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Abstract

Soft robots can interact with the environment in a safe and compliant way because of their de-
formable structures. However, the modeling of soft robots which have, theoretically, infinite
degrees of freedom, are extremely difficult especially when the robots have complex configu-
rations. This difficulty of modeling leads to new challenges for the calibration and the control
design of the robots, but also new opportunities with possible new force sensing strategies.
This dissertation aims to provide new and general solutions using modeling and vision.

The thesis at first presents a discrete-time kinematic model for soft robots based on the real-
time Finite Element (FE) method. Then, a vision-based simultaneous calibration of sensor-
robot system and actuators is investigated. Two closed-loop position controllers are designed
and the robust stability of the closed-loop system is analyzed using Lyapunov stability theory.
Besides, to deal with the problem of image feature loss, a switched control strategy is proposed
by combining both the open-loop controller and the closed-loop controller.

Using soft robot itself as a force sensor is available due to the deformable feature of soft
structures. Two methods (marker-based and marker-free) of external force sensing for soft
robots are proposed based on the fusion of vision-based measurements and FE model. Using
both methods, not only the intensities but also the locations of the external forces can be
estimated. The marker-based approach is proposed to find the correct locations of external
forces among several possible ones. If there are no obvious feature points on the surface of
the soft robot, the marker-free force sensing strategy is available using an RGB-D camera.

As a specific application, a cable-driven continuum catheter robot through contacts is mod-
eled based on FE method. Then, the robot is controlled by a decoupled control strategy which
allows to control insertion and bending independently. Both the control inputs and the contact
forces along the entire catheter can be computed by solving a quadratic programming (QP)
problem with a linear complementarity constraint (QPCC). A simplified solution is proposed
for the computation of QPCC by converting it into a standard QP problem.

Keywords: Soft robots, catheter robot, calibration, closed-loop control, external force sens-

ing, contact, registration, RGB-D camera, Finite Element Method
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Résumé

La modélisation de robots souples est extrémement difficile, 2 cause notamment du nombre
théoriquement infini des degrés de 1 iberté. C ette d ifficulté es t ac centuée lo rsque le s robots
ont des configurations ¢ omplexes. Ce probleme de modélisation entraine de nouveaux défis
pour la calibration et la conception des commandes des robots, mais également de nouvelles
opportunités avec de nouvelles stratégies de détection de force possibles. Cette theése a pour
objectif de proposer des solutions nouvelles et générales utilisant la modélisation et la vision.

La these présente dans un premier temps un modele cinématique a temps discret pour les
robots souples reposant sur la méthode des éléments finis (FEM) en temps r éel. Ensuite, une
méthode de calibration basée sur la vision du systeme de capteur-robot et des actionneurs est
étudiée. Deux contrdleurs de position en boucle fermée sont concus. En outre, pour traiter le
probleme de la perte d’image, une stratégie de commande commutable est proposée en
combinant a la fois le contrdleur a boucle ouverte et le contrdleur a boucle fermée.

Deux méthodes (avec et sans marqueur(s)) de détection de force externe pour les robots
déformables sont proposées. L’approche est basée sur la fusion de mesures basées sur la vision
et le modele par FEM. En utilisant les deux méthodes, il est possible d’estimer non seulement
les intensités, mais également I’emplacement des forces externes.

Enfin, nous proposons une application concrete: un robot cathéter dont la flexion a
Iextrémité est piloté par des cables. Le robot est controlé par une stratégie de contrdle
découplée qui per-met de controler I'insertion et la flexion i ndépendamment, tout en se
basant sur un modele FEM.

Mots clés: Robots doux, robot de cathéter, étalonnage, controle en boucle fermée, détec-

tion de force externe, contact, Caméra RGB-D, Méthode des éléments finis
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NOMENCLATURE

x Position vector of all FEM nodes.

X Estimated position vector of all FEM nodes.

dx Incremental displacement of nodes.

f.; External load vector.

f(x) Internal stiffness forces vector.

K(x) Tangent stiffness matrix.

H, Mapping matrix between nodes and actuator directions.
H, Mapping matrix between nodes and effector directions.
H; Mapping matrix between nodes and external forces directions.
H. Mapping matrix between nodes and contact directions.
As Force contribution vector of actuators.

Ay Force contribution vector of external forces.

A. Force contribution vector of contacts.

A7 Force contribution of actuators and external forces.

Force contribution of actuators and contacts.

S

IS

Position vector in the actuator space.

Position vector of effectors.

