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Kurzfassung

Heutige Prozessautomatisierungslosungen beruhen in hohem Mafle auf programmier-
baren und multifunktionalen Robotern, die die repetitiven und ermiidenden Verar-
beitungsschritte in der Massenproduktion fiir den Menschen zum Teil iibernehmen.
Viele dieser Prozesse erfordern im Allgemeinen, dass der Roboter ein Werkzeug ent-
lang eines geometrischen Pfades fiihrt, welcher im kartesischen Raum definiert ist.
Diese Aufgabe wird in der Regelungstechnik als Pfadfolgeregelung bezeichnet und
tritt bei Prozessen wie z. B. Frésen und Schneiden auf.

Die vorliegende Arbeit widmet sich der Entwicklung eines neuen Konzeptes fiir
die oberflichenbezogene Pfadfolgeregelung auf dreidimensionalen Werkstiicken. Im
Gegensatz zur klassischen Pfadfolgeregelung beriicksichtigt das vorgestellte Rege-
lungskonzept systematisch den Oberflaichennormalenvektor der zugrundeliegenden
dreidimensionalen Freiformoberfliche sowie den Pfadtangentenvektor des oberfla-
chenbezogenen Pfades. Fiir die Interaktion mit der Oberfliche werden zwei un-
terschiedliche Koordinatensysteme fiir den Kontaktpunkt eingefithrt, ndmlich das
natirliche und das parallele Koordinatensystem. Unter Verwendung einer Koordi-
natentransformation und einer Zustandsrickfiihrung wird die Dynamik des nicht-
linearen Robotersystems beziiglich eines nichtlinearen Pfades in ein System mit
linearem Eingangs-/Ausgangsverhalten in den neuen pfadbezogenen Koordinaten
transformiert. Diese beriicksichtigen die zugrundeliegende dreidimensionale Frei-
formoberfliche, womit eine Impedanzregelung, Admittanzregelung und Kraftrege-
lung in den neuen Koordinaten formuliert werden kann. Dariiber hinaus werden
industrielle Prozesse auf dreidimensionalen Freiformoberflichen in Bezug auf kine-
matische Einschriankungen, d. h. verbotene Werkzeugbewegungen, und kinematische
Redundanzen, das sind freie Selbstbewegungen des Werkzeugs, beschrieben.

Das Regelungskonzept wird experimentell anhand eines neuen Ansatzes fiir das fle-
xible Aufkleben von zugeschnittenen (kurvigen) Klebebéndern auf dreidimensionale
Freiformoberflichen validiert. Der experimentelle Aufbau fiir einen Demonstrator
geht aus einer ausfithrlichen Konzeptstudie hervor. Beim Aufklebeprozess wird
eine impedanzgeregelte Drapierrolle tiber das dreidimensionale Objekt gefiihrt, ohne
diese um den Oberflichennormalenvektor zu drehen. Dies verhindert die Faltenbil-
dung im aufgeklebten Streifen. Die experimentellen Ergebnisse mit einem KUKA
LBR iiwa 14 R820 zeigen die hohe Qualitdt des vorgestellten Ansatzes.

Die in dieser Arbeit vorgestellte oberflachenbezogene Pfadfolgeregelung ist ein all-
gemeines und modulares Konzept, mit dem verschiedene industrielle Prozesse auf
dreidimensionalen Freiformoberflachen mit unterschiedlichen kinematischen und dy-
namischen Eigenschaften beschrieben und ausgefithrt werden kénnen, wie z. B. Po-
lieren, Schweiflen, Laserschneiden, Nahen und Spritzlackieren.


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay | < any a8pajmoun Jnoa
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoirelassiq Jasalp uoisianeulblo apponipab ausiqoidde aig v_ﬂ_-_u.o__n__m


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Abstract

Today, process automation solutions strongly rely on programmable and multi-func-
tional robotic manipulators to perform repetitive and for the human operator partly
tedious processing tasks for large-scale series productions. Many of these processes
require the movement of a robot-mounted tool along a given geometric path defined
in the Cartesian space. From a control engineering perspective, this task is called
path following control and emerges in processes such as milling and cutting.

The work at hand is concerned with the development of a novel surface-based path
following control concept for the processing of 3D objects. In contrast to classical
path following control, the presented control concept systematically takes into ac-
count the surface normal vector of an underlying freeform 3D surface and the path
tangent vector of the surface-based path. For the interaction with the target 3D
object, two distinct coordinate frames are introduced, i.e. the natural and the par-
allel contact frame. Using a coordinate transformation and feedback linearization,
the nonlinear robotic system dynamics is transformed into a system with linear
input/output behavior in new path-based coordinates. The underlying surface is
systematically incorporated into this concept, which allows to formulate impedance
control, admittance control, and force control in the new coordinates. Moreover,
industrial processes on freeform 3D surfaces are described in terms of kinematic
constraints, i.e. forbidden tool motions, and kinematic redundancies, i.e. free self-
motions of the tool.

The control concept is validated experimentally by a novel approach for the ver-
satile application of (curved) pre-cut adhesive tapes on freeform 3D surfaces. The
experimental design of the demonstrator results from a thorough concept study. In
this process, an impedance-controlled draping roll traverses the target 3D object
without turning around the surface normal vector to prevent wrinkles. Experimen-
tal results with a KukA LBR iiwa 14 R820 demonstrate the high quality of the
proposed approach.

Surface-based path following control is a general and modular framework to describe
and perform various industrial processes on freeform 3D surfaces with diverse kine-
matic and dynamic requirements, e.g., polishing, laser cutting, sewing, and spray
painting.
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Nomenclature

Acronyms and Abbreviations

2D 2-Dimensional

3D 3-Dimensional

AFP Automated Fiber Placement

APP Advanced Ply Placement

ATL Automated Tape Laying

AUV Autonomous Underwater Vehicle
DoF Degree of Freedom

F/T Force/Torque

FDM Fused Deposition Modeling

FPP Fiber Patch Placement

FRP Fiber-Reinforced Plastics
LOWFLIP Low Cost Flexible Integrated Composite Process
NIC Network Interface Card

NURBS Non-Uniform Rational B-Spline
pHRI physical Human Robot Interaction
SCARA Selective Compliance Assembly Robot Arm
SRS Spherical-Rotational-Spherical
TCP Tool Center Point

TPU Thermoplastic Polyurethane

TRL Technology Readiness Level

TSP Traveling Salesman Problem

General Notation

a,v, A, ', ... scalars, sets

a, vy, ... vectors

AT, ... matrices

al, AT transpose of vectors and matrices

Ajj element in the ith row and jth column of the matrix A with
1,j €N

A B, ... coordinate frames
total derivative with respect to time

a
a second-order total derivative with respect to time
|| absolute value of a scalar, cardinality of a set

Xi
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Nomenclature

I
o
)
(‘)//
)

Ck

Euclidean norm

infinity norm

partial derivative of (-) with respect to p

second-order partial derivative of () with respect to p
covariant derivative of (-) with respect to p

class of k-times continuously differentiable functions

Coordinate Frames

TRNCDOS TR

Latin Symbols

planar tape frame
robot base frame
generic contact frame
natural contact frame
parallel contact frame
end-effector frame
frame of link ¢

object frame

tool frame

frame of triangle ¢
world (inertial) frame

S AEWT S B o

)

zero vector or zero matrix of appropriate dimension

Projection matrix

barrier function, i =1,...,7

vector of barrier functions

motor inertia matrix

CORIOLIS matrix

damping

origin of frame ) with respect to frame X, expressed in X
damping matrix

coordinate frame unit vectors, i =1,2,3

external force

gravitational payload force

measured force

vector of potential forces

forward kinematics function

inverse kinematics function

homogeneous transformation describing a rotation around the lo-
cal axis i € {z,y, z} by the angle ¢

homogeneous transformation describing a translation along the
local axis ¢ € {z,y, z} by the distance d

homogeneous transformation of frame ) with respect to frame X',
expressed in X

identity matrix of appropriate dimension
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Greek Symbols

analytical Jacobian

geometric Jacobian

rotation part of the analytical Jacobian
translation part of the analytical Jacobian
stiffness

stiffness matrix

transformation matrix

mass

mass matrix

link inertia matrix

rotor inertia matrix

vector of CORIOLIS and gravitational forces
nullspace projection matrix, : = 2,3

path parameter

set of path turning points

generic projection operator

natural projection operator

parallel projection operator

set of inverse kinematics solutions

joint position

Nomenclature

rotation matrix of frame ) with respect to frame X, expressed in

X

Rotation matrix describing a rotation around the local axis i €

{z,y, z} by the angle ¢

surface parameter s* = [s; sy]
time

time constant

sampling time

transformation matrix
rigid-body system torque input
coupling matrix

virtual input in path coordinates
feasible neighborhood

output of the robotic system
rotation part of the output
translation part of the output

)
jk

CHRISTOFFEL symbols of the surface o, 7,7,k =1,2

complete CORIOLIS matrix
motor position

geodesic curvature

normal curvature

Xii
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Nomenclature

A complete mass matrix

s path

T geodesic position in the planar path

m lateral position in the planar path

T parametrized path

o surface

o parametrized surface

oy surface normal vector field (GAUSS map)

o, surface tangent vector fields, 1 = 1,2

Os;s; second-order derivatives of the parametrized surface, 7,7 = 1,2

T path torsion

T joint torques

Te external generalized torques

T estimated friction torques

Tm motor torques

Th nullspace control input torques

© angle between path tangent direction and x-axis

o) minimal representation of an orientation, ¢' = [¢1 ¢y @3]

o(°) minimal representation of the rotation matrix -

®ii() minimal representation of the rotation matrix - using convention
ijk, with i, j, k € {z,y, 2}

&1 tangential path coordinate

&, &3 transversal path coordinates

&1, &5, &6 orientation path coordinates

&, rotation part of the output in path coordinates

&, translation part of the output in path coordinates

(0 elbow-plane angle

wy vector of angular velocities of frame ) with respect to frame X,
expressed in X

Diacritics

B labeling a symbol - in surface-based path coordinates

B labeling a modified symbol -

- labeling the lower limit of axis/joint -

B labeling the upper limit of axis/joint -

Subscripts

k referring to a time step k£ € IN

Superscripts
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d desired value

f right pseudoinverse

* optimal solution

P desired value for a subordinate position controller

XivV
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Introduction

In the past, industrial robots were manually programmed for simple pick-and-place
tasks and to move a tool along a simple contour of a workpiece. Today, industrial
robots are utilized for increasingly complex tasks and are equipped with a number of
different sensors [1]. Sophisticated software suits for offline programming are avail-
able to plan and simulate complex coordinated movements for a large number of
robots in fully automated production lines [2-5]. During execution, predominantly
position control is used for the robot motion and, therefore, the robotic system can-
not react adequately to disturbances or uncertainties, as for instance the underlying
workpiece geometry is not always exactly known to the robot. The control of the
interaction forces between the robot tool and the workpiece are is very important
for a number of robotic applications.

11 Industrial Processes on 3D Objects

Industrial robots today are considered as re-programmable and multi-functional ma-
nipulators and 2.4 million units are in operation worldwide, as of 2018 [6]. Besides
pick-and-place tasks, industrial robots are mainly utilized to perform industrial pro-
cesses such as welding [7], glue application [8], application of gaskets and tapes
[9], polishing [10], spraying [11], and sewing [12]. Complex processing trajectories
are planned and calculated offline based on the CAD data of the workpiece. The
robot motion is then fine-tuned and adjusted at the worksite using the robot teach
pendant. Additionally, if the interaction forces between the robot tool and the work-
piece have to be considered, the robot trajectory is adjusted manually to fulfill the
required interaction forces [13, 14]. In most cases, the robot motion is planned in
form of a position-based trajectory as a function of time and this planned motion is
replayed without feedback from the environment [15].

In contrast, from the viewpoint of industrial robotics and classical automation, many
processes require traversing a robot-mounted tool along a given geometric path with-

1
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1 Introduction

out a priori time parametrization [16]. This task is often called path following con-
trol or contouring control [17, 18] and emerges in many processes, as for instance
in milling and cutting. Similarly, glue dispensing is a path following task where the
dispensed material is directly related to the arc length of the path. In path following
control, the current position along the path is determined using a projection oper-
ator. Transversal feedback linearization allows to linearize the (nonlinear) system
with respect to the (nonlinear) path [19, 20]. The resulting system exhibits a linear
input-output relation in the path coordinates, which allows to formulate well-known
control strategies like force control or impedance control in these coordinates.

A suitable coordinate frame is needed to describe the robot motion with respect to
the underlying geometry. Previous works use the FRENET-SERRET frame [21, 22]
or the parallel transport frame [23-26]. Both frames are not suitable to traverse
surfaces of 3D objects, since these frames are derived from the path directly and
do not respect the normal vector field of an underlying surface. On the contrary,
surface following control shown in [27] provides a distinct surface normal vector, but
the local coordinate frame is derived from the surface only and does not take into
account the path tangent vector. Many processes, e.g. cutting along contours of
a freeform 3D surface and traversing a draping roll along a surface path on a 3D
object, clearly require both components — the surface normal vector and the path
tangent vector — for a feasible control strategy. Thus, novel control concepts are
required to accurately describe and control the robot motion along a surface-based
path.

The tool center point (TCP) is a virtual reference point of a robotic tool which is used
for positioning a robot in the Cartesian space. The TCP is given as a transformation,
i.e. a position offset and the orientation, relative to the tool mounting flange [15].
In industrial processes, the robot motion is determined by the desired motion of the
TCP in the workspace of the robot. For example, in a sewing application, the TCP
is the position and orientation of the presser foot of the sewing head. Many tools
allow for free rotation around a given axis such as the motor axis of a polishing tool
and the spray direction of a rotationally symmetric spray painting nozzle [10, 11].
Despite this additional degree of freedom for the robot motion provided by the tool,
robot controllers still require to fully specify the desired motion of the TCP in terms
of position and orientation. Hence, a systematic control approach to consider the
existing kinematic redundancies and constraints is required in order to significantly
increase the flexibility for industrial processes.

12 Handling of Deformable Materials

The term deformable materials refers to bodies which change their shape under the
influence of gravity, friction forces or mating forces and torques. Shape changes
include buckling, stretching, bending, twisting and volume changes in one or more
spatial dimensions [28, 29]. Examples for deformable bodies are found in many
industrial sectors, e. g. textile and apparel industry, automotive industry, food sector
and paper industry, and encompass materials such as fabrics, carbon and glass fiber
textiles, paper, foils, but also meat, cheese slices and cooked pasta [28]. In these
sectors, the handling of deformable materials is a major task. For example, technical
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12 Handling of Deformable Materials

textiles, like carbon and glass fiber fabrics and so-called prepregs, have to be handled
for the production of fiber-reinforced plastics (FRP) components. Predominantly by
manual labor, these components are manufactured by layering and draping multiple
sheets of technical textiles onto a mold [30]. Stacking, destacking, transporting and
draping processes are also required in the textile and apparel industry [31]. In the
production of shirts, a large number of individual components have to be stacked,
aligned and sewn together. The completed garments are ironed, folded and draped
adequately before being packaged. Similar tasks appear in the shoe production
[32], where the textile or leather part of the shoe, i.e. the so-called upper, is mostly
manufactured using planar deformable parts. Afterwards, the upper is sewn to
obtain its 3D shape and then draped on the shoe last, where the sole is applied.
Handling of deformable materials also plays a significant role in the automotive
industry, where many surfaces of the car interior are made of or are covered by
textiles and similar handling tasks are required for the production [33].

Robotic handling of deformable materials in industry has been a challenging task
for a long time [34, 35], and has received great attention in research recently [36].
The main challenges for the automated handling of deformable materials are their
characteristics, in particular the nonlinear material behavior, the anisotropy, and
the high-dimensional object state. The deformable components, especially in the
textile and apparel industry, occur in various sizes with diverse outer contours and
in a wide range of different materials with diverse material properties like porosity
and density. The examples above illustrate various use cases for the handling of
deformable materials. Processes in these sectors were optimized for manual labor
and rely on the dexterity of the human hand and its sensing capabilities as well as
the cognitive capabilities of the human operator [37-39]. Flexible automation on
a human level has not yet been achieved for many handling tasks, e.g. grasping,
de-stacking and draping [40, 41].

The most common approaches in the literature are advanced ply placement (APP)
and fiber patch placement (FPP), where pre-cut deformable components are grasped
and transported to the target 3D object and are then deposited and consolidated.
Many specialized mechatronic gripper solutions for rather narrow use cases were
implemented, see, e.g., [42-45]. In these solutions, areal gripping forces over the
extent of the gasped object are applied in order to retain its geometric shape. In
contrast, multi-point gripping for strip-like deformable components was implemented
with three robots, where two are used for grasping and transporting and a third robot
consolidates the strip with a draping roll [46]. For consolidation, additional sensors
and compliant actuators mounted to the end-effectors are used to impose a defined
compression force onto the surface, whereas the robots are position controlled. In
[47], a force-controlled application of strip-like materials is demonstrated on a three-
arm gantry robot based on a collaborative path following control concept. Similar to
[46], two gripping arms grasp and transport a textile strip and the third arm is used
for consolidation. The presented solution only solves the 2D case and the feasibility
of a 3D implementation is yet to be researched on. Draping motions on freeform 3D
surfaces are the focus of [40]. In this work, a pre-shearing step is performed, in which
the areal textile component is preformed using a press mechanism. Afterwards, the
deformable material is placed manually on the freeform 3D surface and the manually
planned draping motions are executed by the robot. Two differently shaped draping
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1 Introduction

rolls and a “wedge” end-effector are used to perform the draping process onto a
complex doubly-curved mold. The commercial solution SAMBA PRO [48] is able to
place small textile fiber patches using two position-controlled robots. While a 6-axis
industrial robot positions and orients the target 3D object, a selective compliance
assembly robot arm (SCARA) with a soft gripper performs the patch placement. In
this solution, however, the patch size as well as the wrapping angle are very limited.

Bjornsson et al. and Ward et al. [36, 49] state that pick-and-place systems as in-
troduced above deliver only low output volumes and lack efficient and reliable end-
effectors. Using pre-cut components as it is done in APP is difficult to integrate
and requires planning far ahead [50]. Systems capable of dispensing deformable
materials continuously have proven to be more successful in industry. These solu-
tions do not involve a grasping and transporting step and the deformable material
is precisely controlled by the end-effector. To this end, in automated tape laying
(ATL) and automated fiber placement (AFP), highly specialized application and
consolidation tools are used to mechanically place and thermally consolidate contin-
uous tapes of technical textiles on freeform 3D surfaces [9]. These approaches are
predominately used in the fiber-reinforced plastics (FRP) industry. Due to the tool
size and weight, high-payload robots are required for the tool movement and the
solutions are suitable for large and mostly convex surfaces only. Hence, brackets,
ribs and spars are too small to be efficiently manufactured using an ATL or AFP
approach. Also doubly-curved surfaces, tight corners and steep ramps are challeng-
ing to manufacture using these approaches [40, 51] and a minimal path length is
required due to the design of the application tool [9]. A small-scale realization of
ATL using a masking tape on 3D objects is shown in [52], which also includes 3D
object scanning and robot motion planning. While [53] extends this demonstrator
to support simple means of force control, it is only capable of dispensing continuous
tapes on simple geodesic paths.

From the literature overview above, it is clear that versatile solutions for the appli-
cation of pre-cut deformable components onto complex freeform 3D surfaces are still
not available. Moreover, [54] even observes that handling of deformable materials is
still “a manual process except for specialized solutions”. Bjornsson et al. [36] state
that there is a need for alternative approaches to ATL and AFP for small and com-
plex shapes, which provide more flexibility with respect to the shape of the target
3D object and the deformable component. Furthermore, a systematic approach is
required to control the interaction forces between the robot tool and the freeform
3D surface. Additionally, taking into account the kinematic redundancy of the robot
tool has the potential to significantly improve the overall flexibility.

1.3 Aim of this Work

The aim of this work is to develop a novel control concept, called surface-based path
following control, which extends classical path following control by incorporating an
underlying freeform 3D surface into the control strategy. This control concept is
able to describe the robot motion in surface-based path coordinates relative to a
known surface and allows to systematically traverse a freeform 3D surface with a
robot tool. Hence, the robot systematically considers the surface associated with the
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14 Outline of this Thesis

path, the surface normal direction and the path tangent direction. These directions
are used to accurately impose defined interaction forces and torques between the
robot tool and the freeform 3D surface. Moreover, kinematic tool redundancies, like
the rotation around the motor axis of a polishing tool, are also taken into account
and provide additional flexibility for the robot motion. The algorithms and solutions
emerging from this work are formulated in a generalized and modular way in order
to be applicable to a large number of industrial processes on freeform 3D surfaces.

A further goal of this work is to demonstrate the developed methods on an indus-
trial process. To this end, the novel control concept is implemented for the fast
and flexible application of (curved) pre-cut adhesive tapes on freeform 3D surfaces.
Initially, a concept study is conducted to evaluate the most suitable approach tar-
geted on high accuracy and throughput, large wrapping angles, defined interaction
forces during application and on small- to medium-sized 3D objects. A prototype
for this industrial process is designed and the control concept proposed in this work
is applied to generate the motion of the draping roll traversing the freeform 3D
surface.

1.4 Outline of this Thesis

The remainder of this work is organized as follows:

Chapter 2 “Mathematical Model of a 7-Axis Collaborative Robot” first introduces
the notation of homogeneous transformations and utilizes this concept to derive the
forward and inverse kinematics and dynamics of the Kuka LBR iiwa 14 R820, which
is employed throughout this work. This derivation results in a detailed dynamic
robot model which also captures the elastic joint dynamics, but is not suitable for
the controller design. To this end, singular perturbation theory is applied to separate
the elastic joint dynamics from the robot link dynamics and obtain the quasi-static
model in the standard form of a rigid-body model.

The main contribution of this work is Chapter 3 “Surface-Based Path Following
Control”; in which the control concept to traverse a robot tool along a path de-
fined on a surface is derived. First, the terms “path” and “surface” are introduced
mathematically in a differential geometric setting and are then utilized to describe
straight and curved paths on freeform 3D surfaces. Second, two distinct surface-
based coordinate frames are defined, i.e. the natural contact frame and the parallel
contact frame, which serve as a basis for the subsequent coordinate transformation
and feedback linearization. This transformation is applied to the nonlinear rigid-
body system with respect to a nonlinear surface-based path and yields a system
with linear input-output behavior. Third, task space controllers and hierarchical
nullspace controllers are formulated in the new surface-based path coordinates. In
order to control the nullspace, a novel method to consider the single-axis tool redun-
dancy is proposed in a general form. Finally, four different concepts for the robot
motion along the surface-based path are presented, i.e. an autonomous mode, two
cooperative modes, and a collaborative mode.

Chapter 4 “Concept Study on Tape Application” is a preparatory chapter, in which
a concept for the fast and flexible application of deformable materials on small-
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1 Introduction

and medium-sized 3D objects is developed. As a first step, the complete industrial
process is analyzed and structured into the main processing steps, i.e. contouring
and application, followed by general considerations on the robotic implementation.
Ten distinct concepts for the application process are presented and contrasted to
existing solutions in the literature and in industry. A qualitative evaluation of the
proposed concepts is performed, which yields two most promising solutions.

In the following Chapter 5 “Application of Curved Tapes on 3D Objects”, the results
of Chapter 3 are applied to the industrial process of Chapter 4 and implemented
on the proposed experimental setup, which is based on the results of the previous
chapter. As the two concepts with the highest score are related conceptually, a pro-
totypical design for a tape application tool is proposed which incorporates the key
aspects of both approaches. In this chapter, the experimental setup and the tape ap-
plication process are described in detail. The tape application controller is adapted
from the results of Chapter 3 to account for the peculiarities of the tape application
process. Moreover, algorithms are presented to find the optimal robot/tool position
and to determine the optimal initial robot pose for each deformable component to
be applied onto the freeform 3D surface. Subsequently, the derived controller is
implemented in discrete time on the computing hardware using discrete-space paths
and surfaces. The surface-based path following control concept for the tape appli-
cation process is validated experimentally on the KukA LBR iiwa 14 R820 and the
measurement results are discussed.

