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Abstract

Department of Applied Sciences and Mechatronics
Bachelor of Science

Dynamic Modelling of a modular robot finger

by Andreas MEISSNER

New generations of dexterous robotic hands with high degrees of freedom, integrated
advanced sensors, improving power-to-weight ratio, have shown great potential for per-
forming complex tasks beyond simple grasping such as manipulation and gaiting. With
the help of control strategies such as impedance and compliance control, together with
various compensation methods, researchers have achieved some success in performing
dexterous tasks with robotic hands. However, the lack of a dynamic model of the

robotic hand has placed an inherent limitation on their dexterous performance.

The goal of this work is to address this omission to help eliminate this control per-
formance limitation by deducing a dynamic model for one of the more successful and
established dexterous robotic hands available today: the DLR/HIT Hand II. This robotic
hand consists of five identical modular fingers, each finger has three degrees of freedom
with dedicated position sensors and force-torque sensors at every joint. As a result of
its identical modularity, it is sufficient to model one finger to be extended to five fingers

to obtain the model of the hand.

Model based control is used in many applications in robotics, including the closely related
robotic arms. However, for anthropomorphic robot hands little research is available. The
contribution of this work is to create a complete model including a characterization of
the motors to find the relationship between the control signal and the produced torque,
the effects of friction in all the components, and the influence of the dynamics such as
mass matrix, centrifugal term and gravitation. Furthermore, as the friction differs from
finger to finger and the parameters may change over time, an algorithm to adjust the

friction model is proposed in this work.
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Department or School Web Site URL Here (http://www.fb06.fh-muenchen.de)
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Kurzfassung

Neue Generationen fingerfertiger Roboterhdnde mit einer hohen Anzahl an Freiheits-
graden, integrierten hoch entwickelten Sensoren und sich verbesserndem Kraft zu Gewicht
Verhéltnis, haben grofies Potenzial bei der Ausfithrung komplexer Aufgaben wie der Ma-
nipulation gezeigt. Diese gehen iiber das einfache Greifen hinaus. Durch den Einsatz von
Regelungsstrategien wie Impedanz- und Nachgiebigkeitsregelung, kombiniert mit unter-
schiedlichen Kompensationsverfahren, haben Forscher einigen Erfolg in der Ausfiihrung
von fingerfertigen Aufgaben mit Roboterhdnden erreicht. Allerdings sorgt das Fehlen

eines dynamischen Modells fiir eine inharente Beschrinkung der Geschicklichkeit.

Das Ziel dieser Arbeit ist diese Liicke in Angriff zu nehmen, um dabei zu helfen, diese
Regelungsbeschrankung zu beseitigen. Dies wird durch die Herleitung eines dynamischen
Modells fiir eine der erfolgreicheren und etablierten fingerfertigen Roboterhéinde, die
heutzutage zur Verfiigung stehen erreicht. Die DLR/HIT Hand II. Diese Roboterhand
besteht aus fiinf identischen modularen Fingern. Jeder Finger hat drei Freiheitsgrade
mit Positions- sowie Kraft-Drehmoment-Sensoren in jedem Gelenk. Durch die identische
Modularitéat, ist es ausreichend, einen Finger zu modellieren und dieses Modell auf die

ganze Hand zu erweitern.

Modellbasierte Regelung wird in vielen Anwendungsgebieten der Robotik, wie den eng
verwandten Roboterarmen verwendet. Allerdings ist fiir anthropomorphe Roboterhande
wenig Forschungsarbeit verfiigbar. Der Beitrag dieser Arbeit ist die Erstellung eines
vollstandigen Modells, einschliellich einer Charakterisierung der Motoren um die Beziehung
zwischen Steuerungssignal und produziertem Drehmoment, die Reibung in allen Bauteilen
und den Einfluss der Dynamik wie Massenmatrix, Zentrifugalterm sowie Gravitation zu
bestimmen. Da die Reibung von Finger zu Finger abweicht, wird ein Algorithmus fiir

die Anpassung des Reibungsmodells in dieser Arbeit vorgeschlagen.
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Chapter 1

Introduction

Industrial robotics is already an important part of modern production and automation
which continues to progress. The IFR Statistical Department expects that between
2014 and 2016 worldwide robot sales will increase yearly by about 6 % [1]. However,
production and logistics are not the only applications. Robotics have found their way
into many other fields. For example, nuclear power plants [2] and medical applications

such as surgery, rehabilitation [3] or prosthetics [4] .

Many tasks currently performed by humans are dangerous and unhealthy. For exam-
ple, in aerospace, in deep sea or in search and rescue tasks, accidents are often life-
threatening. Due an ageing demographic, a huge gap in elder care is expected. Com-
panies like Toyota are trying to get into these markets and are developing robots to

support elder people and the care attendants [5].

For many tasks, such as mass production or surgery, robots are designed for a spe-
cific task. In production, robots mostly have a fixed position, no obstacles are in the
workspace and the end effectors are also specialized for one task. The term end effector

specifies a device or tool at the end of a robot arm.

In other applications like elder care, rescue tasks or space, robots have to work in
unstructured environments where many different tasks have to be fulfilled. In order to

adept to unexpected situations a multifunctional end effector is desired.