S O
SN

Position vector in the contact space.
«a (X) Compliance matrix between effectors and actuators.
ef (x)  Compliance matrix between effectors and external forces.
.(x) Compliance matrix between effectors and contacts.
aa (X) Compliance matrix between actuators.

(x) Compliance matrix between actuators and external forces.
Compliance matrix between actuators and contacts.

Compliance matrix between contacts and actuators.

Q
S

o1 (x) Compliance matrix between effectors and actuators, external forces.
(x) Compliance matrix between effectors and actuators, contacts.
«(x) Compliance matrix between actuators and actuators, contacts.

Compliance matrix between contacts and actuators, contacts.

o

8/7¢  Position vector of effectors when 1, = 0 and A, = 0.
8/ Position vector of actuators when 1, = 0 and A, = 0.
5/ Position vector of contacts when A, = 0 and A, = 0.

AL, Incremental force contribution of actuators.

AAy  Incremental force contribution of external forces.

AA;  Incremental force contribution of actuators and external forces.
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ix

Ad, Incremental position of effectors.

Ad, Incremental position contribution of actuators.

Ad; Incremental position contribution of external forces.

J(x) Jacobian Matrix for soft robot.

J(X) The predicted Jacobian matrix.

V (x) Lyapunov candidate function.

R Rotation matrix for rigid transformation.

T Translation vector for rigid transformation.

0,000 Position vector of feature points in the robot frame.

Ocam Position vector of feature points in the camera frame.

Otran  Transformed &, using optimal rigid transformation.

0.4 Desired position of effector.

e Position error of effector e = 0, — 8, 4.

I The objective function.

Q  Constraint for actuator inputs.

w;  The position of the particle i for the particle swarm optimization (PSO)

si The velocity of the particle i for PSO.

c1, ¢» Two acceleration constants for PSO.

pi  The best solution which has achieved so far by particle i for PSO.

gi The global best solution obtained by the swarm for PSO.

R{, R, Two random numbers between O and 1 for PSO.

o (t) The inertia weight for PSO.

®gqre  The initial value of the inertia weight.

®.nq The final value of the inertia weight.

tnwax The maximum number of allowable iterations for PSO.

t  The maximum number of the current iteration times for PSO.

The maximum iteration for the optimization of rigid transformation.

The maximum iteration for the optimization of soft deformation.
Control parameter for the first implementation of closed-loop control.
Control parameter for the second implementation of closed-loop control.

A scalar to show the degree of difference between real robot and its FE model.
The accessorial parameter for the proof of robust stability.

A constant parameter to tune the length of the switching time period.

W RIRITE S =

Corresponding variables * for the FE model.
l} The external forces of soft robot for the force sensing.

0, The position effectors of soft robot for the force sensing.
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A.,  The actuator force of soft robot for the force sensing.
8, The actuator displacement of soft robot for the force sensing.

d, A threshold distance to discard potential outlier feature point.

d; A threshold to discard registrated points from wrong segmented point cloud.

rsearch ~ Constant search radius using KdTree.

Nueigh A threshold number of neighbors for the feature points detection.
dmini  The minimum distance between the effector and the normal line.
51! The mapped value of §, on the normal line of the surface.

877N The mapped value of 8/"* on the normal line of the surface.
877N The mapped value of 8" on the normal line of the surface.

WY The mapped value of W,, on the normal line of the surface.

ng The mapped value of W, on the normal line of the surface.

WY The mapped value of W, on the normal line of the surface.

Wlavf The mapped value of W, on the normal line of the surface.

Wg, The mapped value of W,; on the normal line of the surface.

65 The position of the registered points along the normal direction.

I, Estimation error of external forces.

I, Evaluation index for the distribution of markers and candidate locations.
P The nearest point on the trajectory to the catheter tip.

Px  The tangent vector for the trajectory at the point P.

Py The projection vector at the point P.

Pz The normal vector at the point P.

830 3D position of catheter tip.

0 SDP The 3D position error of catheter tip.

€ The parameter to address the linear complementarity constraint.

Kp The proportional gain for the control of catheter robot.

Kp The differential gain for the control of catheter robot.
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Chapter 1

Introduction

1.1 Introduction of Soft Robot

1.1.1 Bio-inspiration and Applications

Biological systems provide many examples of soft structures which are able to bend, extend
and twist [1]. Some have a completely soft body, such as caterpillar and octopus, and at the
same time exhibits sophisticated behaviors; some have rigid bones with membrane or skin
covering them and joining them together, like bat and fish. Obviously, the soft structures are
essential for their unrivaled agility and maneuvering characteristics.