Finally, Chapter 6 “Conclusions and Outlook” summarizes this work and provides
conclusions and an outlook on future research activities.
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Mathematical Model of a
/-Axis Collaborative Robot

This chapter is concerned with the mathematical modeling of the collaborative robot
Kuka LBR iiwa 14 R820, which is utilized throughout this work. This robot is a
light-weight industrial manipulator which is designed for human-robot interaction
[55] and comprises seven rotational degrees of freedom (DoF'). Each joint is equipped
with a torque sensor and a harmonic drive with a high gear ratio, which introduces
significant elasticity into the drive train of each joint.

In the first section of this chapter, homogeneous transformations are introduced and
this formulation is used to derive the forward kinematics, the manipulator Jaco-
bian, and the inverse kinematics of the Kuka LBR iiwa 14 R820. Subsequently, the
complete dynamical model, which also considers the elastic joint dynamics, is de-
rived. As this model is too complex for the controller design, certain coupling terms
are neglected to obtain the reduced model. Finally, singular perturbation theory is
applied, which leads to a model in the form of a standard rigid-body system.

2.1 Kinematics

In this section, homogeneous transformations are introduced and the basic kinematic
relations for the forward and inverse kinematics, as well as the manipulator Jacobian
are derived for the Kuka LBR iiwa 14 R820.

211 Homogeneous Transformations

A homogeneous transformation H% describes the geometric relation of the coordi-
nate frame ) with respect to X' (expressed in X') and contains the position of the
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2 Mathematical Model of a 7-Axis Collaborative Robot

origin d% € R? and the orthogonal rotation matrix R € SO(3)

Yy Yy
HY = [RX dﬂ : (2.1)
0 1

Using the properties of rotation matrices
y) ! »\T X
(Rx> = (Rx) =Ry , (2.2)

the inverse of (2.1) is found as

1 - -1 X _RXgy
(1) = {(Rgé) (R%l) dﬂ _ ﬁy Ri’d?f] —HY . (23)

Thus, the inverse transformation H2 describes the coordinate frame X with respect
to Y, expressed in ). Here and in the following, the symbol 0 denotes a zero vector
or matrix of proper size. A coordinate frame C with respect to a frame A is given
using successive transformations with an intermediate coordinate frame B as

H = HEHS . (2.4)

In this work, a simple translation along the local axis i € {z,y, 2} is denoted by
Hry; 4, whereas a simple rotation around the local axis 7 by the angle ¢ is described
by Hg; . Finally, the rotation matrix of Hg;, is denoted by R; .

212 Forward Kinematics

Robots with serial kinematics are described using successive homogeneous transfor-
mations Hﬁ’f .- The coordinate frames £; are chosen such that the axis z; coincides
with the corresponding axis of joint 7. The kinematic relation between two successive
coordinate frames £; ; and L; is given by

Ly
Hﬁiﬂ - HTy7di,yHszdi,zHRIP,OLL'HRZ,(]Z' ) (25)

with three parameters d; , d; , and «; for each joint ¢ and the joint position ¢;. The
coordinate frames and dimensions of the KukA LBR iiwa 14 R820 are depicted
schematically in Fig. 2.1 with the joint positions q* = [¢1 ¢ --- ¢7]. Note that
the coordinate frame L, corresponds to the robot base frame B. Using (2.5) and
the joint positions q, the homogeneous transformation H%(q) of the TCP frame (or
tool frame), denoted by 7T, with respect to the (inertial) world frame W is calculated
as

Rly(q) djy(q)

HY,(a) = H, HE () HE () - HE (g HE HT = |

HE(q)

where the forward kinematics of the robot itself is denoted by Hg(q). In (2.6),
HY = Hr. 4, and H] describes the (constant) homogeneous transformation from
the robot end-effector (flange) frame £ to the TCP frame 7. The parameters for

8
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Figure 2.1: Coordinate frames, dimensions and distinct points of the KukA LBR iiwa
14 R820.

Shoulder S

all transformations Hﬁi_v i =1,2,...,8, are listed in Table A.1 of the Appendix.
Based on (2.6), the forward kinematics of the robot is defined as, see Fig. 2.1,

Yt d;/rv((I) . ht(Q) o 6
y= [yr $(RT()) _[hxq)]‘h(“)m’ (27)

with the Cartesian position y; € R?® and the orientation y, € R?® given as mini-
mal representation ¢(Ryj;,(q)) which is computed from the rotation matrix R}, (q).
Minimal representations in the form

1
¢ = 2| = ¢’z]k(R)7/’v) , Lk € {l’,y, Z} (28>
b3
use a sequence of three rotations, reading as
Rlz—v(¢) = Ri,¢1Rj,¢2Rk7¢3 ) (2'9)

to represent the orientation. The two feasible conventions are the EULER angles,
which use ¢ = k in (2.8), and the TAIT-BRYAN angles with i # j # k. Note that
representations with ¢ = j or j = k are degenerate and cannot be used to represent

SO(3).
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2 Mathematical Model of a 7-Axis Collaborative Robot

2.1.3 Manipulator Jacobian

The geometric Jacobian J4(q) establishes the relationship between the joint veloci-
ties q and the translational and angular velocities in the task space in the form

: 9 qr . .
Tl =% g = d(q)q . (2.10)

where y; is the translational velocity and w7, is the angular velocity of the tool
frame T with respect to the world frame W. The latter is calculated via the skew-
symmetric matrix operator S(w), which is defined for an angular velocity w? =
[wy wy w;| and the corresponding rotation matrix R as

0 —w, wy
Sw) =RRT=|wu. 0 -—-wl. (2.11)
—Wy Wy 0

Alternatively, the geometric Jacobian J,(q) can also be derived using a geometric
approach in which the contributions of each joint velocity to the translational and
angular velocity in the task space are calculated [56].

In contrast, the analytical Jacobian J(q), denoted without index, is computed via
differentiation of the forward kinematics (2.7) as

- H _ (ah) (@a = ["t@] a=J(a). (212

Vi dq J:(q)

It expresses the task space velocities y in terms of the joint velocities . Note that
the time derivative of the orientation task space coordinates y, differs from the
angular velocities w%. The relationship between y, and w% is established with the
transformation matrix T(¢), given by [56]

0
T(p) = %w% : (2.13)
in the form
w)y = T(¢)p = T(P): , (2.14)

and between the geometric Jacobian J,(q) and the analytical Jacobian J(q) as

I o0
1@ = [y o |70 215)

with the identity matrix I of proper size. Note that the representation of the orienta-
tion in form of EULER angles ¢p(RJ,(q)) gives rise to so-called representation singu-
larities where the transformation matrix T(¢) becomes singular, i. e. det(T(¢)) = 0.
A non-minimal representation y, € R? with d > 3, e. g. quaternions, can be used to
avoid such singularities.
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2.1 Kinematics

214 Inverse Kinematics

The considered robot KUKA LBR iiwa 14 R820 has seven DoF and, thus, is a
redundant manipulator in the 3D Cartesian space, which is of dimension six. In
contrast to 6-DoF robots, the solution of the inverse kinematics problem for the 7-
DoF robot comprises multiple one-dimensional sets due to the kinematic redundancy.
Hence, the robot can perform self-motions in the joint space without moving the
tool frame 7.

The seven joints of the robot, depicted in Fig. 2.1, exhibit a special arrangement,
where the first three axes and the last three axes intersect in the points S and W,
respectively, representing two virtual spherical joints. Thus, a spherical shoulder S
(joints 1, 2 and 3), an elbow (joint 4) and a spherical wrist W (joints 5, 6 and 7)
are formed.

Including the revolute elbow joint, the kinematic chain of the robot is called SRS
(spherical-revolute-spherical). In the literature, the term “anthropomorphic manip-
ulator” is also encountered frequently, as the kinematic structure of the considered
robot is similar to the human arm.

The inverse kinematics of (2.7) is formally denoted as

Q=h"'(y), (2.16)

with the set of joint-space solutions @) for the given Cartesian position y. While
the inverse kinematics of a general 7-DoF kinematic chain can only be computed
numerically, the special case of an SRS structure allows to calculate analytical so-
lutions [57, 58]. The inverse kinematics of the SRS robot is solved in two steps [57].
First, the inverse kinematics is solved analytically for a virtual 6-axis manipulator,
which emerges by setting g3 = 0. This yields eight discrete solutions, denoted by
qi, t = 1,2,...,8. In each of the eight resulting solutions, the shoulder S, the elbow
E and the wrist W (see Fig. 2.1) span the so-called reference plane. Second, this
reference plane is tilted by the angle v, called elbow-plane angle, from which the
joint-space functions q;(¢) with ¢ € ¥ = [—7,7) fori = 1,2,...,8 are found. Note
that q; = q;(0) for i = 1,2,...,8 holds. The set @) consists of eight one-parametric
solution sets [57]

Q= LSJ Qi (2.17a)
Qi={a() [ ¢y eV}, (2.17b)

with ¢ =1,2,...,8. Each set @); is the image of the elbow-plane angle 1) € ¥ under
the joint-space function @;(¢). Similarly in [58], the inverse kinematics problem
is solved using a geometric approach and utilizing quaternions for the orientation,
while keeping v, = tan(%) as a free parameter.

For practical implementation of the inverse kinematics algorithm for the SRS robot
structure, the computational costs in terms of the number of calculation operations
and the running time are significant performance indicators. These aspects are
considered in [59], where the computational performance of two implementations
based on the approach of Pfurner [58] are compared — one based on homogeneous
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2 Mathematical Model of a 7-Axis Collaborative Robot

A

Transmission,
Torque sensor

Motor i

Figure 2.2: Schematic drawing of the drive train model of a single joint 4.

transformations and one based on dual quaternions. This work shows that the com-
putational performance is equivalent for both approaches for the forward kinematics,
while the dual-quaternions implementation for the inverse kinematics is about 70 %
slower compared to the implementation using homogeneous transformations.

2.2 Dynamics

The KUukA LBR iiwa 14 R820 is a light-weight robot, which is equipped with torque
sensors and harmonic drives in each joint [55]. Due to the low mechanical stiffness of
these components, this type of drive train exhibits significant joint elasticity, which
has to be considered in the robot model. Additionally, high gear ratios of up to 160
result in high angular velocities of the motor rotors and, thus, their inertias cannot
be neglected. Hence, the inertias of the motor rotors have to be included in the
robot model. A schematic drawing of the drive train model of a single joint ¢ is
depicted in Fig. 2.2. Here and in the following, the motor position is denoted by 6;,
the joint torque is 7; and K; describes the (linear) joint stiffness, i = 1,2,...,7.

To this end, the complete model, which incorporates the joint elasticity and the
motor rotor inertias of the seven joints, reads as [60]

A(a) lg} +I'(q,q) m + [g(qi{_( eK—(Z)_ q)] = LTJ : (2.18)

with the complete inertia matriz

_ |Mi(q) + M;(q) U(q)
A(q)—[ : UT(Q) B ] : (2.19)

where Mj(q) and M,(q) are the inertia matrices of the links and the rotors, re-
spectively, B = diag(By, Bo, . .., B7) denotes the diagonal matrix of the motor rotor
inertias B;, 1 = 1,2,...,7, and U(q) takes into account the couplings between the
links and the motor rotors. Note that U(q) can be shown to be a strictly upper
triangular matrix [60]. In (2.18), the motor positions 8 = [0, 6 --- 6], the di-
agonal joint stiffness matrix K = diag(K, Ky, ..., K7), the motor torques 7,,, the
generalized external torques 7., and the gravitational forces g(q) are introduced.

12
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2.3 Singular Perturbation Theory

The complete CORIOLIS matriz I'(q,q) is not unique in general and its elements
I';;(q,q) are chosen as

14
Fij(qa q) = Z Cijk(q)zk (2.20a)
k=1
cijr(q) = 2( ajzi ) + 3];( ) - 52( )> ) (2.20b)
7 i
with z7 = [q" 8"] = [21 2 --- 214] € R* and the CHRISTOFFEL symbols c¢;j.(q),

i,j,k = 1,2,...,14. The first row of the complete robot model (2.18) describes
the link dynamics with the joint position q, while the second row accounts for the
dynamics in the drive train with the motor position 8. These subsystems are coupled
via the complete CORIOLIS matrix I'(q, ¢), the coupling matrix U(q) and the joint
stiffness in the drive train

T = K(G — q) = [Tl Ty - - T7]T . (221>

The coupling matrix U(q) only represents loose coupling between the links and
the motors. These couplings make the calculation of an inverse dynamics control
extremely difficult. Moreover, the system is not input-state linearizable by static
state feedback [61].

The complete model (2.18) is thus simplified under the assumption that the kinetic
energy of each rotor is exclusively determined by its own rotation [62], neglecting the
rotations due to the link motions. This assumption is justified for high gear ratios
and leads to U(q) = 0. As a result, the complete inertia matrix A(q) in (2.19)
is reduced to a block-diagonal matrix [60]. Hence, with (2.20), this simplification
yields the reduced model in the form

M(q)q +n(q,q) = K(0 —q) + 7. (2.22a)
BO+K@O—q) =T, (2.22b)

where the mass matrix M(q) = M,;(q) + M,(q) and the vector of CORIOLIS and
gravitational forces n(q,q) = C(q,q)q + g(q) are introduced.

2.3 Singular Perturbation Theory

While the reduced model (2.22) is input-state linearizable, the control strategies
based on this model are complex, sensitive to parameter variations and require time
derivatives of the mass matrix M(q) and of the vector of CORIOLIS and gravitational
forces n(q, q) [61]. To obtain a suitable model for the controller design, the singular
perturbation theory is applied to the reduced model (2.22), see, e.g., [60, 62]. In
the framework of the singular perturbation theory, the joint dynamics (2.22b) are
assumed to be sufficiently fast compared to the link dynamics (2.22a) and the model
(2.22) can be separated into a fast and a slow subsystem accordingly. Applying the
control law, see [60],

™m =u—K, (r—u)—eD,7 (2.23)
13
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2 Mathematical Model of a 7-Axis Collaborative Robot

yields

(M(a) + (T+K,)'B)q+n(q,q) = u+ 7 (2.24)

M(q)

as quasi-static model, with the new system input u, the singular perturbation pa-
rameter 0 < ¢ < 1 and the positive definite controller gain matrices K, and D..
In (2.24), the bar above the symbols indicates quasi-static variables, i.e. q and Te.
Thus, the quasi-static model (2.24) represents a rigid-body model with the modified
mass matrix 1\7[(61) Using this result, classical control strategies can be applied
to robots with elastic joints. Note that the measurement of the joint torque 7 is
required for the control law (2.23).
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Surface-Based
Path Following Control

In path following control, the robot motion is described by a geometric path in
the task space of the robot and a path parameter which describes the progress of
the motion along the path. Surface-based paths, in contrast to free paths in space,
impose a distinct surface normal direction at each point along the path, which cannot
be taken into account in classical path following control methods.

Processing surfaces of 3D objects is a frequent task occurring in industrial robotics,
e.g. polishing, laser cutting, draping, spraying and grinding [10, 63]. All of these
processes require the robot tool to maintain alignment with the distinct surface nor-
mal direction at each point on the target 3D object. Additionally, some processes,
like cutting and sewing, require the tool orientation to be aligned with the path
tangent. Other processes, like polishing and laser cutting, use tools with a rota-
tional symmetry around the surface normal vector and, thus, the rotation around
the surface normal vector becomes redundant. These examples illustrate that each
process and tool imposes its own kinematic constraints and kinematic redundancies
when interacting with a freeform 3D surface, which have to be maintained with high
precision.

In the course of this chapter, surface-based path following control is developed, which
allows to move a robot tool along a path defined on a surface, while considering the
distinct surface normal vector and the path tangent vector. Additionally, the kine-
matic constraints and kinematic redundancies are systematically taken into account
by the control approach. The robot motion is described using a surface-based co-
ordinate frame for the interaction with the freeform 3D surface. Thus, the robot
position and orientation as well as the interaction forces and torques are formulated
in this coordinate frame and have a clear meaning with respect to the surface and
the surface-based path. Using this approach, the robotic system systematically takes
into account the surface to be processed and is able to deal with uncertainties in the
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3 Surface-Based Path Following Control

Surface-based
path

Normal plane

Surface

Figure 3.1: Basic components of the surface-based path following control concept.

freeform 3D surface during the process.

This chapter starts with a conceptual overview of the surface-based path following
control. Subsequently, the fundamentals of paths on surfaces as well as surface-based
frames are introduced in a differential geometric setting. Based on these frames, a
coordinate transformation is derived, which is used in a feedback linearization to
linearize the nonlinear robotic system with respect to the surface-based path. Af-
terwards, task space controllers and hierarchical nullspace controllers are described,
which observe the kinematic constraints in the task space and allow for an adequate
motion in the free axes of the nullspace. Finally, four different modes of operation
with different time evolutions of the path parameter are discussed.

3.1 Overview

The basic components of the surface-based path following control concept are il-
lustrated in Fig. 3.1. The surface-based path (thick dark gray line) has a distinct
surface normal vector at each point along the path, which is derived from the un-
derlying surface (light gray). The position of the TCP (black dot) is projected onto
the surface-based path using a projection operator (green arrow), which determines
the closest point on the path such that the TCP position lies on the normal plane
(light gray plane). At the projected point, a contact frame (black arrows) is con-
structed from geometric components of the surface and the path, e.g. the surface
normal vector and the path tangent vector. Based on this contact frame, a coordi-
nate transformation and a feedback linearization are calculated, which linearize the
robotic system in the new surface-based coordinates (red arrows). This allows to
formulate standard controllers in these coordinates, as e. g. position, impedance or
force controllers.

The contact frame provides distinct kinematic relations to the surface and, thus,
rotations around specific axes of the contact frame can be either locked or left
open for free motion. For example, a surface polishing tool is a motorized rotating
disk, which is mounted on the robot flange. During the robot motion, the rotation
around the motor axis of the polishing tool does not need to be specified and, thus,
represents an additional redundancy to the robot motion, see Fig. 3.2a. Due to this
kinematic redundancy, merely the motor axis has to be aligned with the surface
normal direction, which means that the dimension of the task space is reduced
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3.2 Paths on Surfaces

S &

(a) (b) ()
Figure 3.2: Examples for tools exhibiting a single-axis tool redundancy. (a) Polishing
tool, (b) Draping tool, (c) Ultrasonic cutting tool.

by one. Similarly in Fig. 3.2b, a draping roll has a rotational symmetry around
the draping roll axis and, thus, the contact point between the draping roll and
the freeform 3D surface (black dot) may move freely on the circumference of the
draping roll. Analogous to the first example, the rotation around the draping roll
axis gives rise to an additional redundancy for the robot motion. A third example
is shown in Fig. 3.2¢ for an ultrasonic cutting tool. The intersection between the
blade and the freeform 3D surface is approximated by a line segment, around which
free rotations are admissible to a limited extent. Kinematic relations of this type
are called single-axis tool redundancy in this work and are discussed in detail in
Section 3.6.1 “Single-Axis Tool Redundancy”.

3.2 Paths on Surfaces

Surface-based paths on freeform 3D surfaces are described as parametrized paths
complemented with a surface normal vector field. In this section, the basics of
surfaces, paths and ribbons are shortly summarized in terms of differential geometry.
The definitions and relations are then used to calculate straight paths on freeform
3D surfaces, i. e. geodesics, and to map curved planar paths onto target 3D objects.

The basics presented in the following are mainly based on [21, 64] and the reader
is referred to these texts for further details. Moreover, the arguments of some
functions are omitted for clarity of presentation. The positions and orientations of
all geometric objects are given with respect to the world frame W.

3.2.1 Surfaces

A surface o is given as a regular C* parametrization o (s) : U C R? — R? with the
surface parameter vector s* = [s1 s9] from a subspace U C R?. The parametrization
o (s) of a surface o is called regular if (o5, X05,)(8) # 0Vs € U, where o5, = 0o /0s;,
i = 1,2, are the surface tangent vectors. Equivalently, a regular parametrization has
nonzero and linearly independent surface tangent vectors o (s), i = 1,2 Vs € U.
Thus, for each regular surface parametrization o (s) there exists a unique unit normal

vector field

. T, (8) X 0, (s)
708 = o8 x on@)] (3.1)

which defines the so-called GAUSS map.

17
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3 Surface-Based Path Following Control

3.2.2 Paths

Analogous to the surface, a parametrized regular path is given by w(p) : I C R —
R3, with the path parameter p defined on the interval I C R. A regular parametriza-
tion fulfills the condition 7’(p) # 0 Vp € I, where the derivative with respect to the
path parameter p is denoted by (-) = a@p(-). The arc length [(p) of a path 7(p) at
p measured from a reference point pg is defined as

i) = [ 1= 5)]| dp - (3.2)

Po

A special case for a path parametrization is the so-called arc-length parametrization,
i.e. a parametrization with constant speed ||#'(p)|| =1 Vp € I. Any path m(p) can
be parametrized its by arc length by using a regular reparametrization in the form
7(l) = w(p(l)), where p(l) is the inverse function of (3.2). This can be easily seen

from .
|7’ (p)]]

17" D1 = ll=" () lp'(1) = )

where the relation I'(p) = ||#'(p)|| holds due to (3.2) and p/(l) = (lp) originates from
the inverse function theorem [64].

—1, (3.3)

Assumption 1. Without loss of generality, all paths are assumed to be arc-length
parametrized, i.e. |7 (p)|| =1 Vp € I.

3.2.3 Ribbons

A smooth unit vector field n(p) is called a unit normal field along 7 (p) if n(p) L ='(p)
Vp € I. The conjunction of a parametrized path 7r(p) and a unit normal field n(p) is

called a ribbon (or strip) (ﬂ'(p), n(p)) [65]. Additionally, a so-called adapted frame
F(p) = [t(p) n(p) b(p)] € SO(3) is defined for each ribbon (7 (p),n(p)) with

t(p) = ='(p) (3.4a)
b(p) = t(p) x n(p) . (3.4b)

The evolution of an adapted frame F(p) along a ribbon (ﬂ'(p), n(p)) with an arc-
length parametrized path is governed by the structure equations with the unique
functions for the normal curvature k,(p), geodesic curvature k,(p) and torsion 7(p)
in the form [65]
0 —fn(p)  Kg(p)
F'(p) = F(p)| #n(p) 0 —7(p) (3.5)
—kg(p)  7(p) 0

or equivalently

t' = kn(p)n — Ke(p)b (3.6a)
n' = —k,(p)t+7(p)b (3.6b)
b' = kg(p)t — T(p)n . (3.6¢)

Note that k,(p), kg(p) and 7(p) are geometric quantities of the ribbon and are
invariant under reparametrization or under a Euclidean motion, i. e. translation and
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3.2 Paths on Surfaces

rotation in space. Conversely, the fundamental theorem for ribbons states, see,
e.g., [65], that given these three functions, an arc-length parametrized path 7 (p)
with a corresponding unit normal field n(p) can be calculated such that k,(p),
kg(p) and 7(p) are the normal and geodesic curvature and the torsion of the ribbon

(71'(]?), n(p)), respectively. The resulting ribbon is unique up to a Euclidean motion.

Finally, based on (3.6), three types of ribbons are defined. A ribbon (ﬂ(p), n(p)) is
denoted as

 asymptotic ribbon if k,(p) = 0,
« geodesic ribbon if k4(p) = 0 and

« curvature ribbon if 7(p) = 0.

3.2.4 Paths and Vector Fields on Surfaces

Surface-based paths are fully described by so-called natural ribbons (71' (p), Jn(S(p))),
which comprise the regularly parametrized path 7 (p) = o (s(p)) given on the surface
and the corresponding GAUSS map o, (s(p)) of the parametrized surface o (s). The
path parametrization is regular if s'(p) # 0 Vp € I.