The environment in the modern world, as well as all kind of tools, are designed for the

use of humans. Also the humanoid hand is one of the best manipulators nature has

4



Chapter 1. Introduction 5

created. A manipulator is the device which is used for interaction with the environment.
So it is obviously to aim for a humanoid hand to create a multifunctional manipulator
which is able to solve the same problems as humans. This has also the benefit of the

intuitive use in teleoperation and prosthetics.

In teleoperation or telemanipulation the movement of a humanoid hand is captured with
a dataglove and this data is used to control a robot hand [6]. Force feedback can also be
implemented. The benefit of telemanipulation is to work in dangerous or not reachable
areas without risks for a human and still have the creative mind which is the weakness
of robots. For example, in space, an astronaut needs several hours of preparation before
he can carry out extra vehicular activities (EVAs). Outside of the space station, critical
situations like a damaged spacesuit can occur. To avoid these risks, a robot which is
able to perform EVAs and can be controlled from inside of the station with an interface

like the dataglove or from earth is helpful.

Unfortunately, technology has not come close to the performance of the humanoid hand.
The humanoid hand consists of 27 bones and at least 23 degrees of freedom (DOF). [7]
Although robotic designs approaching human DOF and force to weight ratio such as the
DLR Hand Arm System (HASy) have been proposed recently [8], the control concepts
and applications for achieving human level of dexterity remains with such mechanical

designs a great challenge.

To achieve the goal of maximizing task capability with the current robotics technology,
blindly mimicking the human form may not be the best solution. On the other hand, the
robots can be designed for easy repair and replacement, which gives them an advantage
over humans. Given that it is not likely in the near future to fully achieve human hand
performance in a mechatronic/robotic design through mimicry, different approaches to

design and control an end effector should be considered.

1.1 Motivation

In order to perform the same tasks as the human hand, two different objectives have to
be fulfilled. The first is the ability to grasp different objects robustly and the second
is to manipulate objects with different shapes. Especially manipulation requires precise

control of position and force. Therefore, a variety of control concepts such as impedance
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control [9], stiffness control [10] or compliance control [11] were developed. To improve
the control performance or using model based control, an accurate model of the system
is in great demand. This model characterizes ideally the output of the motor, behaviour

of friction and transmission elements as well as the dynamics of the manipulator.

1.2 Anatomical terminology used in the following chapters

FIGURE 1.1: Anatomical terms of a human hand [7], distal joint is next to the fingertip,
proximal joint in the middle of each finger and metacarpophalangeal joints specifies the
joint in the knuckle

Given that this thesis is focused on anthropomorphic robot hands the following terms

are used to describe the different parts of the hand.

Distal phalanx (DP2-5) in figure 1.1

Medial phalanx (MP2-5) in figure 1.1

Proximal phalanx (PP2-5) in figure 1.1

Metacarpophalangeal joints (MCP2-5) in figure 1.1

Proximal interphalangeal joints (PIP2-5) in figure 1.1

Distal interphalanges joints (DIP2-5) in figure 1.1
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1.3 Dynamic robot modelling

FI1GURE 1.2: System with Input x and Output y

The goal of a dynamic model is to provide a more precise plant description to enable
improvement of controller performance. To achieve this, the relationship between the
input x and output y (see figure 1.2) should be obtained. Depending on the complexity
and precision required by the control performance, elements such as active components
(e.g. motor, actuators), mechanisms, structures, friction, temperature (including vari-
ance), can all be considered in deducing a suitable plant to be utilized with a controller
design. Modelling of robotic manipulators have been performed in previous work [12].
However, the model target in previous work have been on larger robots. In comparison,
the target system of end effectors and hands tend to be much smaller in size and carry
with them more design complexity due to the need to house many components in a little

amount of space



Chapter 2

State of the art in end effector

design

This chapter includes different approaches for anthropomorphic robot hands. Of course
the development of robotic hands also involves other concepts than anthropomorphic
hands. For example jammable grippers like the VERSABALL [13] or microhands e.g.
[14]. In the meantime so many different robot hands are developed, that it is impossible
to mention everything worthwhile, appropriately in this thesis. Hence the following
hands were chosen to give an overview about different concepts for anthropomorphic
hands. The Elumotion ELU-2 Hand, EH1 Milano Hand, Shadow Robot Company’s
Dexterous Hand, the DLR Hand Arm System, DLR Dexhand, Robonaut 2 Hand, Gifu
Hand series and DLR Hand II.

Generally there are two kinds of anthropomorphic hands. One is external actuated,
where all the actuators are mounted in the forearm and the fingers are moved via ten-
dons. However, using tendons as transfer elements causes some problems regarding the
modelling [15]. Another approach is the internal actuation hand which needs no forearm

and all the actuators and electronics are integrated into the fingers and palm.

The term underactuated is used in robotics for manipulators with more DOF than actu-
ators. In the case of robot hands, this means a coupled movement via tendons or other
linkages. However, research of our group is focused on manipulation and underactuation

is a handicap for manipulation.
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ELU-2 Hand X X X
Milano Hand X X X X
Shadow Hand X X X X
DLR HASy X X X
Dexhand X X X X
Robonaut 2 Hand X b'e X X
Gifu series X b'e
DLR Hand II X X X X
DLR/HIT Hand II X X X X

TABLE 2.1: Overview of presented hands

An overview about the different concepts of the presented hands is given in table 2.1.