Inspired by nature, engineers have developed many robots which have a continuously de-
formable structure (see Fig. 1.1). Softworms [2] are inspired by studies on the locomotion of
caterpillars and are capable of crawling and steering. The Softworms are electrically powered
using shape-memory alloy coils and motor-tendons. Inspired by the octopus, several robots
have been developed [3, 4] to mimic octopus crawling locomotion. Robot fish realizes the
biomimetic swimming with a fully integrated on-board system for power and remote con-
trol [5, 6]. The robot Bat Bot is a fully self-contained, autonomous flying robot that mimic
the morphological properties of bat wings. The highly stretchable silicone-based membrane
wings provide safety for humans and the robot itself [7].

In this thesis, soft robots are defined as robots which create motion by deforming their
structures. Soft robots can be made of soft materials which are similar to soft biological
materials [8]. In this case, they are also named as soft material robots. Soft robots can also be
made of rigid materials but have a low structural stiffness, like some continuum robots we can
find the literature [9]. Both soft material robots and continuum robots have similar features
so that the modeling and control methods are similar, especially for manipulators. The work

presented in this thesis will also applied to them.
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2 Introduction

Figure 1.1: Bio-inspired design of soft robots: 1. softworms [2]; 2 and 3. octopus robots
[3, 4]; 4 and 5. Robot fish [5, 6]; 6. Bat Bot [7].

Due to their low stiffness of structure, soft robots can reduce the harm to interact with
humans and show more adaptation to the environment. As is shown in Fig. 1.2, the advantages
of soft robots make them more suitable to be used in confined spaces [10], for manipulation
of objects with different shapes [11] and for medical applications [12—14].

1.1.2 Actuators

The promising applications stimulate researchers to develop effective soft actuation technolo-
gies for soft robots [15]. Soft actuators are employed to generate deformation for soft robots.
Some actuators are made of advanced materials like shape memory alloys and dielectric elas-
tomers. Some other actuators are made of traditional materials but with special structures.
There are various methods for the actuation of soft robots (see Fig. 1.3), like fluidic elastomer
actuators [16], fiber reinforced soft bending actuator [17], pneumatic artificial muscles [18],
shape memory alloy actuators [19], dielectric elastomer actuators [20] and cable actuators
[21].

Enlarging the choice of power resources has also been investigated in soft robotics (see
Fig. 1.4). The popular resources can be separated as voltage [20], vacuum [22], air pressure
[23], chemical fuel [24], motor [21] and magnetic field [25].

© 2019 Tous droits réservés. lilliad.univ-lille.fr
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Figure 1.2: Applications of soft robots: 1. movement in confined space [10]; 2. manipulation
of objects [11]; 3, 4 and 5. medical applications [12-14].

1.1.3 Soft Sensors

In soft robotics, there is a need to have sensors that are compatible with the large compliance
of the robots. In addition, the community is looking to solution with low fabrication cost, light
weight and high impact resistance. Usually, soft sensors are composed of two main compo-
nents: an inactive soft substrate and a deformable conductor. The soft substrates are usually
made of elastomers which enable the hyperelasticity for soft sensors. Conductors are used
to convey and obtaining information from the environment. There are several kinds of con-
ductors embedded in the soft sensors [26], such as thin metal films [27], liquid metals [28],
ionic liquids [29], conductive polymer composites [30], and conductive inks [31]. Some short-
comings of these methods are the complicated manufacturing process and the susceptibility
to electromagnetic interference. The soft optical sensors work by detecting the changing in
transmission through optical fibers and provide solutions to overcome these shortcomings. Ex-
amples of optical sensors include fiber Bragg grating (FBG) sensors [32], stretchable reflective
waveguide sensors [33], and soft diffractive optical sensors [34].

Soft sensors can be used to sense curvature [35], pressure [28], strain [31], and their com-
posite [33]. Due to the stretchable feature, soft sensors have promising applications in many
fields (shown in Fig. 1.5). A soft wearable motion sensing suit is designed for the lower limb
biomechanics measurements [36] (Fig. 1.5. 1). The sensing suit includes three hyperelastic
strain sensors which are made of silicone elastomer with channels of liquid metal. A soft arti-
ficial skin for hand motion detection is described in Fig. 1.5. 2 [37] for detecting various hand
gestures. The joint motions of five fingers are measured by an array of soft strain sensors. Fig.