The covariant derivative d%(-) of a vector field v(p) along a surface-based path 7 (p)

describes the rate of change of this vector field v(p) projected onto the tangential
plane of the surface and is defined as [21]

D
d—pv =v - (v -o,)0, . (3.7)
A vector field v(p) defined along the surface-based path m(p) is parallel, if
D
—v=0 Vpel. 3.8
" S (3.8)

In the following, the covariant derivative for the special case of a surface tangent
vector field v(p) is derived and is expressed in terms of the surface. The surface
tangent vector field v(p) can be written as a linear combination of the local surface
tangent vectors o, (s(p)), i = 1,2, in the form

v(p) = v1(p)o s, (s(p)) + va(p)os,(s(p)) - (3.9)

Inserting (3.9) into (3.7) yields

o ! / /
—V =005 + 010, + U0, + 020,

dp
— ((U’l o, +u10, + 050, +1207,) - a'n>0'rl
~— ~—
lon lon
= vjo,, + Ul@dsl + vho s, + v2d—p052 : (3.10)

Next, the covariant derivatives d%o'sl and d%G'SZ are formulated in terms of the sur-

face using I (s(p)), 4,4,k = 1,2, with I'}, = I'y; and I'}, = I',, as the CHRISTOF-
FEL symbols of the surface o in the parametrization o(s). With the second-order
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3 Surface-Based Path Following Control

partial derivatives o, = %0 /Ds;0s;, 1,7 = 1,2, the covariant derivatives of the
surface tangent vectors o, and o, read as [64]

D /

/
—0,, =0, — (0o 0,0,
dp 1 S1 ( S1 )
o / / / /
= 055,51 T Og.5,5) — (0'315131 + 0'513232) "On |0y
1 2 ' 1 2 '
= (o4, +T7104,)s] + (D0, +1,0,)s, (3.11)
and
2a' =0, — (o, -o,)0
S - n n
dp 2 S2 S2

= 0-5251 8/1 + 0-52528/2 - ((0528153 + 0-82825/2) : o-n)a'n
= (Félo’ﬁ + F%10'52)8/1 + (F%QUM + F§2082)3,2 ) (3'12)
where the GAUSS-CODAZzI equations were utilized in the last line of (3.11) and

(3.12). The intermediate results (3.10), (3.11) and (3.12) are combined to obtain
the covariant derivative (3.7) expressed in terms of the surface, reading as

D
R (01 + vi(4T + 55T0) + va(s TS, + 85T8,) ) o,

+ (vg +v1 ()3, + s5T3,) + va ()15, + 5’2F§2))0'32 : (3.13)

3.25 Straight Paths: Geodesics

Geodesics are arc-length parametrized straight paths m on a surface o with x4(p) = 0,
i.e. these paths do not exhibit turns around the local surface normal vector o,,.
Equivalently, the path tangent 7’(p) of a geodesic is a parallel vector field as defined
in (3.8). Straight surface-based paths on freeform 3D surfaces are described by
geodesic ribbons (Tr(p), Jn(s(p))), which are constructed from a geodesic path 7 (p)
and the corresponding GAUSS map o,(s(p)). As the following theorem states, a
geodesic is uniquely determined when given a starting point sy on the surface and
a tangent direction tg.

Theorem 1 (Geodesics on freeform 3D surfaces). [64] Given a starting point
so = [s1,0 S2.0] on the surface o with the reqular parametrization o(s) and a tangent
direction to = 8 (0, + 550,, with to L on(so) at s, there is a unique geodesic
7(p), with 7(py) = o (so) and 7' (py) = to.

Proof. Applying the covariant derivative in surface coordinates (3.13) to the path
tangent vector field 7’(p), i.e. v =7’ = sjos, + shos,, leads to

2 /_( 1 /2F1 2F1 /o /2F1
dpﬂ- = (87 4+ sy Ty + 208185 + 55 15,) 0,

+ (s + 7T, + 200,85y + s515,) 0, (3.14)

where Iy, = T}, was used. To satisfy (3.8), both parentheses in (3.14) have to
vanish individually, since the surface tangent vectors o, and o, are linearly in-
dependent for a regular surface parametrization o (s). Hence, this yields the initial
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3.2 Paths on Surfaces

Figure 3.3: Geometric relations in the coordinate system of the planar path A.

value problem

no__ 1271 1 77 12271
s = —s7 1 — 2058785 — s5 15 (3.15a)

sy = —s7T]) — 20,8, 55 — s3T5, (3.15b)

with the initial conditions

51(po) = 51,0 s (po) = s (3.16a)
s2(po) = 52,0 so(po) = 8/2,0 . (3.16b)
The geodesic is obtained as solution of (3.15) with (3.16) and its uniqueness follows
from the PICARD-LINDELOF theorem, see [66] for more details. O

3.2.6 Curved Paths

A curved path 7 (p) on a freeform 3D surface can be computed using different ap-
proaches, e.g. interpolating points on the surface with sufficient smoothness [67],
projecting planar curves onto the surface [68] or generating the curve from sur-
face/plane intersections [69].

In this section, a novel approach to generate surface-based paths is presented, which
maps a given planar path onto the freeform 3D surface such that the geometric
shape of the path remains unchanged. To this end, the geometric quantities of a
planar path are extracted and the surface-based path is constructed on the freeform
3D surface from these quantities. Thus, the planar and the surface-based path
represent a matching pair of target lines [70].

Curved Planar Paths

The geometric relations for an arc-length parametrized planar path 7(p) in the
planar coordinate system A are depicted in Fig. 3.3. The shape of the planar path
in A is fully defined by the geodesic curvature r4(p), which is calculated as [21]

ke(p) =[0 0 1](x' x =) (3.17)

The location of each point 7r(p) of the planar path is parametrized by the geodesic
position 7,(p) along the z-axis and by the lateral position m(p) along the y-axis.
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3 Surface-Based Path Following Control

The angle between the path tangent direction and the z-axis (see Fig. 3.3) is given
by

/ P ~ ~
p(p) = arccos([1 0 0]') = / re(P)dp (3.18)
Po
and is utilized to calculate the lateral and geodesic positions as

p

m(p) = /p sin(e(p)) dp (3.19)
0
P

m(p) = [ cos(p(p)) d (3.20)
Po

Curved Paths on Freeform Surfaces

The geodesic position m,(p) along the path, the lateral position m(p) relative to
the path and the geodesic curvature kg4(p) are intrinsic geometric quantities of the
path, which do not change under a reparametrization or under a Euclidean motion.
These quantities also remain unchanged when the underlying path is mapped onto
a freeform 3D surface using the geodesic curvature kgz(p). Thus, the surface-based
path is constructed on the freeform 3D surface by imposing the geodesic curvature
Kg(p) on the covariant derivative according to [64]

(7)) = 5 (o600 x ) (321)

The right hand side of (3.21) is expressed in terms of surface variables as

O, X O
) (ons0) % 70)) = o) (2T S+ )
s1 89
= K5, (D)0 s, + sy (D), (3.22)
with
_/ig(p) / !
K (p) = m(slas1 COg, F $50, - T,) (3.23a)
kg (P)
K (D) = m(sﬁasl cOs + 850, - O) (3.23b)

Following the arguments of Theorem 1, a new system of ordinary differential equa-
tions for curved surface-based paths is obtained from (3.21) with (3.22) as

s = =57} — 28 sh — $5Thy + i, (p) (8.242)
sy = _3/121?1 - 211?25/15/2 - 3/22F§2 + ks, (P) (3.24b)

and the initial values are given by (3.16). Thus, the surface-based path (p) is
steered locally using the path curvature k,(p) via ks, (p) and ks, (p), and the solution
of (3.24) is the unique surface-based path corresponding to a given starting point s
and tangent direction to, which has the same geodesic curvature kg (p) as the planar
path. The resulting path 7(p) complemented by the GAUSS map o,(s(p)) yields
the natural ribbon (71' (p), an(s(p))), which fully describes the curved surface-based
path.
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3.3 Surface-Based Frames and Coordinate Transformations

3.3 Surface-Based Frames and Coordinate
Transformations

The interaction between the robot tool and the target 3D object is governed by a
contact frame. In this section, two different frames are developed, which are suited
for a number of different applications. On the one hand, the natural contact frame
C, is constructed from the path tangent vector and the surface normal vector and,
thus, the frame orientation follows the path tangent. Sewing and ultrasonic cutting
are example applications, which require the tool to be oriented along the processing
path. On the other hand, the parallel contact frame C, comprises a parallel surface
tangent vector and the surface normal vector. This construction prevents turns of
the contact frame around the surface normal vector. For some applications, e.g.
a draping process, this property is necessary to prevent wrinkles in the processed
material. Additionally, a projection operator P, (y;) and P,(y:) is associated with
the contact frames C,, and C,, respectively.

For an application at hand, the suitable contact frame is chosen. The contact frame
with its corresponding projection operator comprise the basis for a coordinate trans-
formation. Using this coordinate transformation, the system output y is uniquely
transformed to the new path coordinates

¢ &
y = [ t] =1:1, (3.25)
3
€6
with the position &, € R? and the orientation &, € R3.
The following two subsections are devoted to the derivation of the natural contact
frame C, and the parallel contact frame C,. At the beginning of each subsection, the
respective frame and its corresponding projection operator are defined. Afterwards,

the coordinates for the tangential, transversal and orientation subsystem are given,
which are then combined to a coordinate transformation.

3.3.1 Natural Contact Frame

The natural contact frame C,(p) is constructed from a given surface-based ribbon
(W(p), Un(s(p))) and the path tangent vector 7/(p) in the form

HS () — elép) ex(p) egop) ng)]
_ [ﬂ’(p) au(s(p) x w'(p) ou(s(p)) W(p)l. (3.26)
0 0 0 1

All three vectors e;(p), i = 1,2,3, are unit vectors due to Assumption 1 and they
compose a rotation matrix in SO(3). Note the similarity of this rotation matrix
to the adapted frame F(p) of Section 3.2.3 “Ribbons” for n(p) = o,(s(p)). The
geometric relations of the natural contact frame C,(p) are illustrated in Fig. 3.4 for
three points py < p* < p; along the path. The orientation of the natural contact
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3 Surface-Based Path Following Control

Figure 3.4: Geometric relations of the natural contact frame Cy(p).

frame C, (p) maintains the surface normal vector and simultaneously follows the path
tangent 7' (p).

Natural Projection Operator

As introduced in Section 3.1 “Overview”, a projection operator is used to determine
the current position on the path, denoted by p*. The natural projection operator
P, (y¢) for the natural contact frame C,(p) is chosen as a minimum-distance criterion
in the form [24]

p* = Pu(y) = argminlly: - m(p)|”, (3.27)
p

which determines the point 7r(p*) on the path 7 closest to y; with an orthogonal
projection. The natural projection operator P,(y;) in (3.27) is formulated as an
optimization problem and the corresponding first-order optimality condition reads
as
(ye —m(p") @' (p") =0, (3.28)
=e1(p*)
i.e. the distance vector y; — 7 (p*) is orthogonal to the path tangent e;(p*) = =’ (p*)
for the optimal solution p* of (3.27). Thus, the distance vector y; — 7 (p*) lies in
the normal plane N, (p*) = {x € R? | x — w(p*) L e;(p*)}, which underlines the
geometric relations depicted in Fig. 3.4. Moreover, [24] shows that the optimization
problem (3.27) exhibits a strict minimum in the feasible neighborhood given by the
set
Vi={y: € R’ | a(ys) < 1}, (3.29)
with
aly:) = (yo — m(p") 7" (p") . (3.30)
The time derivative of the projected path parameter p* in (3.27) is used as an

intermediate result for the following subsections and is calculated from the time
derivative of (3.28) using Assumption 1, 3(y;) = (1 — a(y;))” " and (2.12) as

p* = Blyder (") Iu(a)d - (3.31)

Tangential Subsystem

A coordinate transformation for the new coordinates (3.25) is derived in the follow-
ing, which is based on the natural contact frame C,(p*) and the natural projection
operator P, (y:), see Fig. 3.5.
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3.3 Surface-Based Frames and Coordinate Transformations

Figure 3.5: Coordinate transformation using the natural contact frame Cy(p).

The first coordinate &; is chosen as the arc length along the path, which simplifies
to . .
P p i}
= [ Iw@ldp= [ dp=p—po (3.32)
po Po
due to the assumed arc-length parametrization, see Assumption 1. Using (3.31), the
time derivative of (3.32) is calculated as

& =p" = Blydel (p)Iu(a)a - (3.33)

Transversal Subsystem

The transversal coordinates & and &3 are chosen as projections of the distance vector
yi — 7(p*) onto the respective coordinate axis e;(p*) and es(p*), reading as

G=e (P )y —m()), i=23. (3.34)

Note that due to the special construction of the natural projection operator P, (y),
the distance vector y; — 7 (p*) lies in the normal plane Ny, (p*) and &3 measures the
distance of the output y; to the surface along the surface normal vector o, (s(p)).
The velocities & and &; are computed from (3.34) by time differentiation

&= (i) (ye — m(p")p" + e (0)3: — ef (p°) = (p") p*

=e1(p*)
- (’%<yt)er1r(p*> + e;r(p*)>th ) =0, e; Le; (335)
with
() = (€(p") (v = 7)) Blyr) (3.36)

for i = 2,3. Note that the expressions in (3.35) simplify due to the orthogonality of
the basis vectors (e1, es, e3) of the natural contact frame C,(p).

Orientation Subsystem

The three coordinates of the orientation subsystem &, are chosen as the deviation
of the orientation y, of the TCP frame T from the orientation of the projected
natural contact frame C,(p*), denoted as c,(p*) in minimal representation. Hence,
the orientation subsystem &, reads as

£ =y:—cu(p’) =h(q) —cu(p’) , (3.37)
25
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3 Surface-Based Path Following Control

and the corresponding time derivative yields

ér =¥ — Clla(p*)p
= (3@ ~ L )BVel )i @) )a (339

Coordinate Transformation

The results for the individual subsystems are assembled to a coordinate transforma-
tion to obtain the new coordinates y and the time derivatives y in the form

M = ®(q,q) (3.39)
y
o] [ (3.32)
R RN
YT la] T 639, (340
& | 337) |
G [ 633) Blydel(p) O
s §2 _ (3.35)],—2 _ Ya(yi)el (p*) +e;(p*) O [Jt(CI)]-
V=6 T | G39)m| ~ [aoel) + o) of [t A
&) | (338) ] —c,(P)Byei ) I yig
L(q)
J(a)

Note that the geometry of the surface-based path is incorporated in form of an
additional transformation matrix L(q) in J(q), cf. (2.12). The regularity of the
transformation matrix L(q) in (3.40) is preserved for f(y;) < oo, i.e. inside the
feasible neighborhood Y; of (3.29). In the same way as in [24], the coordinate
transformation (3.40), with the nonsingular transformation matrix L(q), can be
proven to be a C!-diffeomorphism for a fully actuated 6-DoF robot.

3.3.2 Parallel Contact Frame

Parallel vector fields do not exhibit turns around the surface normal vector o, as
stated in Section 3.2.4 “Paths and Vector Fields on Surfaces”. The parallel contact
frame C,(p) is constructed from a parallel vector field and the surface normal field o,
and, thus, inherits this property. In the following, the parallel contact frame C,(p)
is derived, which is suitable for draping processes, where the draping roll must not
turn around the surface normal vector to prevent wrinkles in the processed material.

For simplicity of the mathematical notation, the intermediate variable names and
function names of the previous section (a(y:), B(yt), p*, ...) are redefined in the
following for the parallel contact frame. Subsequently, confusion will be avoided by
referring to the corresponding equation.
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3.3 Surface-Based Frames and Coordinate Transformations

Figure 3.6: Geometric relations of the parallel contact frame Cp(p).

The first-order differential equations for the parallel unit vector field 7,(p) are de-
rived using (3.13) and (3.8) with v = m,(p) = t1(p)os, (s(p)) + t2(p)os,(s(p)). Fol-
lowing along the lines of Theorem 1 leads to

ty = —t1(s)T1y + s5T15) — ta(s1 Ty + s5T5,) (3.41a)
t/2 = _tl(S/IF%I + 5/21?2) - t2(3,1F§1 + Sérgz) ) (3.41b)

from which the parallel unit vector field 7,(p) is calculated. The initial conditions
t1(po) and ta(po) are chosen such that the vector field 7, is aligned with the path
tangent 7’ (pg) at po, i.e.

mp(po) = 7' (po) - (3.42)
Thus, with

oo [al) el e =)
A

B lﬂ'p(p) Tu(s(p)) X mp(p)  Tu(s(p)) 77(19)] (3.43)
0 0 0 L

the parallel contact frame C,(p) is constructed. Similar to the previous section, the
homogeneous transformation Hf/\‘) (p) contains the three unit vectors e;(p), i = 1,2, 3,
which constitute a rotation matrix in SO(3). The parallel contact frame C,(p) for a
parametrized path 7r(p) is shown for three path positions pg < p* < p; in Fig. 3.6,
which illustrates the evolution of the parallel contact frame along the path while
avoiding turns around the surface normal vector o,(s(p)).

Parallel Projection Operator

The parallel projection operator P,(y;) takes into account the orientation of the
parallel contact frame C,(p), which is determined by the surface normal vector
es;(p) = on(s(p)) and the parallel vector field e;(p) = 7, (p), cf. Fig. 3.6. Hence, the
operator projects the output position y; onto the specific point 7 (p*) on the path
which satisfies the condition

(ye —m(p") mp(p*) =0, (3.44)
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3 Surface-Based Path Following Control

Yeed

Figure 3.7: Coordinate transformation using the parallel contact frame Cp(p).

i.e. where the normal plane N, (p*) = {x € R?® | x — w(p*) L e(p*)} intersects
the path, see Fig. 3.6. If multiple solutions to (3.44) exist, the position p* with
the smallest distance ||y; — 7 (p*)|| is selected. Taking the time derivative of the
constraint (3.44) and solving for p* yields

- B(y:)

p = W% (p")Ji(a)q , (3.45)
with
Blyd) = (1—aly) ™ (3.46)
_ (ys =) el (")
a(yy) = oy ey o ) (3.47)

Tangential Subsystem

Using the parallel contact frame C,(p) and the parallel projection operator P,(y:), a
coordinate transformation is derived in the following to transform the system output
y to the new coordinates ¥ in the form of (3.25). The new coordinates are illustrated
in Fig. 3.7 for the parallel contact frame C,(p).

The tangential coordinate &; is chosen as the geodesic position 7, (p*) along the path.
In terms of surface geometry this is

*

£ = / " (' (p) e (p) dp | (3.48)

0

with the time derivative, see (3.45),
&= (") e (p)i" = Blydei (0")Tu(a)a (3.49)

Transversal Subsystem

The transversal coordinates & and &3 are calculated as the projection of the distance
vector yy — m(p*) onto the respective coordinate axis es(p*) and e3(p*) using

&= eiT<p*)(Yt —7(p")) , 1=2,3. (3.50)

Note that the transversal coordinates take into account the surface normal direc-
tion and, thus, &3 measures the distance of the output y; to the surface along the
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3.3 Surface-Based Frames and Coordinate Transformations

surface normal vector o, (s(p)). The corresponding velocities are computed as time
derivatives of (3.50) and read as

& = (el @) + el () Il (351)
with
130 = oY@l (e — () — F ) . (352)
' ef (p)m'(p*) V" '

Orientation Subsystem

The orientation subsystem is defined in an analogous way as in the previous section,
i.e. as rotational deviation of the tool frame 7T from the projected parallel contact
frame C,(p*). Using the orientation of C,(p*) in minimal representation, denoted by
cp(p*), the orientation subsystem is chosen as

£ =¥ — &p(p") = hu(q) — cp(p") (3.53)

and its time derivative yields

& = ¥r — c,(0")p"
:{um—*@m”%W)

e (p*)m'(p*)

Jt(q))q : (3.54)

Coordinate Transformation

The intermediate results (3.48) to (3.54) for the positions and velocities of the new
coordinates ¥ and y, respectively, constitute a coordinate transformation of the
structure (3.39) in the form

o]l [ as)
el [650)_,
Y7l T | 650),, (3.55a)
& | (3.53) |
raE [ Bly)el () 0]
= &l (3'51)1%2 = [y )el () +ej(p*) O [Jt@]q (3.55b)
¢ aan’| | _ee)sel ) | |Ss
LS| L | i e’ll‘(p*)ﬂ./(p*) | J(q)
L(q)
J(q)

Note that the structure of this coordinate transformation is equal to the previous
section, cf. (3.39) and (3.40). The geometry of the surface-based path is governed
by the transformation matrix L(q) for the parallel contact frame C,(p*) and, thus,
the regularity of L(q) is a crucial property for this coordinate transformation. The
transformation matrix L(q) is nonsingular inside the feasible neighborhood

Vi={yi e R*| —c0<aly) <1}, (3.56)
29


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

3 Surface-Based Path Following Control

Figure 3.8: Schematic illustration of turning points. For p € {p1,p2}, the path tangent
vector 7/(p) lies in the normal plane Ng, (p) of the parallel contact frame

Co(p).

with a(y:) from (3.47), in which 0 < B(y:) < oo for (3.52) and (3.55). Moreover,
the set

Po={pel|n(p) Lm,(»)} (3.57)

designates the so-called turning points of a path m(p) at which the path has in-
plane turns, i. e. where the path tangent 7’(p) lies in the normal plane N, (p) of the
parallel contact frame C,(p), cf. Fig. 3.8. In order to further investigate the turning
points P, inserting (3.46) and (3.47) into (3.45) yields

sk 1 eT (p* .
e e | o R AR

In (3.58), the term (y; — m(p*)) e} (p*) becomes zero at planar surface areas of the
underlying freeform 3D surface o (s(p)), i.e. €](p*) = 0, or if the output y; is on the
path m(p*), i.e. y, — w(p*) = 0. Additionally, at turning points el (p*)=’(p*) = 0
and therefore the path velocity p* — oo due to (3.58). Since p* is used in (3.49)
and (3.51), the corresponding rows of the transformation matrix L(q) grow to infin-
ity at turning points and the coordinate transformation (3.55) becomes undefined.
Note that in the proximity of turning points, the transformation matrix L(q) re-
mains nonsingular, but becomes ill-conditioned. Therefore, such paths have to be
split into multiple parts to exclude the turning points F;. For example, the path
7(p) illustrated in Fig. 3.8 exhibits two turning points at p € {p;, p2} according to
(3.57). In order to exclude the turning points, this path is split into

m1(p) = {m(p) | p € [po, 1)}
mo(p) = {mw(p) | p € (p1,p2)}
m3(p) = {m(p) | p € (p2,p3]} -

In a practical implementation, the turning points P; can be approached very closely,
such that switching to the next part of the path is possible.

Inside the feasible neighborhood Y;, the coordinate transformation for the surface-
based path (3.55) can be shown to be a C!-diffeomorphism for a fully actuated 6-DoF
robot.
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3.4 Feedback Linearization

3.4 Feedback Linearization

In this section, a static state feedback is introduced in order to linearize the quasi-
static model (2.24) from Section 2.3 “Singular Perturbation Theory”. To simplify
the notation, this model is stated again in the form

M(q)§ +n(q,q) =u+ 7., (3.59)

with the system torque input ur = [u; ... uy]. The following concepts and equa-
tions are independent of the underlying contact frame. Hence, either the natural
contact frame C,, from Section 3.3.1 “Natural Contact Frame” or the parallel contact
frame C, from Section 3.3.2 “Parallel Contact Frame” can be chosen for the specific
application at hand. Thus, the appropriate Jacobian J (q) is used either from (3.40)
or (3.55), as the application requires, and the contact frame is denoted generically
by C.

The system input u in (3.59) is composed of
u="T1.+ Ty, (3.60)

where 7. denotes the controller input and 7, is the nullspace input. The latter is
detailed in Section 3.6 “Hierarchical Nullspace Controller”. The controller input 7.
is given by the static state feedback

A

e = M(@J'(@) (v—I(a.9)d) +n(a.4) - 7. (3.61)

with the new system input v = [v vI] = [v; .-+ vg], which transforms the system

(3.59) into a system with linear input-output behavior in the new coordinates
y=v. (3.62)

Thus, the feedback transformation (3.61) transforms the nonlinear system dynam-
ics (3.59) with respect to a nonlinear surface-based ribbon (w(p),an(s(p))) on a
freeform 3D surface o (s(p)) into a linear system in form of six integrator chains
of length two in the new coordinates y. Note that the right pseudoinverse of the

Jacobian J(q) = JT(q) (j(q)jT(q))_1 was used in (3.61) due to the kinematic
redundancy of the robot.

