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Notations

Conventions

In this thesis scalars are denoted by letters in italic type face (k, ¢). Vectors and matrices
are labeled by bold letters (g, A). The vector q is composed of elements ¢;. The matrix A
is composed of elements A;; (i-th row and j-th column). Desired (reference) set values are
marked with the subscript r (A,) and estimated (actual) values are described with an a as
subscript (Ag). The upper dot denotes time derivative (¢). Coordinate systems related to
the body x are depicted with R,. A vector x represented in the coordinate system R,
is depicted with x,. Rotation matrices, which are used to transform vectors from R, to
R, are denoted with RY. The superscript T denotes the transpose of the given vector or

matrix and ~! denotes the inverse of the given matrix.

Symbols

5
&

8

93 £ QT

(6x6) inertia matrix

(6x6) centrifugal and Coriolis matrix

(6x1) force-torque vector

Identity matrix

(6x6) Jacobian matrix

Diagonal matrix where the constants for a position controller are defined
Diagonal matrix where the constants for a derivative controller are defined
Diagonal matrix where the constants for an integral controller are defined
(3x3) rotation matrix

(4x4) homogeneous transformation matrix
(6x1

(3x1
(6x1) gravity vector

Gear ratio of the corresponding transmission
Motor constant

Position vector of point x

(3x1) Cartesian linear velocity vector

(6x1) joint position vector

(6x1) joint velocity vector
(
(

T
Cartesian linear and angular velocity vector of the form: [pT wT}

forces vector

— — — —

6x1) joint acceleration vector

3x1) Cartesian angular velocity vector
Torque vector

(4x1) quaternion
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VIl Notations
Abbreviations

CAD Computer—aided—design

DD Direct dynamics

DK Direct kinematics

DoF  Degrees of Freedom: the set of independent displacements and/or
rotations that specify completely the displaced position and orientation
of a body or system

FTS  Force-Torque sensor

GUI  Graphical User Interface: user interface that allows the user to interact
with a computer. It provides graphical icons, visual indicators or special
graphical elements called widgets

IAR  Instantaneous axes of rotation

1D Inverse dynamics

1JC Independent joint control

IK Inverse kinematics

PID  Proportional, integral and derivative controller

ROM Range of motion

RT Real-time

SCS  Sensor coordinate system

TCS  Tool coordinate system

TCP  Tool center point

WCS  World coordinate system



Abstract

A novel system to test biological specimens in 6 DoF is here presented which provides
a solid foundation to perform complex, robust and scalable biomechanical experiments.
Basic functions have been implemented within the new proposed system to cover different
fundamental demands directly related to the robotic arm, such as motion control in joint
and Cartesian space, current commanded motion and two approaches of interaction control:
hybrid control and direct force control to load specimens exerting desired forces and
moments in predefined axes. The interaction with the framework through a GUI and a
3D visualization provides a friendly, intuitive and easy way to use the system. A safety
concept was developed providing the protection of damage for the user, for the specimen,
for the environment and for the robot itself.

The control architectures were tested with non-biological and biological materials. Direct
force control was robust enough to ensure stability when testing both types of materials.
The system is able to perform different experiments in different time intervals. It has been
shown that the biological specimen can be moved in the free space without any restriction.
This experiment setup allows an anatomical and therefore more realistic movement in vitro
of biological specimens. The contribution of this work is a proposal of a novel system
architecture which makes possible to accomplish high complex tests in human and animal
joints.






1 Introduction

The science of biomechanics explores the mechanics of “biological entities”. It analyzes
biological specimens under the mechanical aspect. The physical concepts like static, kine-
matic, dynamic, deformation, fatigue, are applied in biological systems like musculoskeletal
system, vascular system, respiratory system and more [50].

An accurate description and knowledge of the human body (such as its stiffness, viscoelastic-
ity, force, strain and stress) is necessary to develop and construct better medical implants
and to develop better and suitable therapies and rehabilitation programs. Therefore
biomechanical experiments are performed in order to find the properties of these complex
systems.

In witro (latin for “within glass”) experiments refer to biological studies that are performed
using components of an organism that have been removed or isolated from their usual
biological context in order reduce the complexity of the whole organism and separate the
part of interest. In wvivo (latin for ”within the living”) experiments refer to biological
studies where a living organism in its biological context is the center of study.

Biomechanical studies are nowadays accomplished mostly with the help of universal testing
machines [16,85,145] (Figure 1.1), which allow analyses in 1 or 2 axes. In order to analyze in
detail biological specimens it is necessary to describe their biomechanical properties such as
forces, degrees of freedom, axes of rotation, stiffness, viscoelastic properties, configuration
of ligaments, geometry of the surfaces and friction. However, the specimens to test are
complex systems (e.g. human or animal joints) and the DoF of universal test machines
are not enough to evaluate all these properties. A human joint is much more complex to
describe than a “simple” rigid structure since a joint involves more than one fixed structure,
its viscoelasticity is non linear and depending on the position and angular configuration
of the limbs, the degrees of freedom are coupled and its range of motion depends also on
the position. To perform these complex tests, complicated constructions and mounted
engines are needed. In this way, forces and moments can be applied in additional degrees
of freedom in order to determine mechanical properties of the biological specimens.

The usage of robots in these kind of analyses has become essential to accomplish specific
experiments that fulfill the required complexity. Current applications use robots to apply
forces, moments, displacements, and specific behaviors of human joints [59,60,62,63,132,
141,143,154]. These kind of systems allow to test bones, joints, soft tissues, artificial joints
and other biological specimens with certain flexibility.

1.1 Motivation

As the mean age of the population increases, the number of patients that need surgical
intervention in a motion organ continues to grow according to the Federal Office of Statistics
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Figure 1.1: Universal testing machine Roell Amsler. Division of Biomechanics.
Klinikum rechts der Isar of the Technische Universitdt Miinchen, Germany

in Germany [17]. Better methods to insert implants are required where the surgeon can
know the best place and orientation in the patient body to fix such implant. In order
to optimize this knowledge it is mandatory to comprehend in detail the role that play
different ligaments, bones, muscles and tendons in a joint. How the forces act in these parts
and the effect that those produce in the deformation, elongation, stiffness, viscoelasticity,
constraints, and friction are until these days unknown.

Biomechanical in vitro tests help to perform experiments in order to load human joints.
With the help of sensors it is possible to measure the response of the ligaments that are
actuating to bend, opposing or supporting the movement within their own range of motion.
The setup of the experiments plays a very important role in the analysis of biological
specimens. The experiments can be configured in such way that they simulate or recreate,
as close as possible, the reality. This is a huge challenge due to several reasons (e.g. In
vivo tests are difficult to develop without cutting or altering the tissue or biological part to
test [10,90,113,150,155]) and lack in the data. Even when all biomechanical properties
can be known it is very difficult mechanically to simulate or recreate the overall biological
effects.

Even if in vitro biomechanical tests do not represent, exactly, the reality, they are very useful
for understanding the viscoelastic properties of the tested specimens. This knowledge is
also used by the endoprosthesis manufacturers and surgeons. The results of these tests can
give valuable information of the resistance, stiffness and other properties that the implants
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must have in order to ensure performance, durability and other features to maximize their
lifetime and provide safety and health to the patients.

In contrast to universal testing machines with 1 or 2 DoF, a robotic system is able to execute
complex movements and apply complex loads on the specimens. Such manipulators with
different possibilities of movement offers several advantages. The robot can load specimens
with different forces and moments in different directions, without constraining them to
only 2 DoF. It is also possible to repeat multidimensional movements with high accuracy.
Thus the stress can be determined on a specimen with an intact or reconstructed ligaments
damaged in an identical motion. By comparing the forces and moments in the intact and
damaged specimen, a valuable insight into the functions of the anatomical components
of the specimen can be obtained. On the other hand, after the data has been evaluated,
it would be possible to test and compare different implants or even surgical techniques.
The measurements may also prove to be valuable for the validation of simulation models.
Another possibility, which the system can perform, is the measurement of the load on the
specimen by natural movements. For this purpose, data from in vivo measurements of
human motion can be acquired in order to be transmitted as a trajectory to the robot.
The measured forces and moments, when the robot performs movements of the biological
joint, give hints to identify the body parts that are more or less mechanically loaded at
certain points of the movement. Another advantage using a robotic system is that the
kinematic of the robot is already described. The position, velocity and even acceleration of
the end-effector is known through the kinematic chain of the robot links. This information
corresponds directly with the kinematic of the tested specimen. This means that the
characterization of the kinematic of the biological tested body is also known and can
provide clinically relevant data.

1.2 Goals

The division for biomechanics of the Faculty of Medicine Chair of Orthopaedics and Sport
Orthopaedics settled in the Klinikum rechts der Isar at the Technische Universitdt Miinchen
in Germany, is engaged to develop a high-performance 6 DoF biomechanical joint analysis
system based on an industrial robot. The robotic system may be thought as a testing
machine that can apply loads (according to its positions or forces) in a 6 DoF environment
(3 forces or displacements and 3 moments or rotations). The system should be able to
apply these loads separately or in combination, that is to say, it should be possible to apply
any force or moment in any direction or around any axis, respectively. The specimens
should be free to move in the 6 DoF.

The interaction with the machine should ensure safety for the user, for the specimen to
test, for the environment and for the robot itself. The contribution of this work is a
proposal of a framework architecture and a system which makes possible to accomplish
high complex tests in human and animal joints. A modular structure, together with a
strategic distribution of the modules provides flexibility for the adaptation to different
sizes and kinds of specimens. It should provide as well scalability, allowing the replacement
or the addition of sensors, change or modify the control architectures, and adapt or modify
the experiment setups. All this should be made without a big effort and expense of time.
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The system architecture should be flexible enough to adapt itself to the different experi-
mental scenarios with biological specimens without requiring exhaustive changes in the
internal structure. It should be constructed in a modular way in order to distribute the
tasks depending on their role. A modular architecture offers a better maintainability,
simplicity, flexibility and scalability. In this way, the upgrading, replacing or adding a new
component must not affect the basic structure of the system.

The robot should be able to move also under force and position control. The tested
bodies can be loaded also applying certain displacements and rotations (e.g. following a
predefined trajectory given in position/orientation or force/moment values) in order to
collect data (e.g. forces and moments, or kinematic variables like velocity or acceleration)
of the specimen.

A particularly issue to be considered when thinking about biomechanical tests using
a robotic system is the presence of singular configurations of the manipulator. In the
neighborhood and at particular configurations an exact solution of the robot inverse
kinematic becomes singular. Consequently, unfeasible joint velocities may be produced
which yields into unexpected behavior of the robotic system. During the test of specimens,
high velocities and position deviations can damage the system, the specimen and represent
a danger to the user. Therefore, another important objective of this work is to assure
safety in the presence of such singular robot configurations.

The framework should be able to be operated without a depth knowledge of the system.
Due to this, it is necessary to develop a GUI where the most important parameters for
the controller and for the experiment setup can be introduced avoiding also that the user
modifies important variables or configuration that can damage any components.

The system should be able to display a virtual 3D environment in order to visualize the
robot connected with the specimen. This has the objective that the user can observe the
scene from different angles in order to define specific parameters for a specific experiment.
This virtual world should also provide a visibility of the test from a close perspective
without being in the range where the robot can move. This 3D environment should be
also available in simulation for planning purposes.

The parameters that are wanted are the viscoelasticity of the specimen, where both, viscous
and elastic characteristics under deformation, are sought. The stiffness, where the resistance
of the specimen to deformation by an applied force is wanted. The role that the different
constraints (due to constraining forces, mechanical coupled degrees of freedom and elastic
and viscous properties) play in the specimen when tested. The analysis of such anatomical
specimens is highly complex because it is not an isolated material that is to be tested but
a complex system where constraining forces (depending on the position and orientation of
the components) arise. The elastic properties are not linear and the ROM of every joint is
highly complex.

The time to perform the experiments is a very important parameter due to a decomposition
process of biological specimens. The features of a specimen degenerate every second that
passes by. The system should be able to perform different experiments in a relative short
time in order to acquire representative and suitable data. This time may be introduced
by the user, where the time of the experiment (followed profile under position/orientation
or force/moment variables) is defined. The system should be able to load specimens with
different velocities in order to implement static and dynamic tests.
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The work with biological specimens requires the attachment of bones, muscles, tendons,
ligaments, adipose tissues and the combination with blood and other substances to the
testing machine. This attachment becomes a critical issue. In order to perform any
biomechanical test, the fixation of the biological specimen should be ensured within the
whole time of the experiment.

Covered these goals, the machine would be able to perform high complex tests in the space
of anatomical specimens in order to provide valuable information about their kinematics,
dynamics and quantification of their physical properties.



2 Background

2.1 The Spine

The human spine is part of the musculoskeletal system and forms the central axis of the
human body. To understand the mechanism and functional disorders of the human spine,
a basic knowledge about the anatomy and pathology of the spinal column is required.

Anatomy

The human spine consists of 25 vertebral bodies arranged in column structure at the
posterior of the neck and trunk of the body. The spine (Figure 2.1) is divided into four
sections: cervical (7 vertebral bodies), thoracic (12 vertebral bodies), lumbar (5 vertebral
bodies), and sacrum. Each vertebral body has a hard shell of cortical bone of 1 to 3 mm
thickness and an inner trabecular bone (Figure 2.2). As seen in Figure 2.1, the cervical and
lumbar sections have a naturally lordotic curvature while the thoracic and sacral sections
have a naturally kyphotic curvature structure.

A typical lumbar vertebral body is shown in Figure 2.2(a) and consists of an anterior
(body) and a posterior (foramen) section. The body contains the attachment sites to the
intervertebral disc and has a thin layer of cartilage. This section constitutes the vertebral
body. The foramen contains lamina and pedicle which encloses the spinal cord protecting
it. The transverse processes bulges laterally and give the attachment points for muscles
and ligaments. The spinous process allows attachment points for muscle and ligaments and
is the most posterior structure of the vertebral body. The uniform basic shape of every
lumbar vertebra is adjusted in each section to the various static and dynamic requirements.
Each lumbar vertebra, like the shown in Figure 2.2(b), consists of a ventral vertebral body,
corpus vertebrae, and a bony arch situated on the dorsal side, arcus vertebrae, the spinous
process, proc. spinosus, and two transverse, proc. transverse, and four articular processes
proc. articular [117].

The anatomy of the articular processes is for each region of the spine distinctive and its
orientation is determined by the geometry and mobility of each segment. The movement of
the vertebral column is not only determined by the shape of the vertebrae, but essentially
by the architecture and material properties of intervertebral discs and ligaments. The
interaction of these individual elements allows to maintain a certain body position (static
function) and to ensure mobility of the trunk (dynamic function) [85].

White [151] defines the functional spinal unit or the motion segment as “the smallest
segment of the spine that exhibits biomechanical characteristics similar to those of the
entire spine. It consists of two adjacent vertebrae and the connecting ligamentous tissues”.
According to White [151] the main directions of motion of a functional segment are:
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Figure 2.1: Vertebral column [64]. C1-C7 cervical, Th1-Th12 thoracic, L1-L5 lumbar
and sacrum.

flexion extension (FE), lateral bending (LB) left/right and axial rotation (AR) left/right
(Figure 2.3).

Pathology

Pathology is the study of diseases and deals with their causes, development and consequences
like morphological changes in the body. Basically there are two types of back pain: the
specific and nonspecific. In 85% of all back pain patients an exact cause cannot be
detected [14,37]. If this is the case, the term “non-specific back pain” is applied. For
specific back pain there is a demonstrable morphological cause in the spine and occur
15% of all diagnoses [14]. The causes include trauma, degenerative changes, inflammation,
infections and tumors. Eysel [37] presented a percentage distribution, showed in Table 2.1,
with respect to their occurrences in the ventral or dorsal region of the vertebra.
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Figure 2.2: Transverse view of a lumbar vertebral body.

Magerl [104] proposed a new classification of thoracic and lumbar fractures. This classifica-
tion is established according to the main mechanism of injury. Magerl considers three main
types: A, B and C which injury pattern is determined by the forces acting on the spine
such as compression, distraction and axial torque. Type A considers all injuries caused
by vertebral body compression, type B considers all injuries in anterior posterior element
caused by distraction and type C considers all injuries in anterior posterior element caused
by rotation. Figure 2.4 shows this classification.

Type A fractures occur in 66.1%, type B in 14.5% and type C in 19.4% of the cases in
a study of 1445 consecutive thoracolumbar injuries [104]. The injury of the first lumbar
vertebra and the adjacent structures has 49% probability to occur and is with it the most
frequent [11,104].

Benign and malignant tumors of the spine occur in all age groups and in each spinal
segment. Since the spine is a suitable place for bone metastases, 97% of all spinal tumors
are metastatic and 3% are of spinal origin [26]. Among the most common primary tumors
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Figure 2.3: Spine rotations. Letters R and L stand for right and left respectively, F' and
E for flexion and extension.

Table 2.1: Percentage distribution of the pathological occurrences in the dorsal and
ventral region of the spine [37].

Dorsal Ventral

Deformation 50% 50%
Degeneration  50% 50%

Tumor 10% 90%
Inflammation 0% 100%
Fracture 30% 70%

that cause the spine metastases are lung tumors, hematological tumors, renal cell cancer,
breast and prostate cancers [26]. This can result in advanced growth of the tumor or the
collapse of the vertebral body and/or the compression of the spinal canal [16].

Another pathological change in the spine is caused by degeneration of the connective tissues
and bony structures of the spine. The degeneration of the bone structure of the spine
usually occurs in advanced age [16]. Osteoporosis is one of this degeneration and can lead
to bone fractures.

In the connective tissue structures, degeneration occurs mainly in the intervertebral
discs. Due to reduction of the water binding ability of the tissue, the elasticity of the
intervertebral discs decreases. Consequently, the shock absorbing function under axial load
is reduced [112].

2.2 Spine Biomechanics

Knowledge of biomechanical properties of the spine is a prerequisite for experimental
studies on isolated motion segments.
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Figure 2.4: Modified according to Magerl [104]. Classification of three types of injury.
Type A (1), compression of the anterior column. Type B, posterior trans-
verse disruption (2) and anterior transverse disruption (3). Type C, injury
caused by rotation. Reprinted with kind permission of Springer Science and
Business Media.

The movements of individual directions of specific segments of the spine (specimens) can
be represented in a load-deformation curve (Figure 2.5). In the neutral zone (NZ) the
structures are considerably deformed under low load. If this increases, the structures reach
the elastic zone (EZ). In this area the specimen does not return to its initial state if the
load is relieved due to viscoelastic properties of the segments. However, a damage in the
specimen in this phase does not occur. Both regions, NZ and EZ constitute the ROM of
the specimen. After the EZ follows the plastic zone (PZ) where the specimen suffers an
irreversible damage.

A Load
limit

Load
z
N

Deformation

Figure 2.5: Modified according to White [151]. Load-deformation curve. NZ stands for
neutral zone, EZ for elastic zone, PZ for plastic zone and ROM for range of
motion.

The range of motion (ROM) is the sum of the neutral zone and the elastic zone in one
direction of motion. It is the most common kinematic parameter used in biomechanical
testing protocols in order to evaluate spinal devices. It is the total motion of the spinal
section in study. Normally the ROM will compare this movement from a healthy specimen
with an instrumented or surgically altered specimen in order to report a quantitative
analysis of the effects of spinal devices.
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The ROM is very wide and every section has different parameters. The cervical section
allows to move the head in a lateral bending about 35° in both directions and in flexion-
extension of 65° and 40° respectively. In the transverse plane a rotation of both sides about
50°. The thoracic section allows movements of 40° in lateral bending in both directions,
85° and 60° in flexion-extension respectively. In the transverse plane a rotation about 40°
of both sides [133]. The complete movement of the whole spine depends of 25 segments
mechanically coupled which makes it a very complex articulating column.

compression decompression
axial left
rotation right
Az

right lateral Ao\ J

bending e *\'3! extension
posterior - right lateral
shear shear

left lateral flexion

» bending

anterior left lateral

shear shear

Figure 2.6: Coordinate system of the spine [157]. The arrows of the motion components
Aa, AB, Ay, A x, Ay, A zrepresent the positive direction. Reprinted with
kind permission of Springer Science and Business Media.

A Cartesian coordinate system with three orthogonal axes, right-handed, is described by
Wilke [157] and shown in Figure 2.6 in order to define an international testing criteria for
spinal implants. The global coordinate system shall lie in the middle of the underside of
the lower mounted end of the specimens.

With an appropriate coordinate system the following loads can be defined: lateral bending
along the frontal plane corresponds to a moment about +X axis; flexion/extension (lateral
shear along the sagittal plane) is a moment about +Y axis; an axial rotation corresponds
to a moment in +7 axis. Forces along £X, £Y and +Z axes describe anterior/posterior
shear, left /right shear and distraction/compression forces respectively. When using moment
loading in the lumbar spine, an amplitude of +7.5 Nm is suggested; for the thoracic spine,
45 Nm; for the cervical spine, £1 Nm at C1-2 and otherwise, +2.5 Nm [157].