1.5. 3 shows a biocompatible pressure sensing skins for minimally invasive surgical instru-
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Figure 1.3: Soft actuation technologies: 1. fluidic elastomer actuator [16]; 2. fiber reinforced
soft bending actuator [17]; 3. pneumatic artificial muscles [18]; 4. shape memory alloy actu-
ators [19]; 5. dielectric elastomer actuators [20]; 6. cable actuators [21].

ments [38]. The sensor skin is composed of arrays of pressure sensors where the conductive
medium uses a biocompatible salt-saturated glycerol solution. A stretchable tactile sensor
which is composed of two parallel channel is developed to detect contact force at movable
portions is developed in [39] (shown in Fig. 1.5. 4). The contact force can be measured by
comparing the resistance changes of each channel. A method for the fabrication of a low-cost,
six-axis force-torque sensor (Fig. 1.5. 5) is proposed in [40] using the rubber-encased MEMS
barometers. In [41], a soft skin module (Fig. 1.5. 6) with a built-in airtight cavity is developed
for the safe human-robot interaction. The air pressure in the sensor cavity can be sensed for
contact sensing and gentle grasping. As shown in Fig. 1.5. 7, a fiber optically sensorized
robotic hand is designed in [32]. The soft skin embedded by an FBG array is able to estimate
the location of the contacts and the FBG sensors on the bones provides force readings of the

contacts.

1.2 Motivation and Challenges

Compared with their rigid-bodies counterparts, soft robots have infinite degrees of freedom
so that traditional methods to model and control rigid robots are difficult to be implemented
for soft robots and thus new approaches are required. Although many design methodologies
have been proposed, the accuracy and efficiency of soft robots is still limited by the difficulties

of modeling, control and sensing of deformable systems. With such a problem in mind, the
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Figure 1.4: Power sources: 1.voltage [20]; 2. vacuum [22]; 3. air pressure [23]; 4. chemical
fuel [24]; 5. motor [21]; 6. magnetic field [25].

purpose of this thesis is to explore kinematic modeling and the technologies of vision-based
motion control, calibration and force sensing for soft robots.

1.2.1 Modeling

It is usually very difficult to get a relatively accurate model in analytical form for soft robots
and it is impossible with complex shapes or contacts with the environment. As a feasible
numerical method, Finite Element Method (FEM) is usually limited to be used to provide
a more realistic description of mechanics performance due to its higher computational cost.
However some work, in particular in medical simulation [42] or computer graphics [43] have
proposed real-time implementation of FEM. Thus, real-time FEM provides a general strategy
to model the soft robots with a higher accuracy and an acceptable computation time. The
quasi-static equation provides the relationship between the actuators and effectors directly.
For the controller design and force sensing, the basic quasi-static equation needs to be
extended. Therefore, the thesis introduces two extensions: (1) the discrete-time kinematic
equation and Jacobian matrix for kinematic control design, and (2) the equation to describe
the relationship between the actuators, external forces and effectors for force sensing.
Traditionally, catheter robots are modeled using the analytical method with an assumption
of constant curvature. This method is simple but it is difficult to be employed to model the

contacts acting on any position of catheter robot. The loss of contact information might result
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6 Introduction

Figure 1.5: Applications of soft sensors. 1: soft wearable motion sensing suit [36]; 2: a soft
artificial skin for hand motion detection [37]; 3: biocompatible pressure sensing skins for
minimally invasive surgical instruments [38]; 4: a stretchable tactile sensor for the detection
of contact force at movable portions [39]; 5: a six-axis force-torque sensor [40]; 6: 3D printed
soft skin for safe human-robot interaction [41]; 7: a fiber optically sensorized robotic hand
[32].

in imprecise steering and even the failure of the task because of the unsensed Jacobian matrix
rotation [44]. Therefore, there is a need to explore new method to model catheter robots

interacting with the environment.

1.2.2 Calibration

Robotic calibration can be a key requirement to increase the accuracy of position control and
force sensing. Indeed, the robot model can be improved with calibrated sensor-robot system,
geometric and material parameters. These items are coupled between each other and can be
simultaneously calibrated. The calibration of rigid have been widely researched. However,
there are only few work about the calibration of soft robots.

Compared to rigid robots, the calibration of soft robots is more complex due to the dif-
ficulty to model the deformation mechanics of a soft material. If soft robots have simple
configurations, it is possible to deduce their analytical equations so that the calibration of ge-
ometrical and material parameters can be calibrated using the methods for rigid robots. For
soft robots with complex configurations, traditional methods are difficult to be employed.

The actuators can also be calibrated using embedded force sensors or position encoders in
a decoupled manner with respect to other parameters. However, the use of sensors is expensive
and sometimes limited by the space. Therefore, the simultaneous calibration of sensor-robot

system and actuators, without using sensors embedded in the actuators, is investigated in this
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