35 Task Space Controller

The linear system (3.62) in the new coordinates ¥, which results from the feedback
transformation (3.61), serves as a basis for the design of standard linear controllers,
in particular an impedance controller, an admittance controller and a force con-
troller, which are introduced in this section. Note that as a result of the projection
operator and the transformation into the path coordinates, these controllers act with
respect to the contact frame. At each instance of time, the distance of the system
output y; normal to the surface, tangential and transversal to the path are taken
into account by the surface-based path following control concept. Thus, the control
errors for position and orientation are formulated with respect to the contact frame
C and also the virtual control inputs v act in this frame.
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3 Surface-Based Path Following Control

351 Impedance Control

Impedance control imposes a mechanical reference model, i.e. the relation between
position and force, on the underlying linear system, which is realized using the
control law

v=3tt (M) (R DG -5 - KU - 99) (3.63)

with the projected external generalized forces
. N T
f.= (J'(q) 7. (3.64)

Equation (3.63) uses the desired trajectory (39, v, ﬁ}d) comprising the desired posi-
tion, velocity and acceleration given in the coordinates of the contact frame y. The
desired mass matrix is denoted by M9, D¢ is the desired damping matrix and K¢
the desired stiffness matrix. Using (3.63) for the linear system (3.62) yields

Mdé + D96 + Kle = f, (3.65)
as closed-loop error system with the control error € =y — y4 in the new coordinates.
For f, = 0, the equilibrium point € = 0, € = 0 is exponentially stable for positive

definite matrices M4, D4 and K4 [71].

Decoupled Error Dynamics

The error dynamics (3.65) decompose into six decoupled ordinary differential equa-
tions of order two by using diagonal controller gain matrices M4, D4 and K¢ in the
form

M? = diag(mS,...,m3) (3.66a)
DY = diag(ds, ..., d5) (3.66b)
K? = diag(k{, ... kJ) . (3.66¢)

The error dynamics (3.65) with (3.66) are exponentially stable if md > 0, d¢ > 0
and k§ >0 fori=1,...,6.

Compliance Control

For the implementation of the impedance control law (3.63), the measurement of
the external generalized forces in 7, (3.64) is required. If this measurement is not
available, T, cannot be fed back in (3.61) and the feedback linearization is not valid
if external forces act on the system. In this case, the control law (3.63) is reduced
to a compliance control law in the form

v=3"+ (M) (-DYE - 5 - K - 39) . (3.67)

where the feedback of f'e is omitted. Essentially, the control law (3.67) represents
a PD control law formulated in the path coordinates. Imposing the desired mass
matrix M? is not possible in this case.
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35 Task Space Controller

Path-Dependent Controller Parameters

In path following control, the current position on the path p*(t) is calculated at ev-
ery instance of time by a projection operator, as introduced in Section 3.3 “Surface-
Based Frames and Coordinate Transformations”. Thus, the path position p*(t) is
known and the parameters of the mechanical reference model can be adapted by the
path position in the form of M%(p(t)), D4(p(t)) and K% (p(¢)) [72]. Using this prop-
erty, the behavior of the robot along the path, normal to the surface and transversal
to the path can be adjusted locally. For example, in a draping or polishing process,
the stiffness k3 for coordinate axis £5 along the surface normal can be adjusted along
the path to provide the appropriate surface normal forces at each point on the path.
Due to the time dependence in the reference model parameters, the error dynam-
ics of the system (3.65) become time variant and are stable under the following
conditions [72].

Lemma 1. Let
M (p(t))é + D (p())é + K (p(t))é = 0 (3.68)

be the error dynamics of the closed-loop system with the path-dependent diagonal
gain matrices M%(p) = diag(m{(p),...,mg(p)), DY (p) = diag(d{(p), ..., d§(p))
and K4(p) = diag(kd(p),...,kd(p)). Under the assumption of positive and finite
impedance parameters

M, < mi(p) < M, (3.69a)
Ms < di(p) < M, (3.69b)
Ms < k3 (p) < M , (3.69c¢)

and if the conditions

1p(t)| < My (3.70a)
0 kd(p) M3 M
— = M, 2 .
ap <m?(p) < g < M22M7 (3 70b)

hold for all path parameters p(t), i =1,...,6, and 0 < M; < oo (j=1,...,8), then
the closed-loop system with the error dynamics (3.68) is uniformly exponentially
stable.

Proof. Due to the diagonal matrices M%(p(¢)), D4(p(t)) and K9(p(t)) in (3.68),
the error dynamics decomposes into six decoupled, linear time-variant differential
equations of the form

s, ) 5 Ke®) , _ .
it a0 O w0 1,....6. (3.71)

f®) g(t)

As shown in [73], these decoupled systems are uniformly asymptotically stable under
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3 Surface-Based Path Following Control

the conditions

)] < ¢y (3.72a)
l9(2)] < Cz (3.72b)
()] < Cy (3.72¢)
0<Cy< g(t) (372(1)
0< Cs < §(t) + 29() (1) . (3.72¢)

With the assumptions (3.69a) to (3.69¢), the conditions (3.72a), (3.72b) and (3.72d)
are satisfied immediately. The upper bound for condition (3.72¢) is found from
(3.70a) and (3.70b) in the form

l9(t)] = aap(&f%)h (t)] < Mz Mg = Cs . (3.73)

With the smallest possible rate of change of ¢(t), that is —M;Msg, the right-hand
side of (3.72¢) is bounded from below with

§(0) + 2000 (1) > — MM + 22225

RVE: >0, (3.74)

Cs

from which the right inequality of (3.70b) results. This proves the uniform asymp-
totic stability. Finally, uniform exponential stability of (3.68) follows from the uni-
form asymptotic stability with [71, Theorem 6.13]. ]

352 Admittance Control

In admittance control, the mass-spring-damper reference model, parametrized by the
matrices MY, D¢ and K9, generates a reference trajectory (yp P, yp) comprising
the reference position, velocity and acceleration, reading as

P =5+ (M) (- DGR - ) - KU 59) (3.75a)
. t ..
P = [ yPdr (3.75h)
0
t .
P = [ yPdr. (3.75¢)

The reference model in (3.75a) incorporates the feedback of the external forces f,
[74]. The error system for this reference model with the reference position error
&P = 3P — 94 is given by

MAéP 4+ DIéP 4 KdeP = f, | (3.76)

and matches the error dynamics of the impedance control (3.65). The reference
trajectory generated by (3.75) is fed to a subordinate position controller with the
positive definite gain matrices Ky and K; in the form

v=3"—Ki(y - 3°) - Koy - 3°) - (3.77)
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35 Task Space Controller

3.5.3 Force Control

The control law . ) )
v=3"+ (M) (fe — P DY, - fg)) (3.78)

implements the force controller with the desired mass matrix M and the damping
matrix D¢. By introducing the force error & = f, — £, the error dynamics for the
linear system (3.62) with (3.78) become

Mdé = & + Ddé; . (3.79)

At this point it should be emphasized that the desired forces f'ed, the interaction
forces f, and the force error & are given with respect to the contact frame C due to
the chosen coordinate transformation and the feedback linearization, see Section 3.4
“Feedback Linearization”. Thus, at every point along the path, the surface normal
vector and the tangential and transversal directions are known and the interaction
forces are formulated with respect to these directions. This property is beneficial
for many industrial processes on freeform 3D surfaces, e. g. polishing and draping,
where the interaction forces with respect to the freeform 3D surface are critical.

354 Hybrid Control Concepts

The feedback transformation from Section 3.4 “Feedback Linearization” yields a
linear system (3.62), which comprises six independent integrator chains of length
two. Based on the decoupling in the new coordinates and the new system input v
hybrid control concepts can be designed as a composition of the standard control
laws introduced in the previous subsections.

As an example, a polishing process for freeform 3D surfaces and the development
of a hybrid control concept is described in the following. For a known target 3D
object, the surface-based paths are planned using an offline programming method
[2]. In order to allow the robot to adjust for uncertainties and deviations from the
target 3D object, an online controller is required, which is aware of the underlying
surface. Thus, surface-based path following control with a hybrid control concept
for the six independent virtual inputs v;, i = 1,...,6, of (3.62) is implemented in
the form

- G —Fi (g — 9 — di(gn — 9

o el = 98) — oo = )
ol |8 (fas = F = (s - 1)

v U4 B '4 ,,Tj(fe,zl - di(% - 3/4) - k’4 (92 — fo)) 7 (3:80)
Us| |8 g (fos — d3(05 — 98) — (35 — 98))

v _ﬁa"‘n%g(fe,@ di (96 — 95) — k& (96 — ?351))_

with suitable controller parameters as defined in the respective subsections. In
(3.80), the force controller (3.78) is used in &s-direction to provide a desired force
profile along the surface normal. Position controllers in the form of (3.77) along &;
and & stabilize the tool on the given path. Moreover, the impedance control law
given by (3.63) is utilized for the orientation coordinates and allows the robot to
compensate for deviations in the local orientation of the freeform 3D surface.
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3 Surface-Based Path Following Control

3.6 Hierarchical Nullspace Controller

The Kuka LBR iiwa 14 R820 utilized in this work is a 7-DoF robot and, thus,
exhibits a one-dimensional nullspace when operating in a 3D task space. More-
over, certain tools mounted on the robot flange provide an additional kinematic
redundancy for the robot motion, as already stated in Section 3.1.

In the following, the concept of single-axis tool redundancies is introduced in math-
ematical terms. This way, one DoF is moved from the task space to the nullspace,
which increases the dimension of the latter to two. This two-dimensional nullspace
is stabilized using a hierarchical nullspace controller [75] in two hierarchical levels,
composed of, see (3.60),

Tn = Tn,l + Tn,2 . (381)

The first level 7, ; influences the robot motion such that the joint limits are avoided
and the redundant tool axis is stabilized, while the second hierarchical level 7,5
controls the motion of the robot elbow and stabilizes a virtual equilibrium position.

36.1 Single-Axis Tool Redundancy

As introduced in Section 3.1 “Overview”, a single-axis tool redundancy is a kine-
matic redundancy induced by the use of specific robotic tools. For example, the
polishing tool illustrated in Fig. 3.2a can rotate freely around the z-axis (blue ar-
row), the draping roll shown in Fig. 3.2b has a redundant y-axis (green arrow), and
the ultrasonic cutting tool in Fig. 3.2¢ exhibits a (limited) redundancy for the rota-
tion around the z-axis (red arrow). Thus, for these tools, the task space dimension
can be reduced by one and the rotation around the redundant tool axis is then
stabilized in the nullspace.

The major benefit of this approach is the systematic consideration of the additional
degree of freedom in the robot motion. One constraint for the tool orientation is
omitted in the task space and the robot can automatically adjust the redundant
axis in the nullspace. This significantly increases the overall flexibility of the robotic
system. Additionally, this approach is independent of the contact frame C(p). Thus,
either the natural contact frame C,(p) or the parallel contact frame C,(p) can be
used for this concept. Note that this concept can also be applied to classical task
space control of robotic systems [56].

In order to exploit the single-axis tool redundancy for the redundant axis r €
{z,y, 2}, the appropriate minimal representation for the orientation in (2.8) has
to be chosen. To this end, the TAIT-BRYAN convention (see Section 2.1.2 “Forward
Kinematics”) is employed with

k=r (3.82a)

i,j € {x,y, 2z} \r with i#j. (3.82Db)

This way, the direction of the redundant tool axis r is fully determined by the angles
¢1 and ¢, and the angle ¢3 denotes the rotation around the redundant tool axis. As

an example, the geometric relations for d)zyz(R%) are illustrated in Fig. 3.9. Addi-
tionally, the transformation matrix T(¢) introduced in (2.13) becomes independent
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3.6 Hierarchical Nullspace Controller

¢3

Q<Y
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b1

X

Figure 3.9: Geometric relations for the minimal representation of the orientation ac-
cording to the TAIT-BRYAN convention q’)zyx(R%).

of ¢3, as can be verified by direct computation. Thus, the rotation ¢3 around the
redundant tool axis r does not influence the angles ¢, and ¢s.

Using the above convention ¢)ijk(RVTv) for the minimal representation of the ori-
entation, the (reduced) 5-dimensional task space y considering the single-axis tool
redundancy is derived in the form

&
y=1|:|=Ay (3.83)

&5
y=Ay=AJ)q, (3.84)

\T/—/
J(q)
with the projection matrix
I 0
A=, [t 00]f€ R>*6 (3.85)
010

i.e. by omitting the third orientation coordinate {s of the path-based coordinates.
Note that in (3.84), the reduced Jacobian matrix J(q) is introduced. Analogous to
Section 3.4 “Feedback Linearization”, the static state feedback, cf. (3.61),

e = M(a)J'(a)(¥ - I(a,@)a) +n(q,q) - 7. , (3.86)

with the new system input v' = [¢; --- ©5], is applied to the rigid-body system
(3.59) with (3.60), which yields )
F=v, (3.87)

i.e. a system with linear input-output behavior in the reduced coordinates y.

3.6.2 Level 1: Joint Limits and Stabilization of the Redundant Axis

The first hierarchical level of the nullspace controller operates in the nullspace of the
reduced Jacobian J(q) of the reduced task space with the dynamically consistent
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3 Surface-Based Path Following Control

nullspace projection matrix, see [75],

Na(q) = M(q)(T - I(a)d(a)) - (3.88)

The lower and upper joint limits of the robot @ = [g, ... ¢ Jand @ =[q ... 7],
respectively, are observed using barrier functions in the joint space, reading as [76]

b () = [bi(q1) ba@) -+ brlar)] (3.89)
b; b,
bqu = Z_ - — 5 7::]_,...,7, 3.90
(@) (% —a@)?* (g, — @) (3.90
where the constants b; and b;, i = 1,...,7 parametrize the slope of these functions.
The barrier functions are applied to the system using
Tu1 = —Na(q)b(q) . (3.91)

The rotation around the redundant tool axis r from Section 3.6.1 “Single-Axis Tool
Redundancy” can also underlie certain application-specific constraints and require-
ments. In the example described before related to polishing, the rotation around
the z-axis is free and unconstrained, but needs to be damped to achieve a stable
robot motion. On the contrary, for the draping process mentioned above, the me-
chanical construction of the tool brings along certain angle limits and a desired
equilibrium position with respect to the rotation around the redundant axis. Thus,
for the general case, the lower and upper axis limits § 6 and &, respectively, and the

corresponding slope parameters b, and 556 are introduced for the redundant axis
and the barrier function

b b
b _ =6 g6 '
es (&6) € &)y + PRAL (3.92)

is applied to the system in the form

0 D
_bée (56) - d6£6 - kﬁ(fﬁ - 56,0) ’

with the damping coefficient dg > 0, the stiffness coefficient kg > 0 and the equilib-
rium position & for the redundant tool axis 7. Note that J7(q) generates a joint
space motion in the redundant tool axis r from and implements the stabilization of

€6-

To1 = N2(Q)( —b(q) + J(q) l (3.93)

3.6.3 Level 2: Elbow Stabilization

For a fixed TCP frame T, the redundant 7-DoF manipulator can perform a nullspace
motion by rotating the elbow plane around the shoulder-wrist axis, see Fig. 2.1 and
Section 2.1.4 “Inverse Kinematics”. This robot elbow motion is stabilized by the
second hierarchical level, which operates in the nullspace of the first level. Using
augmented projections with dynamic consistency [75], i. e. using

Ns(q) = M(q)(T - 3*(q)d(a)) (3.94)
Tn2 = N3<q>(_an - an) ) (395)
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3.7 Path Progress

the nullspace projection matrix N3(q) projects the torques of the nullspace PD joint
controller with the positive definite gain matrices K, and D, onto the torque input
Two. Note that in (3.94), the Jacobian matrix J(q) augments the reduced Jacobian
matrix J(q), see (3.84).

3.7 Path Progress

In path following control, the robot motion is described by a path 7 (p), which de-
fines the motion geometry in space, and the path parameter p, which specifies the
temporal progress along the path. Hence, the path progress p(t) is an additional
degree of freedom, which can be specified according to the requirements of the given
application. In the literature, many works on path following control [19, 22, 24] do
not cover the path progress and use a simple timing law. In [18], an integrator chain
of sufficient length is used as timing law to simplify the structure of the system
equations. Moreover, a non-negative path progress is assumed in this work. The
path parameter used in [77] for a nonlinear control law synchronizes the motion of
multiple autonomous underwater vehicles (AUV). A collaborative scenario is pre-
sented in [78] with an application in the automotive industry in mind. The goal of
this application is to mount a car door into the hinges of the car body — demon-
strated using a wooden plate with hooks moved by the robot and the corresponding
inertially fixed hinges. In this setting, the human motion specifies the path progress,
while the robot bears the heavy load.

Collaborative robots are becoming increasingly popular in industry, and collabo-
ration between humans and robots constitutes an important component of modern
production systems. In this sense, surface-based path following control also qualifies
for physical human robot interaction (pHRI), since the robot motion is restricted
to a geometric path defined on the surface. For example in a polishing process, the
robot can carry the weight of the polishing tool and constrain its motion to a path
on the surface, while the human imposes the tangential (forward) motion. This way,
the human can visually and haptically inspect the surface during the process and
intuitively control the robot motion.

The following subsections focus on the temporal evolution of the path progress,
with an emphasis on operation principles for pHRI applications. Four different
modes of operation are presented, which summarize the results of [72]: autonomous
mode, cooperative mode, cooperative mode with gesture control, collaborative mode.
The different modes are based on the impedance controller (3.63), as introduced in
Section 3.5.1 “Impedance Control”. Each of the operation modes generates a C2
reference trajectory (94, o ffd) in the form

yd = lﬂ , (3.96)

i. e. the desired trajectory specifies the path progress with the trajectory (£, S‘f, g"f),
and — without loss of generality — prevents translational or rotational deviations from
the path otherwise. Moreover, the proposed modes of operation can also be applied
to classical path following control as derived in [24, 47, 72]. A video demonstrating
these modes of operation is published at www.acin.tuwien.ac.at/fc09 [72].
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3 Surface-Based Path Following Control

Trajectory k Ny e (t)

Figure 3.10: Two-dimensional schematic drawing of the coordinate systems for (a) path
following control with the path progress £§(t) and (b) trajectory tracking
control.

3.71 Autonomous Mode

If the robot motion is executed in the autonomous mode, the path progress is im-
posed directly as a function of time (£3(¢),&(t),£3(t)). Thus, the robot performs
the prescribed motion along the tangential direction of the path in terms of position,
velocity and acceleration.

While this robot motion is similar to classical trajectory tracking control [56], there
are distinct differences in the details, as Fig. 3.10 illustrates for the two-dimensional
case. In path following control (Fig. 3.10a), the projected point on the path 7 (p*)
is found using a projection operator P(yy) as defined in Section 3.3 “Surface-Based
Frames and Coordinate Transformations”. Thus, the error dynamics are defined
with respect to the projected contact frame and the transversal error dynamics act
normal to the path, while the tangential error dynamics act along the path. In
contrast, in trajectory tracking control (Fig. 3.10b) the control errors are defined
in terms of the desired tracking coordinate frame R(¢) at all times ¢ and the error
dynamics act along the axes of this frame. This difference becomes more significant
for large control errors or large curvatures in the path 7 (p) [79, 80].

3.72 Cooperative Mode

In cooperative mode, the robot moves at first autonomously and is independent
from the human. If the human recognizes an error condition in the robot task, the
robot motion can be halted using physical contact and the error condition can be
remedied through manual intervention by the human.

To implement this behavior, the reference trajectory (3.96) is determined by a ref-
erence velocity v using a second-order lag element with the time constant 7" in the

form
d [€d 0 1 ~d 0
alell = 1 Sl ) (3.7
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3.7 Path Progress

Vo +

| | |
0 Ustop Ustart

3
Figure 3.11: Schematic drawing of the Relay operator (3.99) for the reference velocity
v(t) for in cooperative mode with gesture control.

and the time integration of £f The reference velocity v is chosen as

v = v0<1 G- 51) , (3.98)

A&

where v is the nominal velocity and the expression (3.98) reduces or increases
the reference velocity as soon as the current path progress & deviates from the
reference path progress £f. Note that the reference velocity (3.98) reaches zero at
the maximum deviation A¢&;. The stiffness of the tangential subsystem k{ of the
impedance controller (3.63) is chosen such that the human can easily provoke the
necessary deviation using small forces at the TCP of the robot. An external motion
control ensures that the path progress is stopped at the end of the path.

3.7.3 Cooperative Mode: Gesture Control

Simple gesture control can be added to the cooperative mode using the tangential
velocity &; and the lag element (3.97). To this end, the reference velocity v(t) is
implemented as hysteresis function in form of a so-called Relay operator [81] given

O lf Sl (t) S 'Ustop
Vo lf él (t) 2 Ustart
v<t> - O lf él (T) S (Ust0p7 Ustart) VT S [t07 t]
v ( arg max &; (1) & (Vstop, vsmt)) otherwise ,
TE[to,t]

(3.99)
with 0 < Ustop < Ustart < Vo, see Fig. 3.11. The tangential error dynamics are
parametrized to ensure a compliant behavior with £¢ and d¢, while the transversal
coordinates use high stiffness to stabilize the TCP on the path. Thus, the end-
effector is compliant along the path and an autonomous motion can be initiated by
pushing the robot end-effector or tool in tangential direction with fl > Ugtart- Lhe
robot motion is stopped again once the instantaneous tangential velocity falls below
the stopping threshold velocity vgp, i. €. fl < Ustop, by halting the robot manually
at its end-effector.
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3 Surface-Based Path Following Control

3.74 Collaborative Mode

The collaborative mode follows directly from the concept of path following control by
setting the tangential stiffness to zero, i.e. k! = 0. Hence, the tangential coordinate
£ in (3.65) is no longer influenced by &§ and the robot end-effector or tool can be
moved along the path freely by the human. Still, the TCP is stabilized onto the path
by the transversal subsystem &5, &3 and the orientation &, follows the orientation of
the contact frame C(p*) using the orientation subsystem.
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Concept Study on Tape Application

An important task in the handling of deformable materials is the application of pre-
cut deformable tapes to given 3D objects, as introduced in Section 1.2 “Handling of
Deformable Materials”. In the textile and apparel industry, for example, functional
and decorative elements are placed onto garments, shoes and other consumer goods
[31]. Decorative labels and functional adhesive tapes, e.g. gaskets and protective
foils, are applied to car parts and components in the automotive industry. In the
FRP sector, layering and draping of multiple sheets of pre-cut technical textiles onto
a mold is required for the production of FRP components [30].

While many scientific works [36, 82] and also commercially available solutions are
focused on the application of continuous tapes [9], these solutions do not generalize
to pre-cut tapes. Bjornsson et al. [36] state that there is a need for alternative
approaches to ATL and AFP for small and complex shapes, which provide more
flexibility with respect to the shape of the target 3D object and the deformable
component.

The aim of the concept study conducted in this chapter is to systematically develop
such a concept for the application of pre-cut tapes in an industrial setting, as intro-
duced above. A special focus is laid on the application of strip-like textiles on small-
and medium-sized target 3D objects which fit into the work space of a robot cell,
covering many of the above use cases in the textile and garment industry as well as
the FRP composites part production.

In a first step, the complete tape application process chain is presented and analyzed.
Successively, ten different concepts are proposed and discussed with references to
the literature and commercial solutions. Afterwards, these concepts are evaluated
with respect to accuracy, flexibility, speed, complexity and risk of design as well
as the ability to impose tension and consolidation forces on the applied tape. In
the final section of this chapter, the most suitable concept is then selected and its
limitations and possible remedies are discussed.
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4 Concept Study on Tape Application

A patent application for the results of this concept study was filed [83]. As an
example use-case for the surface-based path following control concept, the selected
concept for the tape application is then implemented in Chapter 5 “Application of
Curved Tapes on 3D Objects” to demonstrate the feasibility of the proposed control
approach.

41 Process Analysis

In this section, the handling, placing and draping process of deformable materials
onto 3D objects is analyzed. First, the problem to be solved is stated concisely,
followed by a detailed description of the process steps and general statements on the
robot employment and kinematics.

411 Problem Statement

Task The task to be solved is the combined contouring and application of deformable
materials to freeform 3D surfaces.

Requirements The process requires high flexibility with respect to the shape of the
deformable material and the target 3D object. Further process requirements
are high accuracy for the deformable material to be placed on the freeform 3D
surface and the possibility to wrap a textile up to 180° around the target 3D
object. Simultaneously, the consolidation forces (normal to the surface) and
the tension forces have to be controlled.

Scope The scope of this problem is the processing of strip-like pre-cut tapes on
small- to medium-sized target 3D objects.

\Workflow The required robot motions are calculated in an offline-programming ap-
proach [2] and executed using closed-loop control strategies.