The neutral zone (NZ) is defined by Panjabi [121] as the region of intervertebral motion
around the neutral posture where little resistance is offered by the passive spinal column.
In [157] Wilke defines it as the measurement of the laxity of the spinal specimen. It
describes the range over which the specimen moves essentially free of applied loading. It is
the difference between the angles at zero load between the two phases of motion.
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In material science the elastic region is defined as the portion of the curve (in a stress-strain
curve) where the material will return to its original shape if the load is removed. In spinal
test it is defined as the deformation measured from the end of the neutral zone to the point
of maximal loading.
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Figure 2.7: Load-displacement curve where 3 cycles are described [157]. Reprinted with
kind permission of Springer Science and Business Media.

The neutral zone stiffness (NZS) and the elastic zone stiffness are the stiffness characterizing
the relatively lax deformation and the elastic deformation of the specimen, respectively.
Figure 2.7 illustrates these concepts.
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Biomechanical studies are nowadays accomplished with the help of computers and machines.
In order to analyze in depth a human joint it is necessary to describe its biomechanical
properties, forces, degrees of freedom, axes of rotation, configuration of ligaments, geometry
of the surfaces, friction, etc. A human joint is much more complex to describe than a
simple rigid structure since it involves more than one homogeneous structure. The usage
of robots in these kind of analyses has become essential in order to accomplish specific
experiments that fulfill the required complexity. Current applications use robots to apply
forces, moments and displacements in human joints. These kind of systems allow to test
bones, joints, soft tissues, artificial joints and other biological specimens.

These experiments are usually too complex because every human joint is different. Their
constraints, ROM, stiffness and other properties vary in every case. Due to these features,
special machines have to be constructed. A system composed by a robot to perform
biomechanical experiments provides high flexibility to test different joints (e.g. knee, hip
or shoulder) without changing the construct or architecture. Specifications, constants in
the control loop and initial and final conditions have to be set.

Different spine testers have been developed and described in the literature. The load on the
specimens can be produced by robotic arms [60,143], Stewart platforms [62,141] or other
complex systems [59,63,132,154]. These machines allow the application of loads in more
than one degree of freedom. Forces and moments may be applied separately or combined
in different spatial axes. Thus it is possible to create a protocol where the specimen can be
tested in order to describe its properties.

The use of robotics may provide advantages in the protocol to test specimens allowing
the movement and control of 6 degrees of freedom (DoF). A very accepted method to test
biological spines described by Panjabi [119] consists in an applied rotation about a specific
axis on the body while five remaining DoFs are left unconstrained.

In this section are described the systems that several groups developed in order to perform
these complex biomechanical tests.

3.1 Spine Testers

In order to carry on in vitro experiments with spines, different machines have been created.
Gilbertson [60] used a 6 DoF robotic manipulator Unimate, PUMA model 762 with a 6
DOF force moment sensor UFS (UFS Model 4015A100-U760 JR3) in order to test a lumbar
spine (Figure 3.1). He used a hybrid control and a similar algorithm from Fujie [46]. The
loads can be applied in the spine separately or in combination, resulting in an unconstrained
3-dimensional displacement (translation and rotations). The parameters of the spine that
can be determined are the flexibility and stiffness coeflicients, properties that are very

13
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useful for characterizing the biomechanics of the intact, injured and stabilized spine. The
sensor mounted in the TCP has a full-scale force capacity of £445N in X and Y axes
and £890 N in Z axis, and a full-scale moment capacity of 50 Nm in all axes. Gilbertson
gave information of the duration of the test and found that for passive flexion/extension
the system moved 1° per minute. Other forces and moments that were not commanded
(nonsagittal force and moments around Y and Z axis in this case) were not explicitly
controlled. The minimization of the controlled forces were between +6 N, while the residual
axial rotation and lateral bending moments varied between 41 Nm.
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Inferior Specimen
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Figure 3.1: Spine tester from Gilbertson. Reprinted from [60], with permission from
Elsevier.

Lysack [101] developed an apparatus in order to apply pure moments to spine specimens
(Figure 3.2). This machine allows continuous cycling of the spine between specified flexion
and extension maximum load endpoints and uses the concept of deadweights and cables
acting about pulleys in order to produce force couples. Hysteresis curves can be generated
and analyzed for different spinal constructs. The use of continuous loading permits the
analysis of the spine’s behavior within the neutral zone. This machine produced continuous
angle-moment data for the entire range of motion of the spine including the neutral zone.
It can produce a maximum moment of 28 Nm at a loading frequency of 0.5 Hz. In order to
quantify the relative angles of the movement of the specimen he uses Cardan angles. The
moments are generated with an electromechanical linear actuator (Model B8.5-T2-23S1,
Dynact Inc., San Jose CA). The limitations of this machine are encountered when testing
very long or unstable spine specimens. In these cases, the off-axis moments may increase
substantially.

Wilke [154] developed a machine in order to determine the quasistatic, three-dimensional,
load-displacement characteristics of spines including simulated muscle forces (Figure 3.3).
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Figure 3.2: Spine tester from Lysack. Reprinted from [101], with permission from
Elsevier.

Three force and three moment components can be applied in either direction individually
or in combination and all of them are computer-controlled. The spine can move in all 6
DoF. Maximum lateral translation of the machine is up to 225 mm, up to 250 mm in axial
translation and up to 750 mm in anterior or posterior translation, all with a resolution of
0.025 mm. The height of its portal can be adapted to a specimen of length up to 800 mm.
The size of the machine is 700 x 1000 x 2000 mm (with x length x height). A cardan joint
allows lateral rotation up to £90°, any axial rotation and up to £45° in flexion/extension.
The machine allows continuous as well as stepwise load and unload cycles with changing
directions. The measuring range of this load cell is for the forces F,, F, = 500N and Fj,
= 1500N, and the moments M, M,, M, = 40 Nm. The muscle forces are introduced by
cables attached with screws to the insertion points. Each cable represents a muscle group.
The forces in the cables are controlled by a pneumatic system.

Schmolz in [132] and Knop [87] used a 6 DoF spine simulator (Figure 3.4) where the clamped
specimens can be loaded with variable pure moments in three directions of motion. The
system is actuated with stepping motors and movement deflections recorded by an object
tracking system based on magnetic field technology. The measuring accuracy involves an
error of 0.1° and 0.1 mm. Additional error of a variety of instrumentation set-ups were of

2%.
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Figure 3.3: Spine tester from Wilke [154]. Reprinted with kind permission of Springer
Science and Business Media.

Figure 3.4: Spine tester from Schmolz [132]. Reprinted with kind permission of Springer
Science and Business Media.

Thompson [143] used a 6 DoF robot Kawasaki PH260 to define the neutral zone of
intervertebral joints (Figure 3.5). Force data acquisition was achieved using a JR3 50M31
FTS which can determine 3 forces and 3 moments in a three-dimensional space. The
robot was controlled under position control in order to load the specimens with specific
moments about different axes. The centers of rotation for movements were taken from
published studies. For all tests each specimen was moved three times through its full range
of movement about its unique TARs. This information was also taken from the literature.

Gedet [59] developed a spinal loading simulator were bending moments about three
anatomical axes can be applied using brushless motors (Figure 3.6). The specimen is
mounted under a cardan frame. The flexion-extension and lateral bending axes are
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Figure 3.5: Spine tester from Thompson. Reprinted from [143], with permission from
Elsevier.

Figure 3.6: Spine tester from Gedet. Reprinted from [59], with permission from
Elsevier.

counterbalanced. The specimen is supported from above by the machine frame and fixed
below to a linear slider where linear translation is free. They can be tested with or without
dynamic axial compressive loads. Forces and moments are recorded by a 6 DoF load cell
(MC3A 1000, AMTI, Watertown, MA, USA). Motions are calculated with an optoelectronic
motion analysis system (Optotrak 3020). Gedet says that one potential source of error in
the kinematic analysis comes from the friction. These components in translation are not
directly driven. In order to allow reproducibility a polymer tube was used to perform the
experiments.

A Stewart platform (hexapod robot) was used by Stokes [141]. This platform can move a
specimen in a 6 DoF (Figure 3.7). The joints can move through stepper motors coupled
to precision lead screws. Six linear encoders were used to measure and control the
displacements of the testing machine. A motion controller can drive the hexapod under
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Figure 3.7: Spine tester from Stokes [141].

closed-loop position control. Length changes in the actuators were programmed to produce
rotations and translations about any arbitrary axis system. Each displacement test consisted
of five cycles in which the position was ramped at a constant rate. The computation of
force and moments at the vertebral body were accomplish in post-processing.

A spine simulator was developed by Goertzen [63] where an articulating arm applied
moments to the specimens. Two lightweight universal joints were attached to the end of a
ball spline. The ball spline allowed linear translation of the arm while transmitting the
moment from the motor to the specimen. A torque measuring load cell was used (TRT-200,
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Figure 3.8: Spine tester I from Goertzen. Reprinted from [63], with permission from
Elsevier.

Transducer Techniques, Temecula, CA). This configuration allowed an applied moment,
1 DoF, and the other 5 DoF were left unconstrained. A XY translation device allowed a
counterweight to follow three translations of the specimen. The servo motor was controlled
by motion control and was capable of either angle or torque controlled testing.

In [62] Goertzen presents another application of a velocity-based force control routine used
for robotic biomechanical testing where a Stewart platform (R-2000 Rotopod, Parallel
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Robotic Systems Corporation, Hampton, NH) was used (Figure 3.9). Forces and moments
were acquired with a six-axis force-moment sensor (AMTI MC3A-6-1000 Advanced Me-
chanical Technology Inc., Watertown, MA). Two fixtures were attached to the specimen.
The upper fixture was mounted to a cross beam. The lower specimen fixture was mounted

Figure 3.9: Spine tester II from Goertzen. Reprinted from [62], with permission from
Elsevier.

on the six-axis load cell which was attached to the robot platform. The basis for the force
control is a command (JogVector) provided by the robot manufacturer. The JogVector
parameters were calculated in each iteration of the control loop by normalizing the force
errors with a preselected force window value on each unconstrained axis. When the force
error was less than the force window, resulted in a JogVector parameter that reduces the
velocity as force errors approach zero. The frequency of the controller was reported as 20 Hz.
The force window parameters were determined a priori in a tuning process. Tracking
errors on the unconstrained axes were less than 1N and 0.05 Nm for a flexion-extension
moment of 0.27 Nm.

Table 3.1 contains a summary of all works where a machine was developed in order to
test spines. These works use different mechanical methods in order to apply forces and
moments. Data in brackets are supposed by our group but the author did not give any
information.

3.2 Discussion

All research groups presented here use a specific kind of control in order to applied loads,
however not all give information about it and also there are lacks in the information about
the control frequency. It is supposed by our group that the spine testers developed by
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Table 3.1: Summary of machines to test spines

Author Spine Tester Control Controller
Frequency

Gilbertson ~ Puma 762 Hybrid control (100 Hz)

Lysack Pulleys and electro- No data No data
mechanical linear actuator

Wilke Stepper motors and No data No data
pneumatic system

Schmolz Stepper motors and No data No data
pulleys

Thompson  Kawasaki PH260 (Position control) (100 Hz)

Gedet Brushless motors Position control No data

Stokes Hexapod robot Position control No data

Goertzen I  Articulated arm Position control No data

Goertzen II  Hexapod robot Velocity control 20 Hz

Lysack, Wilke and Schmélz work under the concept of rotating a single axis of a motor
until a predefined force or moment is measured. This control approach is called position
control.

Previous experiments with serial robots and hexapods make use of F'TS in order to
measure the load applied on a specimen. The hybrid control used by Gilbertson is for
biomechanical tests slow (1° per minute) and the stability can be ensured only under
special conditions and previous knowledge of the specimen and coupling properties with
the manipulator (e.g. geometry, stiffness, kind of contact, velocity compliance of both
robot and specimen [2,3,166,167]). The velocity reported in his experiments has to be
considered due to decomposition process of biological specimens.

Stokes and Thompson use a robot (hexapod and serial respectively) under position control.
The main disadvantage of this architecture is that the trajectory in position-orientation
coordinates must be known in advance to ensure proper movements of the robots. These
parameters are very specific for every joint. They depend on many factors like patient
age, health, weight and height, time of storage of cadaveric specimens, and much more.
The model of the manipulator to test biological specimen can be calculated with enough
precision but a detailed description of the particular specimen is difficult to obtain. In
such cases the usage of a mere position control for controlling not just interaction but also
the magnitude of the load is a candidate to fail.

Another disadvantage is that a pure force/moment control has not been implemented with
these kind of robots for biomechanical goals. The groups using a hexapod apply the load
indirectly through the position or velocity and stop the movement when the desired force
or moment has been reached. This can provide high velocities of the robot and reduce the
time of the experiments but it also reduces the sensibility to react to the natural forces
that arise in the specimen. A characterization of the ROM will be corrupted when using a
spine tester controlled under position or velocity control due to the reasons given before.
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Other machines apply a moment or a force and with the help of a linear slider it is possible
to avoid forces in the two-dimensional plane where it moves [59,63]. There are two big
disadvantages with such setups. The first one is that the linear slider is not frictionless and
therefore forces arise while testing. These forces and moments are very difficult to measure
accurately. Due to this, constraint forces and moments will be present in the measure.
Other disadvantage is that these constraint forces are not controlled but passively avoided.
The application of a pure moment in a rigid body is only theoretically possible. In a finite
element analysis it is easy to demonstrate that the sum of all internal forces in the body is
zero but not the moment. It is only possible to induce a moment about an axis and to
minimize forces and torques in all others.

It is assumed that the groups using a serial and hexapod robot are working with the
commonly used sampled rate of 50/100 Hz. This parameter is important for the stability
and robustness of the controller when testing, specially when force/torque control is
applied.

None of the described works use a direct force control. Many research groups have
investigate the stability of interaction control in oder fields [66,83,167] but it is still a
high complex problem. In order to apply this kind of interaction control to load biological
specimens with specific forces and moments in chosen axes, it is mandatory to develop a
robust controller with a high frequency in order to ensure the stability of the whole system
(e.g. avoidance of vibrations, unstable behaviors with different properties of the specimens
like stiffness).
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In order to develop a high-performance 6 DoF biomechanical joint analysis system based
on an industrial robot it is necessary to interconnect specific components and to develop
a modular architecture where priority tasks and modules are programmed. The robotic
system may be thought of an universal testing machine that can apply loads in a 6 DoF
environment. The system should be able to apply any force or moment, single or in
combination, in any direction or around any axis. Thus the specimens are free to move in
the 6 DoF. Covering these points the machine would be able to perform high complex tests
of anatomical specimens in order to provide valuable information about their kinematics,
dynamics and quantification of their physical properties.

The demands that such system should cover are described in this chapter. All components
to achieve these goals are here shown. Their interconnection, design and architecture are
in detail described.

4.1 System Demands

The spectrum of possible tests of such 6 DoF testing machine is very wide. The system
architecture must be flexible enough to adapt itself to the demands of the different scenarios
that biological tests demand. A modular design is a strategic distribution of the different
tasks, depending of their role and if they are time critical or not. A modular hardware-
interface expands also the flexibility and offers the possibility to change old or even add
new hardware without changing the architecture of the whole system. Thus it is possible
to have maintainability and scalability.

The manufacturer of the robot Staubli RX 90-B provides the basic components (hard-
ware and software) to design own control structures. In this way the controller can be
implemented as code in the control program of the central unit with a maximum control
frequency of 100 Hz. The design of a complex controller in the form of text is error-prone
especially when the code is long and confusing. In addition, the implementation of robust
or other architectures (e.g. hybrid controllers), which regulate the same positions, forces
and moments, increases the computational effort considerably. This results in significantly
longer cycle times for control and it may happen, in worst case, that the system becomes
unstable and the robot may be uncontrollable.

A force control architecture demands a fast frequency in order to ensure stability and a
good performance of the controller. Direct force control depends directly on the frequency
of the controller due to the feedback inner loop implemented with force/torque signals.
The system stability is the main concern when using this control.

The interaction with the machine should ensure safety for the user, for the specimen to
test, for the environment and for the robot itself. A modular structure, together with a

22
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strategic distribution of the modules provides flexibility for the adaptation to different
sizes and kinds of specimens.

The system architecture should be flexible enough to adapt itself to the different experi-
mental scenarios with biological specimens without requiring exhaustive changes in the
internal structure. It should be constructed in a modular way in order to distribute the
tasks depending on their role. A modular architecture offers a better maintainability,
simplicity, flexibility and scalability. In this way, upgrading, replacing or adding a new
component must not affect the basic structure of the system.

The robot should be able to move under position and under force control and a combi-
nation of both. The tested bodies can be loaded also applying certain displacements and
rotations.

The time to perform the experiments is a very important parameter due to a decomposition
process of biological specimens. The features of the specimen change every second that
passes by. The system should be able to perform different experiments in a relative short
time in order to acquire representative and suitable data. The system must be able to
define a variable where the time of the experiment or the followed profile is given.

A particularly issue to be considered when thinking about biomechanical tests using
a robotic system is the presence of singular configurations of the manipulator. In the
neighborhood and at particular configurations an exact solution of the robot inverse
kinematic becomes singular. Consequently, unfeasible joint velocities may be produced
which yields into unexpected behavior of the robotic system. During the test of specimens,
high velocities and position deviations can produce damage to the system, the specimen
and represent a danger to the user. Therefore, another important objective of this work is
to assure safety in the presence of such singular robot configurations.

The framework should be able to be operated without a depth knowledge of the system.
Due to this, it is necessary the construction of a GUI where the most important parameters
for the controller and for the experiment setup can be introduced avoiding also that the
user modifies important variables or configuration that can damage the performance of the
robot.

The system should be able to display a virtual 3D environment in order to visualize the
robot connected with the specimen. This has the objective that the user can observe the
scene from different angles in order to define specific parameters for a specific experiment.
This virtual would should also provide a visibility of the test from a close perspective
without being in the range where the robot can move. This 3D environment should be
also available in simulation for planning purposes.

When working with biological specimens, the attachment of bones, muscles, tendons,
ligaments and adipose tissues to the testing machine becomes a critical issue. Biological
specimens are very special “materials”. They are very difficult to represent with models
(e.g. in finite element theory), they have a very complex geometry, their properties are not
linear, all DoF are coupled, they are anisotropic and their properties change with the time.
These materials contain certain amount of fat, blood and other substances. This makes
them very difficult to be attached to a mechanism. In order to perform any biomechanical
test, the fixation of the biological specimen should be ensured within the whole time of the
experiment.
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In order to cover these demands, technical and biomechanical components should be
combined and configured. In the next sections these components are described and the
interconnection between them is explained in detail.

4.2 Components for Measurement, Control and
Manipulation

A robot that performs biomechanical tests brings many advantages and expands the range
of possible test scenarios. However, it is a high sensitive and high complex technical system.
Several components should cover the demands of computation, visualization, configuration
and ensure the functionality of the whole system. Different computers are specialized in
different time-critical and non-time-critical tasks. Power electronics and safety for the
hardware should be ensured to control the manipulator. The development programs reside
in a specialized PC and the calculation of kinematics and dynamics in real time reside in
other. When the tests are carried on, the robot can be a danger for the test objects, for
itself and for the user. Special components and safety loops are used in order to achieve
high complex tasks.

The main components to achieve this goal are:
e Robot
o Control unit CS7B
e Host PC

Target PC

o Force-torque sensor

4.2.1 Robot

The robotic arm Staubli RX 90-B is used in this project (Figure 4.1). The connection
between joints constitute a mechanical structure that assimilates a human arm. Every part
is therefore named shoulder (B), upper arm (C), elbow (D), underarm (E) and wrist (F).
The basis (A) is where everything else rests. These parts are also named joints or axes:
where A corresponds to joint 1, B to joint 2 and so on. The wrist is composed by joints 5
and 6. At the end of the last joint it is possible to attach special tools for specific tasks.

This structure of the robotic arm decouples the position from the orientation of the end-
effector. With the joints 1 to 3 it is possible to change the position of the intersection of
the rest of the joints. The orientation of the end-effector can be changed then with joints 4
to 6.

The RX90-B has two particularities:
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Figure 4.1: Mechanical structure of the industrial robot Stdubli RX 90-B [142].

1. High moments are naturally induced depending on the position of the manipulator
due to gravitational forces and heavy links of the robot. The motor of joint 2 must
apply a very high torque only to compensate these forces. In order to reduce this
torque, the robot RX90-B has a spring that applies a force in an opposite direction
of the movement of the joint.

2. Drives 5 and 6 have a common transmission, so that the axes of the joints 5 and 6
are coupled to each other.

Spring in joint 2

There are two clamp points to where the spring can be attached. Both points are situated
in the joint 1 and one of them is excentric and over the first one (see Figure 4.2). Thus the
spring elongates when the joint 2 does not stand in the zero position (vertically straight)
and it brings a force in order to return it to this initial configuration.