2.1 Elumotion ELU-2 Hand

FIGURE 2.1: 9 DOF underactuated Elumotion ELU-2 Hand [16]: it weights 900 g and
is capable of finger tip forces of up to 4.7 N

The Elu2-Hand [17] is a 9 DOF anthropomorphic robot hand with human scale. The
servo actuators are within the hand’s volume, which enables the possibility to fit the
hand to different arms. The Elu2-Hand weighs 900 g, and is capable of finger tip forces
of up to 4.7 N. The back—drivable finger transmissions enable the use of motor—current

to indicate finger joint torque. In addition, the finger tips are equipped with force
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sensors, which can help enable control schemes such as the aforementioned impedance

and compliance control.

2.2 EH1 Milano Hand

‘ﬂa

FIGURE 2.2: underactuated 11 DOF EH1 Milano Hand [18] with passive compliance:
it weights 1.4 kg and has a grasp payload of 5 kg

The passively compliant EH1 Milano Hand [18] has a weight of 1.4 kg with eleven DOF's
and a grasp payload of 5 kg. Six Motors are embedded. Five flex/extend the fingers and

the sixth is for abduction and adduction of the thumb’s metacarpophalangeal joint.

Each finger has two phalanxes connected by means of two joints. The proximal phalanx
(the closest to the palm) is made of aluminium whereas the distal phalanx (fingertip)
is made of rubber. Each finger is actuated by means of a tendon that runs inside
the phalanxes and is wrapped around the pulleys in the joints. While closing around
an object the finger automatically adapts on the shape. This architecture promotes
stability during precision or power grasps, which are by definition those grasps achieved
by means of fingertips or palmar areas of the hand. The hand includes basic sensors for
grasping and elementary manipulation. For all six motors, motor encoders for measuring
the posture of the finger and current sensors to measure the produced torque respectively
the grasping force are built in. Two proximity sensors per motor detect when the finger

is fully flexed or extended. Additionally, five tendon tension force sensors are built
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in. The motor encoders range between 0 (finger completely extended) and 255 (finger
completely flexed). Due to different postures of the finger can still correspond to the

same length of the tendon, it is not possible to measure the joint positions.

2.3 Shadow Hand

FIGURE 2.3: Dexterous Shadow Hand Motor driven on the left, pneumatic at the right
[19]: it weights 4.2 kg and has 20 DOF

The Shadow Company’s dexterous robot hand [20] combines a high degree of dexterity
with considerable strength. Every finger has four DOFs, the thumb has an additional
DOF, the palm and wrist have two. The Shadow Hand is available in two versions
[19]. One version (E1M3) uses a electric actuation systems with integrated force— and
position—control while the E1P1 uses pneumatic actuators with pressure as well as po-
sition control. The actuators are placed in the forearm. Hand and forearm have a total
weight of 4.2 kg. Typical speeds are a full-range joint movement at frequencies of 1.0 Hz
for the electric hand and 0.2 Hz for the pneumatic hand. A Hall effect sensor senses the
rotation of each joint locally with typical resolution of 0.2 degrees. All Shadow hands
have Pressure Sensor Tactiles fitted as standard in the fingertips. They are a single

region sensor with high sensitivity and temperature compensation.

In the motor actuated hand a separate force sensor measures the force in each pair of
tendons driven by the “Smart Motor unit” and is used locally for torque control. The
data are also transmitted back to the PC. The sensors have a resolution of about 30

mN. One disadvantage is the space required for the compressor and actuators. Even if
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the hand has the size of a humanoid hand, the required space in the forearm is huge and

the weight high compared to other hands.

2.4 DLR hand Arm System

F1cURE 2.4: DLR Hand Arm System with variable stiffness actuation:It has a 19 DOF
hand with 42 servo motors integrated in the forearm. Complete system [21] on the left,
hand on the right [22]

If robotic systems operate in unstructured environments, collisions with objects are
most likely inevitable. In cyclic tasks (e.g. running or bouncing) or in highly dynamic
tasks (e.g. throwing), the actuators cannot provide sufficient forces during peak loads
without getting too bulky and heavy. For this reason an anthropomorphic hand arm
system [8] using variable stiffness actuation has been developed. The goal is to reach its
human archetype regarding size, weight and performance. It has a 2-DOF wrist and 19—
DOF hand with 42 servo motors integrated in the forearm. Each servo motor contains a
position sensor. As the generated thermal energy exceeds the limits of typical air cooling
system, a water cooling system is used. The main focus is put on robustness, dynamic
performance and dexterity. Therefore, a paradigm change from impedance controlled,
but mechanically stiff joints to robots using intrinsic variable compliance joints is carried
out. Generally speaking, the energy introduced into the system, no matter whether
caused by a collision, external forces or acceleration of the link inertia is converted to
elastic energy. This power source can be used to regain kinetic energy and therefore
enhance the dynamics of the system. Joint torque measurements are performed using
the torque displacement relationship of the elastic elements in the joints. No further

torque sensing device is necessary.
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The wrist can rotate £30° sideways, as well as £90° for flexion/extension. It is designed
to withstand 6.5 kN, i.e. the sum of the maximum tendon forces. Like human fingers,
the index and middle finger have 4 DOF. The proximal and distal joint of the ring and
fifth finger are coupled, to reduce the number of necessary actuators. The 5th DOF of
the human thumb turned out to be of low relevance, and has been omitted. To ensure
proper opposition of the thumb and the 5th finger, an antagonistically driven 4 bar
mechanism was designed to mimic the motion of the fifth finger metacarpal bone (figure