412 Process Steps

An overview of the individual process steps and different possibilities to arrange
these steps are depicted in Fig. 4.1. The complete process, shown in Fig. 4.1a,
incorporates a pre-heating and a consolidation step. Some deformable materials,
e. g., thermoplastic polyurethane (TPU) [84] and prepregs [9], require a pre-heating
step to activate the adhesive properties of the material prior to transferring the
deformable component to the freeform 3D surface. A consolidation step is also
required for some materials to unify the applied material with the workpiece [9, 84].
The main focus of this concept study are the contouring and application process
steps, see Fig. 4.1b, while the pre-heating and consolidation steps are not considered
in this work. Additionally, the contouring and application steps can also be arranged
in reverse order, see Fig. 4.1c. In this case, the raw material is applied first to
the target 3D object and is then contoured in place. If the application step is
implemented using an additive process, like 3D printing [85] or building the contour
of the deformable material from smaller entities [48, 86, 87|, the contouring step can
be omitted.
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41 Process Analysis

(a) -> Contouring >> Application >>Consolidation>
(b) > Contouring >> Application >
(c) > Application >> Contouring >
(d) > Application >

Figure 4.1: Process steps for the contouring and application of deformable materials.
(a) Complete process chain, (b) Process steps considered in this concept
study, (c) Alternate order of the process steps, (d) Reduced process chain
for concepts related to additive processes.

— Oscillating knife |
— Ultrasonic knife |
— Laser |
|
|

— Water jet

Method —— Punch
> Contouring
Location f——{Dedicated machine |

—  End-effector |
— On target object |

— (none) |

Figure 4.2: Classes and categories of the process step contouring.

In the following subsections, the two process steps contouring and application are
considered in more detail.

Contouring

The process step contouring is classified with respect to the method, i.e. which
physical principle is used to perform the contouring operation, and location, i.e. the
place where the contouring step is performed, see Fig. 4.2.

The contouring method is mainly determined by the properties of the deformable
material and the desired properties of the cutting line. Technical textiles in the FRP
sector are mainly cut using oscillating and ultrasonic knives and water jet cutters
(88, 89]. In the textile and apparel industry, deformable materials are predominantly
contoured using oscillating or rolling knives and punching machines. Laser cutting
is a contact-free contouring method, which is only applicable to some materials [88],
since it can leave burn marks at the cutting line.

The second class considers the location where the contouring process step takes
place. The different categories are described in the following:

Dedicated machine In this category, a dedicated, stationary machine is used to
perform the contouring process. Widely used are cutting tables in the FRP
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4 Concept Study on Tape Application

}J:: At end-effector |
Material source Stationary |
> Application

Material transport Gripper |

Feed |

Liner |

Figure 4.3: Classes and categories of the process step application.

sector or in the textile industry [88].

End-effector The cutting mechanism is integrated into the application tool [9, 90,
91], which mostly allows to cut only simple contours. At the same time, this
integration increases the complexity, size and weight of the application tool,
which in turn increases the payload requirements for the robot and reduces
the dexterity and flexibility for the application process [36].

On target object Contouring can also be performed directly on the target object
after transferring the raw deformable material to the surface of the target
object. However, this raises three additional problems: Firstly, prior to con-
touring, the deformable material has a larger and more areal extent which is
challenging to apply to doubly-curved surfaces without wrinkles. In particu-
lar, if the material is not tensile, wrinkles inevitably occur on doubly-curved
surfaces. Secondly, contouring the thin layer of deformable material reliably
while strictly preserving the integrity of the underlying target 3D object is a
challenging task. This significantly restricts the admissible contouring mecha-
nisms and deformable materials. Thirdly, after contouring, the excess material
has to be removed from the target 3D object, which requires additional tools
and mechanisms. Due to these three issues, it is advantageous to perform
contouring prior to the application process step. Thus, this category is not
further investigated in the concept study.

(none) The contouring process step can be omitted when additive materials and
processes are used during the application step. Additive materials can be
applied either as discrete patches [30, 48, 86, 87] or as a continuous stream,
e.g., 3D printing [85].

Application

The application process step is classified with respect to the location of the material
source and the material transport, as illustrated in Fig. 4.3.

The location of the material source is subdivided into the categories at end-effector,
where the pre-cut deformable components are stored at the end-effector in form of
rolls or stacks [9], and stationary, where the deformable components are supplied
from a stationary unit [30, 42-46, 91].

The material transport is classified into the following categories, see Fig. 4.3.

Gripper Most works in the literature use grippers with different physical gripping
principles to perform the material transport. Mechatronic, shape-adaptive
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41 Process Analysis

[ Gripper | Force closure }—D Friction force |— Clamp |

Low pressure forces Suction cup |

Area gripper |

Bernoulli |

—{ Material closure }—|:: Electrostatic forces—— Electro adhesion |

Molecular forces Adhesive tapes |

Freeze gripper |

—{ Form closure ——Surface interlocking Needle |
Scratch |
Velcro |

Figure 4.4: Overview of physical gripping principles [92].

gripper solutions [42, 44, 45], low-pressure area grippers [43] as well as standard
grippers [47] were proposed in the literature to grasp and transport deformable
materials. For consumer goods and technical textiles, gripping principles which
do not introduce foreign substances or impair the deformable material are to
be preferred [92], cf. Fig. 4.4. Hence, suitable grippers are clamps, suction
cups, low-pressure area grippers, BERNOULLI grippers and electro adhesion

grippers.

Feed Using feeding mechanisms, grasping of the deformable material is circum-
vented. Systems like ATL and AFP [9] directly feed the raw material and
apply it to the freeform 3D surface using a draping roll.

Liner A so-called liner is a carrier foil on which adhesive deformable material is
transported [50, 93, 94]. Similar to a feeding mechanism, grasping of the
deformable material is not required. Additionally, the full object state of
the deformable component is controlled since it is precisely held in place by
the liner and the mechanical feeding mechanism throughout the feeding and
application process. The pre-cut components can be separated efficiently from
the residual material if the cutting contours of the components are simply
connected shapes [50].

413 Robot Employment and Kinematics

Essentially, the handling process is further classified in terms of the robot employ-
ment, i.e. the number of robots utilized in the overall process, and the robot kine-
matics, i. e. the relation between the moving and the stationary system components.

Different categories for the number of robots utilized in a solution are illustrated
in Fig. 4.5. In this context, a mechatronic solution (see Fig. 4.5a) is considered as
a custom-built machine to transfer deformable components to 2D or 3D objects at
fixed positions using tailored mechanisms [42, 44, 45, 95]. Such approaches do not
provide the necessary flexibility with respect to the target 3D object and are not
further investigated in this concept study. Figure 4.5b illustrates low-pressure area
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4 Concept Study on Tape Application

-9

i
1

()
Figure 4.5: General considerations for the robot employment. (a) Mechatronic solu-

tion, (b) Single-robot solution with area- or multi-gripper, (c¢) Collaborative
manipulation with a multi-robot solution.

_%\ _Q/\
® i 0
(a) (b)

Figure 4.6: General considerations for the robot kinematics. (a) Stationary target 3D
object and moving tool, (b) Stationary tool and moving target 3D object,
(c) Moving tool and target 3D object.

grippers [43, 96] and multi-point grippers [54, 95, 97]. Such gripping tools are very
complex and require often a high-payload robot for manipulation and, consequently,
the flexibility with respect to the target 3D object shape is also quite limited. In the
literature, most works investigate single-robot solutions to manipulate deformable
materials. In contrast, employing multiple robots requires more complex collabora-
tive coordination of the individual robots [46, 47, 98], but allows to use standard
gripper components and provides a larger degree of flexibility.

Figure 4.6 illustrates three different options for the relative motion between the
robot tool and the target 3D object. First, in Fig. 4.6a, the target 3D object is
stationary while the tool is moving. This case is most common in the literature and
also in commercial solutions [9, 86]. However, the tools to grasp and manipulate
the deformable materials [43, 96] or to apply and consolidate these materials to the
target 3D object [9] are large and require high-payload robots. Additionally, the
range of motion is limited due to the size of the tool. Second, Fig. 4.6b depicts
the kinematically reversed situation where the tool is stationary and the target
3D object is moving. Such an arrangement is especially suitable if the target 3D
object is passive, i.e. without functional components like heating, venting or cooling
systems, and if the target 3D object is suitably sized [99]. Note that reversing the
relative motion between the robot tool and the target 3D object, i.e. changing from
Fig. 4.6a to Fig. 4.6b, is possible for most solutions, but not always advantageous.
Third, the flexibility of a robotic solution improves significantly if the number of
DoF is increased, i. e. by using additional prismatic or rotational external axes or an
additional robot, which is illustrated in Fig. 4.6¢. Existing solutions in the literature
use an additional rotating axis [53, 100], while the commercial solution SAMBA PRrRO
[48] uses a 6-DoF' industrial robot to position and orient the target 3D object and a
3-DoF delta robot to handle and place the deformable components.
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4.2 Concepts

Figure 4.7: Shape-adaptive gripper. Figure 4.8: Shape-adaptive table.

4.2 Concepts

Based on the fundamental considerations and categories of the previous sections, ten
distinct concepts are presented in the following. Each concept is first categorized
with respect to the robot employment and the robot kinematics, described in Sec-
tion 4.1.3 “Robot Employment and Kinematics”, as well as the contouring location,
material source and material transport, introduced in Section 4.1.2 “Process Steps”.
Successively, the basic functional principle of the respective concept is detailed and
references to the literature and to commercial solutions are given. The qualitative
evaluation of the proposed concepts is performed in the next section.

421 Shape-Adaptive Cripper

Robot employment Robot kinematics Contouring location = Material source Material transport
Single robot Dedicated machine | Stationary | Gripper |

The first concept, schematically depicted in Fig. 4.7, utilizes a single robot with a
shape-adaptive gripper to transfer the pre-cut deformable components from a dedi-
cated contouring machine to the freeform 3D surface. The shape-adaptive gripper
is a low-pressure area gripper, which has a compliant foam surface to adapt to the
target 3D object.

Low-pressure area grippers are widely used in the literature, like granulate-filled
form-adaptive grippers [43, 101], a selective area gripper prototyped in [44] and a
cylindrical area gripper with integrated heaters [96]. Additionally, shape-adaptive
grippers are often constructed as multi-point grippers with passive mechanical or
mechatronic adaptation mechanisms [54, 95, 102]. The delta robot in the commercial
solution SAMBA PRO [48] uses a shape-adaptive gripper with a significant compliant
layer for the application step.

422 Shape-Adaptive Table

Robot employment Robot kinematics Contouring location = Material source Material transport
Single robot Dedicated machine | Stationary | Conveyor belt |

The concept shape-adaptive table is kinematically reversed in comparison to the
previous concept, see Section 4.1.3 “Robot Employment and Kinematics”. The
schematic drawing in Fig. 4.8 illustrates this single-robot solution, in which the
deformable material is pre-cut and prepared on a compliant table. The moving 3D
object is then pushed by the robot into the compliant layer in order to transfer the
deformable component to the target 3D object.

To the best of the authors knowledge, this concept to perform the application of
deformable materials to target 3D objects was not published in the literature and is
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4 Concept Study on Tape Application

not available as a commercial solution.

4.2.3 Tape Dispenser Tool

Supply at End-Effector

Robot employment Robot kinematics Contouring location = Material source Material transport
Single robot Dedicated machine | At end-effector | Liner |

The robot-mounted tape dispenser tool with supply at the end-effector stores the
pre-cut deformable components on a liner in form of a roll, see Fig. 4.9. Using
a peeling mechanism the deformable material is separated from the liner and a
compliant draping roll is used to transfer the material to the target 3D surface.

In the literature, many works associated to continuous tape placement for the FRP
sector were published, i.e. ATL and AFP [9, 36], which are also well established
commercially. A prototype for a continuous tape application system for a masking
tape is presented in [53], which also incorporates object scanning and automatic
path planning. The commercial solution ACCESS [50] uses pre-cut tapes on a liner
to store the material at the end-effector and dispenses them in the given order onto
the target 3D object.

Stationary Supply
Robot employment Robot kinematics Contouring location = Material source Material transport
Single robot Dedicated machine | Stationary | Liner |

Figure 4.10 depicts the previous concept with a stationary supply, which feeds the
pre-cut tapes to the robot-mounted application tool using a liner.

An implementation for continuous tape placement from a stationary supply was
demonstrated in, e.g., [100] for a robotic winding cell and in [103] for a force-based
AFP process. In systems like [103], the robot motion is limited significantly by the
stationary feeding mechanism. Hence, additional DoF, like a moving or rotating
workpiece table, are required to retain the flexibility. Commercial implementations
perform a robotic taping task with a continuous tape from a stationary source [99]
and build up the layers of FRP components similar to AFP utilizing a stationary
supply [91]. However, solutions with pre-cut tapes provided by a stationary supply
have not yet been published to the best of the author’s knowledge.

424 Stationary Tape Dispenser

Liner
Robot employment Robot kinematics Contouring location = Material source Material transport
Single robot Dedicated machine | Stationary | Liner |

This approach is depicted in Fig. 4.11 and uses a stationary dispensing mechanism
and a liner to transport the deformable material. A single robot moves the target 3D
object accordingly to perform the application process with the compliant draping
roll.

This concept is consequently the kinematically reversed approach of the two previous
solutions described in Section 4.2.3 “Tape Dispenser Tool”, cf. Fig. 4.6. Implementa-
tions of such an approach have neither been found in the literature nor in commercial
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42 Concepts

Figure 4.9: Tape dispenser tool with sup- Figure 4.10: Tape dispenser tool with sta-
ply at end-effector. tionary supply.

Figure 4.11: Stationary tape dispenser Figure 4.12: Stationary tape dispenser
with liner. with conveyor belt.

solutions.
Conveyor Belt

Robot employment Robot kinematics Contouring location = Material source Material transport
Single robot Dedicated machine | Stationary | Conveyor belt |

Similar to the previous concept, a single robot is used to perform appropriate drap-
ing motions in order to transfer the deformable material to the target 3D object. A
conveyor belt transports the pre-cut deformable components to the dispensing mech-
anism of the stationary tape dispenser. This approach is illustrated in Fig. 4.12.

While no similar approaches are found in the literature, a commercial implemen-
tation is available for continuous tapes, i.e. a stationary tape dispenser for the
continuous application of a vacuum tape [99].

425 Roll-Up Tool

Robot employment Robot kinematics Contouring location = Material source Material transport
Single robot Dedicated machine | Stationary | Gripper |

The concept roll-up tool, see Fig. 4.13, uses a low-pressure area gripper with a
cylindrical shape to pick up a pre-cut deformable component in a rolling motion
from a dedicated contouring machine. This component is then transferred to the
target 3D object using a reversed rolling motion.

The works [96, 104, 105] implement this approach for the application of technical tex-
tiles onto molds in the FRP sector. Integrated heaters precondition the deformable
material according to the requirements of the draping process.

426 Multi-Robot Cell

Robot employment Robot kinematics Contouring location = Material source Material transport
Multi-robot Dedicated machine | Stationary | Gripper |

In the multi-robot cell concept, two robots are utilized for transporting and draping
of the deformable material from a stationary contouring machine, see Fig. 4.14.
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4 Concept Study on Tape Application

Figure 4.15: Additive method: Unit patch Figure 4.16: Additive method: 3D Print-
application. ing.

Both robots are equipped with standard grippers, while one robot additionally has
a compliant draping roll mounted on the flange. By performing coordinated robot
motions, the deformable component is picked up from the stationary contouring
machine, tensioned using the draping roll and brought into contact with the target
3D object. The draping motion is performed by the first robot while the tension is
maintained using the second robot.

In the literature, several two-robot solutions were proposed. The work [70] uses the
two-armed BAXTER robot to wind towels around 3D objects using a kinematic plan-
ning approach. With an FRP application in mind, [98] implements a dual-robot ap-
proach for handling technical textiles using custom-built gripper systems. Similarly,
[106] represents a large-scale implementation of this concept. Recently, also a pro-
totype for a commercial system called “LOWFLIP” (Low Cost Flexible Integrated
Composite Process) [46] was published. In this work, two position-controlled 6-axis
robots are used to handle and tension the strip while a third position-controlled
robot consolidates the deformable material on the target 3D object. A closed-loop
force-controlled system was proposed by [47] for the handling of strip-like fiber glass
textiles using a gantry robot with three robot arms.

427 Additive Methods

Unit Patch Application

Robot employment Robot kinematics Contouring location = Material source Material transport
Single robot (none) | Stationary | Feed |

In this concept, the shape of the deformable component is not contoured from an
areal raw material, but is built up from a large number of individual small entities,
the so-called unit patches. Thus, the contouring step is omitted in this solution. The
unit patches are provided as pre-cut entities on a liner, as illustrated in Fig. 4.15,
and are transferred to the moving 3D object using an electromagnetically actuated
stamping mechanism or using an air-blast principle.

As of writing this thesis, such a concept for creating deformable components directly
on the target object has not yet been proposed in the literature or is commercially
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43 Evaluation

used. However, fast air-blast mechanisms for up to 800 unit patches per minute
[93, 94] for transferring unit patches are commercially available. These solutions
constitute the basic building blocks of the proposed approach.

3D Printing

Robot employment Robot kinematics Contouring location = Material source Material transport
Single robot (none) | At end-effector I Liner |

By reducing the unit patch size of the previous concept to an infinitesimal size, the
discrete patches become a continuum, i.e. a viscous fluid. Similar to the previous
concept, the shape on the target 3D object is created by building it from individual
lines of printed material, as shown schematically in Fig. 4.16. Moreover, a wider
printing nozzle can be used to create areal shapes and to reduce processing time.

The 3D printing technology, in particular fused deposition modeling (FDM), has
become a manufacturing method for rapid prototyping, but also for mass production
in the last decades [85]. To increase the overall flexibility, also industrial robots are
used for the movement of the print head or the build plate of the 3D printing system.
Commercial examples are [107-109], which are designed for large-scale 3D printing
in construction industry and architecture. Those methods use simple layer-by-layer
methods to build up the objects.

In contrast, full 6-DoF movement is utilized in the printing process of advanced
manufacturing approaches presented in the literature. The works [110, 111] exploit
the flexibility of high-DoF systems to precisely manufacture thin freeform parts
and avoid the stair-step effect known from standard 3D printing processes. An
application to construct composite parts using a continuous glass fiber strand is
given in [112], which can create freeform FRP components. Also in the context
of FRP, the work [113] presents a combination of AFP and a 3D printing process,
which is used to fill the gaps occurring during the lay-up of the fiber parts. Advanced
algorithms achieve support-free 3D printing using a stationary print-head and a
moving build plate mounted on a 6-DoF robot [114], and generate collision-free
robot trajectories [115]. Finally, classical 2D printing directly on the freeform 3D
surfaces is demonstrated in [116, 117] using a 6-DoF robot with serial kinematics.
Moreover, 3D printing is demonstrated in [111] using a 6-DoF GOUGH-STEWART
mechanism, which is a robot with parallel kinematics.

4.3 Evaluation

In this section, the ten distinct concepts proposed in the previous section are qual-
itatively evaluated and compared. The evaluation criteria are derived from Sec-
tion 4.1.1 “Problem Statement” and are listed in Table 4.1.

The performance criteria accuracy, speed and flexibility rate each concept with the
categories low, medium or high and the respective scores 0.0, 0.5 and 1.0 are
assigned. The rows normal force and tension force indicate the capability to establish
force-controlled applications and are categorized as Mo and yes, giving a score of
0.0 and 1.0, respectively. Finally, the economic suitability of each concept is rated
in terms of complexity and risk of design and the categories high , medium or low
with the corresponding scores 0.0, 0.5 and 1.0. Note the reverse order in coloring
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4 Concept Study on Tape Application

Table 4.1: Evaluation criteria and associated categories and scores.
Criterion  Description 0.0 0.5 1.0

Accuracy € Accuracy with which the low medium high
deformable material can be
placed on the target 3D ob-
ject

Speed @ Amount of deformable ma- low medium high
terial, which can be trans-
ferred to the target object
per unit time

Flexibility 8 Versatility with respect to low medium high
the shape of the deformable
material and the shape of
the target 3D object

Normal force 12 Capability to impose a de- no yes
fined normal force during
application

Tension force «” Capability to impose a de- no yes
fined tension force during
application

Complexity ¥ Overall difficulty and effort high medium low

for the development and im-
plementation of the concept
using existing and proven
technology

Risk of design &¢ Assessment of fundamental|  high medium low
issues in the concept which
need proof-of-concept

Overall score B Sum of all scores for each in-
dividual concept

and scoring of the economic criteria compared to the performance criteria.

The results of the evaluation for the ten concepts proposed in Section 4.2 “Concepts”
are summarized in Table 4.2 and are discussed in detail in the following for each indi-
vidual evaluation criterion. For the following discussion, the concepts are numbered
from #1 to #10.

Accuracy € Accuracy is the expected ability of a concept to accurately place a de-
formable component on the desired location on the target 3D object. The
first two concepts #1 “Shape-adaptive gripper” and #2 “Shape-adaptive ta-
ble” provide low control over the position of the deformable component due
to the compliant shape-adaptive surface of the gripper and the table, respec-
tively. Similarly, concept #7 “Roll-up tool” requires a distinct compliant layer
to allow for sufficient adaptation to the target 3D object. In contrast to #1
and #2, medium accuracy is expected, as the roll-up tool has a line-contact
between the tool and the target 3D object, rather than an areal contact. Thus,
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4 Concept Study on Tape Application

the contact point between the roll-up tool and the target 3D object is more
clearly defined. The remaining concepts #3, #4, #5 and #6 and #9 are based
on a liner or a conveyor belt to feed the material and, hence, provide high ac-
curacy. High accuracy is also expected for concept #8 “Multi-robot cell”; as
the deformable material is grasped from the cutting table and placed on the
target 3D object precisely using the available robot accuracy. Similarly, high
accuracy is also expected for concept #10 “3D Printing”, where the material
is directly applied to the target 3D object without any intermediate step.

Speed @ The criterion speed evaluates the amount of deformable material which

can be transferred to the target 3D object in a given time period. Thus, the
highest speeds are expected for the concepts #5 “Stationary tape dispenser
with liner” and #6 “Stationary tape dispenser with conveyor belt”, proposed
in Section 4.2.4, as only the target 3D object mounted on the robot is the
moving mass in these concepts. Moreover, the contouring and the application
step can be performed in parallel. The speed of concept #2 “Shape-adaptive
table” is considered medium due to the required additional process step to
transfer the deformable component from the contouring machine to the shape-
adaptive table. Heavy robot tools limit the processing speed for concepts #3
and #4, where the former even incorporates the material supply. Furthermore,
concept #9 “Unit patch application” is considered a medium-speed solution,
as the areal deformable components are built up from a large number of small
entities. Similarly, in #10 “3D Printing”, the material is applied line-wise with
rather small line width and, thus, the speed is rated low. Low application
speeds are also expected for #1 “Shape-adaptive gripper” and #7 “Roll-up
tool” due to the large mass of the gripping tool, which limits the movement
dynamics. Additionally, the low-pressure area gripping principle used in these
concepts provides low gripping forces, which also limits the acceleration and
deceleration exerted on the grasped deformable material. Finally, #8 “Multi-
robot cell” is also considered a low-speed solution, since the two robots have to
repeatedly move between the contouring machine and the target 3D object for
each deformable component and the application is performed by a sequence of
robot motions, see [47].

Flexibility 38 The criterion Flexibility assesses the versatility of the proposed con-
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cepts with respect to the shape of the deformable components and of the
target 3D objects. The criterion incorporates the ability of the concepts to
drape deformable material on convex and concave areas with small and large
curvature. To this end, the concepts #1 “Shape-adaptive gripper” and #?2
“Shape-adaptive table” provide the least flexibility, especially for concave sur-
faces with high curvature. Similarly, the flexibility of #7 “Roll-up tool” is
mainly determined by the roll radius, which is desired to be small for concave
areas. The circumference of the roll also determines the maximum length of
the deformable component and therefore limits the flexibility of this approach.
Concepts #3 to #6 are rated with medium flexibility. While these concepts
involve a draping roll with a small radius, the deformable component has to
be applied to the target 3D object in a single continuous robot motion, which
limits the versatility of these approaches. The flexibility is also limited for
concept #8 “Multi-robot cell” due to the limited robot workspace and the re-
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43 Evaluation

quired overlap of the workspaces of the two robots. The two concepts involving
additive methods, i.e. #9 “Unit patch application” and #10 “3D Printing”,
provide the most flexibility, since the robot motion does not need to be a
continuous motion. Thus, the robot tool or the target 3D object can be reori-
ented at any time during the application process, which strongly increases the
reachability on the target 3D object.

