deformable trunk

 10

For a pneumatic actuator, we compute the normal to the faces of the elements
That form the cavity of the actuator.  

The magnitude of the actuation      is unknow.

Pressure actuation

 9

Setting the constrains: The Lagrange multipliers

For a cable actuator, the constrain direction stored in     is the direction of the cable
when being pulled

Cable actuation 
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the actuation is released and the parameters of the materials
are given by the Young modulus and the Poisson’s ratio
of the Hook’s law. Different levels of complexity exist in
the elastic deformation law which are: small displacements,
large displacements, large deformations but for most of our
robots, we rely on large displacements where a non-linear
computation is performed to obtain the strain with a linear
stress-strain relationship.

Depending on the constitutive equations and the geometri-
cal representation, several possibilities exist in Sofa to model
deformable materials. When dealing with 1D structures,
one can use beam elements [32] or geometrical curves as
in [33]. For 3D structures, there exist mass-spring models,
co-rotational FEM [34], embedded deformable solids [28]
as well as hyperelastic models to handle large deforma-
tions [27]. More concretely, each of these models can com-
pute the F term in Equation 1.

B. Actuator constraint

In our framework, we handle the actuation by defining spe-
cific constraints with Lagrange multipliers on the boundary
conditions of the deformable models.

Two types of actuators are considered in this work:
• Cable: when actuation is done by placing cables inside

the structure of the robot to pull at certain points and
create a deformation. The function �a(x) measures the
length of the cable which is modified by the actuation.
�a is the force applied by the cable on the structure.

• Pneumatic: when actuation is done by exerting a vari-
ation of pressure on the surface of the deformable
material. In such a case, �a(x) is a measure of the
volume of the cavity. �a is the uniform pressure inside
the cavity.

It is possible to specify the behavior of the actuator either by
assigning the value of �a or by setting the value of �a(x)
in the resolution process.

C. Contact constraint

When a potential contact on the robot has been detected,
�c(x) measures the shift between the robot and the obstacle
at the contact point and �c is the contact force. In order to
add the modeling of the environment, we need to deal with
contact mechanics and find the value of �c. For that, we will
rely on a formulation of the complementarity problem using
Signorini Conditions [11], [27]:

0  �c ? �c � 0 (2)

D. End effector and task space definition

It is possible to specify a constraint in the task space.
It is particularly useful to obtain a direct or inverse model
of the robot (see the following section). In this case, �e(x)
measures the shift along x, y and z between controlled
point(s), which is (are) considered as effector and desired
position(s) or trajectory.

For all constraint types, at each line i of the matrix H, we
have Hi =

@�i(x)
@x .

IV. NUMERICAL RESOLUTION

In this section, we describe how we integrate in time
the equation of the dynamics (Eq. 1) and the numerical
approaches used to solve the constraints.

A. Time integration or quasi-static formulation

We integrate equation 1 using a time-stepping implicit
scheme (backward Euler) to have unconditional stability.
Let us consider the time interval [ti, tf ] whose length is
h = tf � ti:

M(vf � vi) = h (P(tf )� F(qf ,vf )) + hHT� (3)
qf = qi + hvf (4)

The internal forces F are a nonlinear function of the
positions and the velocities. We then apply a Taylor series
expansion to F and make the following first order approxi-
mation:

F(qf ,vf )) = F (qi+dq,vi+dv) = fi+
�F
�q

dq+
�F
�v

dv (5)

Using dq = qf � qi = hvf and dv = vf � vi, we obtain:
✓
M+ h

�F
�v

+ h2 �F
�q

◆

| {z }
A

dv|{z}
dx

=�h2 �F
�q

vi�h (fi + pf )
| {z }

b

+hHT�

(6)
where pf is the value of the function P at time tf . The
only unknown values are the Lagrange multipliers � ; their
computation is detailed in Section IV-B. In the remainder of
this section, we will refer to this system using the matrix A

and the vector b.
If the deformable robot is attached to the ground (like a

manipulator) and its motion is performed at a low velocity,
we can ignore the dynamic part (Eq. 1) and use a static
formulation:

P� F (q) +H
T� = 0 (7)

Again, the Taylor series expansion (5) can be used to
obtain a unique linearization per simulation step:

�F
�q|{z}
A

dq|{z}
dx

= P� fi| {z }
b

+H
T� (8)

We obtain a formulation similar to the dynamic case
(Eq. 6) with h = 1.