1.1 MC1).

The interphalangeal joints on the other hand, are designed as hinge joints. All joints
allow dislocation without damage in case of overload. In addition to robustness due
to short—term energy storage, the use of antagonistic actuation enables to cope with
tendon slackening or overstretching, which is one of the major problems of nowadays
tendon—driven hands having inevitably constant tendon length. In contrast, antagonistic
actuation is able to compensate unaligned pulley axes, and other geometrical errors via

the elastic elements of the drive train. Therefore no explicit tendon tensioner is needed.

Impact tests have been performed, to verify the robustness of the DLR Hand Arm
System. It has been hit with a 500 g hammer, while being in position control without
any damage. As a first simple demonstration of the full system robustness, a nail has

been driven into wood.

2.5 DLR Dexhand

The DLR Dexhand [24] consists of four modular fingers with 3 DOF each. This hand is
designed to be able to perform a set of generic tasks with several EVA (extra vehicular
activity) tools, e.g. pliers, cutter, brush, hammer, scoop, Allen wrench and pistol grip

tools.

A disadvantage of the modularity is such that, if only one opposing finger is used, the
thumb limits the maximum grasping force although the fingers on the other side would
be able to produce a higher force. For this reason the thumb is a modified finger with at
least a doubled finger tip force to increase the above mentioned capabilities. The active

finger tip force is 25 N for a stretched finger, 100 N passively.
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FIGURE 2.5: space qualify able tendon driven DLR Dexhand [23]

Polymer Dyneema tendons and harmonic drives are used, to bring the motor torque to
the joints. All electronic parts are placed in the wrist which is protected by a 2 mm
thick aluminium shell. This leads to a fully electromagnetically sealed design, with the
exception of torque and temperature sensors. The aluminium shell also has the benefit
of heat transfer and thermal inertia. Due to the absence of convective heat exchange
in space, heat transfers are only the result of conduction and radiation. The hand
control is based on three torque sensors per finger. As a result of the success of the
ROKVISS experiment [25], which was conducted outer space for more than five years,
with a robot design utilizing mostly standard automotive components, off-the—shelf
solutions were employed for the Dexhand. However, in order to meet space qualification
requirements, a human sized hand with 12 active joints is not feasible with exclusively

radiation hardened parts.

2.6 Robonaut 2 Hand

The second generation Robonaut hand [27] has many advantages over its predecessor.
This mechatronic device is more dexterous, has improved force control and sensing giving
it the capability to grasp and actuate a wider range of tools. It can achieve peak forces
of more than 20 N with a stretched finger and speeds of more than 200 mm/sec. Key
to the hand’s improved performance is the use of lower friction drive elements and a

redistribution of components from the hand to the forearm, permitting more sensing in
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FIGURE 2.6: space qualified tendon driven Robonaut 2 Hand [26]

the fingers and palm. Sixteen finger actuators and two wrist actuators are placed in the

forearm and yield a two DOF wrist as well as 12 DOF's to the hand.

The primary (index and middle) fingers have four independently controllable DOF's,
the distal interphalangeal joint is connected to the proximal interphalangeal joint. The
secondary fingers are mechanically similar to its primary fingers except the adduction /
abduction of the base joint. They are underactuated and used primarily for grasping,
as opposed to dexterous manipulation. For the tendons a hybrid weave of Teflon with
Vectran is used. Such a tendon with diameter 1.2 mm has a break strength of 181 kg.
Each actuator consists of a custom brushless DC motor with a hollow shaft which drives
the nut of a ball screw. The screw extends and retracts a slider which drives a ball and

socket linkage connected to the palm.

In the fingers and wrist three types of sensors are used. Measuring the absolute angular
position of each joint is done by hall sensors. The proximal, medial, and distal phalanges
of the fingers and the medial and distal phalanges of the thumb are each designed to
accommodate a phalange tactile load cell, which is a novel six degree of freedom force
torque sensor. Each load cell utilizes eight pairs of strain gauges mounted to an elastic
aluminium element. Hard stops redirect the torque load if the applied force gets to big

to ensure the strain element doesn’t exceed its elastic limit.

2.7 Gifu Hand Series

The Gifu Hand series are 5—finger hands driven by built in servomotors that have 20

joints with 16 DOF. The thumb has 4 joints with 4 DOF's while the other fingers have 4
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FIGURE 2.7: 16 DOF Gifu Hand III [28§]

joints and 3 DOF's. Until now three versions are developed and all have the same design

concept.

Gifu Hand I was used to investigate the hand’s potential on dexterous grasping and
manipulation [29], [30]. Due to the non negligible backlash in the gear transmissions,
the hand was redesigned to reduce the backlash and enhance the output torque which
resulted in Gifu Hand II [31]. Additionally to the six—axes force sensor at each fingertip a
distributed tactile sensor with 624 detecting points was fixed on the surface of fingers and
palm. Hand III followed this path and the backlash which appears after long operation
was reduced and a new developed distributed tactile sensor with 859 detecting points in

combination with a new real-time controller are used.