Normal force 12 The criterion normal force determines whether a concept is ca-

pable of imposing a defined normal force on the deformable material during
the application process. The concepts #1 “Shape-adaptive gripper” and #2
“Shape-adaptive table” can generate a normal force, however, a defined inter-
action force between the compliant shape-adaptive surface and the target 3D
object cannot be achieved. The large-area contact of the compliant layer of
the gripper or the table causes an imprecise interaction between the compliant
layer and the target 3D object. Moreover, concept #10 “3D Printing” cannot
impose normal forces during material application since the 3D printing mate-
rial is transferred to the surface in liquid form and turns solid after cooling.
The remaining concepts #3 “Tape dispenser tool with supply at end-effector”
to #9 “Unit patch application” rely on a point contact or a line contact for
the force interaction with the target 3D object and, thus, can apply a defined
normal force during the application process.

Tension force ™ The criterion tension force indicates whether a concept is capable of

applying defined tension forces to the deformable material during application.
Concepts #1 “Shape-adaptive gripper”, #2 “Shape-adaptive table” and #7
“Roll-up tool” rely on the rather small gripping forces of a low-pressure area
gripper and, thus, cannot impose desired tension forces. Similarly, #9 “Unit
patch application” can only impose normal forces by utilizing the stamping
mechanism. As the 3D printing material in #10 “3D Printing” is transferred
in melted form and turns solid after cooling on the surface, tension forces
cannot be generated in the applied material during the application process. In
contrast, the liner-based methods #3, #4 and #5 can provide tension forces
during the application process by relying on the adhesion between the liner
and the deformable material. Similarly, #6 “Stationary tape dispenser with
conveyor belt” allows for tension forces, when an additional actuated clamping
roll on the conveyor belt is used to tension the deformable material. With a
suitable choice for the gripping principle to grasp and transport the deformable
material, tension forces can also be exerted in concept #8 “Multi-robot cell”,
see [47].

Complexity T The complexity rating assesses the overall difficulty and effort for the

development and implementation of each proposed concept based on existing
and proven technology. High complexity indicates that most aspects of a con-
cept have to be newly developed and cannot be sourced from commercial or
standard solutions. Concepts #1, #2 and #7 require a fully custom-designed
tool for the transfer of the deformable material. Hence, the complexity of these
concepts is rated high. An additional solution is required for #2 to transport
the deformable components from the contouring machine to the shape-adaptive
table. Though Concept #8 “Multi-robot cell” is built from standard robotics
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4 Concept Study on Tape Application

hardware components only, it requires a more complex software solution to co-
ordinate the multiple robot arms and grippers, which yields a medium rating
for the complexity. The complexity is also rated medium for #6 “Stationary
tape dispenser with conveyor belt”, as an additional supporting system is re-
quired to individualize the pre-cut deformable components prior feeding them
with the conveyor belt. Medium complexity is estimated for #9 “Unit patch
application”, since a fast stamping or air-blast mechanism has to be developed
for this concept. Concepts #3, #4 and #5 use a liner during contouring, stor-
ing, transporting and applying the deformable components to the target 3D
object. As these tasks are well known in the industry, standard components
can be used and the complexity of these solutions is considered to be low.
Finally, solution #10 “3D Printing” is rated with low complexity, as it uses a
standard 3D printing tool mounted on the robot end-effector.

Risk of design & Risk of design refers to the percentage of each design, where a
proof-of-concept is pending and fundamental issues may occur. The solutions
and demonstrations known from the literature or from industrial applications
serve as a starting point for this assessment. In this sense, concepts #1, #7
and #8 were already published in a similar form, which is outlined in the
respective subsection of each concept. Similarly, #10 “3D Printing” relies on
standard components and yields a low risk rating. Concept #6 “Stationary
tape dispenser with conveyor belt” is also rated low, as it combines a kinemat-
ically reversed version of ATL and AFP [9] with an individualization step for
the deformable components [44]. For concepts #3, #4 and #b5, the amount
of tension forces which can be imposed during the application process is not
known in advance and must be experimentally validated. Hence, a medium risk
rating is set for these concepts. For concept #2, the layup of the deformable
material on the compliant layer of the shape-adaptive table is considered to
be solved. However, transferring deformable material to a 3D object using a
pushing motion requires further experimental investigations. High risk is esti-
mated for #9 “Unit patch application”, as the combination of a robot motion
with a fast and repetitive application of unit patches yet needs experimental
approval.

Overall score B For each qualitative category, the score according to Table 4.1 is
assigned and summed for each concept to yield the overall score, which ranges
from 0.0 to 7.0. The overall scores of this qualitative study show that the most
suitable approaches for the application task are #5 “Stationary tape dispenser
with liner” and #6 “Stationary tape dispenser with conveyor belt”. Moreover,
also the liner-based methods #3 and #4 show high scores.

44 Discussion

The goal of the concept study conducted in this chapter is to find the most suitable
approach for the given task stated in Section 4.1.1 “Problem Statement”. In this
section, the selection of the most suitable concept is described first and afterwards
the limitations and possible remedies of the selected concept are discussed.
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44 Discussion

(a) (b) (c)
Figure 4.17: Considerations for #6 “Stationary tape dispenser with conveyor belt”. (a)
Additional actuated clamping roll to allow for tension forces during the
application process. (b) Lift-off of the deformable material at the end of

the draping process. (c) Lift-off of the deformable material at the initial
position.

441 Concept Selection

The evaluation of the previous section resulted in the two most promising concepts
#5 “Stationary tape dispenser with liner” and #6 “Stationary tape dispenser with
conveyor belt” with a score of 6.0, which is close to the maximum of 7.0. Both
concepts, see Fig. 4.11 and Fig. 4.12, provide high accuracy for the placement of the
deformable component on the target 3D object, since the deformable components
are fed in a controlled and accurate way to the draping roll and the positioning
of the target 3D object is accomplished by a (calibrated) industrial robot. High
depositing speeds are expected for both concepts because the contouring process
and the application process can be parallelized. Moreover, the application process is
performed simultaneously with the feeding of the deformable material, i. e. separate
gasping and transporting steps are not required for these concepts. The flexibility for
both concepts is rated medium since the draping process requires a single continuous
robot motion, which is limited by the workspace of the robot and the joint limits.
However, using a proper placement of the stationary tape dispenser in the workspace
of the robot as well as a thorough path planning, the limited flexibility is expected
to be remedied. With the robot-mounted moving target 3D object, the complex
and heavy contouring machine remains stationary and can be optimized for high
contouring and feeding speeds. Furthermore, also the material source is stationary
in these two concepts, which circumvents down-time for refilling materials.

442 Limitations and Remedies

Both concepts #5 and #6 are capable of imposing a defined normal force during
the application process when a force/torque (F/T) sensor mounted on the robot
flange is used during motion control. In order to apply tension forces in concept #6,
an additional actuated clamping roll is required to tension the deformable material
during application, see Fig. 4.17a. In the case of #5, the adhesive forces between the
liner and the deformable material are able to generate a limited amount of tension
forces without a clamping roll.

Further considerations for the application process are illustrated in Fig. 4.17b and
Fig. 4.17c, which apply to both concepts #5 and #6. As shown in Fig. 4.17b,
the deformable material can lift off from the feeding mechanism at the end of the
application process if the material is too stiff. This undesired behavior can be
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4 Concept Study on Tape Application

resolved by adding a (passive) clamping roll. A lift-off situation can also occur
at the beginning of the application process, which can be remedied by using the
principle of a low-pressure area gripper for the compliant layer of the draping roll.
The areal low-pressure forces hold the deformable material on the draping roll in
place until the first contact between the draping roll and the target 3D object occurs.
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Application of Curved Tapes
on 3D Objects

Based on the results of Chapter 4 “Concept Study on Tape Application”, this chapter
deals with the implementation and demonstration of the selected concepts for the
application of (curved) pre-cut adhesive tapes on freeform 3D surfaces. In particular,
the selected concepts #5 “Stationary tape dispenser with liner” and #6 “Stationary
tape dispenser with conveyor belt” use a single robot with the target 3D object
mounted on the end-effector and a stationary tape application tool. Thus, the
approach provides high flexibility with respect to the shape of the target 3D objects
and the pre-cut tapes, as well as the lay-up location.

This implementation is an experimental validation of the surface-based path follow-
ing control concept, introduced in Chapter 3. In the tape application process, this
control concept is used to perform draping motions on known target 3D objects, i. e.
traversing the tape application tool along a surface-based path. Additionally, the
approach takes into account the kinematic constraints and redundancies to achieve
a versatile and flexible solution. The proposed solution is suited for different appli-
cations in the production of textiles, apparel and consumer goods, in the industry
of fiber reinforced plastics for the lay-up of technical textiles, and in the packaging
industry.

The experimental setup, its hardware and software structure, is explained in detail in
the first section, followed by an overview of the implemented tape application process
and its individual process steps. Afterwards, the terms of 3D tape application paths
and ribbons are introduced. In the fourth section, the control concept derived in
Chapter 3 “Surface-Based Path Following Control” is applied to the tape application
process by considering the kinematic requirements of this task. After describing the
details of the implementation on the real-time hardware in the fifth section, the
experimental results are presented in the final section of this chapter.

Large parts of this chapter will be published in similar form in [118].
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5 Application of Curved Tapes on 3D Objects

Target
MATLAB/SIMULINK | 11W& 14 R820 &%
TwINCAT C T
p Tool
ETHERCAT .
Draping roll
NIC;  NIC, F/T sensor
ATt Mini 40 Tape

Power supply

iR

Figure 5.1: Schematic drawing of the experimental setup with coordinate frames for the
tape application process.

51 Experimental Setup

The experimental setup is depicted in Fig. 5.1 as schematic drawing and consists of
the robot KukA LBR iiwa 14 R820, equipped with the 6-axis force/torque (F/T)
sensor ATI Mini 40, a power supply, a desktop computer and the passive, wall-
mounted tape application tool with a compliant draping roll, which will be detailed
in Section 5.1.2 “Tape Application Tool” below. The target 3D object is mounted
on the tool side of the F/T sensor. The robot and the F/T sensor are interfaced
by two network interface cards (NIC) via the industrial protocol ETHERCAT. The
controller is implemented as MATLAB/SIMULINK module, which is executed in the
real-time automation software BECKHOFF TWINCAT.

In the following subsections, the coordinate frames and the tape application tool
used in this application are described in detail, followed by a discussion about the
characteristics of the experimental setup.

511 Coordinate Frames

The robot base frame B and the tape application tool frame 7 are defined stationary
relative to the inertial (world) coordinate frame W, see Fig. 5.1. Note that the y-axis
of the tool frame 7T (in green) is aligned with the draping roll axis. The end-effector
frame & is attached to the tool side of the F/T sensor and coincides with the object
frame O of the target 3D object, i.e. £ = O. The position and orientation of the
contact point on the target 3D object is described by the contact frame C,. The
pre-cut adhesive tape is given in its planar state, i. e. before being transferred to the
freeform 3D surface, in the planar coordinate frame A.

512 Tape Application Tool

Based on the results of Chapter 4 “Concept Study on Tape Application” and con-
siderations discussed in Section 4.4 “Discussion”, a prototypical design for the tape
application tool is presented in this section. The two concepts #5 “Stationary
tape dispenser with liner” and #6 “Stationary tape dispenser with conveyor belt”
received the highest scores in the evaluation in Section 4.3 “Evaluation”. It is ad-
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51 Experimental Setup

Mounting holes

Feeding plate

Components available

in different widths
Horizontal and vertical
position adjustment

of the feeding plate
Draping roll

Figure 5.2: Drawing of the experimental tape application tool for the application process
comprising a feeding plate and a passive non-actuated draping roll with a
compliant layer.

vantageous to capture the basic principle of both concepts in the first design of the
tape application tool, i.e. the application process of deformable materials and the
robot motion, rather than the contouring or feeding process. From the view of the
application process, the two concepts #5 and #6 are equal, since both concepts
utilize a compliant draping roll for the interaction with the target 3D object. This
allows to represent both concepts with a single prototypical design.

A detailed drawing of the experimental tape application tool is depicted in Fig. 5.2,
which comprises a (passive) draping roll with a compliant layer and a feeding plate.
The draping roll is not actuated and is supported by ball bearings. The position
of the feeding plate can be adjusted accordingly using two orthogonal slotted holes.
These components are manufactured in different widths, i.e. 30 mm, 50 mm and
100 mm, to allow for a wide variety of different shapes and sizes of the deformable
material.

As the feeding mechanism in this prototypical design is simplified, the pre-cut de-
formable material is manually laid on the feeding plate with the adhesive side up.
The robot moves the target 3D object to the draping roll and establishes the physical
contact with the deformable material on the draping roll. In the further applica-
tion process, the deformable component is clamped between the compliant draping
roll and the target 3D object and is simultaneously fed during the draping motion.
The non-actuated compliant draping roll is a suitable component for the interac-
tion with the target 3D object, since it feeds the material at the desired speed.
This mechanism relies on the tangential friction forces imposed on the draping roll,
which are significantly larger than the friction torques caused by the ball bearings
of the draping roll and the inertial torques originating from the draping roll iner-
tia. The contouring and the feeding process are not considered with the proposed
tape application tool. Due to the absence of an actuated clamping roll, see Sec-
tion 4.4.2 “Limitations and Remedies”, tangential forces cannot be imposed during
the application process using this first prototype.
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5 Application of Curved Tapes on 3D Objects

(a) (b)
Figure 5.3: Tape application process overview: (a) 2D tape application path, (b) 3D
path mapping, (c¢) Robot starting pose, (d) Preparation and execution.

513 Characteristics

The experimental setup depicted in Fig. 5.1 exhibits several characteristics, which
are detailed in the following:

« In contrast to most works in the literature [9, 36, 43, 54, 95, 102], the draping
tool in this work is stationary and the target 3D object is moving. While the
relative motion between the tool and the workpiece is kinematically equivalent
for the proposed prototypical design, it allows to remove the complex and
heavy tape application tool [36] from the robot, see Section 4.3 “Evaluation”.
Additionally, the tape supply as well as a contouring and separation mechanism
can be incorporated into the stationary tool.

o The F/T sensor is mounted on the robot flange, which is industry standard
and hence easy to integrate into a robot system.

e The experiments shown in this chapter focus on the interaction normal forces
of the application process and consider the robot kinematics and dynamics
between the compliant draping roll and the target 3D object.

o As the target 3D object is mounted on the robot end-effector, the maximum
size of the target 3D object is given by the workspace and the maximum
payload of the robot.

o The non-actuated, compliant draping roll allows only to impose normal forces
throughout the tape application process. While this is sufficient for many
applications [9, 40, 119], adding an additional actuated clamping roll also
allows for tape tension forces during the process.

5.2 Process Overview

Using the previously described experimental setup, the tape application process is
illustrated in Fig. 5.3 and consists of the following steps:

(a) 2D tape application path: A planar pre-cut tape is given by its shape and the
corresponding planar tape application path (red line).

(b) 3D path mapping: The geometry and curvature of the planar tape application
path is mapped onto the CAD model of the target 3D object, which creates
a 3D tape application path described by a natural ribbon, see Section 3.2.6
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5.3 Tape Application Paths

“Curved Paths”. Thus, the planar and the 3D tape application path represent
a matching pair of target lines [70].

(¢) Robot starting pose: The tape application process is simulated to determine a
suitable starting joint configuration for the robot which results in a collision-
free execution and has a reasonable reserve with respect to the joint limits.

(d) Preparation and execution: The pre-cut tape is manually placed in the required
starting position on the feeding plate of the application tool and the robot
performs the compliance-controlled tape application process.

5.3 Tape Application Paths

A pre-cut adhesive tape is fully described by its planar tape application path given
in the planar coordinate system A only [70], see Fig. 5.3a. In order to perform the
application process using surface-based path following control, the planar path is
mapped onto the freeform 3D surface, creating a 3D tape application path in the
object frame O.

First, the geodesic curvature rq(p) according to (3.17), as well as the lateral and
geodesic positions m(p) and 7, (p) from (3.19) and (3.20), respectively, are calculated
from the planar tape application path in the planar coordinate frame A. Second,
the 3D tape application path is calculated from these quantities, which describe all
geometric properties of the planar path. The path is computed in surface coordinates
st = [s; sy] by integrating the system of differential equations (3.24) using the
geodesic curvature kg(p) and the initial values (3.16). The initial values define the
starting point 8] = [s10 S20] and the starting direction to = 81005, + 850, and
are given by the desired placement of the tape on the freeform 3D surface. Hence,
the 2D planar path in the planar frame A and the 3D path in the object frame O
represent a matching pair of target lines [70]. Finally, the calculated path 7r(p) from
(3.24) is complemented with the surface normal vector field o,(s(p)) to constitute

the natural ribbon (W(p), an(s(p))), i.e. the 3D tape application ribbon.

54 Tape Application Controller

The tape application controller performs the tape application process by traversing
a 3D tape application ribbon (Tf(p), a'n(s(p))), i.e. a path 7(p) defined on a freeform
3D surface complemented with the surface normal vector field o,(s(p)), with the
draping roll. This task is illustrated in Fig. 5.4. During the draping process, the
robot motion must prevent any turns of the draping roll, described by the tool frame
T, around the surface normal vector o, (s(p)) to avoid wrinkles and distortions of the
applied tape. To this end, the parallel contact frame C, introduced in Section 3.3.2
“Parallel Contact Frame” provides the required properties, see Fig. 5.4. Additionally,
the rotation of the tool frame 7 around the draping roll axis is free to a certain extent
and, hence, poses a kinematic redundancy for the robot motion. The interaction
between the draping roll and the freeform 3D surface uses the compliance controller
defined in Section 3.5.1 “Impedance Control”, which is robust against errors in the
tangential and lateral position, as well as deviations in the orientation from the
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5 Application of Curved Tapes on 3D Objects

Draping roll

Draping
roll axis

3D tape
application path
Freeform (ribbon)
3D surface

Figure 5.4: Schematic drawing of the task performed by the tape application controller.
The underlying parallel contact frame C}, prevents turns of the draping roll
around the surface normal vector.

surface normal vector.

In the following, the tape application controller is presented based on the control
concept introduced in Chapter 3 “Surface-Based Path Following Control”. First,
the kinematic equations for the tape application process are derived, which take
into account the stationary tape application tool frame 7. Based on these rela-
tions, the controller is designed, which incorporates the kinematic constraints and
redundancies for the tape application process. Finally, optimization procedures are
presented to find the optimal robot/tool position for a given target 3D object and
the optimal initial robot configuration for a given 3D tape application path.

541 External Tool Kinematics

As shown in Fig. 5.1, the demonstrator setup uses an inertially fixed tape appli-
cation tool with the tool frame 7. On the contrary, the 3D tape application rib-
bon (7r(p), O’n(S(p)? is described in the object frame O, which is identical to the
end-effector frame £. In terms of homogeneous transformations, see Section 2.1.1
“Homogeneous Transformations”, the kinematic relations are described by

H(q) = HSHE (q)HY H, . (5.1)

In this setup, & = O and thus, H5 = I. Note that (5.1) contains the inverse
transformation of the forward kinematics of the robot H%(q) in (2.6). Based on
(5.1), the output y € R® of the system (3.59) for this application is chosen as
Cartesian position y; € R? and orientation y, € R? of the tool frame 7~ with respect
to the object frame O in the form, cf. (2.7),

= [)-

Similar to (2.12), the analytical Jacobian J(q) for the output (5.2) is given by

g = H - (ah) (@ = I(a)a 53)

d)(q)

o(®RA(Q)) V- (52)
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54 Tape Application Controller

Cp(po)

Figure 5.5: Geometric relationships of a draping motion along a curved path 7 on a
doubly-curved surface o for multiple path positions py < p1 < ps.

54.2 Controller Design

In this section, the tape application controller is designed using the theoretical
foundations of Chapter 3 “Surface-Based Path Following Control”. In the following
subsections, the kinematic constraints and redundancies, as well as the task space
and the nullspace controllers are discussed.

Kinematic Constraints

The geometric relationships of a draping motion along a curved path 7 on a doubly-
curved surface o are illustrated in Fig. 5.5 for multiple path positions py < p; < ps.
The tape application controller takes into account the kinematic constraints imposed
by the tape application process by utilizing the parallel contact frame C,(p), i.e.
rotations of the draping roll around the surface normal vector have to be prevented
to avoid wrinkles and distortions in the applied tape, see Fig. 5.5. This property
is provided by the parallel contact frame C,(p). Additionally, the relative motion
between the tool frame 7 and the contact frame C,(p) along the draping roll axis
must be considered to prevent a sliding motion of the draping roll in lateral direction.
Instead, the draping roll must be tilted around the parallel surface tangent vector
(red vector in Fig. 5.5), which moves the contact point appropriately in lateral
direction using the calculated lateral position m(p) (black arrows in Fig. 5.5).

Coordinate Transformation

The coordinate transformation of the tape application process uses the parallel pro-
jection operator P, (y) with the condition (3.44) and the parallel contact frame C,(p)
given in (3.43). The parallel contact frame C,(p) is derived from the 3D tape ap-
plication ribbon (71' (p), a’n(s(p))) and the parallel tangent vector field 7, (p), which
is calculated from (3.41) with the initial conditions (3.42). Thus, the coordinate
transformation is given by (3.55) with the analytical Jacobian (5.3).

This choice for the parallel contact frame precisely matches the kinematic constraints
of the draping process, as described in Section 5.4.2 “Kinematic Constraints” and
illustrated in Fig. 5.5. On the one hand, the desired orientation of the draping roll
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5 Application of Curved Tapes on 3D Objects

axis is given by the es-axis (green vector in Fig. 5.5) of the parallel contact frame
Cpo(p) for all p € I, see (3.43). This prevents rotations of the draping roll around
the surface normal vector. On the other hand, curved paths have to be traversed
by tilting the draping roll with respect to the e;-axis (red vector in Fig. 5.5) of the
parallel contact frame C,(p). Simultaneously, the contact point between the draping
roll and the freeform 3D surface shifts accordingly along the lateral direction. This
displacement is taken into account by moving the tool frame 7 with respect to the
parallel contact frame C,(p) along the es-axis by the lateral position m(p).

Single-Axis Tool Redundancy and Feedback Linearization

During the tape application process, the contact point between the draping roll
and the freeform 3D surface can move freely — up to a given extent limited by the
mechanical construction — around the circumference of the draping roll. Thus, the
tape application tool exhibits a single-axis tool redundancy for the rotation around
the y-axis of the tool frame 7.

Following the lines of Section 3.6.1 “Single-Axis Tool Redundancy”, the TAIT-
BRYAN convention ¢ = qbzxy(Rg) is chosen to represent the orientation with the
redundant tool axis » = y. Then the reduced task space is derived according to
(3.83) and (3.84), based on the coordinate transformation (3.55). Finally, the static
state feedback (3.86) is applied to the rigid-body system (3.59) with (3.60) which
yields the linear system (3.87) in the reduced coordinates y.

Task Space Controller

Compliance control, as introduced in (3.67), is implemented for the reduced task
space of the tape application process in the form

v+ (M) (-DU -7 - K - 5Y) (5.4)

with the constant diagonal controller gain matrices M4, K¢ and D9 as defined in
(3.66). While a F/T sensor is present on the robot flange, see Section 5.1 “Exper-
imental Setup”, it is used to verify the interaction forces between the tool and the
target 3D object only. The desired trajectory (¢, y9,y?) is given as a C*trajectory
in terms of position, velocity and acceleration. Thus, the chosen control scheme is
robust against errors in the tangential and lateral position, as well as in the orien-
tation of the non-redundant axes x and z of the tool frame 7.