B. Solving the constraints

From Equation 6 in dynamics or 8 in quasi-statics, the
equation has two unknowns: dx which provides the motion
of the degrees of freedom and �i, which is the intensity of
the actuators and contact loads. Consequently, the solving
process will be executed in two steps.

The first step consists in obtaining a free configuration
qfree of the robot that is found by solving Equation 8 while

cable force
pressure

Force distribution

δ =
volume 
change

δ =
length 
change



Modeling Approach

For effector, actuator and contact we use Lagrange multipliers:

A    HT     dx   =    b   
H     0       -λ           δ
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(M - hD - h2K) dv  =  hfext + hf(xi ,vi ) + h2Kvi 

          A                                        b 

                     -K dx = f(xi-1 ) + fext         (quasi static) 

                      A                  b



Modeling Approach

For effector, actuator and contact we use Lagrange multipliers: 

A    HT     dx   =    b   
H     0       -λ           δ

Constraint 
Jacobian: 

direction of the 
constraint forces
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Modeling Approach

For effector, actuator and contact we use Lagrange multipliers:

A    HT     dx   =    b   
H     0       -λ           δ

Lagrange 
multiplier: 
constraint 

effort
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Modeling Approach

For effector, actuator and contact we use Lagrange multipliers:

A    HT     dx   =    b   
H     0       -λ           δ

Shift, volume growth... 

51W = HA-1HT 

Schur Complement:



WHAT IS W ? : THE COMPLIANCE

▸ Mechanical coupling 

▸ For a force on actuator space, what 
displacement on effector and 
actuator spaces ? 

▸ By combining compliances we 
obtain the kinematic model:

52CONSTRAINT-BASED MODELING

-1
= Wxq(q) Wqq(q)dq dx = J(q) dq

dx = Wxq(q) ƛq

ƛq

dq = Wqq(q) ƛq

dx

dq



SOFT-ROBOT DESIGN & CONTROL
CONSTRAINT BASED MODELING OF SOFT-ROBOTS

Bieze et al.  IJRR 2020



CONSTRAINT-BASED MODELING

COMPLEMENTARITY CONSTRAINTS
‣Contact 

‣ Signorini’s law = two constraint cases: 

54

δ=0
  >0

δ>0
  =0or



CHALLENGES
‣ Large systems of coupled equations  

‣ Penalty   

‣ Lagrange multipliers 

A

A
=

x b

x b

H

HT

λ -δ W = HA-1HT  + HA-1HT 
Schur Complement:

CONSTRAINT-BASED MODELING 55

(Friction)Contact  = (N)LCP solver



CONSTRAINT-BASED MODELING

SOFT ROBOT INTERACTING WITH THEIR ENVIRONMENT

Grasping simulation Locomotion
Speed x3

56

Coevoet et al.  Advanced Robotics 2017



CONTROL METHODS 
▸ Inverse kinematics 
▸ Sensing & Closed-loop control  



INVERSE KINEMATICS

PROBLEM STATEMENT

section 
1 section 

2

Soft trunk: 8 cables 



INVERSE KINEMATICS

TASK: INSPECTION

?



INVERSE KINEMATICS

TASK: INSPECTION WITH COLLISION

?
collisions

self-collision



INVERSE KINEMATICS

TASK: MANIPULATION & LOCOMOTION

?

Difficulties:

● Continuous deformation: infinite DoFs
● Hyper-redundant and under-actuated
● Highly sensitive to environmental 

factors

➔Modeling and control more complex
➔Require new techniques  

Trivedi et al. (2008) - Applied Bionics and 
Biomechanics 
Rus & Tolley (2015) - Nature



INVERSE KINEMATICS

OPTIMIZATION : PROBLEM

 
Formulation of Quadratic Program (QP) with linear constraints: 

considering that there is no actuation and no contact applied
to the deformable structure.

Adxfree = b (9)
qfree = qi + h(vi + dxfree) (dynamic) (10)
qfree = qi + dxfree (quasi� static) (11)

To solve the linear equation (Eq. 9), we use a LDLT

factorization of the matrix A. Given this new free position
qfree for all the nodes of the mesh (i.e. position obtained
without load on actuation or contact), we can evaluate the
values of �freei = �i(qfree), defined in the previous section.