The spring force is given by the spring stiffness k of the prestressing force P. and the
change in length of the spring Az by:

Fapring = kAz + P, (4.1)

Coupling in joint 5 and 6

Drives 5 and 6 have a common transmissions, so that the axes of the joints 5 and 6 are
coupled to each other (see Figure 4.3). Motor 5 drives, through a worm gear, the link 5.
Link 6 is mounted orthogonally to the axis of rotation 5. The drive of link 6 is actuated
via a worm gear and a bevel gear whose rotation axis coincides with the axis 5.

The moments of inertia of the shaft of the engine and of the transmission can be reduced
to an entire moment of inertia I,,,. In addition, the three-phase AC motor can be replaced
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Figure 4.2: Schematic representation of the spring. The spring is attached at the points
and is stretched and deflection at the second link from the zero position.

Motor 6

Figure 4.3: a) View of the robot wrist [142]. b) Schematic representation of the drive
system of the axes 5 and 6 of the industrial robot Stdubli RX 90-B.
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by an equivalent direct current %,,,. Furthermore, it is assumed that the engine torque is
directly proportional to the motor current in the coils. The motor torque Tyotor; is thus
obtained from the product of the motor current %,,, and the motor constants k;,. For
the torques of the motors Tp,otors and Totors the torques of the transmission output is
described by:

75

Tmotors — kt5im5 = F (42)
T5
. T

Tmotorg — ktﬁzmﬁ = k‘i (43)
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where k,, is the gear ratio of the corresponding transmission. Neglecting friction and external
forces and moments and taking into account the coupling, the following relationship can
be done:
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where 7,,, and 7,,, are the parts of the motor torques which are applied to the acceleration
of the respective components. Taking in account the relationship between motor positions,

velocities and accelerations and movements of the axes 5 and 6, the following relationships
can be made:
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4.2.2 Control Unit CS7B

Staubli provides the robot with the control unit CS7B, which uses the hardware and
software from AdeptMotion VME. The components of this control unit build a central
system with power electronics, interface cards for every axis with servo amplifiers and
an interface board. The CS7B serves to the administration of peripheral devices and
to the calculation of the control signals. The unit control is connected with the servo
amplifiers through interface cards, which control the motors. The interface cards read
at their inputs the signals from the incremental encoder mounted on each motor of the
robotic arm, and generates analog signals at the outputs (maximum / minimum +10V) to
control the amplifier. On the interface board run all security-related signals of the robot,
so that they can be monitored by the central unit.

The control programs for AdeptMotion VME are written in language V+, which already
provides some functionality for the control of robot drives. In operation, the commands
from the V+ generate desired value positions for each axis of the robot and transmit
them to the servo controller. The structure of the controller for every axis is already
preconfigured in AdeptMotion VME. In essence, this is for PID controller with low pass
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filters, whose parameters can be adjusted by the operator. The frequency range of the
controller AdeptMotion VME is from 60 Hz to 100 Hz.

The outputs of the controller correspond to the desired values for the motor torque at each
axis. Through digital-analog converters are these converted into analog voltage signals with
values in the range of £10V and passed to the amplifiers of the motors. The amplifiers
have special controllers, which regulate the motor current and thus the moment in the
individual drives.

Each axis is analogous to an oscillating spring, mass, damper system when using the
controller AdeptMotion VME. This corresponds to the desired position of the robot axis
position of the mass when the spring is relaxed. The difference between actual and desired
position of the robot axis is therefore equated with the displacement of the mass to the
relaxed position. With the help of an engine tuning program can the spring stiffness and
damping be set through the parameters of the controller. These correspond to the vibration
system of every axis of the robot.

4.2.3 Host

The host computer is where all non-real-time applications are running. It contains all
not deterministic tasks. It communicates with the target computer through Ethernet.
Here belong all high level applications that are not time critical like GUI, visualization
and parameters configuration. The host is responsible for receiving data coming from the
target to be displayed and saved. Its operating system is Windows XP SP2. The following
programs are installed in the host:

e MATLAB & Simulink with special toolboxes
e LabVIEW

e Blender

e Virtual computer

o AdeptMotion V+

o Visual Studio C/C++ Compiler

The design of the controller, equations of motion, kinematics, dynamics and all calculations
related to the manipulator are programmed in the development environment MATLAB &
Simulink. With the toolbox xPC Target and using the Visual Studio compiler C/C++ is
possible to convert all these programmed applications in code that will be compiled and
downloaded onto the Target computer.

The GUI running in LabVIEW and all its attributes and settings can be here programmed.
The GUI runs also in this computer.

A virtual world in 3D runs in Blender. This visualization is in this PC programmed and
can be changed and started.

A virtual computer is in the host PC installed where the operating system Windows 98 is
running. Here is installed the AdeptMotion software in order to build a connection between
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the control unit and the program V4. This allows the usage of the original controllers and
instructions to move the robot.

4.2.4 Target

High determinism is a feature of real-time systems and guarantees that the calculations
and operations occur in a defined time step. Deterministic applications are valuable for
their reliability in consistently responding to inputs and supplying outputs with very little
Jjitter.

The operating system of the target is xPC Target. Here are all tasks that are time critical.
The control loop and safety monitoring are considered as time critical because both need
to be executed on time to ensure accuracy and safety for robot, user and environment.
This process involves the calculation of the kinematic (direct and inverse) and the dynamic
of the robot.

This real-time computer has several interface cards with analog outputs to generate signals
in the range of £10V and generates the input signals for the servo amplifiers of the motors.
It reads also the signals from the incremental encoders and from the force and torque
sensors. Thus it is possible to develop own controllers which are much faster and robust
than the one delivered from the manufacturer Staubli.

4.2.5 Force-Torque Sensor

The sensor JR3, Inc., USA can measure in the three spatial axes, forces, moments of linear
and angular accelerations. Altogether there are 12 DoF:

o 3 forces: F,, Iy, F,

e 3 moments: M, M,, M,

e 3 linear accelerations: L, Ly, L.

3 rotational accelerations: R;, Ry, R.

The sensor is designed for a maximum force of + 200 N, maximum moment of + 20 Nm,
and maximum accelerations of up to +5g. Table 4.1 shows the maximum load in each axis.
The maximum loads describe the limits of the usable measuring range in which the sensor

Table 4.1: Maximum loads in every axis of the FTS.

Axis Maximum load

Fy 1245.93N
F, 1201.43N
F, 5028.21N
M, 93.81Nm
M, 107.37Nm
M, 79.12Nm
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provides meaningful measurements. The sensor should not be uniaxial loaded with more
than than 222N in the X and Y axis and not more than 444 N in the Z axis. Moments
greater 20 Nm should be avoided.

Shocks and impulsive loads, can be tolerated by the sensor up to a certain degree. However,
if the maximum loads from Table 4.1 are exceeded, the sensor must be recalibrated. In
worst case it can cause permanent damage to the sensor. The Z axis may be loaded up to
11 times their maximum force with no grave consequences. X and Y axis can resist up to
5 times it maximum force. Moments, which are about 4 times as large as the maximum
moment can damage the sensor. Under multiaxial load two conditions must be fulfilled in
order to prevent damage to the sensor (JR3, 2007):

<1 4.
1512.91 * 1824.39 * 5028.21 + 93.81 + 79.12 — (48)

F , B  F M, M, M _, (49)
124593 ' 1201.43 ' 5028.21 ' 186.49 ' 107.37 = 79.12 — '

01§ ~_, \ w_
s, s : Sy o S :

s
S Si T\ <= S

(a) (b)

Figure 4.4: Arrangement of the strain gages in sensor. a) Sensor without strain. b)
Sensor under strain.

By means of 8 strain gages attached to a cross, 3 forces and 3 moments can be measured.
The strain gages provide signals proportional to the deformation of the body where they
are attached. With the combination of all these 8 gages and a calibration matrix is possible
to convert these signals related with the strain into force and moment. The structure
of the sensor is shown in Figure 4.4. Here is important to note that with this kind of
sensor it is not possible to measure force and moment in a direct way. The sensor has also
accelerometers in order to provide an extra signal with three rotational and three linear
acceleration independent from the strain gages signals.

4.3 Components for Biomechanical Tests

The system consists not only of the robot to exert the forces and moments to load the
specimen, but also of all those components that ensure the fixation of the biological joint



4.3 Components for Biomechanical Tests 31

and at the same time allow the free movement of it in 6 DoF. The constituent elements
are:

e Resin
e Vise
e Low friction linear slider

e Tool

4.3.1 Resin

In the division of biomechanics a polyurethane resin of the company RenShape with the
description “RenCast FC 53” was used to embed all biological specimens. It is composed
of an isocyanate and polyol which mixture is one-to-one in weight. The mixture of both
fluid components creates a chemical reaction where its viscosity will increase producing an
exothermic reaction. After approx. 30 or 40 minutes the resin is completely hart and can
be processed. In Table 4.2 are shown the properties of the RenCast.

Table 4.2: Physical properties of the RenCast FC 53

Demoulding time 30 to 40 minutes
Density 1.18/cm?
Viscosity at 25°C 80mPa s

Compressive strength 41 to 44 MPa
Compressive modulus 1150 to 2400 MPa

4.3.2 Vise

A clamping device was used to attach the test bodies to a fix place. It is massive and has
the advantage of adjust the fixation force closing or opening two jaws by a screw. However,
its limitation consists in the dimension of the object to be fix. If it is bigger than the
maximum aperture of the vise, the object cannot be stabilize.

4.3.3 Low Friction Linear Slider

A low friction linear slider contains four linear ball bearing systems which ride on linear rails
allowing a free movement in 2 DoF. Two linear ball bearings can slide on two rails allowing
the movement in one dimension. Two more rails are attached on this first construction
and the linear ball bearings are positioned parallel to the first ones. In this way, and by
superposition, a two dimensional low friction linear slider is developed.
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4.3.4 Tool

A robotic tool is a device to perform a specific work. A tool can be designed to weld, paint,
handle dangerous material, and many other applications. The tool is the physical interface
between robot and environment. In this project it serves as the connection between robot
and specimen. A bracket was used to attach the FTS at one side and the resin holding the
specimen at the other. This 90° connection of the bracket facilitates the insertion of screws
to fixate the tool to the FTS and to the resin. It has also the advantage of positioning
the robot at the side of the biological components avoiding a singular configuration in the
manipulator.

4.4 System Architecture

Due to the limitations already described of the control structure in AdeptMotion VME
and low cycle time when using the manufacturer components, an alternative approach to
control the robot was chosen. The controller that calculates the required motor torque
will be on a powerful computer with a real-time operating system which provides flexible
and high frequency control possibilities. This real-time computer has an interface card
with analog outputs in order to generate signals in the range of £10V and is thus able to
generate the input signals for the servo amplifiers of the motors. It is also possible that
signals from the incremental encoders, FTS and other sensors be read by the real-time
computer. In this way it is possible to develop an own control architecture with different
control loops.

Therefore no fixed structure must be preserved. In addition, the program structures
remain clearly by the graphic design and can be understood, changed and enhanced easily.
Furthermore, through the real-time computer is possible to achieve a cycle time of 0.5 kHz
even when running complex control algorithms with high computational complexity. The
technical and biomechanical components described before are interconnected as shown in
Figure 4.5. 3 boards located in the control unit CS7B have the following description: VME
board serves as an interface card between other boards. MI6 is a 6 channel board designed
to control 6 motion axes and to read 6 incremental encoders. AWC (Adept Windows
Controller) is the board which connects with the servo module, activate the brakes and
runs a power down sequence.

The system architecture is divided in three main parts:

1. RT applications, mechanics, hardware and electronics
2. Non-RT applications
3. Safety

4. Biomechanical components
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Figure 4.5: System overview where technical and biomechanical components are
interconnected.

4.4.1 RT Applications, Mechanics, Hardware and Electronics

In this first part are all those components of software, hardware and electronics which
response and activation is in real time. These components are in charge of producing
signals to move each joint of the robot, reading the encoders in order to sense the position
of every joint, computing of direct and inverse kinematics and dynamics, activating the
brakes, reading the incoming signals of different sensors and achieving control loops. In
this part there are two groups to be configured by the user:

e RT control: V+

e RT control: xPC Target

RT control: V4

The RT control V+ is physically located in the power unit of the robot. It consists of a
servo module and an interface module. The first one produces the signals to move the
joints, the second one reads the incoming signals from the resolver, converts them into
encoder signals and process them to get encoder counts. With these two modules it is
possible to move the robot and achieve feedback control with a frequency from 60 Hz to
100 Hz.



34 Concept

RT control: xPC Target

This RT control is located inside the xPC Target computer. It needs physical signals in
order to calculate variables programmed in the Simulink environment. Three PCI cards
are needed to accomplish this goal:

e DAC card. Generates signals to move the robot joints

e Counter card. Counts the incoming encoder signals in order to compute the position
of every joint of the robot

e ADC card. Reads incoming signals from the FTS
Two electronic boards were developed:

o Galvanic separation. In this board are located isolation amplifiers in order to separate
the signals generated by the DAC and the signals received by the servo module in
the power unit of the robot

e Optocoupler. In this board are located optocouplers in order to separate physically
the signals generated by the interface module in the power unit of the robot and the
signals received by the counter card

These two boards provide electronic safety for the xPC target computer and the power
unit of the robot.

With RT control xPC Target it is possible to achieve control loops with a frequency of
0.5kHz in order to move the robot and to read signals from the FTS. The combination
of all these elements makes possible the generation of an extended control with a higher
frequency of operation (Interactive control - force control).

4.4.2 Non-RT Applications

Here are all those software applications which operation is not in real time. Here it is possible
to develop real-time applications in a conventional PC which afterwards will establish
communication with the xPC Target computer in order to perform these applications in
real time. In this part it is also possible to choose the type of RT control to use either
RT control V+ or RT control xPC Target. The Non-RT / applications is divided in two
groups:

1. Test configuration. Here it is possible to develop all the applications that will run in
real time. The following components are found in the test configuration:

e A conventional Desktop (Workstation) PC where several applications (e.g.
Blender, LabVIEW) are running

e MATLAB & Simulink. Through a high level environment based on graphic
programming language it is possible to create applications to configure special
movements of the robot in order to achieve specific tests

e Virtual machine Windows 95. It is used in order to have a console to program
directly in the CPU of the unit power of the robot. Several configuration of
the robot can be done through this virtual machine
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2. Safety configuration. Here it is possible to configure the parameters of the safety
to protect the environment or the robot during test of controllers. Unexpected
movements of the robot may occur during the test of the joints e.g. K;, Kp, Kp
of a PID controller, maximum velocity, acceleration of joints, etc.

The graphical user interface of the test configuration is in this PC and the user is able to
start-stop the test and to select different parameters. It is also possible to visualize the
experiment or the movements of the robot in a 3D environment.

The software architecture is a non-real time application. In order to achieve different goals
several functions of the robot are divided in tasks. All tasks are enclosed in a state machine
where commands are sent to the controller in order to achieve the chosen task.

A specific decision or command can be made in two ways. The first way is commanded
directly from the user and is called user command. He can choose between several tasks
like “stop the robot”, “change operational space” to “joint space controller”, use “position
control” or “force control”, “go home” or “ go to initial position”. The user has the control
of what the robot does.

The second way to make decisions is commanded from the task itself and is called software
command. If the task has been completed the state machine will change automatically to
STOP state. Thus several states can be defined in order to edit or add new tasks to the
robot. All states are identified depending on its goal. In order to administrate all different
possible commands and taking the right actions, like change to the right state depending
on a force variable, a central decision unit called Command Manager is implemented.
The Command Manager receives all software and user commands and depending on the
last and actual states it delivers a unique signal interpreted by the state machine. The
state machine will send the specific task, that the robot has to do. Safety can also be
programmed here. Specific actions can be made depending on several values (e.g. velocities
or forces), and when these variables exceed a preprogrammed limit the robot can execute
a predetermined action. A graphical description is shown in Figure 4.6.

Some functions have high priority inside the user commanded. The state STOP has high
priority. Even if the robot is in the middle of a task, it will stop if this state is activated
no matter if it comes from the user or from the State machine itself. The tasks cannot
jump directly from one to another. For safety reasons they have to pass though Stop state
as shown in Figure 4.6.

Thus a new way to program the robot in order to achieve different and specific tasks is
presented. New developers and programmers may not know what it is in the core of the
architecture, but they can reach all functions based on this modular and state machine
system. All what they have to change is the Command Manager and to add, change or
delete states on the state chart. This simplifies the action that any GUI has to do since
the only action to perform is to change the inputs on the state machine.

4.4.3 Safety

This module is in charge of stopping the robot. It can be activated via software (programmed
in with V+ or with Simulink) and/or hardware (emergency stop buttons, ESB). Here it is
possible to program a safety room where an imaginary box is built. If the robot exceeds
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Initialization
en:State= 1;

after (0.5 ,sec)

Safety
du: State= 1;

ReturnTeachTraj
en: State= 6;
du: State= 6;

[UC== 6 &&SC~= 6]

InitialPos
en:State= 2;
du:State= 2;

[UC== 28&&SC~= 2]

[(UC== 1) && after (0.5 ,sec)]

[UC== 1]|SC== 6]

[UC== 1]|SC== 2]

[UC== 38&&SC~= 3]

[UC== 58&&SC~=

5]

ForceControl
= en: State= 5;
du: State= 5;

JointSpaceReturn
en:State= 3;
du:State= 3;

UC== 1]|sC== 4] [UC== 48&SC~= 4]

CartesianPosControl
en:State= 4;
du: State= 4;

Figure 4.6: State machine where 6 States are defined. UC stands for User Command
and SC for Software Command.

these borders it will stop. Another possible configuration is to define angle limits for every
joint in order to protect the robot from movements that can collide with it self. If any
joint of the robot exceeds its own limit, the robot will activate the emergency stop and it
will remain in its last position. It is also possible to activate the emergency stop pressing
any ESB or releasing the dead man s handle. Here are also two safety interfaces:

e Dead man’s handle. If this button is pressed all the system can run. Once that that
the button is released the robot will stop

e Emergency stop buttons. In case of unexpected behavior of the robot or emergency
is possible to stop the robot by pressing one of these buttons

4.4.4 Biomechanical Components

The robot is used as a testing machine in order to generate specific movements to test
biological specimens. To measure forces and moments a F'T'S is attached to the robot. In
order to fix the tested body to the sensor an interface is needed. It ensures the fixation of
the biological specimen. This can be a clamp mechanisms or a tool (shown in Figure 4.5)
with several screws or a block made by resin. The other side of the specimen has to be
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fixed to another interface or platform. This can be a linear slider, a six axes load cell or
a vise. The link between specimen and platform should provide a reliable fixation. The
resin “RenCast FC 53” presents several advantages and was used in order to embed all
specimens.



5 Control of the Robot

There are basically two ways in control engineering to design a controller. The most
frequently used method of control needs no mathematical model of the plant. Here, the
controller is designed on empirical methods and tested on real systems. First, the type
of controller is selected and its parameters estimated. Then the parameters are adjusted
by means of experiments. The determination of the parameters is made through simple
trial and error, setting rules or instructed by supporting software. Secondly, it is possible
to design a controller using a model of the controlled system through analytical methods.
The model here is a simplified picture of the real system, which describes the dynamic
behavior as the relationship between inputs and outputs of the controlled system.

A suitable control strategy can be selected on a systematic way by analyzing the model
features and then optimizing its parameters (e.g. Kp, K, Kp). Unlike the first method
of control, the controller is not initially implemented in the real system, but tested in
simulation. This allows early identification of critical conditions and technical damage or
danger to users due to inadequate controls which can be avoided. However, the model is
only a simplified picture of the real system, so that the simulation results must be validated
by experiments.

A method to compensate the gravitational effects of a tool attached to the sensor is needed
in biomechanical tests. When the tool is attached to the sensor it reports a value different
from zero. This deviation should be compensated.

In this section are described the main calculations in order to achieve the control of the
manipulator. Direct and inverse kinematics are presented as well as the derivation of
the equation of motion. Different control architectures to perform biomechanical tests
are presented here. Results in simulation and in the real system are shown. Finally,
the calculations to compensate an offset and gravitational forces/moments in the FTS is
presented.

5.1 Kinematics

Kinematics is the branch of physics that deals with the motion of the rigid bodies with-
out considering the forces that cause this motion. In robotics, kinematics plays a very
important role, not only to calculate the dynamic model of the manipulator, but also
as an indispensable prerequisite to motion planning, singularity analysis and conversion
between spaces (from joint to Cartesian space). A serial robot consists of a number of
rigid links connected with joints. The joints are normally of revolute or prismatic type in
order to reduce manufacture and control complexity. They are situated in an orthogonal,
intersecting joints axes and/or in a parallel way. The kinematics analysis of serial robots,
consists basically of two sub-problems, the forward and inverse kinematics problems.

38
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General methods exist to solve either the forward kinematics problem as well as the inverse
one. These methods are efficient and numerically well behaved. They can be applied to
robots with general geometry and any number of joints. However, they require a lot of
calculation.

Although computational time and effort could be not a difficult task for modern micropro-
cessors, numerical accuracy can be also lost. Some more elaborated numerical techniques
exist to find all solution, but these demand more computational effort, which may be an
inconvenient for real-time controllers.