Hand III weights 1.4 kg and each servomotor is equipped with a magnetic encoder. The
response of the fingers exceeds that of the human fingers and consequently the robot
hand can move more quickly than the human hand. Use of satellite gearboxes and face
gear in transmission leads to high stiffness and small backlash. The tactile sensor has
grid pattern electrodes and uses conductive ink in which the electric resistance changes
in proportion to the pressure on the top and bottom of a thin film. The maximum load

is about 2.2 x1073N/m?2. [28]
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FIGURE 2.8: DLR Hand II [32] with modular fingers and local intelligence

2.8 DLR Hand II

The DLR Hand II [33] is the second generation of multi sensory hands developed at DLR
with 13 DOF and an open skeleton structure for better maintenance and a automatically
reconfigurable palm. Each identically modular finger is capable of a maximum tip force
of 30N. All components are completely contained in the hand and has a significant
reduction in cabling compared to the DLR Hand I. As on DLR’s Hand I the main
goals were to improve autonomous grasping, fine manipulation, as well as power grasp
capabilities. A brushed DC motor with a spindle gear is used to relocate the middle and
little fingers to help optimize finger placement for specific in-hand tasks. This degree of
freedom is limited to unmeasured, slow movement, to reduce weight and complexity of

the system.

The actuation system essentially consists of brushless DC—motors, harmonic drive gears,

tooth belts and bevel gears in the base joint.

Each joint is equipped with torque sensors based on strain gauges and specially designed
potentiometers based on conductive plastic. Besides the torque sensors, a six DOF force
torque sensor is placed in the fingertip. The potentiometers are redundant for position
measurements, since the joint positions may be calculated from the motor positions.
However, they provide the user with more accurate readings of joint positions and can
eliminate the necessity of referencing the fingers after power up. In case of not using

the potentiometers the elasticity of the transmission belt and the harmonic drive would
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have to be considered. With the potentiometer, a resolution of 0.1 degree for the joint

angles is achieved.

The hand does not include sensors for velocity but position sensors with high resolution,
where the speed can be calculated by differentiation of the position signal. Each motor
is equipped with two linear Hall effect sensors. The Hall sensors give just a relative

position of the motor and has thus to be referenced after power up.

One major goal of the design of the new DLR Hand was to fully integrate the electronics
needed in the fingers and the palm in order to minimize weight, the amount of cables
needed for a multi sensory hand, and to increase the reliability by minimizing the amount
of cables moved crossing the joints. In case of joints with a single degree of freedom, the
problem of reliability was solved by using flexible printed circuit boards with appropriate
binding space within the links. Tests showed no visible or measurable effect on the
flexible PCB after 100,000 cycles. The power converters for driving the motors are
located directly beside the motors and they are galvanically decoupled from the sensor
electronics in order to minimize any noise induced by the running motors. Moreover,

the different fingers are also galvanically decoupled from each other.
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Test setup

3.1 Target System

This section presents the five-finger dexterous robot hand DLR/HIT II [34] shown in
figure 3.1 which is modelled in this thesis. DLR and HIT (Harbin Institute of Tech-
nology) have jointly developed a modular internal actuation DLR-HIT-Hand-I in 2004,
the first version of Hand II was finished in 2008.

Ficure 3.1: DLR-HIT II Hand [35] with modular fingers

The hand has an independent palm and five identical modular fingers, each finger has
three DOFs and four joints. All actuators and electronics are integrated in the finger
body and the palm. By using flat brushless DC motors (BLDC), tiny harmonic drivers
(HD) and smaller electronics, the whole finger’s size is about one third smaller than the
former finger in the DLR-HIT-Hand—-I. At the same time, the multisensory dexterous
hand integrates position, force/torque and temperature sensors. The whole weight of

the hand is about 1.5 kg and the fingertip force reaches up to 10 N.

19
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On the basis of the DLR-HIT-Hand I, a new super flat BLDC motors design have
replaced the traditional BLDC motor format. The motor measures only 20 mm in
diameter and 10 mm in height, at a weight of only 15 g. The rated speed and torque
of the motor are 6000 rpm and 3.2 mNm respectively. In the finger’s distal joint, the
mechanical transmission is realized by a timing belt instead of bevel gears, which leads
to a noticeably reduced transmission noise. Because of the harmonic drives, the timing

belt and the torque sensor joint—flexibility is inherent.

Furthermore two tiny harmonic drives with timing belts have replaced planetary gears

and bevel gears at the base joint actuation unit.

BLDC  timing  harmonic steel  angle torque  fingertip
motor belt driver wire  Sensor  Sensor  SEnsor

FIGURE 3.2: Finger unit of the DLR/HIT Hand IT [34]

One modular finger consists of two independent units: One is the finger body, the other
the finger base. In the finger body unit shown in figure 3.2, there is a super flat BLDC
motor and a tiny harmonic driver. They are parallelly mounted and transmitted by
a high—speed timing belt with a reduction ratio of 1:2.1. The harmonic driver with
reduction ratio of 100:1 measures only 20mm in diameter and 13.4mm in length. The
maximal driving torque can reach 2.4 Nm. The motions of middle phalanx and distal
phalanx are not individually controllable, they are transmitted by means of a steel wire

to realize 1:1 coupling movement.