The second step is based on an optimization process that
provides the value of �. In the following sections, we will
define two cases of use: direct and inverse modeling. In both
cases, the approach relies on an optimization process and its
output is the value of the Lagrange multipliers. The size of
matrix A is often very large so an optimization in the motion
space would be computationally very expensive. To perform
this optimization in real-time, we propose to project the
problem in the constraint space using the Schur complement:

�i = h2
⇥
HiA

�1
H

T
j

⇤
| {z }

Wij

�j + �freej (12)

The physical meaning of this Schur complement is central
in the method. Wij provides a measure of the instantaneous
mechanical coupling between the boundary conditions i and
j, whether they correspond to an effector, an actuator or
a contact. In practice, this projection allows to perform the
optimization with the smallest possible number of equations.

It should be emphasized that one of the main difficulties
is to compute Wij in a fast manner. No precomputation is
possible because the value changes at each iteration. But
this type of projection problem is frequent when solving
friction contact on deformable objects, thus several strategies
are already implemented in SOFA [11], [27].

After solving the optimization process described in the two
following subsections (Direct and Inverse modeling), we get
the value of �, and we can compute the final configuration
of the soft robot, at the end of each time step using:

dx = dxfree + hA�1
H

T� (13)

Which provides the solution to equation 6 or 8.
a) Direct modeling of the robot in its environment: the

inputs are the actuator values (either �a or �a) and the output
is the displacement of the effector. When �a is the input, the
optimization provides the values of �a as output. In case of
contact, an additional output is the contact response �c (also
found by optimization).

As explained above, using the operator Wea, we can get a
measure of the mechanical coupling between effector(s) and
actuator(s), and with Waa, the coupling between actuators.
On a given configuration, Wea provides a linearized rela-
tionship between the variation of displacement ��e created
on the end-effector and the variation of the effort ��a on the
actuators. To get a direct kinematic link between actuators

and effector point(s), we need to account for the mechanical
coupling that can exist between actuators. This coupling is
captured by Waa that can be inverted if actuators are defined
on independent degrees of freedoms. Consequently, we can
get a kinematic link by rewriting Equation 12:

��e = WeaW
�1
aa ��a (14)

This relationship provides (in the most condensed way)
the displacement of the effector given the displacements of
the actuators. Matrix WeaW

�1
aa is equivalent to a jacobian

matrix for a standard, rigid robot. This corresponds to a
local linearization provided by the FEM model on a given
configuration and this relationship is only valid for small
variations of ��a, and in contactless cases.

b) Inverse modeling of the robot: the input is the
desired position of the effector and the output is the force
�a or the motion �a that needs to be applied on the actuators
in order to minimize the distance with the effector position.
�a is found by optimization and �a can be obtained using
equations 12. We use this method in contactless cases.

The optimization consists in reducing the norm of �e
which actually measures the shift between the end-effector
and its desired position. Thus, computing min( 12�

T
e �e) can

be done by setting a Quadratic Programming (QP) problem:

min

✓
1

2
�a

T
W

T
eaWea�a + �a

T
W

T
ea�

free
e

◆
(15)

subject to (course of actuators) :
�min  �a = Waa�a + �freea  �max

and (case of unilateral e↵ort actuation) :
�a � 0

(16)

The use of a minimization allows to find a solution even
when the desired position is out of the workspace of the
robot. In such a case, the algorithm will find the point that
minimizes the distance with the desired position while re-
specting the limits introduced for the stroke of the actuators.

The matrix of the QP, W
T
eaWea, is symmetric. If the

number of actuators is equal or less than the size of the
effector space, the matrix is also positive-definite. In such a
case, the solution of the minimization is unique.

In the opposite case, i.e when the number of actuators is
greater than the degrees of freedom of the effector points,
the matrix of the QP is only semi-positive and the solution
could be non-unique. In such a case, some QP algorithms are
able to find one solution among all possible solutions [35].
In practice, we add to the cost function of the optimization
a minimization of the deformation energy in the actuator
space: The QP matrix is regularized by adding ✏Waa (with
✏ chosen sufficiently small to keep a good accuracy on the
effector motion).

V. IMPLEMENTATION

In the previous section, we have presented the theoretical
foundation of our approach. We will now see more concretely
how this translates in the SOFA plugin.

considering that there is no actuation and no contact applied
to the deformable structure.