5.1.1 Direct Kinematics

The direct kinematics finds the position and orientation of a robot’s end-effector with
respect to a reference coordinates system given the joint variables of the robot. The joint
variables are the angles between the links in the case of rotational joints, and the link
extension in the case of prismatic joints.

The creation of a geometric model for a serial robot is often on the Denavit-Hartenberg
convention. The classical Denavit-Hartenberg convention provides general rules on the
definition of coordinate systems on two consecutive links, and for converting coordinates
between these systems [134].

With the help of the classical Denavit-Hartenberg convention a geometric model for a
serial robot can be created in a systematic way. However, this method can not be used
for robots with tree structure or with a closed kinematic chain. Moreover, it may seem
confusing that the vector z;_1 coincides with the joint axis of the of the ith joint. To fix
these problems, it was proposed by Khalil and Kleinfinger, a modified Denavit-Hartenberg
convention [81,82].

The resulting coordinate transformation from coordinate system i to i-1 is obtained by the
matrix multiplication of two transformations as:

cos 0; —sin 6; 0 a;
i1 i1 A cosay;sinf; cosojcosl; —sina; —sinb;d;
A (0) = Ay A = sino;sinf; sino;cos; cosa;  cosayd; (5.1)
0 0 0 1

where a; and d; are the displacements along X and Z axes respectively. «; and 6; are the
rotation about X and Z respectively.

The geometric model of the industrial robot Stdubli RX 90-B was created in this work using
the modified Denavit-Hartenberg convention. The locations of the coordinate systems
are shown in Figure 5.1. Table A.1 lists the Denavit-Hartenberg parameters for the
description of transformations between different coordinate systems. q is the 6 x 1 vector
of joint variables where q(0) = [61, 02 — §, 03 + T, 04, 05, 96]T. In the joints 2 and 3, the
angles have an offset so that the robotic arm extended to the top has a state value of
g=[00000 O]T. The homogeneous transformation matrices can be formulated according
to the equation 5.1.
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Figure 5.1: a) Kinematic scheme of the Staubli RX 90-B industrial robot with body-
fixed coordinate systems and orientation of the intermediate systems (prime
symbol) as a guide. b) Illustrates the position of the coordinate systems in
the industrial robot Staubli RX 90-B.

5.1.2 Inverse Kinematics

The kinematic model of the robot describes the relationship between the angular velocities
q in the axes of the robotic arm and the linear velocities p and angular velocities w of the
end-effector. This relationship is expressed using the geometric Jacobian:

p
w

v=X = = J(9)q (5:2)

where v is the velocity in Cartesian space composed of the linear velocity p and the angular
T
velocity w. J(q) is the Jacobian matrix: J(q) = {Jg JOT] .

The matrix J, of dimension (3 x 6) herein describes the relationship between the angular
velocities ¢ - - - ¢, in the axes of the robot and the linear velocities of the end-effector,
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Table 5.1: Denavit-Hartenberg parameters of the RX 90-B.

Transformation « [rad] ajm] d[m]  6#[rad]
foot — 1 0 0 0.42 01
1—2 —m/2 0 0 Oy - /2
2 3 0 045 0 63+ 1/2
34 /2 0 045 04
45 —r/2 0 0 0
56 2 0 0 O

relative to the stationary base. The matrix J, of dimension (3 x 6) is therefore the
relationship between ¢; - - - ¢, and the angular velocity of the end-effector.

The inverse kinematics problem consists in finding the joint variables of the manipulator
given a position and orientation of the end-effector in the Cartesian space. This problem
is in general nonlinear, it does not have always a closed-form solution and when it has
it, the same pose may be reached by different configurations of the robot. The solution
may be out of the volume range of the manipulator kinematic structure. In the case
of a singular configuration or in redundant manipulators this problem may have infinite
solutions. The inverse kinematics is of great importance due to the space description of the
tasks (e.g. grasping, paletting, welding). They are normally stated in operational space
due to the facility and intuitive way to define them. Working in the Cartesian space is
more intuitive.

The solution may be found by two approaches: algebraic or geometric. Sciavicco in [134]
describes these as: “Computation of closed-form solutions requires either algebraic intuition
to find out those significant equations containing the unknowns or geometric intuition to
find out those significant points on the structure with respect to which it is convenient to
express position and/or orientation as a function of a reduced number of unknowns.”

Other way than the geometric or algebraic method to calculate the inverse kinematics,
is using differential kinematics, which gives the relationship between joint velocities and
the corresponding end-effector linear and angular velocities in Cartesian space. This
relationship-factor is given by the configuration dependent Jacobian matrix. Besides, it is
possible to relate differential increments in the vector of joint variables (dq) and differential
increments in Cartesian space (§X) using the resulting Jacobian. This constitutes one of
the most important tools for manipulator depiction. The Jacobian is useful for finding
singular configurations, analyzing redundancy, determining inverse kinematics algorithms,
describing the mapping between forces in the end-effector and torques at the joints and to
calculate the motion equation of the robot.

By definition, the Jacobian can be written as:

0X = Jiq (5.3)
In addition, it is possible to write:

X =Jq (5.4)

Thus, if it is desired to compute the manipulator posture in joint positions, the inversion
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of the Jacobian must be calculated:
g=J'X (5.5)

This technique is independent of the solvability of the kinematic structure. However, it is
necessary that the Jacobian be square and full rank. This means that this procedure will
fail when the manipulator is in any singular configuration and in the vicinity of it.

In this project the method Damped least squares (DLS) [18,20,28] was chosen in order to
have a solution for singular configurations of the robot. This method avoids many problems
with singularities and can give a numerically stable method. The strategy is to choose
values for A@ to update the joint angles. One approach to solve this is the equation:

e=JA0 (5.6)

where e is the desired change in position of the end-effector, J is the Jacobian matrix and
A0 is the change in joint angles.

The DLS finds the value of A that minimizes the quantity:
|JAG — e + A || A0 (5.7)
where ) is a non-zero damping constant.

It can be shown that J7J + A2I is non-singular. Thus, the damped least squares solution
is equal to:

20 =37 (137 + 1) e (5.8)

Thus the DLS finds a stable solution in singular configuration of the robot. However, the
calculation of the inverse kinematics at non-singular configurations will diverge from a
exact solution by this method. The DLS losses accuracy in the position and velocity in
order to have a stable solution.

5.2 Dynamics

In order to follow a desired motion, the RX 90-B must perform a motion of its 6 axes
commanded by the controller. The movement in one axis affects the forces on the drives in
the other axes. The input and output behavior of the drives in each axis, which characterizes
the relationships between the control signals of the motors and the movement of the robot,
depends directly on the current signals.

The dynamics of a robot is the algebraic context of its motion parameters q, ¢, ¢ and
its joint moments. As a basic principle, two problems can be distinguish: the inverse
dynamics and direct dynamics. In the inverse dynamic problem the variables of motion
of the robot are known and the corresponding joint moments given the kinematic time
variables are sought. The dynamic model of a robot describes the relationship between the
forces and torques of the motors and the mechanical motion of the structure. To determine
the equations of motion of a robot, several methods can be selected. There are two classical
methods to compute this model: Lagrange and Newton-Euler formulation. The equation



5.2 Dynamics 43

of motion can be written in the compact matrix form depending in joint space variables
as [134]:

B(q)d+ C(q.9)q + Foq+ Fsgn(q) + g(q) =7 (5.9)

where B is the square matrix of inertia, C' is the square matrix of centrifugal and Coriolis
forces. The viscous and Coulomb friction effects are taken into account by the matrices
F, and F, respectively. sgn(q) denotes the (6x1) vector whose components are given by
the sign functions of the single joint velocities. g is the vector of gravity, 7 is the vector of
the actuation torques.

The direct dynamics problem leads to the calculation of the acceleration vector given the
vectors of joint positions g, joint velocities ¢ and joint torques 7:

4= f(g,4,7) (5.10)
Using equations (5.9) and (5.10), the direct dynamics can be reformulated as:

i=BYq) (-7 (5.11)
where

T = C(q>q)q + F,q+ FSSQn(q.) + Q(Q) (5'12)

ID is used to compute the actuator torques which are needed to achieve a desired motion.
It is also used to identify the dynamic parameters that are necessary for both control and
simulation applications. DD is used for simulation purposes. It finds out what the robot
does when known joint torques are applied. The DD is calculated in all Figures where
“Robot” or “Manipulator” is written.

Knowing the dynamic behavior of the robot can be of great advantage for different reasons,
some of them are:

o Simulation of the robot in order to study new control strategies without been
necessary to expose the real robot to unexpected behavior.

e Identification of inertial parameters of the robot, which normally are not precisely
known, and in some cases even totally unknown.

e Improve robot performance by applying more advanced model-based control algo-
rithms

ID control, computed torque and other control schemes make use of the dynamic model
since it is known that their integration improves the robot performance. Unfortunately,
dynamic model control systems have been hampered due to the complexity to derive the
dynamic model and their high computational cost. Reduction of the model is then necessary
by finding the minimum set of inertial parameters to make a satisfying approximation
of the model, this enhances the computational efficiency so it can be used in real time
applications.

The first approach was done based on the Lagrange formulation because is conceptually
simple and systematic. Its derivation is developed in Appendix A.
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5.3 Joint Space Control

Controlling the robot in Joint Space is the simplest way to control a robot manipulator.
Here, no transformation between different spaces is necessary, since everything is worked on
with general coordinates q. That means that only a simple controller is used in each control
loop. Planning trajectory in joint space is the simplest and the fastest method. It is require
fewer online computations because there is no need to compute the inverse kinematics
model at each update rate. It is also not affected by crossing singular configurations as
well as the maximum velocity and acceleration can be determined from the actuator data
sheets. The drawback is that the end-effector pose is not directly controlled, and hence,
collision avoidance is nearly impossible especially when the application needs a specific
motion for robot end-effector. The joint space scheme is appropriate to achieve fast motion
in a free space where no specific trajectory of the end-effector is needed to follow.

5.3.1 Independent Joint Control

In order to perform a specific motion with the RX 90-B, several axes must be controlled at
the same time. The movement in one axis affects the forces on the drives on the other axes.
The input-output behavior of the drives in each axis, which constitutes the relationships
between the control signals of the motors and the movement of the robot, depends on the
current configuration of the robot arm and contains non-linearities.

K'¢(K]q,) -

K;c(K;'q,.K'q, K, 4, 3

K 'AB(Kq, K i, &

diag[l,---,lJ a, > qudt qm, Iqmdt qm>

K't,(K/'q,) -

Figure 5.2: Block diagram of the drives of the RX 90-B. The individual drives are de-
coupled. I; are the configuration-independent constant part of the reduced
moments of inertia of the motors. The configuration-dependent terms,
which describe the dynamic coupling of the robot axes, are taken as an
apparent disturbing torque applied to the individual drives.
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The simplest control strategy for a robot is a decentralized control. The axes of the robotic
arm are considered as independent and are separately regulated. This may be controlled
by using a simple PID controller. The configuration-dependent, nonlinear coupling and
related effects are considered as disturbance in the individual control loops. Basically,
the control parameters are determined experimentally in this approach, even without a
dynamic model. However, these controllers should be tested with caution, due to high
speeds and maximum power, in order to avoid damage to the robot or the environment.
With this approach the robot is seen as single-input/single-output system.
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Figure 5.3: Representation of a drive for simulation with modeled servo amplifier and
motor. R; and L; are the resistance and the inductance of the armature
in the motor respectively. s is the retroactive voltage due to the arma-
ture motion in the magnetic field. The voltage ey, s is calculated with the
product between the rotational speed of the motor shaft ¢,,, and the motor
constant k,,. kr is the torque constant of the motor. The inductance L; is
generally very small and in the model of robot actuators can be neglected.

1JC is a control architecture where all joints of the robot are considered as independent
from all others. The coupling between joints is here taken as a disturbance for the controller
as shown in Figure 5.2, where g,, is the vector of joint variables of the motor (and not of
the link). K, is the reduction gear ratio matrix. This matrix relates g with gq,,,. K is
the reduction gear ratio that relates the vector of joint torques T with the vector of motor
torques T,,. AB is the part of B that depends on the configuration of the robot (all those
terms that are configuration dependent). g is the vector with gravitational terms. I, are
those average inertias reported to the motor axis and are independent from configuration
terms. Thus it is possible to model every drive of the robot as shown in Figure 5.3.

Once the model has been calculated, a controller can be designed to move every joint of the
robot. A cascade controller with position and velocity loops was chosen. This architecture
suits with the knowledge of the constants of every motor of the robotic arm. A large
proportional value gives a high rejection to disturbances and increases the stiffness of the
system. An integral part cancel the effects of the stationary error. A proportional-integral
action is suggested to control this single-input/single-output system [134].

In a cascade control several loops are closed with different variables. These loops are
embedded creating inner and outer loops. As the name indicates, a position-velocity
cascade control, takes the position values and closes the loop comparing the actual values
with reference values. This closed-loop builds an outer loop. The actual velocity values are
compared with the output of the outer loop. Changing the constant of these two loops
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Figure 5.4: Cascade controller. ¢, and ¢,, are the position and velocity of the motor
respectively. kry and kpp are transducer constants. Kp and Ky are the
controller constant for position and velocity respectively. Ty = T, where
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T = 575

affects the position of the zeros and poles of the system. This has direct influence in the
behavior of the performance and response of every joint of the robot. A position-velocity
cascade feedback control is shown in Figure 5.4.

Two profiles were programmed in order to test such control architecture. The first one
builds a slow reference value for every joint. The second one builds a fast reference value.
As it is shown in Figure 5.5 the manipulator can follow the desired value with a smaller
error than when it has to follow a fast reference value (Figure 5.6). This last Figure shows

Trajectory 10 s Trajectory 10 s

Angle [rad]
Angle [rad]

5 10 15 20 25 5 10 15 20 25

Time [s] Time [s]
(a) (b)

Figure 5.5: Joint space control experiment. The thick line corresponds to the desired
value. The trajectory takes 10 seconds to reach 1 rad. a) Response of joints
1 to 3. b) Response of joints 4 to 6.

also an overshoot in the response of the joint number 1 and a delay in all joints. This delay
is smaller in joints 4 to 6. This is because these robot axes are the small ones and therefore
the mass that they have to move is lower. All these differences are basically due to the
dynamic configuration dependent variables (e.g. gravity, friction, centrifugal and Coriolis
forces) that are consider like disturbances.
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Figure 5.6: Joint space control experiment. The thick line corresponds to the desired
value. The trajectory takes 0.5 seconds to reach 1 rad. a) Response of joints
1 to 3. b) Response of joints 4 to 6.

5.4 Cartesian Space Control

In section 5.1, a set of kinematic algorithms for the RX 90-B was developed, which relates
joint positions and velocities to Cartesian coordinates and rates of the end-effector. Now it
is desired to design a Cartesian Space Position Controller. In such controller, the use of
kinematic transformations is essential, since the reference position is given relative to the
end-effector coordinates, and the control signal transmitted to the robot must be applied
in general coordinates.

The main objective of the controllers presented here is to corroborate the correct perfor-
mance of the kinematic equations. The controllers described here are of two types:

e PD controller

e ID controller

5.4.1 PD Controller

The PD approach controls the behavior of the robot over the position and velocity errors
given in Cartesian space (equations 5.1 and 5.2). These are then transformed to its
corresponding ¢ in the joint space by means of the J~! and then applied to the robot.
Figure 5.7 shows the general structure of this controller where a proportional and derivative
part is present. The coupling effect due to the motion of the other links is here ignored,
since it is assumed that the coupling effects are disturbances in the control loop of the
servo driver.

The representation of X, in Figure 5.7 is composed of two quantities: 3 parameters of
position (z, y and z) and for the orientation the quaternion was chosen [41,107,137,168].
Instead of rotating an object through a series of successive rotations like Euler angles do, a
quaternion rotates the object through a single arbitrary rotation axis. Thus a singularity
in the representation is avoided (see Appendix C). The representation of the quaternion
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Xr—» J'" = PD > Robot !
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Figure 5.7: Cartesian position controller. PD structure. X, is the position reference
value, X, is the position actual value, X, is the error after comparing the
values X, and X ,. DK stands for the direct kinematics.

consists of a combination of three parameters (also called vector part: €., €, and €,) and a
real number (also called scalar part: 7):

d=Mnel =ne €y ez]T (5.13)

Thus the reference and the actual value of position coordinates is described by the (7x1)
vector in equation 5.14:

Xy = {pT qu}T —[ryzne e e’ (5.14)

In order to test the PD control three different trajectories in Cartesian space were given as
a reference value.

The first trajectory is a line in 3D space which was programmed to be completed in 5
seconds. Figure 5.8 shows tests related to a line in 3D space. Here is difficult to recognize
the reference value from the actual value. The robot can follow with high accuracy this
profile in 3 dimensions.

The second profile is a rectangle in three dimensions. In Figure 5.9 is shown the reference
values and the trajectory followed by the robot. Every side was programmed to be
completed in 5 seconds. In Figure 5.10 it can be seen that the error on the XY plane is
difficult to visualize in comparison with the error on the X Z plane. That is because of the
scale.

The last profile is an eight form shown in Figure 5.11. The reference value was programmed
to be completed in 32 seconds. In Figure 5.12 it can be seen that the error on XY plane is
not possible to visualize because of the scale.

Figure 5.13 shows the error in position and in orientation along and about the three main
axes. All maximum mean errors were found along X axis for every profile. It can be seen
that the maximum mean error in position when a line was followed is along X axis and
has a value of 0.42mm. The errors in the orientation have their maximum value about Z
axis. The maximum mean error in orientation is about Z axis when the robot follows a
line profile and has a value of 0.052°.

These experiments show that the errors are below 0.5 mm in position and 0.06° in orientation
which makes the system suitable for biomechanical experiments.
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Figure 5.13: a) Position error under PDC. b) Orientation error under PDC.

5.4.2 ID Controller

On the basis of a dynamic model of the robot it is possible to develop central control
strategies, in which the robot is considered as a multivariable system with multiple inputs
and outputs. Couplings, nonlinearities and configuration-dependent effects on the drives
are not included as disturbances but are part of the controlled system and can be included
in the control law. As a consequence, in comparison to a decentralized control, a more
accurate tracking behavior for a given trajectory can be achieved. A better control approach
can be design using equation 5.9 called inverse dynamic control (IDC).

For these reasons several controllers based on a dynamic model should be designed for the
RX 90-B. The quality of the controller depends directly on the accuracy of the model. The
computation of a model is, however, highly complicated and requires a precise knowledge
of the system.

According to equation 5.9 it is possible to design the operational space inverse dynamic
control shown in Figure 5.14. Kp and K p are the constants of the PD controller and

n(q.9) = C(q.9)4 + Fvq + Fssgn(q) + g(q)-

Several simulations were carried on in order to test this effective control strategy. The
same trajectories in Cartesian space of section 5.4.1 were tested. The first profile is a line
in 3D. Figure 5.15 and 5.16 show the reference values and the trajectory followed by the
simulated robot.

The second profile is a rectangle in three dimensions. In Figure 5.17 the reference values
and the trajectory followed by the robot are shown. Every side was programmed to be
completed within 5 seconds. It can be seen that the difference in the trajectories on the
XY plane is difficult to visualize in comparison with the X Z plane.

The last profile is an “8” form. The reference value was programmed to be completed in
32 seconds. In Figure 5.12 the reference and actual value of the robot is shown. Here can
be seen, as in the last figures, that the difference in the trajectories on XY plane is not
possible to visualize because of the scale.
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Figure 5.14: Inverse Dynamic Control in Cartesian space.
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Figure 5.15: Line in Cartesian space under IDC. 3D representation.

Figures 5.21 and 5.22 show the error in position and in orientation along and about the
three main axes. All maximum mean errors were found along X axis for every profile. It
can be seen that the maximum mean error in position is along X axis and has a value of
0.046 mm when a line was followed. The errors in the orientation have their maximum
value about Z axis. The maximum mean error in orientation is about Z axis when the
robot follows a line profile and has a value of 0.67°. It can be seen that the error in position
was minimized in a power of 10 in comparison with the errors using PDC. However, the
orientation error increased in the same magnitude.

These experiments show that the error in the position is less than 0.05 mm and less than
0.7° in orientation.
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54

Control of the Robot

XY Eightin 32 s

YZ Eightin 32 s

0.5785 —Ref}]
——Act
E 0.578
N
0.5775

0
Y [m]
(b) Y Z representation.

Figure 5.19: Eight in Cartesian space under IDC.

3D Eightin 32 s

— Ref
— Act

0.8

0.6
Y[m] -05 0.4 X [m]

Figure 5.20: Eight in Cartesian space under IDC. 3D representation.

0.4
—Ref
—Act
0.2t :
E o
>
-0.2
04705 06 07 08
X [m]
(a) XY representation.
0.5785
— 0.578
E,
N 0.5775
0.577
0.5
0
Position Error
0.05 .
X
¢
0.04r [zl
0.03r
=5
E

0.02r

0.01f

= b

Line Square Eight

Figure 5.21: Position error under IDC.