The finger’s flexible circuit board is a hard—flexible combination for sensors conditioning
and communication, which runs through the rotational joint. This kind of arrangement

saves much space because there is no need for any extra electric connectors.
In the finger base unit shown in figure 3.3, the two rotational axes are intersected

For abduction/adduction motion, the motors turn in contrary directions. This causes a

curling motion on the fingertip. Using the torque of both motors means reaching double
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FIGURE 3.3: Finger base joint of the DLR/HIT hand II [34]

output force on the fingertip. Instead of the motor and planetary gear combination in
the DLR/HIT Hand I, the finger base actuation uses a system similar to the one in the
finger body. Two flat BLDC motors are parallelly placed at the bottom of the base and
two harmonic drivers (HD’s) are mounted parallelly as well between motors and bevel
gears. The transmissions between motor and HD, and between HD and bevel gear are
two kinds of timing belts with different strengths. This makes the whole system more

consistent and more flexible.

The extra DOF of the thumb in the DLR-HIT—Hand I occured to being not that bene-
ficial to manipulation. Therefore, in the new hand the thumb is fixed in an appropriate

orientation of the palm to reduce the number of motors.

Dexterous robot hands need minimum a set of force and position sensors to enable control

schemes like position and impedance control in autonomous operation and teleoperation.

The DLR/HIT Hand II has been used for teleoperation in various experiments e. g.
136], [37), [38], [39].

For measuring position, every finger contains potentiometers and Hall sensors. External
torques are measured by a new type of proximal joint torque sensor with two DOF's in

the fingerbase and another distal torque sensor. Both sensors are based on strain gauges.
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In the original hand, each finger was also equipped with a 6-DOF force—torque sensor in
the fingertip. However, that the hard surface of the sensor proved to be a limitation for
manipulation performance as compared to a compliant rubber fingertip. The 6-DOF

force—torque sensor is not currently implemented in the robot finger.

Currently, joint and Cartesian impedance control with friction and gravity compensa-

tions is used at the hand. [40]

Cartesian impedance control was first proposed by [9], which established a mass—damper—

spring relationship between the Cartesian position Ax and the Cartesian force F:

where Mj, Dy and K are positive definite matrices representing the virtual inertia,

damping and stiffness of the system [41].

3.2 Problem Identification

Not much research is done in the accurate modelling of anthropomorphic hands. Until
now, most models of robot hands only include multi body dynamics or friction but not

the whole system. [42]

A lot of work is done in modelling robot arms but this often has the goal of suppressing
vibration hence modal analysis is used e.g. in [43] or [12]. Hands don’t have that much

trouble with vibrations so this approach is not beneficial.

Because this model has the goal of enhancing the control performance by including
friction, the motor and the manipulator dynamics, many problems have to be taken into

account.

e In most models friction is a function of only position and/or velocity but temper-

ature has also significant influence [44].

e The torque of the motor is also temperature dependent.
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At DLR/HIT Hand II, temperature sensors are mounted on the boards but the
component which produces most of the heat is the motor, hence the measuring of

the motor temperature is not accurate.

The temperature itself is time dependent as long as the finger is not in a thermo-

dynamic equilibrium.

Accurate current sensors are big in size and therefore not used in the DLR/HIT
Hand II. Furthermore, the embedded motor uses currents in the range of mA thus

noise would be an issue.

Position encoders are expensive. Hence many robot hands as well as DLR/HIT

Hand IT avoid them.
Modelling the friction of the harmonic drives requires complex experiments.

An accurate characterization of the motor is difficult because the produced torques

are small and therefore measurements are not precise.

Friction occurs in many components and to model the friction for every component soli-

tary is difficult. A small description about the complexity of modelling the components

solitary is given in section 3.2.1 and 3.2.2.

3.2.1 Timing belts

Friction in timing belts occurs due to the actual friction between the surfaces of teeth

and sprocket and losses through belt noise. The noise is caused by the following effects:

[45].

impact generated by collision of the belt tooth with the bottom land of the sprocket
collision of the sprocket tooth against the bottom land of the timing belt
collision of the flanks of the two teeth

airflow

frictional noise

Positioning errors are a result of belt elasticity [46]. Including all these effects

would be to complex to pay of.
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3.2.2 Harmonic Drives

The benefits of Harmonic Drives are no backlash, compactness, light weight and high
gear ratios. For these reasons they are often used at the DLR. Harmonic Drives consist

of three parts, the wave generator, the circular spline and the flex spline (see figure 3.4).

FicURE 3.4: Harmonic Drive, left: circular spline, middle: flex spline, right: wave
generator [47]

The wave generator is the drive section, whose base body has an elliptical shape and is
mounted in a special ball-bearing. Being still flexible, the flex spline has high—strength,
torsion proof and external splines. The circular spline is a stiff ring with internal spline
and has commonly two teeth more than the flex spline. Inserting the wave generator in
the flex spline deforms the flex spline also into an elliptical shape. This combination is
inserted into the circular spline. Two contact areas at the long elliptical axis occur, while
there is no contact at the short elliptical axis. The rotation of the wave generator results
in a rotating deformation of the flex spline, which furthermore leads to rotating contact
areas. Because the circular spline has two teeth more than the flex spline this results in
a relative motion of flex spline to circular spline. A video with a visual explanation of

the functional principle can be found at [48].