Adxfree = b (9)
qfree = qi + h(vi + dxfree) (dynamic) (10)
qfree = qi + dxfree (quasi� static) (11)

To solve the linear equation (Eq. 9), we use a LDLT

factorization of the matrix A. Given this new free position
qfree for all the nodes of the mesh (i.e. position obtained
without load on actuation or contact), we can evaluate the
values of �freei = �i(qfree), defined in the previous section.

The second step is based on an optimization process that
provides the value of �. In the following sections, we will
define two cases of use: direct and inverse modeling. In both
cases, the approach relies on an optimization process and its
output is the value of the Lagrange multipliers. The size of
matrix A is often very large so an optimization in the motion
space would be computationally very expensive. To perform
this optimization in real-time, we propose to project the
problem in the constraint space using the Schur complement:

�i = h2
⇥
HiA

�1
H

T
j

⇤
| {z }

Wij

�j + �freej (12)

The physical meaning of this Schur complement is central
in the method. Wij provides a measure of the instantaneous
mechanical coupling between the boundary conditions i and
j, whether they correspond to an effector, an actuator or
a contact. In practice, this projection allows to perform the
optimization with the smallest possible number of equations.

It should be emphasized that one of the main difficulties
is to compute Wij in a fast manner. No precomputation is
possible because the value changes at each iteration. But
this type of projection problem is frequent when solving
friction contact on deformable objects, thus several strategies
are already implemented in SOFA [11], [27].

After solving the optimization process described in the two
following subsections (Direct and Inverse modeling), we get
the value of �, and we can compute the final configuration
of the soft robot, at the end of each time step using:

dx = dxfree + hA�1
H

T� (13)

Which provides the solution to equation 6 or 8.
a) Direct modeling of the robot in its environment: the

inputs are the actuator values (either �a or �a) and the output
is the displacement of the effector. When �a is the input, the
optimization provides the values of �a as output. In case of
contact, an additional output is the contact response �c (also
found by optimization).

As explained above, using the operator Wea, we can get a
measure of the mechanical coupling between effector(s) and
actuator(s), and with Waa, the coupling between actuators.
On a given configuration, Wea provides a linearized rela-
tionship between the variation of displacement ��e created
on the end-effector and the variation of the effort ��a on the
actuators. To get a direct kinematic link between actuators

and effector point(s), we need to account for the mechanical
coupling that can exist between actuators. This coupling is
captured by Waa that can be inverted if actuators are defined
on independent degrees of freedoms. Consequently, we can
get a kinematic link by rewriting Equation 12:

��e = WeaW
�1
aa ��a (14)

This relationship provides (in the most condensed way)
the displacement of the effector given the displacements of
the actuators. Matrix WeaW

�1
aa is equivalent to a jacobian

matrix for a standard, rigid robot. This corresponds to a
local linearization provided by the FEM model on a given
configuration and this relationship is only valid for small
variations of ��a, and in contactless cases.

b) Inverse modeling of the robot: the input is the
desired position of the effector and the output is the force
�a or the motion �a that needs to be applied on the actuators
in order to minimize the distance with the effector position.
�a is found by optimization and �a can be obtained using
equations 12. We use this method in contactless cases.

The optimization consists in reducing the norm of �e
which actually measures the shift between the end-effector
and its desired position. Thus, computing min( 12�

T
e �e) can

be done by setting a Quadratic Programming (QP) problem:

min
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subject to (course of actuators) :
�min  �a = Waa�a + �freea  �max

and (case of unilateral e↵ort actuation) :
�a � 0

(16)

The use of a minimization allows to find a solution even
when the desired position is out of the workspace of the
robot. In such a case, the algorithm will find the point that
minimizes the distance with the desired position while re-
specting the limits introduced for the stroke of the actuators.

The matrix of the QP, W
T
eaWea, is symmetric. If the

number of actuators is equal or less than the size of the
effector space, the matrix is also positive-definite. In such a
case, the solution of the minimization is unique.

In the opposite case, i.e when the number of actuators is
greater than the degrees of freedom of the effector points,
the matrix of the QP is only semi-positive and the solution
could be non-unique. In such a case, some QP algorithms are
able to find one solution among all possible solutions [35].
In practice, we add to the cost function of the optimization
a minimization of the deformation energy in the actuator
space: The QP matrix is regularized by adding ✏Waa (with
✏ chosen sufficiently small to keep a good accuracy on the
effector motion).