Orientation Error

X
g =
0.5r
g
3 047
@
20.3r
<
0.2
0.1
Line Square Eight

Figure 5.22: Orientation error under IDC.



5.5 Interaction Control 55

5.5 Interaction Control

Manipulation requires the robot to be in contact with the environment. It means that both,
manipulator and object to be manipulated, are mechanically coupled. The quantity that
describes this interaction is the contact force at the end-effector, and thus the manipulator
cannot be treated as an isolated system. The very precise position control is not adequate
for this purpose. The planning errors may arise contact forces causing deviations of the
end-effector. If the position control reacts to reduce such deviation, the contact force will
increase causing the saturation of the joint actuators or the breakage of the system in
contact. During interaction, the body in contact sets constraints on the path followed by
the robot and the situation mentioned before can occur. This drawback can be solved by
changing the control strategy [134].

There are many controllers in the literature such as admittance, impedance, stiffness,
compliance, hybrid, parallel and force control. All these treat the problem of contact and
have special features for specific applications.

Generally it is possible to separate two types of interaction control:
e Indirect control
e Direct control

The first one deals with the mechanics of the interaction rather than controlling directly
the movement of the robot. The signals of the forces actuating in the manipulator are
not directly compared with a reference or desired value (these forces can be measured by
FTS, torque sensors or measuring the current induced in every joint of the manipulator).
This means that the force loop in the control structure is an open-loop architecture since a
direct error is not calculated. The closed-loop of such control structure is made in position
or velocity. This means that the reference or desired values must be given in terms of
position or velocity and will be compared with the actual values given by the sensors of
the manipulator and thereby an error will be minimized by the controller.

Compliance and impedance control are examples of such an architecture. The impedance
control, for instance, attempts to implement a dynamic relation between the environment
and manipulator variables. It controls the impedance as the “port of interaction” with the
environment [66]. Figure 5.23 shows that the closed-loop is made with position variables
and the force (h,) is just taken into the controller without comparison.

Direct control deals with a direct form of controlling the interaction between manipulator
and environment. The actual force will be compared with reference values, thereby a
closed-loop is implemented. The robot performs specific movements in order to exert a
desired force-moment in the environment. This architecture has the possibility to load
specimens with a specific force or moment in/about specific axes.

Examples of this control architecture are: hybrid, parallel, admittance and force control.

In this project is of special interest the possibility of loading biological specimens of
animals and/or humans. Therefore it was developed the hybrid and the direct force control
architectures.
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Figure 5.23: Impedance control in Cartesian space.

5.5.1 Direct Force Control

Direct force control is suitable when loading specimens since there is a closed-loop with
force-moment signals where a desired profile with units N and Nm can be given.

The goal in biomechanical testing machines is to load specimens with specific profiles.
Figure 5.24 shows an example where a spinal should be loaded with a moment about a
specific axis while other forces and moments along and about other axis should be zero.

Force Control

A general control architecture of direct force control is shown in Figure 5.25. The reference
value F', is compared with the actual values coming from the FTS h,. The error will be
compensated by the controller k;. A damping factor with the Cartesian velocity (X) that
acts in the direction of force control with the velocity gain ks is designed. J T converts

the units in joint space quantities in order to compute the torques for every joint [83].

The controller ky is a PI (proportional, integral) controller. Since the signals of forces are
normally sensed with noise even after filtering, it is not recommended to use a derivative
controller. The derivative action can cause very high values for the torques of the joints
which can cause breakage of the motors or of the specimen. It can also lead to instabilities
of the robot.

Hybrid Control

The hybrid control [29, 80, 134] combines two interaction control architectures. On the
one side there is a closed-loop with force-moment signals, on the other a closed-loop with
position-orientation signals. This controller makes possible the control of two important
variables in one architecture. However, for any given axis, the manipulator under this
control architecture can either control position or force but not both at the same time.

The matrix §2 act as a switch between both modi. It is a diagonal matrix containing a
number 1 if the manipulator is under position control and a 0 if it is under force control.
Equation 5.15 is an example where the manipulator is controlled along X, Y axes and about
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Figure 5.24: a) Schematic representation of three spinal bodies as specimen in initial
position (unloaded). b) Specimen loaded with a moment about a single
axis while other forces and moments along and about the rest of them are
set to zero.

X, Y and Z axes under position control and along Z axis under force control. Thereby
the matrix §2 for force control must be exactly the complement of the §2 matrix for the
position control [29,83,127], that is 2 = I — 2, where I is the identity matrix. The hybrid
architecture is shown in Figure 5.26.

100000
010000
000000
2=100010 0 (5.15)
000010
L 00000 1,

Hollerbach [2,3] describes that this controller architecture is unstable in manipulators with
revolute joints due to the combination of the £2 matrix and the Jacobian. Fisher [40]
proposed a new architecture where this problem is solved. The matrix 2 takes the form of
(02J)*" (where the symbol “+” denotes the pseudo inverse) for position control and (£2.J)T
for force control. The transformations of both quantities always exist and are numerically
stable for any manipulator. Although the difference may seem small, it has a tremendous
impact on the robustness of hybrid control.

5.6 Automatic Gravity Compensator

When the tool is attached to the FTS (see Figure 4.5), the sensor reports values of force
and moment different from zero. Since the weight of the tool and the exact position
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of the center of gravity are rarely known, a method to compensate automatically the
gravitational effects of the tool attached to the F'TS is needed in biomechanical tests in
order to compensate undesired forces and moments signals coming from the gravitational
effects of the mounted tool and attachment mechanism of the sensor itself. This deviation
introduces errors and can lead to false data, wrong conclusions and the impossibility to
compare data produced from other groups with different setups. The weight of the tool
and offsets should not have any influence on the measurements.

This sections shows the development of an approach to compensate automatically the
weight of the tool attached to the FTS and the description of a mathematical method to
change between coordinate systems in order to define the orientation of the direction of
the applied forces and moments during biomechanical tests.
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5.6.1 Mathematical Method

The manipulator has basically three coordinate systems. The first is called World Coordinate
System (WCS) and its position and orientation does not change and serves as a base to
reference other coordinate systems. The second coordinate system rests at the top of the
last joint (J6) of the robot an it is called J6CS (described by the subscript jg). The rotation
matrix between both CS is described by the direct kinematics [134] and it is depicted with
R%Ot. The FTS has its own coordinate system and it is called sensor coordinate system
(SCS). These three important coordinate system are shown in Figure 5.27. Normally J6CS

J6
RS

Zs=7Z5 ‘ S / * Zw >\ R‘{(got

Y SCS J6CS
X, ‘

WCS

Figure 5.27: 3 coordinate systems: WCS, J6CS and SCS and their pose in the space.

does not match the SCS, therefore an extra transformation should be done in order to
align these two coordinate systems. The transformation matrix to align both coordinates
system is given by:

cos) —sinf 0
RI° = | sin® cosh 0O (5.16)
0 0 1

When the tool is attached to the sensor it reports a value different from zero (see Figure 5.28).
This deviation has 4 components:

1. the forces due to the weight of the tool (F'sg)

2. the offsets in force when tool is attached to the robot (Fsy)

3. the moments due to the weight of the tool and vector from sensor to the center of
mass of the tool (7¢p,)

4. the offsets in moment when tool is attached to the robot (M s¢)
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Figure 5.28: Vector r.,, that points to the center of mass of an unknown tool mounted
on the sensor.

In order to find these 4 parameters the following calculations shuld be done. Gravitational
forces are always acting on the direction —Zy no matter the position of the end-effector.
Thus:

F,, = R}/ F, (5.17)

Where F, is the (3x1) vector of forces (expressed in SCS) reported by the sensor due to
the gravity effects on the mounted tool, RT?V is the (3x3) transformation matrix from SCS
to WCS where Rfj; = (R¥)~!. The matrix RY is known from RY = R R.®, where
the matrix RZ is defined by equation (5.16). F, is the (3x1) vector of forces (expressed
in WCS) due to the gravity. It has only one component in the Zy axis: F, =[00 F, |7,
where F;. = mg. Equation (5.17) can be rewritten as:

0
F,=[abc| 0 | =ckF, (5.18)
F,,
where a, b and ¢ are the column components of RI”?V. The calculation of the moments
exerted by Fy, can be done through equation (5.19):

Mg =rem X Fgg = —8(Fsg)rem (5.19)

where X is the cross product, r¢,, is the vector (expressed in SCS) from the SCS to the
center of mass of an unkown tool mounted on the FTS and the matrix operator S(-) is
described by:

0 —Fy. Fy,
S(Fsg)=| Fs. 0  —Fy, (5.20)
_Fsgy FSQZ 0

To compensate the deviation of the 4 parameters already mentioned, the following equations
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can be set:
FS:Fmeas_Fsg_Foff (521)
Mg =M peqs — Mgy — M,y (5.22)

where Fyeqs, M pmeas, Forp and M ,r; are the measured and offset forces and moments
respectively (where all are expressed in SCS). When the sensor is under the tool load F'g
and M g should be equal to zero. From equation (5.21) and (5.22) follows:

Fireas = Fsg + Foff (523)
M ineas = Msg + Moff (524)

Two different poses (denoted by subindex 1 and 2) of the loaded sensor are needed in order
to calculate F'y; and F,ry. Thus equation (5.23) and (5.24) take the form:

Fineas, _ Cngz + FOff _|a I ng (5 25)
FmeaSQ CQFgZ + Foff C2 I Foff '

where I is the identity (3 x 3) matrix. This system is overdeterminated and can be solved
calculating the pseudoinverse:

T -1 T
Fy, _ ci I c; I c I Foeas (5.26)
Foff Co I C2 I Co I F'mea52
In order to calculate the vector r.,, and M,y three different poses are needed. In view of
equation (5.19) and (5.24), it is

Mmea31 Mcomp1 + Moff _S(Fsg)l I r
Mmeasg = ]\40077”32 + Moff = —S(Fsg)Q I l ]w?m ] (527)
Mmea53 Mcompg + Moff _S(Fsg)3 I off
Using the pseudoinverse, the system can be solved by:
[ Tcm ‘| -
Moys
T -1 T
_S(Fsg)l I _S(Fsg)l 1 _S(Fsg)l I Mmea51
~S(Fyy)s I ~S(Fy)s I ~S(Fy)s I M eas, (5.28)
_S(Fsg)B I _S(Fsg)3 I _S(Fsg)B I Mmea33

With equations (5.26) and (5.28) the 4 wanted parameters are calculated. There are at
least 2 ways to express the forces and moments calculated with this method:

1. Forces and moments expressed in WCS. No matter the pose (position and orientation)
of the sensor mounted on the last joint of the robot, the forces and moments will be
expressed in the base coordinate system.

2. Forces and moments expressed in SCS. The forces and moments are expressed in the
changing coordinate system of the sensor. Equations (5.21) and (5.22) show their
mathematical descpription after the compensation.
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In order to calculate the forces expressed in WCS the following changes shall be done:
Fy = RgV (Fmeas — Fopr) —[00 ng]T (5.29)

The gravitational vector is always pointed to the —Zy, axis. Therefore the forces reported
by the sensor have to be converted into forces expressed in WCS and then subtract the
gravitational term. The changes to calculate the moments expressed in WCS are shown in
the following equations:

Temw = Rgvrcm (530)
Mcomp = Temy X [O 0 ng]T (531)
My = REV (Mmeas - Moff) - Mcomp (532)

M comp is the moment expressed in WCS exerted by the tool mounted on the sensor. ., is
expressed in SCS but Fy,, is expressed in WCS. Again here the measured values and offsets
are expressed in SCS. Therefore they have to be converted in WCS and then subtracted
from M omp which is already expressed in the same coordinate system.
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The manufacturer of the RX 90-B supplied already a control unit which has a central
process that sends control signals to the motors of the robot. It can also receive and process
signals in order to design a closed-loop controller.

The control unit is connected via Ethernet to a normal PC where programs in V+ can
be written in order to define specific tasks for the robot. The control architecture of the
Staubli is not fast, flexible and robust enough for the purpose of our group.

As already mentioned in section 4.4, an open architecture of the robot was implemented
in order to qualify it for the accomplishment of biomechanical tests. To enable a higher
frequency, the original control architecture of the robot has been modified. Some functions of
the control unit have been replaced by a powerful real-time computer. Its operating system,
xPC Target, is a highly specialized operating system that makes the reliable execution of
programs in order to meet the hard real-time requirements, such as the calculation of the
kinematics, dynamics, Coriolis and centrifugal forces with the high frequency demanded.
xPC Target belongs to the family of MATLAB & Simulink. Figure 6.1 shows a graphical
representation of the interconnected units.

When working with biological specimens, grasping becomes a critical issue. The specimens
were embedded in a resin in order to ensure the stability of the body while the robot
performs specific movements. Biological specimens are very special “materials”. They
are very difficult to represent with models (e.g. in finite element theory). They have
a very complex geometry, their properties are not linear, all DoF are coupled, they are
anisotropic and their properties change with the time. As is mostly the case, biological
materials have tendons, ligaments, muscles and bones. These materials contain certain
amount of fat, blood and other substances. This makes them very difficult to be attached
to a mechanism.

In the following sections are described the procedures to prepare the system in order to
perform biomechanical tests. Descriptions of the GUI and the 3D visualization are given.
The procedure to embed and attach the specimen to the robotic tool is described.

6.1 System Preparation

Dealing with a robot requires a depth knowledge of robotics and experience. It would be
necessary a long training period for a user who wants to perform only a few experiments
with the robot. This in practice is very difficult to carry on. Therefore, it is important for
the user to have a tool that can use in a simple way and which contains all the functions
necessary to run an experiment. A GUI, as abstract interface between man and machine,
is for this purpose developed. This allows a simplified operation of the robot avoiding
potential user errors that can lead to uncontrolled behavior of the robot.
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Figure 6.1: System design where four main components are interconnected.

Even if a safety concept has been implemented, a robot remains physically dangerous.
Robot, specimen, environment and user can be damaged. During the experiments it is
relevant to inspect the movements of the specimen together with the robot from a short
distance or different angles. The robot can become unstable and its movements cannot
be predicted or controlled anymore. In this case, the danger for the observer increases
even more. Therefore a visualization in a 3D space is required. Installing cameras in
different angles of the experiment can be very expensive. Thus a virtual world has been
developed in order to visualize in 3D the movements of the robot and specimen reducing the
danger already mentioned. This 3D representation allows visualization from all angles and
distances that would be very difficult or even impossible to reach with normal cameras.

An additional advantage of a 3D virtual world is that the user can plan the procedure of
the experiment without moving the robot or working with biological specimens. He can
perform simulations and define directions of movement that afterwards will be accomplished
by the robot. Thus the danger is minimized, possible errors can be detected in advance
and a better protocol can be written.

6.1.1 GUI

The user can operate the robot directly using the user interface. The control of the robot
is implemented in real-time. Consequently, the software used to create the user interface
enables communication with a real-time application. The GUI offers the possibility to start
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or stop the real-time application. It allows also to set user-entered PID parameters in the
control of the robot. It reads and displays signals from the sensors (such as forces and
moments occurring during the execution of an experiment) in order to provide additional
graphical surveillance. It is also important after the completion of individual experiments
that the data registered by the robot (e.g. Kinematic variables) and by sensors (e.g. from
FTS forces and moments) be saved for an offline analysis. The user interface is designed in
such way that the interaction can take place as intuitively as possible and minimize danger
to a user or the manipulator itself.

Development

The GUI was developed with a simple design, flexible and also scalable to allow a straight-
forward extension of existing functionality. The concept Host-Target and the interaction
with the GUI is shown in Figure 6.2. The non time-critical tasks run in the host PC, and
the time-critical tasks in the real-time computer. Two interfaces must be implemented in
order to read and send signals between computers through the GUI.

Host PC @ @ Target PC

Signals Signals

- > Simulink -
arameters .

GUI Real time
application

Signals >

- » MATLAB

Parameters Parameters

Figure 6.2: Host-Target concept and its interaction with the GUI. Signals in real-time
and non real-time are denote with the number 1 and 2 respectively.

The first interface (Figure 6.2 denoted with the “1”) takes place due to the separation
between the host and target. The signals coming from the sensors installed in the robot (e.g.
encoders or FTS) will be received by the target PC. From this computer is possible to read
data in order to be graphically represented or saved by the GUI. A high quality graphical
representation of variables (e.g. forces, moments) plays in this context an important
role. xPC Target is unsuitable as a platform for the use of graphics-based application
programs.

The second interface (Figure 6.2 denoted with the “2”) occurs in the host and has direct
communication between the GUI and MATLAB & Simulink. Thereby several parameters
and commands (e.g. start the real-time application or stop the robot in a specific position)
can be sent to the target PC in order to control the whole experiment.

The use of a LabVIEW as a program to develop the GUI and using the MATLAB script
blocks is the best solution in terms of flexibility, scalability and maintainability. It is
possible to take advantage of both software packages to connect the friendly interfaces
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and state machine oriented programs of LabVIEW and the computation robustness of
MATLAB.

The GUI is divided in 5 states shown in Figure 6.3. In every state take place specific
processes where different information (variables) are entered by the user (called user data)
or fetched by the GUI itself.

?

|-
Login
Prepare
Experiment
Prepare
Environment ||
Run
g .
Run Profile | Edit Profile Experiment
Finish
Final State Experiment

o

Figure 6.3: Structure of the GUI developed with a State Machine.

The execution of biomechanical tests usually requires to test several specimens. Therefore,
it is frequently the case that a user organizes his experiments within several days. Since
the robot is to be operated by multiple users, it can happen, that the same person aims to
perform similar past experiments. In order to facilitate the process of entering user data
(e.g. forces, moments, experiment duration) each time, it should be stored in individual
user accounts in order to fetch this information when the GUI is re-started. Therefore, the
first step of this interface is to load from individual user names their corresponding data
from an existing account or, as a new user, create a new one.

Before the actual experiment can be started, some preliminary steps are necessary. This
requires that the right tool be assembled at the end-effector of the robot, or to move it to
a predefined position to connect it to the test object. In addition, the sensor to measure
the forces and moments that occur during the experiment should be calibrated so that
the results are not distorted by interfering influences (see section 5.6). Depending on the
type of specimen to be tested different steps may be necessary. Some are obvious and may
therefore not be forgotten. Task of the GUI is to ensure that the preliminary steps are
carried out, otherwise the robot cannot be used as desired. The individual steps need to
be made in the appropriate order and without compromising the functionality of the whole
system.
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If these preliminary steps are completed, the user can proceed with the actual tests. If
the aim is to create special robot-motion profiles in order to investigate biomechanical
properties of individual specimens, the user shall submit certain positions either fixed in
space, which will drive the robot, or specify how big forces or moments are, in order to be
applied by the manipulator. In the first case a profile in position will be generated; in the
second in force.

Both types of profiles, position and force, are available in different parts of the control
code. What kind of profile should be used depends on the question that lies behind the
particular experiment. The GUI should therefore provide the user with the ability to define
them. For this purpose, the user can choose between different types of profiles and set
their associated parameters. In this way he can create several different profiles according
to their individual requirements. If he has in previous sessions already introduced this
information, it will be loaded by the user account.

In the next step, the robot should move according to the chosen reference values. It is the
responsibility of the control to ensure that the predetermined paths are accurately followed.
In this point the communication interface plays an important role. First, the parameters
are passed to the controller of the current profile. Then the robot will move following the
chosen profile when the operator gives the Start instruction. During this process designated
signals are graphically shown so the user has an additional visual window to check whether
the robot follows the guidelines or not. If not, the manipulator should be stopped by a
command from the user. If the robot has followed the desired profile there is the possibility,
given its current position, to proceed directly to a new profile or to finish the experiment.
Alternatively, it should be available to bring the manipulator to the starting position,
where it can continue with a new profile, or to change specimen. For an offset analysis of
the experiments already run, the user can manually save the measured data in a specified
directory on the host PC or let the GUI do it automatically. This data must be transferred
from the hard disk of the target PC to the host PC.

Thanks to the Matlab interface, it is possible that all the above steps can be executed
directly from the user interface.

Operating the GUI

The operation of the GUI is intuitive and user friendly. In order to maintain the scalability,
but also to allow flexibility in the modification of different layouts (different experiment
scenarios), the entire visible area of the GUI is contained in a tab structure.

Immediately after starting the GUI the state Login is activated. All controls, including
the preparation of the experiment, are on the first page of the tab structure (Figure 6.4).
Since all these steps are performed by the user and cannot be confirmed by a program, a
check list is shown to the user so that all the arrangements for the experiment be done
before to start the movements of the robot. The user is not allowed to continue if he does
not check all the check boxes.

The user can then choose between two kinds of control: position or force control. This
choice depends on the goal of the experiments. If the user wants to use the position control,
he is asked to introduce proper parameters like final point in Cartesian space and the time
to carry on the movement. Assuming that the user has chosen the force control option,
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Figure 6.5: Force control. Specific parameters should be here introduced.

proper parameters must be introduced (final forces and moments and the time to complete
the movement). Figure 6.5 shows an example when the user has chosen force control.