Experimental measurements made by Tuttle [49] indicate that friction at non-zero ve-
locities in harmonic drives can be characterized as having three components: velocity—

independent friction, velocity—dependent friction and friction from resonant vibration.

According to [50], the best results were seen when the velocity—independent friction was
represented by a constant torque value and the velocity—dependent friction torque was

approximated by a cubic function of the velocity. Since experimental step-response
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data revealed that friction torque could vary substantially with the position of the
harmonic—drive output, a sinusoidal friction torque that varied with output rotation

was additionally included to capture these effects.

Harmonic drives typically contain kinematic inaccuracies due to manufacturing and
assembly errors in the transmission and since these kinematic errors can excite vibrations
that influence dynamic performance, they should be recognized in the harmonic drive
model. Most friction behaviour is localized at the contact surface between the flex spline

and circular—spline wedges.

Since static stiffness measurements are contaminated by transmission and friction, static
stiffness tests provided little guidance in this task. Based on this results, it seems un-
likely that a modelling, using solely catalogue values or simple experimental observations
will be able to make accurate predictions of dynamic performance. Consequently, for
applications in which an accurate harmonic drive model is required, there are no short

cuts around a detailed experimental analysis of the actual harmonic—drive system.

In particular despite careful measurement and characterization of transmission friction,
compliance and kinematic error, model performance could not be improved without

acknowledging gear—tooth rubbing losses as well.

To model every element solitary is to complex as written above. Therefore the whole
system of transfer elements is considered a “black-box” (called Friction-model 1 - 3 in

figure 3.5) with unknown friction behaviour.

Figure 3.5 summarizes the complete model. The motors are controlled via PWM (pulse-
width modulation), hence PWM-Signal 1 — 3 is used as input. The motors produce
torque, which is transmitted via the transfer elements. Friction occurs at every transfer
element but as written above, the friction will be considered as “black—box”. The
remaining torque is used to accelerate the finger and therefore used as input for the

finger dynamics.
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FIGURE 3.5: System of one finger: Friction model 1 combines the friction in the coupled
medial and distal joint, Friction model 2 combines the friction in all transfer elements
of the first base joint, Friction model 3 combines the Friction in the second base joint.



Chapter 4

Manipulator kinematics and

dynamics

4.1 Introduction

The term end effector ( e.g. a robot hand ) is used to describe the interface between
the manipulator (arm) and the environment. The vast majority of end effectors are
simple grippers. The goal of this thesis is creating the model of such an end effector
for grasping and manipulation. The first part which has to be taken into account is the
influence of the dynamics which is outlined below. This requires knowledge about spatial
descriptions, manipulator kinematics and dynamics which would be too comprehensive
to be fully described in this thesis. For the experienced reader, a small briefing (out
of Craig [51]) is included but for readers without knowledge about robot kinematics an
appropriate book is recommended. To alleviate this familiarization the same conventions
as in Craig are used. Alternatives are e.g. [52] or [53]. For simpler understanding the

following notation is used:

e Matrices will be written capitalized and bold.
e Vectors will be written lowercased and bold.

e Skalars will be written normal.

27
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4.2 Description of position and orientation

The position and orientation of the end effector, objects that the robot works with and
the manipulator itself need to be described for manipulation. To establish these descrip-
tions, coordinate systems and conventions for the relationship between the coordinate

systems, positions and orientations are required.

Once an origin coordinate system also referred to as Universe Coordinate System is
established, any point can be located with a 3 x 1 position vector. For manipulator
dynamics, the definition of many coordinate system is often necessary, as a result vectors
have to be referenced to a specific coordinate system. This is achieved by a leading
superscript. For example: 4p = (p, Dy p,)T

Vector p is referring to coordinate system A.

To describe the orientation, a coordinate system is attached to the body. In order to
specify the orientation of the attached coordinate system to another coordinate system,

a rotation matrix is used. gR specifies the rotation of coordinate system B relative to

A.

With an appropriate positioning of the coordinate systems, the calculations for an end
effector can be simplified to rotations around the principle axes of the particular coor-

dinate system.

If a rotation is described by three 3 x 1 vectors nine parameters are required. On the
other hand, the concept of Eulers Angles needs just three parameters. Every orientation
can be achieved by rotating one time around every principle axis. These three angles

are used as parameters for the Euler Angles instead of three vectors.

The rotation around the principle axes is defined as follows:

1 0 0
Ri(a) = |0 cosa —sina (4.1)

0 sina cosa
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cosae 0 sina
Ry(o) = 0 1 0 (4.2)

—stnae 0 cosa

0 cosa —sina
R.(a) = [0 sina cosa (4.3)
0 O 1

From linear algebra, it is known that the inverse of a rotation matrix is equal to its

transpose.

AR =E5R! = ERT (4.4)

The situation of a position and an orientation pair arises so often in robotics, that an
entity called frame is defined which is the combination of a rotation matrix and a position

vector to the origin of this matrix respectively the attached coordinate system.

To change the position of a point a vector is required. To change the orientation of a
point a rotation matrix is used. To combine these two a new operation is introduced,

the so called transformation matrix.

Ap = 4RPP + ‘ppong (4.5)

With Apgope is a vector to the origin of coordinate system B.