V. IMPLEMENTATION

In the previous section, we have presented the theoretical
foundation of our approach. We will now see more concretely
how this translates in the SOFA plugin.

min( ||   e ||2 )=



INVERSE KINEMATICS

OPTIMIZATION : EXPERIMENTS
#DoFs #Elem W QP Sim.
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INVERSE KINEMATICS

OPTIMIZATION : PROBLEM
▸ Redundancy problem (not naturally well-posed) 

▸ If WeaTWea  is not definite ( num Effectors ≤ num Actuators ),  

▸ Not unique solution 

▸ Add to objective: expression of actuators mechanical work E = Δδa λa =   λTa Waa λa 

  𝝐  = 1e-3 ||WeaTWea||∞⁄ ||Waa||∞

considering that there is no actuation and no contact applied
to the deformable structure.

Adxfree = b (9)
qfree = qi + h(vi + dxfree) (dynamic) (10)
qfree = qi + dxfree (quasi� static) (11)

To solve the linear equation (Eq. 9), we use a LDLT

factorization of the matrix A. Given this new free position
qfree for all the nodes of the mesh (i.e. position obtained
without load on actuation or contact), we can evaluate the
values of �freei = �i(qfree), defined in the previous section.

The second step is based on an optimization process that
provides the value of �. In the following sections, we will
define two cases of use: direct and inverse modeling. In both
cases, the approach relies on an optimization process and its
output is the value of the Lagrange multipliers. The size of
matrix A is often very large so an optimization in the motion
space would be computationally very expensive. To perform
this optimization in real-time, we propose to project the
problem in the constraint space using the Schur complement:
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Wij

�j + �freej (12)

The physical meaning of this Schur complement is central
in the method. Wij provides a measure of the instantaneous
mechanical coupling between the boundary conditions i and
j, whether they correspond to an effector, an actuator or
a contact. In practice, this projection allows to perform the
optimization with the smallest possible number of equations.

It should be emphasized that one of the main difficulties
is to compute Wij in a fast manner. No precomputation is
possible because the value changes at each iteration. But
this type of projection problem is frequent when solving
friction contact on deformable objects, thus several strategies
are already implemented in SOFA [11], [27].

After solving the optimization process described in the two
following subsections (Direct and Inverse modeling), we get
the value of �, and we can compute the final configuration
of the soft robot, at the end of each time step using:

dx = dxfree + hA�1
H

T� (13)

Which provides the solution to equation 6 or 8.
a) Direct modeling of the robot in its environment: the

inputs are the actuator values (either �a or �a) and the output
is the displacement of the effector. When �a is the input, the
optimization provides the values of �a as output. In case of
contact, an additional output is the contact response �c (also
found by optimization).

As explained above, using the operator Wea, we can get a
measure of the mechanical coupling between effector(s) and
actuator(s), and with Waa, the coupling between actuators.
On a given configuration, Wea provides a linearized rela-
tionship between the variation of displacement ��e created
on the end-effector and the variation of the effort ��a on the
actuators. To get a direct kinematic link between actuators

and effector point(s), we need to account for the mechanical
coupling that can exist between actuators. This coupling is
captured by Waa that can be inverted if actuators are defined
on independent degrees of freedoms. Consequently, we can
get a kinematic link by rewriting Equation 12:

��e = WeaW
�1
aa ��a (14)

This relationship provides (in the most condensed way)
the displacement of the effector given the displacements of
the actuators. Matrix WeaW

�1
aa is equivalent to a jacobian

matrix for a standard, rigid robot. This corresponds to a
local linearization provided by the FEM model on a given
configuration and this relationship is only valid for small
variations of ��a, and in contactless cases.

b) Inverse modeling of the robot: the input is the
desired position of the effector and the output is the force
�a or the motion �a that needs to be applied on the actuators
in order to minimize the distance with the effector position.
�a is found by optimization and �a can be obtained using
equations 12. We use this method in contactless cases.

The optimization consists in reducing the norm of �e
which actually measures the shift between the end-effector
and its desired position. Thus, computing min( 12�

T
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be done by setting a Quadratic Programming (QP) problem:
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subject to (course of actuators) :
�min  �a = Waa�a + �freea  �max

and (case of unilateral e↵ort actuation) :
�a � 0

(16)

The use of a minimization allows to find a solution even
when the desired position is out of the workspace of the
robot. In such a case, the algorithm will find the point that
minimizes the distance with the desired position while re-
specting the limits introduced for the stroke of the actuators.