The tape application path is traversed with a suitable C3-trajectory for £f, which
transitions the tangential coordinate from the start position £ = 0mm to the end
of the tape. The desired trajectory £ specifies the draping roll motion along the
surface normal vector and allows to approach the draping roll, establish and release
the contact with the target 3D object. The draping roll axis is — in the absence of
control errors — aligned with the es-axis of the contact frame C,(p*), see Fig. 5.5.
Thus, the desired trajectory for the orientation coordinates of the draping roll is
given by £} = 0 and & = 0. As the draping roll axis follows the ey-axis of the
contact frame C,(p*), choosing £ = —m(p*) for the lateral motion of the draping
roll (see Fig. 5.5) correctly takes into account the lateral movement of the contact
point and prevents a lateral sliding motion of the draping roll. Instead, the roll
is tilted with respect to the ej-axis of the contact frame and the contact point
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54 Tape Application Controller

moves in lateral direction appropriately. Finally, the tape application normal force
is adjusted using the impedance parameters m3, kS and dj corresponding to the
reference impedance model of the coordinate &3, see (3.65).

Nullspace Controller

In the nullspace of the tape application task, the hierarchical nullspace controller
with two levels (3.81) introduced in Section 3.6.1 “Single-Axis Tool Redundancy”
is implemented. The individual inputs 7,; and 7,2 are chosen according to (3.93)
and (3.95), respectively. Hence, the first level stabilizes the y-axis of the tool frame
T and takes into account the joint limits of the robot axes as well as the kinematic
limits for the redundant tool axis. The second level stabilizes the elbow motion of
the kinematically redundant 7-axis robot.

54.3 Optimal Initial Robot Pose

An initial robot pose for the draping motion of a given 3D tape application path
is found by solving the inverse kinematics problem (2.16) for the initial contact
frame C,(po) at the beginning of the 3D tape application ribbon (r(po), an(s(po))).
However, the solution of this problem is not unique, since the kinematic redundancy
of the robot (elbow-plane angle v, see (2.17)) and the single-axis tool redundancy
of the draping roll (orientation coordinate &) lead to additional degrees of freedom
for the inverse kinematics problem.

In general, there are different options to solve this problem. For example, a sim-
ple approach is to calculate the inverse kinematics of the first contact point only,
considering all available degrees of freedom. However, this approach fails for very
long application paths since it does not consider the robot motion associated with
the path and the corresponding joint limits. There are also more systematic ways
to solve this problem, like a geometric planning approach which chooses the robot
starting pose according to the required robot motion. For example, if a tape should
be wrapped 360° around the target object, the robot needs to start in an initial
pose which allows for this rotation at the end-effector. Additionally, such an ap-
proach can be supported by a pre-computed database of tape locations, shapes and
corresponding initial robot poses, which speeds up the search. In this work, an
optimization-based approach is derived in the following to find a suitable initial
robot pose for each pre-cut tape to be applied.

In general, the homogeneous transformation for the desired tool frame 7T is given by
the initial contact frame C,(pg), which is translated along the surface normal vector
(z-axis) by the roll radius r, and rotated around the redundant tool axis (y-axis) by
a nullspace angle &g, i. €.

R} d},
R e PR
In the coordinates of the system output, this is
d(é6.0)
(&) = ’ : 5.6
(&) [d’(Rg(f&o)) 58)


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

5 Application of Curved Tapes on 3D Objects

Note that &9 € Xg, where X is the set of admissible angles for the coordinate &g.
Using the inverse kinematics introduced in (2.16), the set of all robot poses of all
admissible angles £y € X¢ is found as the union

Q= U h'(y(&.)), (5.7)

£6,0€X6

with the inverse kinematics h™!(y) of (5.2). Using the above set of all admissible
joint-space solutions @), which incorporates the elbow-plane angle ¢ and the single-
axis tool redundancy angle &, the optimal initial robot pose qf is found as a
solution of the dynamic optimization problem

t1 ~ t1
Q@ :argmin( al/ b(t)| —|—a3/ |]q(t)\|2dt> (5.8a)
o€ to o0 to

s.t. (3.59) with (3.60), (3.86), (5.4), (3.81), (3.93), (3.95),  (5.8b)

q(to) = qo (5.8¢)

B(t)”2 dt + as max

te [to,t1]

with the weights a1, ay and as, and the barrier functions (3.89) and (3.92) combined

to
- _ | b(a(?))
b<t) B |ﬁ§6(£6(ﬂ)1 . (59)

Note that the constraints in (5.8b) encompass the dynamic rigid-body system of the
robot including the task space and nullspace controllers. The dynamic optimization
problem (5.8) is used to find the time evolution of q(t) and ¢(t) for ¢ € [to, t1] with

the initial conditions (5.8¢) and (5.8d). For each solution of (5.8b) with qo € @, the
cost functional (5.8a) is evaluated. This cost functional comprises three components:

1. The integral of the norm of B(t) generates costs when the robot motion enters
the proximity of a joint limit or the limit of the single-axis tool redundancy

€o-

2. The maximum of the infinity-norm of B(t) punishes the highest instantaneous
value in the vector of the barrier functions b(t). It is undesired for the robot
to operate close to joint limits as the controller needs some reserves in view of
the robustness of the solution. Due to the construction of the barrier functions
(3.89), (3.90) and (3.92), this value rises drastically when a joint comes close
to its limit.

3. The integral of the norm of §(t) curbs the joint velocities in the optimal
solution and leads to smooth solutions.

The posed problem in (5.8) is of high complexity, as it comprises the nonlinear system
dynamics and control inputs (5.8b) and the nonlinear barrier functions (5.9). To
circumvent these issues, the two-dimensional search space (&60,%) spanned by (5.7)
and (2.17) is discretized using the discrete sets

Xe = {0°,10°,...,90°} , | Xg| = 10,
U = {—180°, —157.5°, —135°,...,157.5°} 0| =16,
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55 Implementation

where |-| denotes the cardinality of the set. Thus, the inverse kinematics (5.7) has
a maximum of 8| Xg||¥| = 1280 solutions. In practice, the number of physically
feasible solutions is significantly reduced due to the robot joint limits listed in Ap-
pendix A.2. Therefore, the optimization problem (5.8) is feasible to be solved using
the exhaustive search method.

55 Implementation

The tape application controller is derived in continuous time ¢ and for smooth 3D
tape application ribbon (W(p), an(s(p))). For the practical implementation, a tem-
poral discretization of the control algorithm and a spatial discretization of the target
3D objects must be performed.

The controller is implemented as MATLAB/SIMULINK module, which is executed via
the real-time automation software BECKHOFF TWINCAT on a desktop computer
with the sampling time 7y = 125 ps. The F/T sensor is sampled with T g7 = 333 ps.
In the following, the index £ of a quantity refers to the time t = kT, k =0,1,2, ...,
e &= &) —pr

In this section, the basic robot control aspects of the demonstrator setup are stated
first. Subsequently, discrete-space paths and surfaces are introduced and based on
this, a systematic analysis of the optimal robot/tool position is presented. Using
these results, the discrete-time version of the surface-based path following control
is derived. Finally, mathematical relations for the contact force estimation are pre-
sented.

551 Robot Control

The robot KUukA LBR iiwa 14 R820 is controlled directly using BECKHOFF TWIN-
CAT via ETHERCAT at torque level and without robot controller, as illustrated
in Fig. 5.1. For friction compensation, the disturbance observer presented in [120]
estimates the friction torques 7 for all joints from the motor positions @ and the
measured joint torques 7. The observer is implemented for each axis of the robot
in discrete time, reading as

#ir = —FB(0; — 6)) (5.10a)
é}.ﬁ.l = ék + TSBil(Tm’k — Tk — 'f-ﬂk) y (510b)
where 7, is the estimated friction torque and @k is the estimated motor velocity,
i.e. the state of the observer. The observer parameters F = diag(Fy, Fy, ..., F;)
parametrize the time constant of the observer for each axis and are listed in Table A.2

in the Appendix. The compensation is performed by adding the estimated torques
T, to the motor torques Ty, 4, cf. (2.23),

Tk = W — Ko (T — W) — D7y + T (5.11)

The joint positions q cannot be measured directly, but are calculated from the
measured signals of the motor positions 6 and the joint torques 7 via the linear
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5 Application of Curved Tapes on 3D Objects

Figure 5.6: Discrete 3D object consisting of a sequence of vertices V and triangles T
Each triangle T; exhibits a unique surface normal vector n;.

stiffness model (2.21). The time derivatives of the joint positions q and joint torques
T are calculated by approximate differentiation using a derivative element with first-
order lag.

55.2 Discrete Surfaces

A discrete surface, also called mesh, consists of a set of triangles, which are inter-
connected by common edges and vertices as illustrated in Fig. 5.6. In contrast to
non-uniform rational B-splines (NURBS) surfaces, a discrete surface is only of class
C° and is not continuously differentiable [121]. A discrete 3D object is given by a
sequence of vertices V' of length N and a sequence of triangles T of length M in the
form

V= (vi,Va,...,VN) (5.12)
T=(MN,T....,Ty), (5.13)
where -
Vi = {Ui,x Uiy Ui,z} ) (514)
i.e. each vertex v;, ¢ = 1,2,..., N, is given by its position in the object coordinate
frame O. Each triangle T;, 1 = 1,2, ..., M, consists of the indices of three vertices
in form of a 3-tuple as
T, = (j,k, 1), 1e{1,2,...,M
(J: k. 1) { ¥ (5.15)

Jk,le{l,2,... , N},
and induces a unique triangle frame 7;, see Fig. 5.6, reading as

- t; n, xt;, n; dz
H] = 0o o 1l (5.16)

with
1
d;, = g(vj + Vi +vy) (5.17)
V. — d‘
fp= I (5.18)
lv; — dil]

(k=) x(vi—vy)
[(vi = ;) X (vi = v;)]

, (5.19)

%

/2


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

w 3ibliothek,
Your knowledge hu

55 Implementation

\Z!

V3

V2

Figure 5.7: Tetrahedron consisting of four vertices V' and four triangles T, which are
listed in Table 5.1 and Table 5.2, respectively.

Table 5.1: Sequence of vertices V for Table 5.2: Sequence of triangles T for
the 3D object depicted in the 3D object depicted in
Fig. 5.7. Fig. 5.7.
T Vi Viyy Vig { T;
m m m 1 (1,3,2)
1 0 0 0 2 (4,2,3)
2 0 0 3 (4,3,1)
3 0 1 0 4 (4,1,2)
4 0 0 1

fori =1,2,..., M and with j, &, from (5.15). This coordinate frame 7; is defined
relative to the object frame O, has its origin d; at the center of mass of the three
vertices of T, the z-axis pointing from the origin to the first vertex v;, and the
surface normal vector n; as z-axis. Note that the order of the three vertices in each
3-tuple T; specifies the surface normal direction using the right-hand rule.

As an example, Tables 5.1 and 5.2 list the sequence of vertices V' and triangles T
for the simple 3D object shown in Fig. 5.7. Moreover, this figure also depicts the
triangle frame 75 according to (5.16).

55.3 Optimal Robot/Tool Position

In order to perform the application of deformable materials of various shapes and
sizes to freeform 3D surfaces, the robot has to execute complex motions relative
to the fixed tape application tool. Thus, the relative distance between the robot
base frame B and the tool frame 7 is a crucial parameter for this approach. In
the literature, a number of works were published with different methods for finding
the optimal robot position when considering different optimization criteria. For
example, kinematic manipulability [122, 123], stiffness [13, 14], cycle time [124, 125],
torques [126], and combinations of these criteria [122] were proposed. In these works,
the optimal robot position and orientation are typically found on the basis of a given
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5 Application of Curved Tapes on 3D Objects

robot path or trajectory.

In contrast, for the problem at hand, only the target 3D object itself is given and no
paths on this object are specified in advance. Thus, a novel optimization procedure
is derived in the following to find the optimal relative robot/tool position such that
a given target 3D object can be processed with maximum flexibility. To this end,
the reachability of all triangles T" of the target 3D object are considered in this
optimization. Without loss of generality, this procedure can also be applied to a
region of interest of the target 3D object, i.e. a subset T C T

In the subsequent sections, the kinematic relations between the robot base frame
B, the tool frame 7 and the triangle frames 7T;, i = 1,2,..., M, are derived in
mathematical terms. Then, the optimization problem is formulated. Finally, the
optimization procedure is executed for the discrete target 3D object used in the
experiments of this work.

Robot/Tool Kinematics

The homogeneous transformation between the robot base frame B and the tool frame
T is given by

I dj,
H} = HYH], = HY L) 1W] Hg, z (5.20)

where the last transformation Hg, = aligns the orientation of the tool frame T as
depicted in Fig. 5.1. Note that the tool frame origin dy), is the optimization variable
to be determined and the transformation H)Y is the known mounting position of the

robot in the world frame W.

An arbitrary contact frame C on a triangle T;, ¢ = 1,2,..., M, is given by the
homogeneous transformation in the form, see (5.16),

HG (i,0) = H5Hg. (5.21)

where § € © = [0, 27) denotes an arbitrary rotation angle around the surface normal
vector n; of the triangle frame 7;. Thus, in order to establish contact with the
draping roll in the contact frame C, the tool frame 7T has to be positioned with
respect to the object frame O at, see also (5.5),

. . RJ (3,0, d’ (i, 0,

H(i,0,&0) = HS (i, 0)Hr. . Hry gy, = ol 0 ¢60) dof X 6.0) . (5.22)
where 6 o € X¢ is an additional DoF originating from the single-axis tool redundancy
of the draping roll. Hence, each triangle T;, i = 1,2,..., M, in (5.22) can be reached
with the draping roll with different rotation angles 6 and & by positioning the tool
frame T according to H} (i, 0, &)

Optimization Problem

The optimization process for the relative distance dj, takes into account the se-
quence of all triangles T of a given target 3D object as defined in (5.13) and does
not specialize on a specific surface-based path 7r(p). This has the advantage that the
relative distance d, is adjusted for an optimal overall reachability of all triangles
of a target 3D object and the paths do not have to be known in advance.
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55 Implementation

The objective function to be maximized in the course of the optimization process is
derived in the following. For a given tool frame origin d,, this function evaluates
the total number of different rotation angles # with which each triangle T;, i =
1,2,..., M, can be reached. Using the task space coordinates of (5.22) in the form

. . dg(lv 0756,0)
Q(,0)= U h7'(y(i,0,&y)) (5.24)
£6,0€ X6

yields all solutions of the inverse kinematics for a given triangle T; € T" and rotation
angle #. By discretizing 6 over the admissible range © using an equidistant grid
with the increment Af and Nag points, the number of reachable angles 6 is counted
for each triangle T; with

Npag—1 £ A
NS {1 if Q(i, kAG) # 0 (5.25)

k=0 |0 otherwise .

Using (5.25), the optimal robot /tool position (d;,rv)* is found as

1 M

TV _ ,
(dw) = agzg_vrerﬁx N Nag 1:21 N; (5.26)

where the total number of reachable angles 6 with any admissible redundancy angle
&0 € Xp and any admissible elbow-plane angle ¢ € W for all triangles 7" is maxi-
mized. Note that the factor 1/M Nag normalizes the objective function to unity, see
(5.13) and (5.25).

Demonstrator Target 3D Object

The optimization procedure (5.26) is applied to the demonstrator target 3D object
shown in Fig. 5.3b. A preliminary MONTE-CARLO analysis of the objective function
of (5.26) is conducted to identify a good starting solution for a subsequent direct-
search optimization.

The MONTE-CARLO analysis is performed by evaluating 5000 points in the cuboid
volume

—1.1m Om
—1m | <d}, <|1m |, (5.27)
0.5m 2.1m

for a ceiling-mounted robot with

1 0 0 Om
0O -1 0 Om
HE = 5.28
W0 0 -1 19m (5.28)
0 0 0 1
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5 Application of Curved Tapes on 3D Objects

1
0.95
=
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=
0.85
0.8

y/m |
x / m

Figure 5.8: Objective function values for the preliminary MONTE-CARLO analysis of

(5.26).
T T T T T 1
2 -
1.8+
0.95
1.6 - -
4
= 14r EE
~ 0.9
N 12F "5
1k
0.85
0.8
* (a}y)"
0.6 [+ g7 -
* dW | | | | 0 8
-1 —-0.8 —0.6 —0.4 —-0.2 0 ’

x / m

Figure 5.9: Contour plot of the plane y = 0 of Fig. 5.8. The black asterisk indicates
the optimal robot/tool position (d%) and the black cross marks the local

; 7
optimum dy,,.
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55 Implementation

and the draping roll radius r, = 17.5mm. The resulting objective function values
(5.26) of each robot/tool position dj, exceeding 0.8 is displayed in Fig. 5.8 and
a contour plot for the intersection plane y = 0 is shown in Fig. 5.9. Note that
due to performance aspects [59] the inverse kinematics algorithm based on homoge-
neous transformations as introduced in Section 2.1.4 “Inverse Kinematics” is utilized.
These preliminary results show a mirror symmetry with respect to the plane y = 0
and the existence of a distinct maximum for the optimal robot/tool position dJ,.

The best solution of Fig. 5.8 is further refined by applying the NELDER-MEAD
simplex algorithm [127] to (5.26). This heuristic direct search method does not
need the gradient of the objective function. Figure 5.9 indicates the found optimal

robot/tool position (d;/rv)* at

~ [-03%5m
(d}) =] 0.016m (5.29)
1.121m

and a local optimum a% at

—0.054m
dJ, =1 0.001m |, (5.30)
1.922m

with the objective function values of 0.9999 and 0.9331, respectively. For (d%)*
from (5.29), the reachability value N;/Nag, t = 1,2,..., M, for each triangle T; € T
of the demonstrator object is depicted in Fig. 5.10. The corresponding histogram
for the distribution of the triangle reachability value N;/Nag is shown in Fig. 5.11
with a logarithmic y-axis. This evaluation reveals that merely 0.35 % of all triangles
T; € T exhibit a reachability value N;/Nag below 0.95. The red frame in Fig. 5.10
marks the respective triangles on the target 3D object. Thus, the optimal robot/tool
position (d, " allows to reach all triangles and almost any orientation # using some
elbow-plane angle ¢ and draping roll angle &g .

554 Discrete Tape Application Paths

If the target 3D object is given as discrete surface, the procedure of Section 3.2.6
“Curved Paths” has to be adapted to account for the properties of discrete-space
objects.

As in the continuous case, the path geometry is computed in terms of the geodesic
curvature k4(p), the lateral position m(p) and the geodesic position my(p) from the
planar parametrized path 7 (p) in the planar coordinate system A (see Fig. 3.3). The
path on the discrete surface is calculated using Algorithm 1. For a given starting
point o (sg) on the surface and a tangent direction ty, Algorithm 1 maps the planar
path using the geodesic curvature kq(p) onto the target 3D object, as illustrated in
Fig. 5.12. By piecewise integration of (3.24), a continuous tape application path
is calculated on each triangle. At the edges and vertices, the adjacent triangle and
the corresponding starting point and tangent direction are found using method2b
[121]. Using the current tangent direction of the tape application path t; on the

77


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

5 Application of Curved Tapes on 3D Objects

g g
= "o
<
£ g
2 =
+~
OVN /N 2 s
[} <
o0 © < N e r
— o o o o o g _ _ RS}
_ T - 3
! ! o <
o B (=) N
\% 00
. 7 3 )
s i
% e () I~ :
IR = i o | = > e
LT e S o0 = = 34 > -
I LTHD SRR o o2 ~~
e STt S N 2R =
AL LTI . .
\Nﬁ“\&\»}«“&“}»ﬂ“}d&V‘ydm ¥ n - | 6 . = O -
IR IS IS IG e S o 2
T DI KA < 0
N Y TaNaYy ) Al .
o e AN NS oKX < —~ g™ -«
e 2SS e = 1 2 2
2 5»&..\\\\\‘#4, [<5) [an} W m m.uo
= =
i)
e Soa = . . 28
ymrﬂ\h.w‘ﬁﬂﬂwvmﬂ»m vaA»m s < < M o
S SHENSS NN ”
SRR RRA AVAV a2 ™
R A ey z 1 L S =
NREERRES XD . e = g8
oaey VI = Z =%
SRR A 5007 Z < 4
RS EORINEHEE D Je i - &b © &
;A.,lr,»MWl»wf.vA«V)A F Nz < (] 0 b} m U
= N lu t + 5} \
< L k2
VI ) — p=a=]
= a - it
0 > 2 o g
(e = © = s
m D ITET NI N 1TV RN SR [TTT R R [TTTR R W} o .m fm
fay] o) < ] N — () +~
= o o o o o = =
S O — — — — — =
@ o0 a0 W
g = unoy) Q L
e S e
=] —
i i
0 0
Qv [}
5 5
&0 o0
o R
B <

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay |
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoielnassiq Jasalp uoisianfeulbliO apponipab ausiqoidde aig

Integration of (3.24)

Triangle mesh surface with surface normal field o, and path 7. The path
7 is calculated by piecewise integration of (3.24) and using method2b [121].

Figure 5.12
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55 Implementation

Algorithm 1 Map curved path on discrete surface

Initialize 7 (pg) = o (s¢)
Initialize 7'(po) = to
Find initial triangle containing 7 (po)
for all p e I do
sp <— Current position 7r(p) in triangle coordinates
s < Current tangent 7’'(p) in triangle coordinates
Integrate (3.24) using kg (p) until an edge or vertex is reached at p = p.
m(pe) < o ([s1 5]")
7' (pe) < 8105, + sHos,
Transition to adjacent triangle using method2b [121]
: end for

—_ =
= O

triangle T}, this algorithm computes the direction t;; on the next triangle 7T;,; by
intersecting the triangle T;,; with a plane constructed from the normal vector of
the next triangle n; 1, the current tangent direction t; and position 7 (p;).

As the discrete surface and the resulting path are of class C° due to the vertices and
edges between the triangles, the path has to be further smoothed before applying the
control strategy. Hence, the path points are sampled equidistantly and are interpo-
lated using C* B-splines [128] to satisfy the smoothness requirements for the control
strategy. Moreover, the cumulative form [129] is used to interpolate the orientations
of the corresponding normal vectors as quaternions. In this form, quaternions are
composed of an initial quaternion and a sequence of angular rotations, which are
activated smoothly and sequentially by real-valued basis functions.

555 Discrete Surface-Based Path Following Control

In this section, the discrete-time version of the surface-based path following control
for the tape application process is derived. As the tape application process uses the
parallel contact frame C,(p), introduced in (3.43), a discrete-time implementation of
this frame is computed. Moreover, discretized implementations for the parallel pro-
jection operator P, (y) with the condition (3.44) and the integral for the tangential
coordinate & in (3.48) are developed in the following.

Discrete-time Parallel Contact Frame

As highlighted in Section 5.4.2 “Kinematic Constraints”, the parallel contact frame
Cp(p) introduced in Section 3.3.2 “Parallel Contact Frame” accurately describes the
motion of the draping roll traversing along a surface-based path on a freeform 3D
surface. Specifically, this frame avoids rotations around the surface normal vector.
In other words, the unit vector field e, (p) of C,(p) in (3.43) is required to be a parallel
vector field on the surface 0. According to (3.8), the derivative of this parallel vector
field e;(p) only comprises a vector component normal to the surface. A different
path-based frame in differential geometry is the so-called parallel transport frame,
which has similar properties. The parallel transport frame of a path does not rotate
around the path tangent vector and the derivatives of the two transversal vectors
are scalar multiples of the path tangent vector [24]. Hence, these similarities allow
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5 Application of Curved Tapes on 3D Objects

to use the discrete-time implementation for the parallel transport frame according
to [24] and adapt it to the parallel contact frame.

As the path m(p) and its surface normal vector field o, (s(p)) are interpolated in-
dependently using B-splines, the orthogonality property of the 3D tape application
ribbon (ﬂ'(p), O’n(S(p))) is lost. To recover this property, the surface normal vector
field is orthonormalized with respect to the path tangent (unit) vector field 7' (p)
using the GRAM-SCHMIDT process [130] in the form

 ou(s(p) — o (s(p)w () ()
%) = o (5(p) = o TGN D) ()] (5:31)

Using (5.31), the discrete-time parallel tangent vector field e; is calculated from
the discrete-time orthonormalized vector field es = e3(px) as, see [24, 131],

T
€1,k—1 — €3,€1,k-1€3k

- \/1 — (83T7kel7k_1)2

€ =€3, X ey . (5.32b)

(5.32a)

€1k

)

The initial tangent vector e is chosen as e; o = 7'(py) to coincide with the path
tangent 7’ (pg) at pg. Note that, compared to the parallel transport frame in [24, 131],
the roles of the tangent and normal vector in (5.32a) are interchanged due to the
geometric relations of the parallel contact frame illustrated above. With (5.32),
the discrete-time implementation of the parallel contact frame Cp,(p) from (3.43) is
complete.