A list containing different experiments is also shown to the user. Thus several experiments
can be configured and be visualized, deleted or edited. Once all configuration for the test
and the experiments have been defined with their specific properties, the user can begin
with the test. He can choose an experiment from the saved list. By pressing the button
On — Controller the real-time PC starts and the brakes of the robot can be removed. The
button Home will produce a movement of the robot under position control to the defined
home position (normally this will be the robot position after attaching the specimen). After
that, the chosen experiment will be performed and the desired signals will be displayed
(e.g. desired forces and moments). Figure 6.6 shows all these options in the GUI.
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Figure 6.6: Page of the GUI where the experiment can be defined. The controller can
be started and specific signals can be graphically represented. Options to
save signals collected by the test are shown.

An important implementation was programmed in order to save the experiment data. The
user can choose between automatically (in order to reduce possible lost of data) or manually
(with the high probability that data will be lost). After accomplishment of all experiments
the user can click on the Finish button to terminate the application but also to save the
introduced user data. This has the objective to save time when the same user loges in
again. If this happens, all last data from the experiments will be loaded and will be ready
to be performed, changed, expanded or deleted.

6.1.2 3D Visualization

The structure of the system and the possibility to move with the robot a specimen in 6
DoF opens up many possibilities for different experiments. Since the development and
coordination of the experiments take place in an interdisciplinary team, it is imperative that
both, engineers and physicians, plan appropriate robot motions during the experiments
in order to easily understand the procedure and plan in advance specific protocols. A
mathematical representation of the trajectory can give only an abstract idea of the possible
robot motion sequence. It is in consequence unsuitable for planning and discussion of the
experiments. Furthermore, it should be considered in the design of the trajectory to ensure
that all obstacles and limitations of the workspace are avoided. Planning mistakes can lead
to collision and damage to the robot and the destruction of the specimens. It is, therefore,
required a spatial representation of the robot where the experiments can be simulated and
visualized not just analytically but graphically in advance.

If the test sequence is set and a trajectory was determined, which could be verified by
simulation, it is possible to perform experiments. The motion of the robot is carried out
starting from a PC-control station, which is about 3 meters away from the robot. The
angle between this spot and the robot is very limited and it is difficult to see the exact
end-effector position in the space. To allow a more detailed view of the robot from different
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Figure 6.7: Schematic architecture of the serial transmission.

angles, a program is necessary that represents the robot in 3D while it is controlled in
real-time.

Development

It is desired to implement the 3D visualization in the open source, cross platform suite
of tools for 3D creation called Blender. Blender offers high functionality and is user-
friendly. Unlike Simulink 3D Animation, Blender is available for free. The creation of the
environment, the addition of new parts (e.g. different specimens or clamps mechanism)
and changes in the robot or tools on the end-effector can be easily and with less effort
designed, changed and programed in this open source program.

Although Blender is an interactive 3D visualization tool, the communication with other
applications has to be considered. However, it is possible to create arbitrary constructs
with the object-oriented scripting language Python and be embedded to be sent to another
application. There is the possibility to send packages through the network using UDP
(User Datagram Protocols). This is suited for the developed system architecture (see
section 4.4).

The transmission of Simulink signals can be made in serial mode. In this kind of transmission,
all six DoF of the robot are gathered in a large UDP packet and sent in each transmission
cycle through a socket. The size of the package results in this case the sum of the
UDP header, IP-/Pseudo-Headers and the memory requirements for six MATLAB double
variables (Figure 6.7).

The changes of the model in MATLAB & Simulink depend on the installed version and
the existing extensions and toolboxes. In version R2010a is the block UDP send in the
Signal Processing Blockset available. In version R2009a binary UDP packets can be sent
with UDP Send Binary in the Toolbox xPC Target, UDP Send and UDP Send Host in
the Instrument Control Toolbox and Target Support Package TC6 (Figure 6.8).

For planning purposes a collision detector was also implemented. The visualization will
notify the user with a message when a part of the robot has collided with itself. Boundary
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Figure 6.8: Changes in the Simulink model to send UDP packets.

Figure 6.9: Boundary conditions to implement a collision detector.

conditions must be defined for every joint in order to activate specific Blender sensors that
detect an impact with other boundaries as shown in Figure 6.9.

This procedure is the same for a simulation and for a real-time environment. With these
changes it is possible to visualize in simulation and in real-time the movements of the robot
in a 3D environment. A menu with different options for the movement of the camera was
developed. Thus the camera in the visualization can be moved to any position in the 3D
world. A general view of the visualization is shown in Figure 6.10.

The robot visualization is to be installed on the host computer. It receives the signals,
which include the current position of the robot, at intervals from the target computer.
It is possible to read the data transmitted directly from the xPC Target computer. The
UDP packages are embedded in the Simulink model to be compiled and downloaded in
the Target. Thus the transmission rate of UDP packages can be up to 60 Hz which is
enough to have a fluent visualization. Ideally, the transfer of frames should be of 60 times
per second, because this is the maximum frequency of images that humans can perceive.
This implementation does not affect the performance of the controller due to the simple
and compact changes that must be done in order to transmit the packages. The image
processing and visualization is carried out by the Host computer. Therefore, time critical
tasks are not affected.

Operating the 3D visualization

The main menu of the 3D visualization includes useful information for users in five main
menu items:

o Start (bottom left): Initiates the robot visualization,
e Quit (bottom right): Ends the visualization and closes the application,

o Experiment settings (center first place): Choice of the experimental setup,
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Figure 6.10: General 3D visualization with menu bar for camera movements at the right
side.

o Camera Settings (center second place): Setting the camera controls, and
o IP Configuration (center third place): Configuration of the IP address.

When the user clicks on Experiment settings, the selectable test setups are shown. The
application includes three different setups:

» Robot: The robot is shown alone in the environment (see Figure 6.11).

e Robot with Specimen: The robot is connected directly with three vertebral body or
spine shown in Figure 6.11 (a).

» Robot with specimen and bracket: The robot is in Figure 6.11 (b) visualized with
specimen holder (bracket) connected to the spine.

These options were programmed in order to change the initial position of robot if the
experiment setup changes (e.g. different tool at the end-effector) or just visualize path
planning or to test control architectures.

The camera perspective is arbitrarily changed. To change the perspective, the camera
can move in the space. For this process two adjacent usable control concepts have been
realized:

e Sidebar menu: Camera with control panel at the right side and

e Sidebar menu hidden: Camera where control panel is not visualized.
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(b) Robot with three vertebral body and bracket
Figure 6.11: Robot in the (tool to attach the specimen to the sensor)

environment.

In the control panel, each degree of freedom of the camera is shown by an icon with an
arrow. If one of them is clicked, the camera moves along the direction of the arrow. Under
the arrow symbols, there are three other functions buttons called Main Menu, Save View
and Quit:

e Main Menu: Makes the transition of the program in the main menu,
e Save View: Saves the current camera position and
e Quit: Exits the visualization and closes the application.

The control panel can be hidden or visualized when the key M is pressed.

Other functionalities have been programmed. The complete keyboard shortcuts is shown
in Table 6.1:
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Table 6.1: Keyboard shortcuts to control the movements of the camera.

Function Key

Translation of the camera - left —
Translation of the camera - right —
Translation of the camera - up T
Translation of the camera - down J
Translation of the camera - zoom in +
Translation of the camera - zoom out -

Rotation of the camera - left SHIFT and <«
Rotation of the camera - right SHIFT and —
Rotation of the camera - up SHIFT and 1
Rotation of the camera - down SHIFT and |
Inclination of the camera - left SHIFT and +

Inclination of the camera - right SHIFT and

Front view 1
Diagonal view 2

Side view 3

Top view 4
Specimen diagonal view 5

Saved custom view BACKSPACE
Enable or disable the control panel M
Termination of the application SPACE

6.2 Embedding Process of Specimens

The protocol to embed three vertebra is described as follows:

1. Define a plane where the middle vertebra is horizontal. This can be accomplish
with the help of a 3 DoF monopod. It simplifies the modification of the height and
two angles of rotation. The process to define a plane can be done with a previous CT
and define the plane with needles. The monopod can hold the vertebra by fastening
it direct to the specimen as shown in Figures 6.12 and 6.13.

2. Embed the lower part of the specimen. A plastic bucket should be sprayed
with a parting compound called “ALPA-SEP Super” (Alpina - Technische Produkte,
Geretsried, Germany) and after a reaction time of 10 minutes is possible to infuse
the fluid resin. This, together with the malleability of the plastic bucket, facilitates
the removal of the resin after the solidification process. Figures 6.14 and 6.15 show
this process.

3. Turn around the specimen. In order to embed the other end of the specimen,
the hart resin is attached to the monopod. A metal tool, shown in Figure 6.16, is
fixed with three screws to the hart resin. In order to facilitate the process of insertion
of the screws it is recommended to bore three small holes. After that three metal
screws can be inserted easily. The first horizontal plane (step 1) is kept with the
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help of a bubble level shown in Figure 6.17. Thus it is possible to embed the other
end of the specimen.

4. Embed the upper part of the specimen. Changing the height of the monopod
it is possible to introduce the free end of the vertebra inside the bucket. After
spraying it with the parting compound and waiting for 10 minutes, the fluid resin
can be infused like it is shown in Figure 6.18.

5. Attach aluminum block. The dimensions of the resin are big enough to make
difficult the process of clamping the specimen for testing. Therefore an aluminum
block was constructed and attached to the resin. Again 4 small holes where bore in
advance to facilitate the insertion of the 4 screws as shown in Figure 6.19.

6. The specimen is ready to be tested. The lower part, where the aluminum block
has been attached, can be clamped by a vise. The upper part can be fix to the FTS
with 4 screws like Figure 6.20 shows. Thus the specimen is ready to be tested by the
robot.

Figure 6.12: Specimen. Figure 6.13: Fixation of specimen with the
monopod.



76 Biomechanical Testing Workflow

Figure 6.14: Embedding the lower part of Figure 6.15: Removal of plastic bucket.
specimen.
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Figure 6.16: Fixation of tool. Figure 6.17: Defining a plane.

=

/ y
\-/ :

Figure 6.18: Embedding lower part. Figure 6.19: Attachment of aluminum
block.
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Figure 6.20: Specimen attached to tool.

Figure 6.21: Specimen attached to robot.



[ Experiments and Results

The project concept explained in chapter 4 and the control strategies shown in chapter 5
were used in order to perform specific tests with different materials. In this chapter two
main experiments are explained:

1. Experiments with non-biological specimens
2. Experiments with biological specimens

The first kind of experiments are all those tests where the materials are non-biological. Here
are described all test that were performed to test the control strategies already exposed.
The goal of these experiments is to give an idea about the results that may come when
biological specimens are under load applied by the robot. These materials do not have a
decomposition process and they are isotropic what makes them very suitable to perform
the first tests. The second kind of experiments are all those tests with biological specimens.
The bodies of study are here cadaveric specimens which undergo a decomposition process
and should be tested in the shortest possible time.

7.1 Experiments with non-biological Specimens

In order to perform in wvitro biomechanical tests it is necessary to load the body or specimen
with different forces and moments in a given coordinate system. These loads can be
produced by a universal testing machine, or complex system that allow the application of
loads in more than one degree of freedom. Several tests define a global and one or more
local coordinate systems in order to define the direction of the applied force or moment.
These forces and moments may be applied separately or combined. Thus it is possible to
create a protocol where the specimen will be tested in order to describe its properties.

Several systems to test spines use robotic arms [60,143], Stewart platforms [62,141] or
other complex machines [59,63,132,154] to perform the so called “pure moment” approach,
a very well accepted method described by Panjabi [119]. This is understood as an applied
rotation about a specific axis on the body while five remaining degrees of freedom (DoF')
are left unconstrained. Most of the machines that perform such rotations are equipped
with a 6 DoF Force Torque Sensor (FTS) in order to report 3 forces and 3 moments in
three spatial axes.

In mechanical engineering a moment is defined as the tendency of one or more forces to
rotate an object about an axis. Its mathematical quantity is calculated as the product of
the force and the perpendicular distance from a point of rotation, to the line of action of
the force (equation 7.1).

M=rxF (7.1)

78
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where X is the cross product, M is the moment, r is the vector from a fixed point to the
position where F, force, is applied. A couple is a distribution of forces with a resultant
moment different from zero and resultant in force equal to zero. A couple has the property
of being independent of a reference point. The simplest example of a couple consists of two
equal but opposite forces whose lines of action do not coincide. The aim of this work is
to evaluate different setups with simulations and experiments in order to achieve a “pure
moment” and illustrate the difficulties to perform it, and describe finally the impossibilities
in the praxis.

All research groups like Wilke [153,154], Goertzen [62] or Gedet [59] use different machines
to apply moments and forces to test specimens. However, all of them use a general setup
to test biological specimens (shown in Figure 7.1). A machine (denoted by A) composed
of pulleys and cables or orthogonal stepper motors or robotic systems generate specific
movements to test the specimen. To measure forces and moments a FTS (denoted by S) is
then attached to the machine. In order to attach the tested body to the sensor an interface
(denoted by I) is needed. This can be a clamp mechanisms or a tool with several screws.
The other side of the specimen (denoted by B) has to be fixed to another interface or
platform (denoted by I). This can be a linear slider, a six axes load cell or just a vise.
All these four components introduces errors, artifacts and can lead to false data, wrong
conclusions and the impossibility to compare data with other setups.

Figure 7.1: General setup to test a specimen. A refers to any mechanism to produce
a specific combination of forces and moments. S refers to sensor, I is the
interface where a fixation between two different bodies take place. B refers
to body to be tested.

7.1.1 Materials and Methods

Two methodologies were used in this work. The first one deals with simulations in order to
treat the problem analytically. The second one deals with experiments on physical bodies
under strain to compare the results of the simulation.
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Simulation

In order to analyze the process of applying a moment on a body it was necessary to perform
several simulations. Therefore the software ANSYS® was used to this purpose. Two
reference bodies were modeled and loaded with a pure moment to be analyzed with the
program tools. Even when it is not necessary to use finite element theory to solve this
analytical problem, this software provides a graphical representation of the stress, load
and force distribution inside the body.

The material has the following properties: Young module = 1GPa, Poisson ratio = 0.3,
moment applied = 5 Nm. Their dimensions are shown in Figure 6.2.
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Figure 7.2: Dimensions in mm of body 1 and body 2.

Test
Two different physical bodies were tested with two different robots. In order to perform
the experiments the following materials were used:
e As robots:
— 12 DoF robot Staubli RX 90-B
— 7 DoF DLR Light-Weight Robot III (LWR III)
e Rest of materials:
— FTS with 12 DoF JR3 Inc., USA
— Clamp mechanism

— Two different test bodies
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Figure 7.3: Clamp attached to the body with one screw and two metal bars. The global
coordinate system is shown in the side view (left) and front view (right).
The coordinate system of the sensor is located in the middle of it. Dimen-
sions are given in mm.

— Vise
— Low friction linear slider

The RX 90-B was used in order to load two physical bodies. The F'TS was attached to
the last degree of freedom of the robot. The RX 90-B was operated under direct force
control [83,134] where the feedback loop is closed with force-moment signals.

In a further approach the robot was operated under hybrid control. Both, position and
force reference values can be commanded to the robot [29].

A second robot, a DLR LWR III, was used in oder to load the two bodies of study. The
control architecture used was a combination between an impedance control [66] and a
direct force control.

A 12 DoF FTS described in section 4.2.5 was used.

Two experimental bodies where chosen in order to perform experiments and to compare
the results with the simulations. Both are made of a homogeneous polymer and their
dimensions are shown in Figure 6.2. In order to attach the bodies to the sensor a clamp
was developed.

Figure 7.3 shows this mechanism. The thickness of the flange is 10 mm. Two holes of 1.5
mm of diameter and one of 5 mm of diameter must be done in order to introduce a screw
and two metal bars. This procedure prevents the translation and rotation of the body in
the clamp.

A low friction linear slider was used. It contains four linear ball bearing systems which
ride on linear rails allowing a free movement in 2 DoF.

A vise was used to attach the test bodies to a fix place.
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7.1.2 Experiments

Three different experiments were perform:

e Experiment 1. The RX 90-B under direct force control was used. All bodies were
fixed at the lower end with a vise. The upper end was fixed to the FTS with the
clamp. In this way, the upper end of the body was free to move in the 6 DoF (3 axes
of translation and 3 axes of rotation). A global (world) coordinate system (shown in
Figure 7.4) was used. All forces and moments were controlled and measured in the
sensor coordinate system. All force-moment profiles have a rise time of 20 seconds.
The robot begins the movement from a unloaded initial position. This means that
the signals of the FTS are zero at the beginning of the experiment. The two bodies
were loaded with the following reference values:

— Moment about X axis of +3 Nm, all other forces and moments equal zero
— Moment about Y axis of £3 Nm, all other forces and moments equal zero
— Moment about Z axis of £3 Nm, all other forces and moments equal zero

Figure 7.4 shows the setup of this experiment.

Figure 7.4: Body 1 attached to Stdubli RX90-B.

o Experiment 2. The LWR III under impedance control was used. The reference value
in force-moment reaches its desired value after 5 seconds. All other conditions are
maintained from experiment 1. Figure 7.5 shows the setup of this experiment.



7.1 Experiments with non-biological Specimens 83

Figure 7.5: Body 2 attached to DLR LWR III.

o Experiment 3. The RX 90-B under hybrid control was used. The movement along
Z axis was made under force control while all other movements and rotations axes
were made under position control. This allows the movement of the robot along Z
axis depending on the force commanded. A rotation was commanded in order to
actuate just one joint of the robot until a moment value is sensed. The upper end
of the body was attached to the FTS with the clamp. The lower end was attached
to the linear slider. In this way the whole construction allows the movement of the
body in 4 DoF: 2 DoF of the linear slider, 1 DoF controlled by force (up and down
along Z axis) and 1 DoF where only one joint of the robot rotates (rotation about
X axis). All reference values reach their desired value after 20 seconds. The robot
begins the movement with an unloaded weight in the sensor. The three bodies were
loaded with the following reference values:

— Positive and negative rotation about X axis until a moment of +3 Nm is sensed.
Forcein Z =0

Figure 7.6 shows the setup of this experiment.

These three experiments are resumed in Table 7.1.

7.1.3 Results

In simulation, a pure moment about —X axis was applied to the first body in the program
ANSYS®. Figure 7.7 shows the stress distributed along the body when a pure moment of
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Figure 7.6: Linear slider and Staubli RX90-B attached to body 1.

Table 7.1: Resume of experiments with non-biological bodies.

Experiment Robot Control Fixation
1 Stdubli RX90 Direct Force Control Vise
2 DLR LWR III Impedance Vise
3 Staubli RX90 Hybrid Linear slider

5 Nm is applied. The stress along the body is distributed in such way that in the center of
the body are no stresses or strains (the so called neutral axis). Thus, one side of the body
is being compressed while the other is tensed. The program shows the absolute value of
the stresses and both surfaces appears with the same color along the transversal line.

Figure 7.8 shows the force distribution along a section of the body. The forces actuating
on one side of the body have the same magnitude but opposite direction than the forces
on the other side of the body.

Figure 7.9 shows a cycle where a positive moment about Z axis was applied to the body 1
in experiment 1.

Table 7.2 shows the results of the two first experiments. It can be seen that in experiment
1 with body 1, when a positive moment was applied about X axis, a force of 2.87 N along
Y axis was present. If a point is chosen at the very end of the body (370 mm from body
+ 10 mm from clamp + 20.5 mm from sensor = 400.5 mm) and calculate the moment
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Figure 7.7: Stresses distributed along body 1.

that this force produces, it results 1.15 Nm about X axis which represent the 38.3% of the
commanded moment (3 Nm) about the same axis and direction.

The results of the experiment 2 show that the forces are even higher than in experiment 1.
When a positive moment was applied about Y axis on body 1 it is possible to see a mean
force along X axis of 19.84 N. A moment at the very end of the body (267 mm) induced
by this force is equal to 5.90 Nm about -Y axis which is even higher than the moment
commanded (+3 Nm given a resultant moment of -2.9 Nm).

Table 7.3 shows the results of experiment 3. Here it was possible to induce just one rotation
about X axis. In this way, the robot stops the rotation when a moment of +3 Nm is sensed.
In the body 1 by a positive rotation, the FTS reported a value of -0.44 N, -1.66 N and 0.62
Nin X, Y and Z axes respectively while the mean moment values about Y axis was 0.11
Nm and about Z -0.09 Nm. Taking a point at the very end of the body 1 and calculating
the moment induced by the force along Y axis, it results in 0.66 Nm about -X axis. This
represents the 22% of the commanded moment.