The matrix of the QP, W
T
eaWea, is symmetric. If the

number of actuators is equal or less than the size of the
effector space, the matrix is also positive-definite. In such a
case, the solution of the minimization is unique.

In the opposite case, i.e when the number of actuators is
greater than the degrees of freedom of the effector points,
the matrix of the QP is only semi-positive and the solution
could be non-unique. In such a case, some QP algorithms are
able to find one solution among all possible solutions [35].
In practice, we add to the cost function of the optimization
a minimization of the deformation energy in the actuator
space: The QP matrix is regularized by adding ✏Waa (with
✏ chosen sufficiently small to keep a good accuracy on the
effector motion).

V. IMPLEMENTATION

In the previous section, we have presented the theoretical
foundation of our approach. We will now see more concretely
how this translates in the SOFA plugin.
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considering that there is no actuation and no contact applied
to the deformable structure.

Adxfree = b (9)
qfree = qi + h(vi + dxfree) (dynamic) (10)
qfree = qi + dxfree (quasi� static) (11)

To solve the linear equation (Eq. 9), we use a LDLT

factorization of the matrix A. Given this new free position
qfree for all the nodes of the mesh (i.e. position obtained
without load on actuation or contact), we can evaluate the
values of �freei = �i(qfree), defined in the previous section.

The second step is based on an optimization process that
provides the value of �. In the following sections, we will
define two cases of use: direct and inverse modeling. In both
cases, the approach relies on an optimization process and its
output is the value of the Lagrange multipliers. The size of
matrix A is often very large so an optimization in the motion
space would be computationally very expensive. To perform
this optimization in real-time, we propose to project the
problem in the constraint space using the Schur complement:
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The physical meaning of this Schur complement is central
in the method. Wij provides a measure of the instantaneous
mechanical coupling between the boundary conditions i and
j, whether they correspond to an effector, an actuator or
a contact. In practice, this projection allows to perform the
optimization with the smallest possible number of equations.

It should be emphasized that one of the main difficulties
is to compute Wij in a fast manner. No precomputation is
possible because the value changes at each iteration. But
this type of projection problem is frequent when solving
friction contact on deformable objects, thus several strategies
are already implemented in SOFA [11], [27].

After solving the optimization process described in the two
following subsections (Direct and Inverse modeling), we get
the value of �, and we can compute the final configuration
of the soft robot, at the end of each time step using:

dx = dxfree + hA�1
H

T� (13)

Which provides the solution to equation 6 or 8.
a) Direct modeling of the robot in its environment: the

inputs are the actuator values (either �a or �a) and the output
is the displacement of the effector. When �a is the input, the
optimization provides the values of �a as output. In case of
contact, an additional output is the contact response �c (also
found by optimization).

As explained above, using the operator Wea, we can get a
measure of the mechanical coupling between effector(s) and
actuator(s), and with Waa, the coupling between actuators.
On a given configuration, Wea provides a linearized rela-
tionship between the variation of displacement ��e created
on the end-effector and the variation of the effort ��a on the
actuators. To get a direct kinematic link between actuators

and effector point(s), we need to account for the mechanical
coupling that can exist between actuators. This coupling is
captured by Waa that can be inverted if actuators are defined
on independent degrees of freedoms. Consequently, we can
get a kinematic link by rewriting Equation 12:

��e = WeaW
�1
aa ��a (14)

This relationship provides (in the most condensed way)
the displacement of the effector given the displacements of
the actuators. Matrix WeaW

�1
aa is equivalent to a jacobian

matrix for a standard, rigid robot. This corresponds to a
local linearization provided by the FEM model on a given
configuration and this relationship is only valid for small
variations of ��a, and in contactless cases.

b) Inverse modeling of the robot: the input is the
desired position of the effector and the output is the force
�a or the motion �a that needs to be applied on the actuators
in order to minimize the distance with the effector position.
�a is found by optimization and �a can be obtained using
equations 12. We use this method in contactless cases.