Discrete-time Parallel Projection Operator

The constraint of the projection operator P,(y;) in (3.44) is solved numerically with

the NEWTON iteration £ )

DPk,i—1
Dki = Phi—1— 57—~ » 5.33
BT ) 539

with i =1,2,..., and f(pr;) = (ys — m(pr:))Te1 . The iteration is initialized with
the path parameter of the previous time step, i.e. pro = pj_; and terminates with
|Dri — Pri-1| < €, € > 0. The resulting path parameter, denoted by pj, indicates
the projected position on the path. Note that due to exclusion of turning points,
see Section 3.3.2 “Parallel Contact Frame”, a surface-based path 7 can only exhibit
one solution of (3.44). Finally, the integral in (3.48) is solved numerically using the
explicit EULER method

&1 = &1 + (D — p271)<77/(p2))T91,k : (5.34)

55.6 Contact Force Estimation

The contact forces and torques f, in the parallel contact frame C,(p*) cannot be mea-
sured directly on the surface of the target 3D object. Moreover, the measured forces
and torques ¢f; at the tool side of the F/T sensor also comprise the gravitational and
dynamic forces of the target 3D object, which have to be compensated. The left in-
dex & of ¢f; refers to the coordinate frame of reference in which the force is described.
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56 Experimental Results

(a) (b)
Figure 5.13: Experimental results of the tape application process on a 3D-printed ob-
ject: (a) Pre-cut tapes (b) Projected paths on the target 3D object (c)

Completed tape application process.

Experiments show that for slow and moderate end-effector tangential velocities it
is sufficient to compensate only for the gravitational forces fJ = [0 0 m,g 0] of
the payload mass my,, where g is the gravitational acceleration. These gravitational
forces f, are transformed to the end-effector frame & using a force transformation,
reading as [56]

R¢'(a) 0 ¢
S(epp)R¥ (a) R¥(a)] "
where ¢p, denotes the position vector of the center of mass of the payload in the
end-effector frame £. Note that the skew-symmetric operator S(-) from (2.11) is
applied to ¢pp in (5.35). The total external force ¢f. is calculated as

ef, = (5.35)

Efe = €fs - Sfp (536)
and is again transformed using
Ry 0] T
fe: ¢ C C ] Sfe: fel feQ feﬁ (537)
S(m(p*))Rg” Rg [ 7 ’ ’ }

to the current contact frame C,(p*). Finally, the generalized external forces 7 in
the state feedback (3.61) are calculated from the transformed external force (5.37)
in the form

T =3 (q)f. . (5.38)

56 Experimental Results

The surface-based path following control concept, adapted to the tape application
process in Section 5.4 “Tape Application Controller” and extended for discrete-time
implementation using discrete-space 3D objects in Section 5.5 “Implementation”,
is demonstrated on a 3D-printed object, as shown in Fig. 5.13. The paths of the
pre-cut tapes in (a) are mapped onto the discrete surface of the target 3D object in
(b). The result of the tape application process is depicted in (c). In Table 5.3, the
seven tapes of the experiments are listed with the respective length L;, width W; and
geodesic length 7,;(L;), ¢ = 1,2,...,7. The barrier function parameters and the
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5 Application of Curved Tapes on 3D Objects

Table 5.3: Geometry of the tapes depicted in Fig. 5.13a for the experimental tape ap-
plication process.

1 Name Curved L; mg,(L;) W,

min minm minm

1 around No 392 392 10
2 back Yes 372 325 50
3 back-across Yes 292 228 50
4 ears No 192 192 10
5 left No 442 442 10
6 mouth No 302 302 10
7 silhouette No 272 272 10

Yy
A—
2z
Figure 5.14: Tape “around” (see Table 5.3) and tape application path (red) for the
experimental results shown in Fig. 5.15.

controller parameters of the tape application process are listed in the Appendix in
Appendix A.2 and Table A.4, respectively. The optimal initial robot poses for each
pre-cut tape is found using exhaustive search as detailed in Section 5.4.3 “Optimal
Initial Robot Pose” with a; = a3 = a3 = 1. The contact forces and torques fe,
which are obtained as described in Section 5.5.6 “Contact Force Estimation”, are
used to verify the interaction forces only and are not used for feedback in these
experiments. In the following two subsections, the tape application procedures for
the straight tape “around” (see Table 5.3) with a length of 392 mm and the curved
tape “back” with a geodesic length of 325 mm are discussed. A video of the complete
demonstration is found at www.acin.tuwien.ac.at/52f5.

561 Straight Tape

In this section, the application of the pre-cut tape “around” with a straight tape
application path (see Table 5.3), depicted in Fig. 5.14, is described in detail. The
measurement signals of the tape application process are shown in Fig. 5.15. In this
figure, individual graphs are shown for the path-based position coordinates & and
the corresponding desired values £, i = 1,2,3, the control errors & for the reduced
task space y, the angle of the redundant axis § — &, the barrier function values
b(q) and be,(q), the system inputs u from (3.60), the motor torques 7, from (2.23)
including friction compensation 7, the interaction forces and torques f, and the
joint positions q. The graphs are subdivided into three phases (1)-(3), as detailed in
the following:

D Contact establishment: For each point along the surface-based path, the co-
ordinate axis es of the parallel contact frame C,(p) is parallel to the surface
normal vector o,(s(p)). Thus, the corresponding coordinate &3 is used for
the approaching motion of the target 3D object towards the draping roll. Us-
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56 Experimental Results
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Figure 5.15: Experimental results of the tape application process of a straight tape. (1)
Contact establishment, (2) Compliance-based tape application, (3) Contact

release.
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5 Application of Curved Tapes on 3D Objects

84

ing a C*trajectory from & = 30mm to £ = 14mm, the target 3D object
approaches the draping roll and comes into contact. Recalling the draping
roll radius r, = 17.5mm and that the origin of the TCP frame 7T lies on the
draping roll axis, the final position &5 = 14mm implies that the target 3D
object pushes 3.5 mm into the compliant layer of the draping roll. In combi-
nation with the impedance controller and its parameters, this results in the
surface normal contact force fe73 of approximately 4 N, while the other forces
and torques remain close to zero. Moreover, the control errors € are also be-
low 0.1 mm for positions and 0.2° for the orientation, while the redundant
axis angle starts at approximately 22°. This non-zero redundant axis angle
is the result of the optimization process of the initial robot configuration in
Section 5.4.3 “Optimal Initial Robot Pose”. Note that the control parameters
in Table A.4 are chosen such that the redundant axis & is influenced by a
restoring force term k¢ and a damping term d¢. Thus, this angle is adjusted
automatically using the nullspace controller, which damps the motion in the
redundant tool axis and takes into account the respective joint and axis limits.

Compliance-based tape application: In the second phase, the tape application
is performed using the surface-based path following controller (3.86) and (5.4)
with the nullspace controller from Section 5.4.2 “Nullspace Controller”. In
the reduced path coordinates y, the contact point moves from & = 0 mm to
& = 392mm with a maximum velocity of & = 30 mm /s using a C2-trajectory.
While the control errors é; and é, for the geodesic direction & and the lateral
direction & stay below 0.6 mm, the controller adjusts the position &35 along
the surface normal direction according to the impedance model. Thus, the
control strategy is able to comply with uncertainties related to the target 3D
object and with the position errors of the robot manipulator. Throughout the
process, the surface normal force fe73 remains the dominant component. While
the estimated surface tangent forces fe,1 and f&z are mostly below 1N, the
torques fe74, fe;, and fe,g stay well below 100 mN m. Moreover, the orientation
is tracked with small control errors €, and €5 of less than 3°.

The angle {g—&¢,0 changes significantly in the range from —55° to 32° and, thus,
the robot motion clearly exploits the available single-axis tool redundancy of
the draping roll. Simultaneously, the barrier functions b(q) and bg(&s) guard
the joint limits of the robot g and ¢;, 1 = 1,...,7, and the axis limits §6 and
& of the redundant draping roll axis, respectively. At t = 5s, g5 approaches
the upper joint limit of g5 = 170° and b5(q5) becomes active, which initiates
a nullspace motion in the coordinate & towards & = 0 in order to avoid this
joint limit. Similarly, by(qs) intervenes slightly at ¢ = 10.7s and more strongly
at t = 16.3s due to the lower joint limit q, = —120° of ¢4, which leads to
a reduction of & to prevent approaching the joint limit. The time evolution
of q shows that the tape application process for the straight tape is mostly
performed using axes g5 and g7, while the other axes only exhibit little motion.

The top right graphs in Fig. 5.15 also display the controller torques u of (3.60)
and the motor torques 7, introduced in (2.23) with the additional friction
compensation 7¢. The difference between 7, and u shows the presence of
significant friction and elasticity in the drive train of the robot joints.
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56 Experimental Results

W\
X

Figure 5.16: Tape “back” (see Table 5.3) and tape application path (red) for the exper-
imental results shown in Fig. 5.17.

(3 Contact release: The contact between the draping roll and the target 3D object
is released at ¢ = 16.5s by moving the target 3D object from &3 = 14 mm to
& = 30mm again. Note that after release, minor estimated torques fe4, feos,

and feﬁ remain due to the imperfect compensation of the payload mass.

56.2 Curved Tape

In this section, the application of the curved tape “back” (see Table 5.3), depicted in
the planar coordinate system A in Fig. 5.16, is described. The measurement signals
for the tape application process are displayed in Fig. 5.17. The individual graphs
are arranged in the same way as in the previous subsection and are subdivided into

three phases (- ®):

(@ Contact establishment: Analogously to the previous experiment, the contact
between the target 3D object and the draping roll is established by moving the
target 3D object in the reduced coordinates y from 3 = 30 mm to {3 = 14 mm.
This pushes the target 3D object 3.5 mm into the compliant draping roll. The
surface normal force f673 is approximately 3N during the first contact. In this
experiment, the coordinate of the redundant axis & has an initial value of
€60 = 40°, which was found as the optimal initial pose for the robot.

@ Compliance-based tape application: The tape application process is performed
by moving the geodesic coordinate from & = Omm to & = 325mm with
a velocity of & = 30 mm/s. Simultaneously, the lateral motion along the
draping roll axis is given by & = —m(p), which correctly takes into account
the lateral movement of the contact point, see Section 3.2.6 “Curved Paths”
and Section 5.4.2 “Task Space Controller”. The geometric relations are also
illustrated for curved paths in Fig. 3.3, cf. Fig. 5.5, and are applied to the tape
depicted in Fig. 5.16.

The position trajectory in the surface-based coordinates y is followed with
low control errors é; and é; for & and & below 1.2mm. The position along
the surface normal vector &5 is adjusted by the controller according to the
impedance model and slightly larger control errors é3 appear. Throughout the
tape application process, the orientation errors é4 and €5 remain below 0.8°.
While the draping roll is in contact with the target 3D object, the surface
normal force fe 3 remains dominant. Simultaneously, fe 1 and fez stay mostly
below 1 N and the torques mostly below 100 mN m.

For this experiment, the nullspace controller utilizes the angle of the redundant
axis § — &p,0 in a large range from —74° to 40°. An automatic adjustment of
the angle & occurs at t = 2.5, as the robot joint ¢ approaches the respective
upper joint limit gg = 120°. Additionally at t = 7.2, the barrier function
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5 Application of Curved Tapes on 3D Objects
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Figure 5.17: Experimental results of the tape application process of a curved tape. (1)
Contact establishment, (2) Compliance-based tape application, (3) Contact
release.
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56 Experimental Results

bs(q) causes a nullspace motion leading to a significant decrease of the angle
&6, which prevents reaching the upper joint limit ¢4 = 120°. Afterwards at

t = 9s, the redundant axis £ comes close to its lower axis limit of 5 —90°.
This gives rise to additional torques in the nullspace 7, opposing the effects
of by(q). As a result, the robot motion remains close to & = —50°.

3 Contact release: The surface contact with the draping roll is released by mov-
ing the target 3D object away from the draping roll, i.e. in surface-based
coordinates the robot moves from &3 = 14mm to {3 = 30mm. While the
contact forces feJ, fe?g, and fAe73 become close to zero, small residual torques

feﬁ5 and feﬁ remain due to the imperfect contact force estimation.

5.6.3 Discussion

The experiments shown and described in the two previous sections demonstrate the
feasibility of the proposed approach for the application of (curved) pre-cut tapes on
freeform 3D surfaces. Surface-based path following control systematically generates
the complex robot motion to appropriately perform the draping process by providing
intuitive trajectories in the surface-based path coordinates. The contact forces and
torques are estimated with respect to the parallel contact frame C,(p) and, thus,
have a clear physical meaning in the contact point of the surface. Throughout the
tape application processes, the normal force fe73 remained the main interaction force
between the draping roll and the target 3D object. The robot motion systematically
incorporates the single-axis tool redundancy of the draping roll, which provides
additional flexibility for the tape application process and is used to avoid joint limits.
Hence, the experiments show that the proposed method is capable of applying long
tapes on surfaces with high curvature.
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Conclusions and Outlook

In this thesis, a novel control concept to traverse known freeform 3D surfaces with
robotic tools was developed. To this end, surface-based path following control was
derived, which is the main contribution of this work. This control concept incor-
porates a coordinate transformation which takes into account the distinct normal
vector of the underlying surface and the tangent vector of the associated path. In
order to provide high flexibility and versatility, kinematic redundancies of the robot
tools as well as kinematic constraints of the industrial processes are considered
systematically. In this way, the proposed control approach is applicable to different
industrial processes to be performed on freeform 3D surfaces, e. g., polishing, cutting
and draping. The feasibility of the proposed control approach was experimentally
demonstrated with the application of pre-cut tapes to freeform 3D surfaces.

Surface-based path following control was presented as a modular and versatile con-
trol concept. The schematic drawing in Fig. 6.1 illustrates the modular structure
as an overview. The main building block of the control concept is the coordinate
transformation for the surface-based coordinates, introduced in Section 3.3, which
was derived for the natural contact frame in Section 3.3.1 and the parallel contact
frame in Section 3.3.2. If the robotic tool exhibits a single-axis tool redundancy, as
presented in Section 3.6.1, this can be incorporated into the coordinate transforma-
tion. Thus, the coordinate of the redundant axis is moved to the nullspace. Using
the feedback linearization from Section 3.4 and the hierarchical nullspace controller
from Section 3.6, the task space controller and the nullspace controller can act inde-
pendently on the robotic system in an intuitive way. Furthermore, the contact force
estimation derived in Section 5.5.6 provides an estimate of the external forces in
surface-based coordinates, which allows a clear physical interpretation of the inter-
action forces. In Section 3.5, different task space controllers were formulated in the
surface-based coordinates, i.e., impedance control, admittance control, compliance
control, and force control. The path progress is an additional degree of freedom
in path following control. Four different modes of operation were proposed in Sec-
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6 Conclusions and Outlook
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Figure 6.1: Modular structure of the surface-based path following control concept.

tion 3.7 with an emphasis on physical human-robot interaction (pHRI), i.e., the
autonomous mode, two cooperative modes, and a collaborative mode. Finally, for
nullspace control, the stabilization of the redundant axis, joint limit avoidance, and
elbow stabilization were presented in Section 3.6, which act in different hierarchical
levels on the robotic system.

6.1 Conclusions

Path following control separates the robot motion into a geometric path in task
space and the time evolution of the path progress. In contrast to classical path
following control, the control concept presented in Chapter 3 “Surface-Based Path
Following Control” systematically takes into account the surface normal vector of
an underlying freeform 3D surface and the path tangent vector of the corresponding
surface-based path. Two different so-called contact frames were proposed and are
chosen to comply with the application at hand: The natural contact frame is used
for tasks where the tool orientation follows the path tangent, e. g. sewing or cutting.
If turns of the tool around the surface normal vector have to be prevented, such as
for draping applications, the parallel contact frame is utilized. Each contact frame
also has its corresponding projection operator.
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6.1 Conclusions

A coordinate transformation to transform a robotic system into surface-based path
coordinates was formulated. Feedback linearization is applied to the robotic system,
which results in a new system dynamics with linear input/output behavior. This
allows to formulate standard controllers in the new surface-based path coordinates.
Impedance control, admittance control, and force control were presented, which can
also be combined to a hybrid controller. Four different modes for the time evolu-
tion of the path parameter were presented with an emphasis on pHRI applications:
an autonomous mode for continuous automatic processes, two cooperative modes,
which allow to stop the robot motion by human intervention, and a collaborative
mode, which enables the human to guide the robot tool along the surface-based
path.

In this work, industrial processes on freeform 3D surfaces are described in terms of
kinematic constraints, i.e. forbidden rotations around specific tool axes, and kine-
matic redundancies, i.e., axes around which the tool is free to rotate. The draping
process of pre-cut tapes on freeform 3D surfaces was shown to underlie kinematic
constraints, i.e., the draping roll must not rotate around the surface normal vector
in order to prevent wrinkles, and to provide a kinematic redundancy, which allows
for free rotation around the draping roll axis to a large extent. These so-called
single-axis tool redundancies are systematically incorporated into the surface-based
path following control concept by choosing the proper minimal representation for the
orientation and projecting the path-based system output to a reduced 5-dimensional
output. In this way, the task space coordinate for the redundant tool axis is shifted
to the nullspace, where it is stabilized using a hierarchical nullspace controller.

The aim of Chapter 4 “Concept Study on Tape Application” was to find a suitable
concept for the fast and versatile application of pre-cut tapes to freeform 3D surfaces.
A general analysis of this industrial process was concerned with the robot kinematics
and robot employment as well as with the individual process steps contouring and
application. This analysis was used to structure the concept study and to give a
broad overview of commercial solutions and approaches published in the literature.
Ten distinct concepts were presented and qualitatively evaluated in terms of accu-
racy, speed, flexibility, capability to impose defined normal and tension forces to the
applied material, complexity and risk of the design. The two best approaches of this
concept study, i.e. #5 “Stationary tape dispenser with liner” and #6 “Stationary
tape dispenser with conveyor belt”, use a stationary application tool with material
supply, while the target 3D object is moved by a robot. Due to the similarity of
these two solutions, a single simplified tape application tool, comprising a passive
draping roll and a feeding plate, was designed.

In Chapter 5 “Application of Curved Tapes on 3D Objects”, the surface-based path
following control concept from Chapter 3 is utilized for the industrial process in-
troduced in Chapter 4, i.e., the application of (curved) pre-cut adhesive tapes on
freeform 3D surfaces. To perform the tape application, the deformable material is
fed from a stationary feeding plate using a draping roll and the target 3D object
is moved appropriately by a robot to perform a draping motion. The kinematic
constraints of the draping process were met by utilizing the parallel contact frame.
The draping roll axis was identified as a redundant tool axis. This redundancy was
used to improve the process flexibility and to take into account the joint limits of
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6 Conclusions and Outlook

the robot. The robot/tool position was determined as a solution to an optimiza-
tion problem using a direct search method. Also, the optimal initial robot pose
for each tape application motion was found by minimizing a suitable cost function.
For practical implementation, a time-discrete formulation of the control algorithm
presented in Chapter 3 “Surface-Based Path Following Control” and a spatial dis-
cretization of the target 3D object was performed. The feasibility of the proposed
control approach was experimentally shown using the concept from Chapter 4 with
a custom-designed tape application tool and a 3D-printed target object. Seven
straight and curved tapes with a geodesic length of 192 mm to 442 mm were applied
to the target 3D object with application speeds of up to 30 mm/s.

The surface-based path following control concept presented in this work was for-
mulated in a modular and generalized way. Thus, the methods, algorithms, and
solutions can be applied to a wide range of industrial processes with different kine-
matic and dynamic requirements to be met on the freeform 3D surfaces.

6.2 Outlook

Workpiece Path Planning

With the industrial process presented in Chapter 5 “Application of Curved Tapes
on 3D Objects”, a large number of pre-cut adhesive tapes can be applied to a target
3D object. However, the optimization algorithm proposed in Section 5.4.3 “Optimal
Initial Robot Pose” only considers the application of single tapes and, thus, the
overall process for all tapes is not optimized.

For non-overlapping adhesive tapes, the order of the individual tape application mo-
tions can be further optimized such that a minimal overall process time is achieved.
Thus, path planning for a complete workpiece can be interpreted as a traveling
salesman problem (TSP) [132]. In this context, each tape represents a vertex in a
graph and the edges between the vertices represent the traveling moves, i.e., the
collision-free robot motions from the end of one tape to the initial pose of the next
tape. For each tape, a large number of initial poses are feasible and, thus, each
vertex in the TSP graph can be reached via a large number of edges. A cost value
representing the transition time is assigned to each traveling move. The solution of
the TSP then yields the time-optimal order of the tape application motions and the
optimal initial robot pose for each individual tape.

Increase Technology Readiness Level

The technology readiness level (TRL) estimates the maturity of a technology [133].
The demonstrations shown in Chapter 5 “Application of Curved Tapes on 3D
Objects” represent a proof-of-concept of the proposed method for the application of
pre-cut tapes to small- and medium-sized target 3D objects. However, the contour-
ing and the feeding mechanism have not been considered in this work and several
manual process steps are necessary for the proposed workflow, i.e. preparing the
tape on the feeding plate and mounting the workpiece on the robot end-effector.
Thus, the experimental setup is considered as TRL 3 according to [133]. In order
to integrate this process into an industrial application, TRL 6 or higher is required,
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6.2 Outlook

Table 6.1: Industrial processes with associated kinematic constraints and redundancies.

Process Kinematic constraint Kinematic redundancy
Polishing

Laser cutting Tool axis inside tolerance Rotation around surface
Spray painting with —cone of surface normal normal

circular nozzle

Spray painting with Tool axis aligned with

non-circular nozzle  surface normal, rotation (none)

Sewing around surface normal vector

Ultrasonic cutting Tool orientation aligned with Rotation around path
path tangent tangent

Draping Rotation around surface Rotation around tool

Tape application normal vector axis

Glueing Tool axis inside tolerance

i 11
Welding cone of surface normal Rotation around all axes

i.e. a full prototype in the operational environment. Therefore, further steps have
to be performed to develop a fully automated process chain which can be used in
an industrial setting, including a contouring and a feeding mechanism. The surface-
based path following control concept is advantageous for this implementation, as
the path progress can be utilized to synchronize an automatic feeding mechanism
with the draping motion.

Industrial Processes

Surface-based path following control was presented as a modular control concept
to describe the robot motion with respect to a surface-based path and its under-
lying surface. In surface-based path coordinates, different standard controllers are
applicable and kinematic constraints and redundancies can be systematically taken
into account. Therefore, the proposed approach is useful for a number of industrial
processes performed on freeform 3D surfaces. Table 6.1 lists some example processes
with the associated kinematic constraints and redundancies, which constitute future
use cases for the proposed method.
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Parameters

Al Kinematic Parameters

Table A.1: Parameters of the kinematic model of the KukA LBR iiwa 14 R&20.

T diy di, o
mm mm rad
1 0 1525 0
2 0 2075 -3
3 —2325 0 5
4 0 1875 %
5 2125 0 -3
6 0 1875 —%
7 =796 0 5
8 — 724 -

A.2 Controller Parameters

Table A.2: Parameters for the torque controller (5.11) and the disturbance observer
(5.10) in Section 5.5.1 “Robot Control”.

it K. D.; F

1 4 0.015 200
2 4 0.015 200
3 4 0.015 300
4 5 0.02 300
5 3 0.01 500
6 2.5 0.01 1000
7 25 0.01 1000
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A Parameters

Table A.3: Barrier function parameters for Section 5.4.3 “Optimal Initial Robot Pose”.

1

b b g qi

1 2 2 =170 170
2 2 2 =120 120
3 2 2 =170 170
4 2 2 =120 120
5 2 2 =170 170
6 2 2 =120 120
7T 2 2 =175 175

Table A.4: Controller and barrier function parameters for the dynamic optimization
problem in Section 5.4.3 “Optimal Initial Robot Pose” and for the experi-
ments in Section 5.6 “Experimental Results”.

Symbol Value Unit
be, 1
be, 1
& -90 °
€6 90 °
&6,0 0 °
S 900 N/m
dg, ..., dd 60 Ns/m
kg 1 N/m
dd 2 Ns/m
m¢, ..., mg 1 kg
K, diag([1,1,1,1,1,1,1]) N/m
D, diag([2,2,2,2,2,2,2]) Ns/m
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