7.1.4 Discussion

The results of the simulation demonstrate that it is possible, analytically and theoretically,
to apply a pure moment on a rigid body. The resultant force is equal to zero and the
resultant torque is different from zero. The distribution of the forces are such, that they
cancel the resultant force (Figure 7.7). It is important to note that the body in the
simulation is free to move. One end of the body is attached and cannot be displaced or
rotated. The other end can both translate and rotate.
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(a) (b)
Figure 7.8: Force distribution in body number 1. a) Front view. b) 3 dimensional view

However, the experiments with the robots and the FTS sensor show that “pure moments”
are not possible to apply. The resultant forces that the sensor measures are not zero in
any axis. Even the moments about other axis are different from zero. Both bodies are
composed of the same material and have simple geometries. In this study an industrial
robot was used in experiment 1. It presents massive links and high friction. The usage of
a light weight robot in experiment 2, which links are light and the friction is lower than in
an industrial robot, showed bigger forces along all axes. Three control approaches (direct
force, hybrid and impedance) were used in different combinations to intend to minimize
forces in all axes. Direct force control presented apparently low forces (experiment 1).
Impedance together with direct force control (experiment 2) brings more stability to the
system but higher forces in all axes. Two different interfaces, vise (experiment 1 and 2),
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Figure 7.9: Cycle of applying a moment of 3 Nm about Z axis in body 1 under condi-
tions of experiment 1.
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Table 7.2: Mean errors of experiment 1 and 2 by positive and negative applied mo-
ments about a single axis. Forces are given in [N], moments in [Nm]. The
commanded moment is represented by —.

Positive moment Negative moment

F, F, F.,. M, M, M | F F, F, M, M, M,

Experiment 1. Body 1

-0.57  2.87 -0.53 - 024 0.15 || -0.60 -3.13 -0.17 - 0.14 -0.19

-3.84 0.90 0.41 -0.02 - 0.18 2.43 0.22 1.66 0.39 - -0.03

0.17 1.10 -0.63 -0.04 -0.33 - -0.70  -1.30 -1.22 0.15 -0.02 -
Experiment 1. Body 2

-0.55 2.64 -1.26 - 0.20 0.04 || -0.23 -2.82 0.92 - -0.02 -0.06

-0.81 0.16 0.85 -0.05 - 0.02 1.35 -0.36 1.07 0.05 - -0.19

-0.63 0.20 0.24 -0.04 0.10 - 0.63 0.01 1.06 0.14 -0.11 -
Experiment 2. Body 1

3.68 -7.28 3.03 - 1.15 -0.26 || 6.42 13.04 1269 - 1.93 -0.29

19.84 -0.32 4.33 0.16 - -0.10 || -22.92 -3.70 3.44 0.39 - 0.19

18.29 -4.42 191 254 6.86 - -19.90 -12.82 -3.25 248 -7.29 -
Experiment 2. Body 2

0.99 -9.13 5.71 - 0.38 -0.01 || -1.64 19.10 0.29 - -0.30 0.03

23.83 -1.12 1.34 0.56 - 0.15 || -22.38 -2.88 441 041 - -0.13

3.84 494 -031 -1.85 0.43 - -0.55  -1.84 -0.64 1.32 0.80 -

Table 7.3: Mean errors of experiment 3 by positive and negative rotation about a single
axis. Forces are given in [N], moments in [Nm]. The commanded moment is
denoted by —.

Positive rotation
Body F; F, F, M, M, M,

1 -0.44 -1.66 0.62 - 0.11 -0.09

2 -0.09 0.40 1.13 - -0.03 -0.01
Negative rotation

1 0.58 062 132 - -0.20 0.14

2 0.16 -1.08 116 - -0.07 -0.01

and linear slider (experiment 3) were used to fix the specimen. The usage of a vise brings
the advantage of constraining the lower end of the specimen, allowing the upper end to
move in 6 DoFs. The linear slider together with the robotic setup constrained the overall
movement of the specimen in only 4 DoFs. However, with none of these setups was possible
to apply a pure moment.

In all experiments can be seen that forces and moments in all axes are present. Some forces
produce a moment even higher than the commanded moment. It was expected that in
experiment 3 the low friction linear slider would reduce these forces. However it is possible
to see that forces and moments are present in all axes.

This problem can have several reasons. The first one is the way how the force is measured.
The forces and moments are calculated with strain gages attached to a cross. This means
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that these kind of sensors are not capable to measure a specific distribution of forces.

Other source of error is the clamp to attach any body to the sensor. This will bring no
linearities and will also prevent to apply a specific distribution of forces on the body.

The friction of the linear slider cannot be completely eliminated. Such system have to
move masses (panel, linear slider, vise) and their inertia plays an important role when
trying to avoid these forces.

The control approach and its frequency influences also the results. The performance of the
controller affects directly the movements of the end-effector.

The sources of error are resumed in Table 7.4.

Table 7.4: Summary of sources of error in a spine testing apparatus.

Error description Evaluation of
Component .
introduced error
A Precision in the movement. Allows quasistatic and Low
dynamic testing possibilities
S It cannot sense a distribution of forces. It is not High
possible to sense force or moment in a direct way
L It brings non linearities in the way of fixation. High
15 Friction, movement of massive bodies and inertias. It Middle
constraints the motion of the specimen
Controller It can produce slow reactions of the robot and there- High
frequency fore forces and moments may be present even if the
commanded value is zero
Control It can bring instabilities to the system. Its perfor- Very high
approach mance is directly related to the accuracy in following
defined force and position profiles
Distance  Distance between sensor and the point of interest Very high

brings an extra undesired moment

These experiments show that it is not possible in reality to apply a pure moment on a rigid
body. Therefore, it is only possible to induce a moment about an axis and to minimize
forces and torques in all others. This is a very important parameter when testing specimens.
The location where the forces and moments are measured has to be given and the distance
from this position to the specimen. If a 2 or more DoF sensor is used, all forces and
moments should be reported.

The rotation of a single axis of a defined coordinate system of a body should not be
confused with the term pure moment.

7.2 Experiments with Biological Specimens

Biomechanical tests methods normally consist in applying a moment in a specimen about
a specific axis while the rest of degrees of freedom are unconstrained. As it is already
demonstrated, pure moments are not possible to be applied. Therefore, in this study are
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reported the moment commanded and the forces and moments are induced along and
about other axis while testing. Other authors have already used a robot to load biological
specimens (see section 3.1). Some groups apply a position control [143], others apply a
hybrid control [60] where at least one of the axis is controlled under position control. In
order to achieve the predefine loads, the need of a stiffness matrix is needed which has to
be updated during each iteration [60,141,147]. The experiments in this study exposed
present a new methodology where direct force control (section 5.5) was applied.

7.2.1 Materials and methods

A fresh porcine lumbar spine L3-L5 was used. All muscle tissues were removed while
leaving intact all ligaments and bony tissue. Both sides of the spine (L3 and L5) were
embedded in resin (section 6.2) and attached to the vise from the lower side and to the
sensor with a bracket from the upper side (Figure 7.10).

A gravity compensation of the tool shown in section 5.6 was used. Figure 7.10 shows the
specimen after applying the embedded process described in section 6.2.

|

: \ Resin

Specimen

Aluminum
block

Figure 7.10: a) Porcine spine L2 with aluminum block. b) Specimen attached to the
vise and to the robot.

The 6 DoF robot Staubli RX90-B under force control was used. The global coordinate
system of the spine was aligned with the WCS of the robot as in [157] and shown in
Figure 7.11. This is to maintain a plane where the spine can move. The specimen was fixed
at the lower end with a vise. The upper end was fixed to the FTS with the clamp. In this
way, the spine was free to move in the 6 DoF. The WCS was used in order to control and
measure all forces and moments. The force rate in all movements was of 0.075Nm/s. The
robot begins the movement from an unloaded initial position. After closing the vise, forces
around 5N and moments around 1 Nm were reported. The first movement of the robot
is to the position and orientation where the signals of the FTS are zero. Thus a initial
position inside the neutral zone is defined. The specimen was loaded with the following
reference values:

o Moment about Xy axis (lateral bending, LB) of £3 Nm, all other forces and moments
equal zero
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Figure 7.11: Coordinate system of the spine is aligned with the WCS of the robot (see
also Figure 7.12).

o Moment about Yy axis (flexion extension, FE) of +2Nm, all other forces and

moments equal zero

o Moment about Zy axis (axial rotation, AR) of 2 Nm, all other forces and moments

equal zero

The distance between the specimen and the FTS can be seen in Figure 7.12. This experiment
was three times repeated and the third cycle was reported.

7.2.2 Results

Figure 7.13 shows the sequence of the moments applied on the spine. It can be seen that the
maximum forces arise when there is a change in the direction of the commanded moment.
The moments about the unconstrained axis stay below the 36% of the commanded value.
Figure 7.14 shows the moment-angle curve by FE of the porcine spine. This curve shows
the typical hysteresis behaviour. Table 7.5 shows maximum values of forces and moments.

Table 7.5: Maximum and minimum values of force and moment in [N] and [Nm] respec-

tively during the test. The dashes

w_”

indicate the commanded moment.

F, F, F. M, M, M,
Max 3.67 355 1149 — 068 1.71
Min  -5.25 -4.37 -2.86 -  -0.31 -1.58
Max 717 4.61 637 093 —  0.72
Min  -3.52 -4.05 -7.42 -0.62 —  -1.49
Max 7.6 680 896 098 0.76 -
Min -11.47 -6.05 -4.62 -0.73 -1.24 -

Figures 7.15 and 7.16 show the sequence of FE, LB and AR angles when performing a
FE movement. Their peak values are found when the commanded moment reaches its



7.2 Experiments with Biological Specimens 91

56 ‘ \ai
T YT“
) o=
: ££ 218
zr |l L M
Tool
o el 20
. (/\/,]\/\
= J
- RN\ =
3
\
J
0 ) z z
o [T 7 U
[Te}
‘ .
< X wes / wes v
. % %

Figure 7.12: Sketch of the tool mounted on the FTS and the distance between specimen
and force/torque sensor. All dimensions are given in mm.

maximum value. It can be seen than the FE angle changes in a window of 28.24° having
12.65° as maximum value and -15.6° as minimum. In lateral bending the window is 15.9°
having 5.5° and -10.4° as maximum and minimum value respectively. In axial rotation
the window is 18.1° with 4.7° and -13.4° as maximum and minimum value respectively.
Table 7.6 shows the maximum and minimum values of the angles for every commanded
movement.

Table 7.6: Maximum and minimum values of the angles [deg] in FE, LB and AR. The
left column represents the commanded movement and the upper row stands
for angles measured during the commanded movement.

FE LB AR
Max Min Max Min Max Min

FE 12.65 -15.60 5.55 -10.71 4.75 -13.95
LB 447 -434 1634 -1744 9.57 -10.51
AR 5.16 -9.94 1857 -15.23 20.53 -18.97

7.2.3 Discussion

Previous experiments with robots use position control or have to calculate a dynamic
stiffness matrix which values have to be determine in each time step. Thus it results in
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Figure 7.13: Forces and moments of the third cycle moving the specimen in FE (mo-
ment about Y axis). a) Forces. b) Moments.
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Figure 7.14: Moment-angle response of the motion segment in FE.

a movement with discrete values rather than a continuous. The main disadvantage of
these architectures is that the trajectory in position coordinates must be known in advance
to ensure proper moments of the robots. This data is very specific for every joint and
cannot be found in the literature with high accuracy. The model of the manipulator to test
biological specimens can be calculated with enough precision but a detailed description of
the particular specimen is difficult to obtain. In such cases the usage of a mere position
control for applying loads is a candidate to fail.

Goertzen [62] tested a rabbit lumbar spine with a Stewart platform using a velocity-based
force control. He reported forces and moments in the unconstrained axes. However,
the control does not show an ability to maintain zero target loads on the unconstrained
axes. The forces that act along X and Z reach a maximum value of £1.5N and £2.5N
respectively. The distance between the FTS and the specimen was not reported. It is
supposed that the forces were measured in the sensor coordinate system. If we take a
small distance from the sensor to a point inside the spine, for example 10 cm, we have a
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Figure 7.15: a) Angle of flexion extension movement. b) Angle of lateral bending when
a FE movement was commanded.
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Figure 7.16: Angle of axial rotation when a FE was commanded.

vector of 0.1 m multiplied by 2.5 N gives a moment of 0.25 Nm, which approximates to the
commanded moment.

Stokes [141] used a Stewart platform to apply displacements (translations and rotations)
to a porcine lumbar spine. By lateral bending and no axial preloaded setup he found a
non-smooth hysteresis curve with maximal values of approximately +1.5 Nm and £4.5°.
Goertzen in [63] tested a porcine cervical spine with a own developed spine tester under
position control. He loaded the specimens with +2 Nm and found a maximum angle by a
FE movement of 23.9°. Stokes applied a rotation and measured the moments rather than
applying a moment and measure the change in translation and orientation. Goertzen used
a porcine cervical spine and not like in this study a thoracic. He used a position control
and stopped when a moment of 2 Nm was sensed. For a flexion extension movement we
applied £3 Nm and the ROM in this particular moment was of 28.24°, which compares
well with his results. Comparison with other robotic biomechanical results is limited due
to lacks of data and very different setups in the experiments.

As it is already shown, a pure moment cannot be applied. Forces and moments in the
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unconstrained axes will arise. The movements of the spine are therefore not constrained to a
single plane even when the commanded moment was given about a single axis. Movements
of FE will lead to low deviations in lateral bending and in axial rotation. The angles
shown in Figure 7.15 do not begin with 0° due to the neutral zone where the spine can
move without reporting forces and moments. The third cycle is reported. This leads to a
previous movement of the spine under load where the specimen did not return to the exact
position (0°) where it began. It returned to a position where moments and forces were
zero, that is, to a pose inside the neutral zone. This zone has a high complex geometry and
should be treated in a 3-dimensional space, considering all three angles (flexion extension,
lateral bending and axial rotation). This phenomenon can be seen also in Figure 7.14
where there is a gap between -12° and -5° when the moment zero is. The hysteresis curve
shows a non-smooth line. This can be explained by the moments registered by the FTS.
Figure 7.13 shows some peaks at the times 520, 570 and 580. These are reported and
plotted together with the angles that this moment produce. All degrees of freedom of the
spine are coupled and constraining forces and moments appear.

Direct force control of 6 axes developed in this methodology shows a successful and robust
procedure to perform biomechanical tests. Using direct force control in a 6 DoF serial robot
opens new possibilities. The specimen can move in the free space without any restriction.
The unconstrained axes are actively controlled and not passively avoided. This gives the
big advantage that the setup does not have to move big masses and does not have to deal
with friction effects due to possible constructions (e.g. gimbal joint, linear slider).

This experiment setup allows a biological and therefore realistic movement in vitro. Three
angles for every movement of the spine can be given due to the kinematics of the robot.
The controller works with a frequency of 0.5 kHz which enhance the performance of the
force control due to the inner feedback loop coming from the FTS [138] giving as a result a
high-performance motion control.
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A new system to perform biomechanical tests in 6 DoF is presented which provides a solid
foundation to perform complex, robust and scalable biomechanical experiments. A 6 DoF
robot and a 12 DoF sensor have been used and a high-performance real-time control has
been developed in order to carry on complex tests in biological specimens.

A safety concept was developed providing the protection of damage for the user, for the
specimen, for the environment and for the robot itself. Limits in every joint of the robot
were defined as well as a 3D box (in Cartesian space) where the robot can safely move and
stopping if any of these borders are exceeded.

A modularization of the different tasks as well as a strategic distribution of them in the
system architecture, depending on their role within the system, give enough flexibility to
adapt it to any kind of specimen or to modify it in order to achieve its best performance. A
modular structure, together with a strategic distribution of the modules provides flexibility
for the adaptation to different sizes and kinds of specimens. It provides as well scalability,
where new sensors, control architectures, and experiment setups can be changed without a
big effort and expense of time.

Basic functions have been implemented within the new proposed system to cover different
fundamental demands directly related to the robotic arm, such as motion control in the
joint space, in the Cartesian space, current commanded motion in both joint and Cartesian
space, and interaction control like hybrid control and direct force control to load specimens
exerting desired forces and/or moments along/about single axes or in a combination of
them. A frequency of 0.5 KHz was achieved providing robustness of any contact control
approach.

Using the damped least squares method to calculate the inverse of the Jacobian matrix
makes the system robust in the presence of singular configurations of the robot. During
the test unexpected high velocities and position deviations in singularities are avoided with
this method, providing safety to the specimen and to the user.

The interaction with the framework through a GUI provides a friendly, intuitive and
easy way to use the system in order to achieve specific biomechanical experiments. The
user is able to operate the robot directly through the user interface. The interaction
offers the possibility of starting and stopping the real-time application, configure test
parameters (e.g. desired forces and moments to be applied or constants to tune the position
or force controllers) as well as read and display signals from the sensors (such as forces and
moments occurring during the execution of an experiment) in order to provide additional
graphical supervision. It provides also the possibility to automatically save data after the
completion of individual experiments. The user interface is designed in such way that the
interaction can take place as intuitively as possible and minimize danger to a user or the
manipulator itself, restricting the change of certain main parameters responsible for the
right performance of the robot.

95
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The system is able to display a virtual 3D environment where the robot and the specimen
can be seen, providing a visibility of the test from a close perspective and different
angles without being in the range where the robot can move. Since the development and
coordination of the experiments take place in an interdisciplinary team, it is imperative that
both, engineers and physicians, plan appropriate robot motions during the experiments
in order to easily understand the procedure and plan in advance specific protocols in a
simulation environment provided from this system architecture.

The control architectures were tested with non-biological and biological materials. Direct
force control depends directly on the frequency of the controller due to the feedback inner
loop implemented with force/torque signals. The system stability is the main concern when
using this control. The direct force control developed in this project was robust enough to
ensure stability when testing both types of materials avoiding the vibration of the robot
in contact with stiff materials and unknown properties (e.g. compliance) of the biological
specimens. It has the advantage that all axes are controlled given a reference value and
not passively avoided (like in the case of a linear slider). The system has the advantage to
avoid the friction of a complex machine during the movement. It avoids also the movement
of big masses and their inertia to compensate or equilibrate the setup for the specimens.

The attachment of bones, muscles, tendons, ligaments and adipose tissues to the testing
machine was ensure using a polyurethane resin. It was shown that during all biomechanical
experiments, the resin was a reliable chemical mixture to ensure the fixation of biological
specimens.

It took approximately 700 seconds (11.6 minutes) to test biological specimens. The time
to perform every test was fast enough in order to minimize the changes in the properties
of the biological specimen. The system is able to perform different experiments in different
time intervals. It has been shown that the biological specimen can be moved in the free
space without any restriction. With these experiments it is possible to calculate all those
parameters to describe the viscoelastic properties of the specimens (e.g. NZ, EZ, ROM
and NZS). The movement of the spine are not constrained to a single plane even when the
commanded moment was given about a single axis. Movements of flexion extension will
lead to low deviations in lateral bending and axial rotation. This experiment setup allows
a biological and therefore realistic movement in vitro of biological specimens.

The contribution of this work is a proposal of a system architecture which makes possible
to accomplish high complex test in human and animal joints.

Future Work

A better knowledge of the specimens can provide very useful information to the robot
controller. Because every human or animal joint is different, the design of a model that
suits all joints becomes very difficult. However, it is possible to gain information about the
kinematics of the specimen tracking its movements with an optical navigation system. Thus
the possibility to describe a ROM before using the robot to apply loads can be very useful
to define clinically relevant movements and their directions when testing specimens with a
serial robot. Using information of the navigation system directly in the control architecture
is not possible due to the different frequencies of both systems (60 Hz for navigation system
and 0.5 KHz for robot). However, this information can be firstly acquired and afterwards
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be loaded to describe relevant movements inside the coordinates of the robot. An optical
navigation system should be calibrated and be synchronized with the robot. The process of
data acquirement should be fast enough to reduce the decomposition process of biological
specimens.

Other control strategies can be useful or even more suitable depending on the specific
goal of the experiment. Impedance control (see section 5.5) can be one of them. Even if
impedance control does not provide the possibility to have a closed-loop in force/moment
it can be very useful if it is desired to control the interaction between specimen and robot.
A combination between impedance and direct force control can provide more stability to
the robot and therefore it would reduce the required time for the experiments. Parallel
control [27] can be very useful if the kinematic of the specimen is known, opening the
possibility to combine both quantities, position and force, to be passed to the controller.
The force control action prevails over the position control action: this means that, when
deviations from the planned task occur, priority over position errors is given in weight
force errors. Dominance of the force control loop over the position control loop is aimed
at obtaining certain deviations from the position trajectory and movement corrections of
unplanned contact forces in every situation [134].

The FTS described in section 4.2.5 provides 6 DoF more than conventional force-torque
sensors. Linear and rotational accelerations can be used in the control architecture to
achieve better results when moving specimens. Even if the movements of the robot are
relative slow compared with industrial applications (e.g. automobile industry), an inverse
dynamic control together with an acceleration sensor can provide better and smoother
movements when testing biological specimens.






A Appendix. Direct Kinematics

When creating a geometric model a body-fixed coordinate system of each link of the robot
is assigned, whose position and orientation with respect to a fixed reference coordinate
system by the generalized coordinates is uniquely determined. For a known geometry of the
connecting links, the coordinates of any point on the robot, relative to the fixed reference
and depending on the generalized coordinates, can be determined. Here is explain the
procedure to create a geometric model of the Staubli RX robot 90-B.