The optimization consists in reducing the norm of �e
which actually measures the shift between the end-effector
and its desired position. Thus, computing min( 12�

T
e �e) can

be done by setting a Quadratic Programming (QP) problem:

min

✓
1

2
�a

T
W

T
eaWea�a + �a

T
W

T
ea�

free
e

◆
(15)

subject to (course of actuators) :
�min  �a = Waa�a + �freea  �max

and (case of unilateral e↵ort actuation) :
�a � 0

(16)

The use of a minimization allows to find a solution even
when the desired position is out of the workspace of the
robot. In such a case, the algorithm will find the point that
minimizes the distance with the desired position while re-
specting the limits introduced for the stroke of the actuators.

The matrix of the QP, W
T
eaWea, is symmetric. If the

number of actuators is equal or less than the size of the
effector space, the matrix is also positive-definite. In such a
case, the solution of the minimization is unique.

In the opposite case, i.e when the number of actuators is
greater than the degrees of freedom of the effector points,
the matrix of the QP is only semi-positive and the solution
could be non-unique. In such a case, some QP algorithms are
able to find one solution among all possible solutions [35].
In practice, we add to the cost function of the optimization
a minimization of the deformation energy in the actuator
space: The QP matrix is regularized by adding ✏Waa (with
✏ chosen sufficiently small to keep a good accuracy on the
effector motion).

V. IMPLEMENTATION

In the previous section, we have presented the theoretical
foundation of our approach. We will now see more concretely
how this translates in the SOFA plugin.



INVERSE KINEMATICS

OPTIMIZATION: CONTACTS

Formulation of Quadratic Program with linear  
Complementarity Constraints (QPCC): 

min  ||δe||2 

     (λa, λc)  
    

                                                            s.t :  (1)  δmax ≥ δa ≥ δmin  
        (2)  0 ≤ λc ⊥ δc ≥ 0  

       (1) Constraints on actuators (such as limit on cable displacement) 
      (2) Complementarity constraint for contacts



QPCC Solver
➜ Specific solver based on decomposition method:

     

How to find the feasible and optimal set I of active contacts?
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QPCC Solver

Algorithm: Iterative method Starts from feasible set I  (solve 
the contact with fixed actuation)

Solve (QP)I 

Look at constraints: reach boundary = 
candidate for pivot (Tan et al. (2012) - TOG) 
 
Pivot constraint with the greater dual 
variable  
No more candidate for 
pivot
➜ solution

➜ New set I 
of active 
contacts
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QPCC Solver

Starts from feasible set I  (solve 
the contact with fixed actuation)

Solve (QP)I 

Look at constraints: reach boundary = 
candidate for pivot (Tan et al. (2012) - TOG) 
 
Pivot constraint with the greater dual 
variable  
No more candidate for 
pivot
➜ solution 68

➜ New set I 
of active 
contacts



QPCC Solver

Starts from feasible set I  (solve 
the contact with fixed actuation)

Solve (QP)I 

Look at constraints: reach boundary = 
candidate for pivot (Tan et al. (2012) - TOG) 
 
Pivot constraint with the greater dual 
variable  
No more candidate for 
pivot
➜ solution 69

➜ New set I 
of active 
contacts



QPCC Solver

Starts from feasible set I  (solve 
the contact with fixed actuation)

Solve (QP)I 

Look at constraints: reach boundary = 
candidate for pivot (Tan et al. (2012) - TOG) 
 
Pivot constraint with the greater dual 
variable  
No more candidate for 
pivot
➜ solution 70

➜ New set I 
of active 
contacts

Candidate for 
pivot



QPCC Solver

Starts from feasible set I  (solve 
the contact with fixed actuation)

Solve (QP)I 

Look at constraints: reach boundary = 
candidate for pivot (Tan et al. (2012) - TOG) 
 
Pivot constraint with the greater dual 
variable  
No more candidate for 
pivot
➜ solution 71

➜ New set I 
of active 
contacts

Pivot contact 
to active



QPCC Solver

Starts from feasible set I  (solve 
the contact with fixed actuation)

Solve (QP)I 

Look at constraints: reach boundary = 
candidate for pivot (Tan et al. (2012) - TOG) 
 
Pivot constraint with the greater dual 
variable  
No more candidate for 
pivot
➜ solution 72

➜ New set I 
of active 
contacts



QPCC Solver

Starts from feasible set I  (solve 
the contact with fixed actuation)

Solve (QP)I 

Look at constraints: reach boundary = 
candidate for pivot (Tan et al. (2012) - TOG) 
 
Pivot constraint with the greater dual 
variable  
No more candidate for 
pivot
➜ solution 73

➜ New set I 
of active 
contacts



INVERSE KINEMATICS

EXTENSION TO CONTACT #DoFs #Elem #Conct. W QP(s) Sim.

trunk 2127 1972 51 10.09 ms 4.91 ms 34.52 ms



INVERSE KINEMATICS

EXTENSION TO STICK CONTACT
Contact force given by the composition of normal and tangential (friction) forces:

HcTλc = HnTλn  +HtTλt  



INVERSE DEFORMABLE MODEL

▸ Locomotion ▸ Manipulation

How to change the tendon lengths to make 
the wheel rolls to a desired position ? 

How to pull on tendons to control the plastic 
cup motion ?
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Coevoet et al., Robosoft Conference 2019

EXTENSION TO STICK CONTACT



SENSING & 
CLOSED-LOOP 
CONTROL 



SENSING & CLOSED-LOOP CONTROL

FEEDBACK CONTROL LOOP

Zhang, Z.,  et al, IROS 2016

proof of convergence: Zhang, Z.,  et al, IROS 2017

▸ position measured with camera 

▸ control maintains a stable position
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-1
= Wxq(q) Wqq(q)dq dx = J(q) dq



SENSING & CLOSED-LOOP CONTROL

FEEDBACK CONTROL LOOP

Sensors : tendons (length)

Actuators : pressure

Bieze  et al, SoRo 2018



FUSE MODEL AND SENSOR INFORMATIONS

Zhang, Z. et al ICRA 2018 & Robotic and Automation Letters

SENSING & CLOSED-LOOP CONTROL 80



SENSING & CLOSED-LOOP CONTROL

▸ Fuse model and informations from sensors 

HAPTIC FEEDBACK CONTROL

▸ Control at high rates (in parallel of the 
simulation of the robot) 

▸ Linearization at low rate 

▸ 2 inverse problem solved at high rates: 
▸ Positions found by sensors=> force 
▸ Actuation



SENSING & CLOSED-LOOP CONTROL

M. Thieffry et al., IEEE TCST 2019

DYNAMIC CONTROL 

▸ Observer in the reduced space 

▸ Linearization at the desired 
position 

▸ Remove low frequency vibrations

82

▸ Additional difficulty to cancel natural vibration: refresh rates  

▸ Model order reduction + feedback control

Katzschmann, R. K., Thieffry M et al., IEEE Robosoft 2019



CONCLUSION & 
PERSPECTIVES



CONCLUSION

SOFT ROBOTICS 
▸ Deformable/Soft robots = a new way of designing robots 

▸ Research on hardware  
▸ How to design these robots ? bioinspiration ? 
▸ Choices of materials => links with « smart materials » 
▸ Integration (structure, electronics, actuators, sensors…) while keeping the 

desired softness ! 

▸ Research on software  
▸ New models, based on finite element approaches or similar methods 
▸ No methodology (so far) for design 
▸ Importance of allowing contacts with environment 
▸ Control methods for systems with large number of degrees of freedom



CONCLUSION

SOFT-ROBOTICS : PLAY WITH IT WITH SOFA !
▸ Our code is based on SOFA (LGPL License) 

▸ Please visit the website sofa-framework.org (LGPL License) 
▸ You can use it & contribute to it ! 
▸ We have launched a consortium: code maintenance, forum, training, code distribution… 
▸ If you  want to support these activities, your institution can take a membership  

▸ For instance Kyungpook  University (south Korea), University of Florida (US) are members 

▸ Plugins developed by the team 
▸ soft-robot plugin: direct simulation of soft robots (LGPL License) 
▸ Plugin on reduced order model (GPL License) 
▸ Inverse simulation / control (patent pending…) 

▸ Free binaries distribution for research 
▸ To access the code, easy licence agreement with Inria for research 

▸ We did our first Tutorial on Sunday, we hope to gather new users & contributors ! 
▸ https://handsonsoftrobotics.lille.inria.fr (tutorial) 
▸ https://team.inria.fr/defrost/ (team website) 
▸ Free Library of soft robots ?
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http://sofa-framework.org
https://handsonsoftrobotics.lille.inria.fr
https://team.inria.fr/defrost/


PERSPECTIVES

▸ « Hybrid » robots made of soft and hard materials… ?

OPPORTUNITIES
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