The modified Denavit-Hartenberg convention was used in this work. Using the definition
of the homogeneous transformations of the form:

cos 0; — sin 6; 0 a;
A1 () = Al — Cf)S o s'in 0; Cf)S a;cos0; —sino; —sin6;d;
¢ ¢ v sina; sin@; sino;cosl;  cosqy; cos a;d;
0 0 0 1

where

- Rl pi-l
4] 1<qz->=[ or Y

and using the DH parameters: where

Table A.1: Denavit-Hartenberg parameters of the Stdubli robot RX 90-B.

Transformation « [rad] ajm] d[m]  @[rad]
foot — 1 0 0 0.42 01
1—2 —7/2 0 0 O - /2
2 3 0 045 0 03+ 1/2
34 /2 0 045 04
45 —r/2 0 0 0
56 2 0 0 O
PR
6 — %
03+ 5
q(0) = | 7, 2 (A1)
05
L 0 ]

Thus, it is possible to write the homogeneous transformation:

Al (q) = Al(q1) A} (g2) A3 (43) A (04) A% (q5) AZ (g6)
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Thus the geometric model results in:

Agu = —sg(s1¢4 + s4c1023) — co(s5¢1523 + ¢5(5184 — c104023))
Agu = s6(s5¢1523 + C5(5184 — €1¢a023)) — co(s104 + s4C1C23)
6,5 = C1C5823 — S5(8154 — C1C4C23)

Al = 0.45¢ (c2 + s23)

Aém = s¢(c1ca — 5154C23) — c6(5155523 — ¢5(84C1 + S1C4C23))

AL, = co(crca — s1sacas) + s6(s185523 — e5(s01 + s1¢4023))
Aggg = $1¢5823 + S5(84¢1 + S1€4023)
Al = 04551(c + 523)

Aggl = 8486523 — C6(S5C23 + c4C5893)
A£32 = 84¢523 + S6(S5C23 + cac5523)
A£33 = C5C23 — §5C4523

Al =042 + 0.45¢03 — 0.455,

Al =0

Al =0

Al =0

Al =1

where the letters s and ¢ stand for sin and cos respectively. The subindex indicates the
respectively ¢;. Double subindex indicates the sum of the respectively g;.



B Derivation of the Equation of Motion

Here is described the approach to the development of the dynamic model of the industrial
robot Stdubli RX 90-B. It explains how the equations of motion, describing the relationship
between the moments in the axes of the robotic arm and its movements, can be calculated
using the Lagrange method. Particular attention is paid to the determination of the
expressions for the kinetic and potential energy of the robotic arm.

When determining the equation of motion using Lagrange’s equations, the Lagrangian
must be first formulated. The Lagrangian is defined as the difference of the kinetic energy
and potential energy of a mechanism:

L=T-U
where T is the total kinetic energy and U is the potential energy of the system.

In Lagrange equations an expression for the moments 7 in the axis of the robotic arm can
then be determined:

doc o
dt dq¢;  Og;

=7 fori=1,...,6
The kinetic energy of the robotic arm is made up of the sum of the kinetic energy of the
links 7;, and rotors Ty, :

6
T= Z(ﬁz +Tmz) (B'l)

=1

In the classical form, both links and motors will be separately considered. However, a
more realistic approach is when the link and the motor mounted on it are considered as a
unit. Figure B.1 shows a schematic sketch of such an augmented link with the forces and
moments acting.

The plotted quantities have the following meanings:
o f, Force that link i-1 exerts on link i
e —f;.1 Force exerted by link i+1 on link i
e 7;c; Vector from the point of force application f; to the center of gravity
e 7i+1,0, Vector from the point of force application —f;,; to the center of gravity
o p; Moment that link i-1 exerts on link i
e —p; 1 Moment that link i+1 exerts on link i
e pc, Velocity of the overall center of gravity

e w; Angular velocity of the connection element i
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Axis i O p Axis i+1

Figure B.1: Schematic sketch of an augmented link. Modified according to Sciavicco
[134].

o wp,,, Angular velocity of the motor mounted on the connection element i
Furthermore it will be used for the force and torques:

e m; Combined mass of link i and the motor mounted on it

e gy Vector of gravitational force

o I; Augmented inertia tensor of link i

e I, , Inertia tensor of the motor mounted on the connection element i

s D¢, Acceleration the overall center of gravity

e w; Angular acceleration of link i

Thus equation (B.1) can be rewritten as:

where
1 T 1 7
T, = 3PP, T 5w I,w; (B.3)
1 ) . 1
Tmi+1 = immi+1pg1i+1pmi+1 =+ §w%i+1Imi+1wmi+1 (B4)

In a first step, the expression for the kinetic energy 7; is determined on the center of gravity
of augmented link i. The position vector ps, to the center of gravity of an augmented link
is defined by:

o mlipli + mmi+1pmi+1

Pc, =
’ my; + M,y

(B.5)

Furthermore, the vector from the center of gravity of the augmented link i to the center of
gravity of link i and the vector from center of gravity of the augmented link to the rotor
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i+1 are defined respectively as:

rcivmi+1 = pmzqu - pC»L (B7)

The linear velocities of the center of gravity of link i and rotors i+1 relative to the center
of gravity of the augmented link i are therefore:

pli = 1.701- Twi XTo = pCi + S(wi)TCi,li

pmi+1 = pCi +t Wi X TCymip = pCi + S(wi)rcivmi+l
= pCZ' - S(rci,mi+1)wi (B.9)

Using Equations (B.3) and (B.8), 7;, can be redefined as:

K3

1 T .
721‘ = §mlipgip0i +pgi‘s(wi)mlilrci,li

1 1
+§mliw?ST(TCi,li)S(rci,li)wi + §w?1liwi (B.10)

With the Steiner theorem, the moment of inertia of link i with respect to pg, is:
jli =1, + mliST(rCuli)S(Tlei) <B'11>

Using equation (B.10) for 7;, applies:

1 T ) 1 72
T = gmlipapci + &, S(wi)myre, 1, + §wiTIziwi (B.12)

The part of the kinetic energy 7, of the rotor i+1 of the augmented links with ps, as
reference can be formulated with the help of equations (B.4) and (B.9):

1
T . T
Tmi+1 == *mmH_lpClpCl +pcis(wi)mmi+1rci7mi+l

2
—i—%mmiﬂwiTST(ro“miH)S(rci,miﬂ)wi (B.13)
+%wgbi+11mi+lwmmi+l
with
Wiy = Wi+ Zmy1 Krgy 1 Gmasy (B.14)
and

Loy = Iy + Moy ST(rCiymmi+1 )S(rcymm (B.15)

i+1 )
Timi.. can be redefined as:

1 T ) 1
Tmi+1 = §mmi+1pg¢p0i +pg¢‘s(wi)mmi+lr0i7mi+l + §w,iTImi+1wi

1 . 1 )
+§Zmi+1 kri+1Qi+lImi+1wi + §szImi+1Zmi+1 kri+1Qi+l (B]_G)
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. T
+5 kr i1 %—i—lzm +1Imz+lzmz+1

To obtain an expression for the kinetic energy 7; of the augmented link, 7;, of link i and
T, of rotor i+1 are added from the equations (B.12) and (B):

1 1
Ti = mlpcpc +2w TTw;

1 . 1 .
+§zmi+1 kn‘“ Qi+1Imi+1wi + iszImiH Zmig kTiH di+1 (B‘17)

. T
+5 k’/‘ +1qz+1zm +1Im7,+lzm7,+1

where I; = Ij, + I,,,,, and m; = my, + my, +1 and correspond to the inertia tensor and
mass of the augmented link respectively. In addition, the multiplication of the z,, , with
the inertia tensor of the rotors (which is a diagonal matrix) can be expressed as:

Imi+1zmi+1 = Imi+1 22 RMig1 (B'18)

where the subindex __ indicates the element of the third column and the third row of the

zz

inertia tensor. Now the expression for the kinetic energy 7; of the augmented link is:

1 o 1 -
Ti = §mipapci + §wiTIiwi

1 ) 1 .
+§km+1 Qi+11m¢+1 2z Z%lei + §k7‘i+1 Qi+11mi+1 zzszzmiH (B-lg)

. T
+5 kr i+1 QH-lImz-H 2z zmz+1zmz‘+1

If the reference point relative to the center of gravity of the augmented link i pioz_ is again
shifted to racl_, the linear velocity p’a of the center of gravity in the body-fixed coordinate
system i is:

Po, = Bi +wi X i, (B.20)

where ré,Ci = pici — p§

The linear velocity pg, of the center of gravity of the augmented link and its angular
velocity w; can now be calculated with the help of the Jacobian matrix J¢ (g) and the
angular velocities g in the robot axes:

D (©) J§9)
i | = — , ; B.21
w; (9)g = J(Ocl) q ( )

The Jacobian matrices of the augmented links i have the following structure:
C} C} C}
TE =[50 - a0 - 0] (B.22)

J(Oi) _ [J(oof) . J(OC;) 0. 0] (B.23)
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with the columns:

(eh) A o
Ip; | _ | #i x (e, —05) (B.24)
(N iy :
Joj J

With the above considerations and equation (B) can be applied for the kinetic energy of
the augmented link i:

1 AT
1 ) ) . . . c)T
+§kTi+1qi+1Imi+l zzzmi.i,_lJ(O )q + §kTi+1qi+1Imi+l zquJ(O ) Zmi (B'25)
+ k’l" +1ql+1Imz+l zz

In addition, this last equation can be reformulated using ¢;41 = [0 --- 1 --- O]Tq =
T .
€indq:

1 |
T = imiqTJgDCoTJ; Vg + ZqTJO "RILRTT g

1 . c) -
+§kri+1Imi+1 zquei+1Z?ni+1 J(O )q

1 . Ci T .
+§k7'i+1lmi+1 zquJ(O ) Zm¢+1ez‘T+1q (B.QG)

2 T .
2]{’(’14,_1 mMi+1 zzq ei"’lei"-lq

This makes possible to express the kinetic energy of the robotic arm in the form 7 =
%qTB(q)q', where B(q) is a (6x6) inertia matrix which is symmetric, configuration
dependent and positive definite. It is calculated as:

6
B(g) =Y (m:J 5 4 5§ R RT SV
=0

C} )T
+k7"l+l Imz+l zz e7/+1zmz+1 J( ) kri+lImi+l zz J(O ) zmi+1 62"11#1 (B27)
k2

T
Ti4+1 m1+1 zzel+lei+1)
The potential energy is determined with the position vector of center of gravity:
n
- _muigiPe, (B.28)
i=i

Thus for the vector g(q) of the dynamic model applies:

Ci)
Z mi, 98755 (a (B.29)

The industrial robot Staubli RX 90-B has the special feature that the motors 1 and 2 are
mounted on the first link, the motors 3 and 4 on the third link and the motors 5 and
6 on the fourth link. In addition, axes 5 and 6 are through a common gearbox coupled.
Based on this, the presented formulas can not be directly applied on the Stdubli robot RX
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90-B. Therefore, the following kinetic energy formulas are separately described for each
augmented link of the robot:

e Link 1

mip = my, + My + My,
Il = Il1 +Im1 +Im2
Wy = w1 — kr G121
Wiy = W1 — kG222
1 T 1 T _
Ti=omd T T+ Sdt TG RILRTISY

J(Cl) TJ( ) T

kT‘lIml zzq elzl q-— 7]{:7'117711 zz el q

2
t5 k:2 I, ..4"e1e] g

1 c c .
+5kraIm, .. 4 32Z2J( 1)q‘i‘ krzjmzzz TJ( e z2€5 g

2

+2k7%2 m2 zzq e2e2q (B?)O)
e Link 2

mo = Mmy,

I,=1,

1

To = 5mad" I I Dt 2 54" I8 RIRII S (B.31)

. Llnk 3

mgz = Mz + Mms + Mmg
I;= Il3 +Im3 +Im5
Wimg = w3 — kryq3z3
Wiy = W4 — kryGazy
1 . T

T = *mquJSDC?’) J(Cs)q + qTJ(Cs) R ISRTJ(OC3)q

1 . .
_ikr3]—m3 zque3zTJ( 3)(1 - kTBImZ’u zz TJ(O ) eg‘q
+2k33 m3 zzq 6363 q

1 c Cs)T .
Jr2]{;’"4[m4 zzq €424 J( 3)q + km ma 224 J(O 2 Z464Tq

+ k‘2 I, ..q esel g (B.32)

e Link 4

My = My, + Mppy + Mg
I4 = Il4 +Im5 +Im()
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Wiy = w4 — kposzy

wm(,- = W4 — kTG (QB + 46)Z4

1 1 )
To=5mad" JE T4+ 547 I8 RIGRTISY g

1 1 T 1(Ca)T .
ri5‘[m5 zzq 6524 J(O )q ri5]m5 zquJ(O 4) Z4egq

+5 k2 Ims..q" esez g

1 . )T .
kTGImG,zzq 6524 J( ) 7]{’17‘6[7”6 zquJ(O 4) Z4egq

2 2

t5 k‘2 Img..q" eset g

1 1 . T )
2kT6[m6zzq €62y J( 4) ikm[me zquJ(OC4) z4e6Tq
+2k361m6 qu'TQGegq
+2k$6 me zzq 6566q+ 2k$6 me zzq eﬁegq (B33)
e Link 5
ms = My,
I; =1,
1 s
To = 5mad” I T4+ 54T IS RGRETS g (B.34)
e Link 6
me = Mg
Is = I,
1 _
Ts = 5meq T g(Go)" J(CS)q+ qTJ< o RGISRT (%) ¢ (B.35)

With the help of these last 6 equation ((B.30)-(B.35)) the B(q) matrix can be obtained
factoring ¢ and ¢ and adding all the B;(q) parts of every augmented link:

B(q) =) _Bi(q) (B.36)

The equation of motion can be then rewritten in the compact form:
B(q)j + C(4.9)4 + Fuq + Fssgn(d) + g(a) =7 - I (q)h (B.37)

where the acceleration, quadratic velocity and configuration dependent terms are separated.
The viscous and Coulomb friction effects are taken into account by the matrices F', and
F; respectively. sgn(q) denotes the (6timesl) vector whose components are given by the
sign functions of the single joint velocities. g is the vector of gravity, 7 is the vector of the
actuation torques. If the end-effector is in contact with the environment, a portion of 7 is
used to balance the torques induced by the contact. Such torques are given by J T(q)h
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where h is the vector of forces and moments exerted by the end-effector. The matrix C' is
the matrix that contains the Coriolis and centrifugal effects. Several forms of this matrix
exist. Using Christoffel symbols, a particular solution that shows special properties, affects
the model. The Christoffel symbols are coordinate-space expressions for the Levi-Civita
connection (covariant derivative: derivative along vector fields).

Thus the matrix C can be calculated with the following formula:

6 6 8 . 8bz] 18bjk: ..

D gy =Y hijked; = Z Z 90, 2 0a. ) Wi (B.38)
j=1 j=1k=1 j=1k=1 \Y4k i

The splitting of the first term in this equation yields:

6 6 6
obi; . . 1 Oby,  10b;\ . .

> cijaj = Z Z oo L Grd; + +5 > ( -3 8;- ) dk4j (B.39)

Jj=1 j=1k=1 ?

2 = g

The elements c;; of the matrix C are given by:

Cij = Y Cijklk (B.40)
with:
Obi; by by,
i — B.41
k= <3Qk " dq;  0Oqi ) (B.41)

The coefficients of equation (B.41) are called Christoffel symbols of the first type. Due to
the symmetry of the matrix B it can be written:

Cijk = Cikj (B.42)

It can be shown that with the solution of the matrix C presented above and equations
(B.41) and (B.42) the matrix

N(q.4) = B(q) —2C(q.9) (B.43)
skew-symmetric is [134]. Thus it applies for an arbitrary vector w of dimension (nx1):
w! N(q,g)w =0 (B.44)

This is an important property of the equation of motion and can be used for the design of
various control strategies.



C Quaternions

There are several ways to represent the orientation of a rigid body with respect to a
reference frame.Instead of rotating an object through a series of successive rotations like
the Euler angles does, a quaternion rotates the object through a single arbitrary rotation
axis. The representation of the quaternion consists of a combination of three parameters
(also called vector part: €, €, and €,) and a real number (also called scalar part: 7):

(C.1)

There is not a direct way to calculate the quaternion given the vector gq. Therefore the
direct kinematics should be first computed. The homogeneous matrix A results from the
DK. Given its rotation matrix (3x3) R the quaternion can be calculated with the following

algorithm [36]:

1 function Quat = HM2Quaternion (R)

2 Tr = trace(R);

3 g0 = 0j;gx = 0;qy=0;9z=0;

4

5 if (Tr > 0.0)

6 r sqrt (1.0 + Tr);

7 s =0.5/ r;

8 g0 = 0.5 % r;

9 agx = (R(3,2) — R(2,3)) * s;

10 gy = (R(1,3) — R(3,1)) * s;

11 gz = (R(2,1) — R(1,2)) * s;

12 else

13 maxCase = 0; % i,73,k = x,v,2

14

15 if (R(2,2) > R(1,1))

16 maxCase = 1; % 1,7,k V,Z,X

17 end

18 if ((maxCase == 0 && R(3,3) > R(1,1))
&& R(3,3) > R(2,2)))

19 maxCase = 2;% 1,7,k = z,x,vy

20 end

21 if maxCase ==

22 r = sqgrt (R(1,1) — R(2,2) — R(3,3)

23 s =0.5/ r;

24 agx = 0.5 x r;

25 gy = (R(1,2) + R(2,1)) * s;

26 gz = (R(3,1) + R(1,3)) * s;

27 g0 = (R(3,2) — R(2,3)) * s;

28 elseif maxCase ==

109

|| (maxCase ==

+ 1.0);

1
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29 sgrt (R(2,2) — R(3,3) — R(1,1) + 1.0);
30 s =0.5/ r;

31 qy = 0.5 * r;

32 gz = (R(2,3) + R(3,2)) s;

33 agx = (R(1,2) + R(2,1)) s;

34 gl = (R(1,3) — R(3,1)) s;

35 elseif maxCase == 2

36 r = sqrt (R(3,3) — R(1,1) — R(2,2) + 1.0);
37 s = 0.5/ r;

38 gz = 0.5 x r;

39 agx = (R(3,1) + R(1,3)) s;

40 ay = (R(2,3) + R(3,2)) s;

41 gl = (R(2,1) — R(1,2)) s;

42 end

43 end

44 Quat = [g0,gx,qy,d9z];

It is desired to calculate the error using quaternion theory [41,107,137,168]. The quaternion
¢ can be interpreted as a complex number with n being the real part and € the complex
part. Hence, the complex conjugate of ¢ is defined as:

| M

o[ o
Therefore, the inverse rotation matrix can be expressed as:

R™'(¢) = R"(¢) = R(¢) (C.3)

Since successive rotations involves multiplication between two rotation matrices and
quaternion multiplication is equivalent to orthogonal matrix multiplication, it can be stated
that:

R(¢1)R(¢y) = R(¢16) (C.4)
where the quaternion multiplication is defined as:
T
_| ™ € 2
¢1¢2 - [ €1 7711+S(€1) ] l € ] (C5)

where I is the (3x3) identity matrix and the operator S(-) is described in equation (5.20).
Now, the control objective is to make the error equal zero, i.e. R, = R,. Thus, the error
in terms of rotation matrices is defined as:

R.=R'R,=R'R, (C.6)

From equation (C.3) and (C.5) and applying the quaternion representation, the error lies
as R. = R(¢,) where:

Na

€q

Nr
€r

P = &rqba = [ (07)

€T
I + S(e;) 1 [
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An error equal to zero is expressed in quaternion notation as follows:

i me | | £l
o= ]-1% ] ©
The orientation error can be then expressed as a 3-terms vector taken from €.. The sign of
the error is obtained by the scalar product of ¢, and ¢,,.



D Simulink Models

The control architectures used in this project are described in chapter Chapter 5. However,
a realistic implementation is not obvious. Therefore a clear development in Simulink of
the control actions is here presented. All signals and their dimensions are denoted with
numbers,in case of column vectors, and with numbers between brackets, in case of matrices.

1JC
Cascade Control

| 6 6
TG qTrgj P@ P err q
6 6

y ——Py Vi——pv

voltage 6

Trajectory
Generator Pl

Tau2Volt

Robot

Figure D.1: Independent Joint Control architecture. The block Trajectory Generator
computes a vector (6x1) in real time for each reference value of every link
of the robot (q,). This value is compared with the actual value (g,). The
error is propagated to the PI Cascade controller, where the actual values of
the velocity (g,)are considered to calculate an output. This output is con-
verted to voltage values, which are given to each link of the robot (motors).
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Figure D.3: Hybrid Control architecture. The block State Chart choses the task to
perform. This command is passed to the different trajectory generators
(given in position or in force coordinates) where an error will be calculated.
This values are the inputs for the controllers where the inverse kinematics
is computed and its output converted to corresponding voltages for every
link of the robot. Two blocks have the task to compute the kinematics and
the dynamics of the robot. Here are used the blocks Go to and From to
represent the models in a clear form.
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