A AR A B
p _| B PBoORG p (4'7)
1 000 1 1

Just as a rotation matrix specifies an orientation, using transformation matrices specifies

a frame.
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4.3 Kinematics

Once the position and orientation are described, the next step is to describe the motion.
Kinematics is the branch of classical mechanics which describes the motion without
taking into consideration the required forces that cause them. In order to deal with the
complex geometry of a manipulator, frames are fixed to various parts of the mechanism
and the relationships between these frames are described. The study of manipulator
kinematics involves, among other things, how the locations of these frames change as
the mechanism actuates. The central topic of this section is a method to compute the
position and orientation of the manipulator’s end effector relative to the base of the

manipulator as a function of the joint variables.

4.3.1 Link description

Most mechatronic systems consists of a set of bodies connected to each other by joints.
These bodies are called Links. Typical joints are classified into cylindrical, planar, screw,
spherical, prismatic and revolute joints. The most common two joints are revolute and
prismatic. The links are numbered starting from the immobile base, which is mostly
called link 0. The first moving link is link 1, and so on. The length of a link is the

shortest distance between the axes of the joints of the link.

Axisi—1 Axis i

FIGURE 4.1: Link—description adjusted version of [51] page 68: d; = link offset, §; =
joint angle, a; = link length, «a; = link twist
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With four values for each link any manipulator can be described kinematically, two for
the link itself and two for the link’s connection to the neighbouring links. Describing
links with these quantities is called the Denavit—Hartenberg notation. In the case of
revolute joints link offset, link length and link twist are fixed values and the joint angle

is the variable specifying the kinematics of the manipulator.

To describe the location of each link a frame is attached to each link. These frames are
numbered according to the attached link. The orientation and placement of the frame

is as follows: z; = axis of joint, and X; = axis of link length in the direction of Link; ;.

i| a1 |a—1|d;i|0;
1| 90° Lo 0|6y
2 0° Ly 0| 6
3 0° Lo 0| 05
1 0° | Ly | 0|0,

TABLE 4.1: Link parameter of the four-link-manipulator in figure 4.2

As written in section 3.1 the DLR/HIT Hand II uses a bevel gear mechanism in the
finger base to achieve two DOF and two revolute joints for the proximal and distal joint.
To model the two DOF of the bevel gear mechanism with revolute joints, the joints
around #; and 6 in figure 4.2 are rotated around x; of 90° and the length of L is set

to zero. Rotation of the proximal and distal joint is represented by deriving 63 and 6.

4.3.2 Joint space and Cartesian space

The position of all links of a N-DOF-manipulator is specified with N joint variables.
This set is often referred to as the N x 1 joint vector. The space which these joint
vectors create is called joint space. Knowing the joint space description the cartesian
space is calculated with the above described kinematics. Synonyms for the cartesian

space are task orientated space or operational space.

4.3.3 Velocities and static forces

As described in the introduction, the function of an end effector is to grasp and manip-
ulate objects. One finger of the DLR/HIT Hand II is described as a 4 link manipulator.

The position can be described via the four angles 64, 62, 03,04. Thus the next step is
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FIGURE 4.2: Four-link—manipulator to model one finger of DLR/HIT Hand II

to expand the considerations beyond static positioning problems to motion and static

forces.
Linear velocity will be written as v. For example, v describes the velocity of the point
Q in terms of the coordinate system A. Rotational respectively angular velocity will be
written as 0z = w. Every manipulator consists of a chain of bodies which are capable of
motion. In order to calculate the velocities, the velocity of each link is calculated and
added starting from the base. To add rotational velocities both w vectors have to be

written with respect to the same frame. The angular velocity of link ¢ 4+ 1 is the same

as that of link i plus the caused component of joint ¢ + 1.



Chapter 4. Manipulator kinematics and dynamics 33

4.4 Manipulator dynamics

The reason to calculate the manipulator dynamics is to find the forces required to cause
motion. Referred to the robot finger, the goal is to find the dependence between the
applied torques and the resulting movements of the finger. The two common approaches
are the Lagrangian formulation of manipulator dynamics or the iterative Newton —
Euler dynamic formulation. While the Newton — Euler approach is “force balance” the
Lagrangian formulation is an “energy—based” approach. Due to the simpler and more
effective implementation of the Newton — Euler approach in Matlab, especially with

increasing number of links, this approach was chosen.

The algorithm for computing joint torques composes of two parts. First of all, rotational
velocities and linear accelerations of every center of mass need to be calculated in order
to get the resulting forces and torques. The second part is to calculate the influence of

interacting forces and to sum both terms to calculate the required torques.

Outward iterations: i: 0 — 5

o = TR 4 0,417 244 (4.8)
o = TR + T Rw; x 01 2y + 007 200 (4.9)
i+1vi+1 = ;—HR(Zwl X ipi + iw,- X (sz X iPi—s—l) + ZVI) (410)
Hye, = Hla x i+lpCi+1 + i x (Flwg x Hlpe, )+ iy (411)
R =mia e, (4.12)

(4.13)

Z+1Ni+1 — Ci+1Ii+1l+1wi+1 + Z+1wi+1 « C¢+1Ii+1l+1wi+l

Inward iterations: i: 6 — 1

;=1 R +F (4.14)

ini = ZNz + §+1Ri+1ni+1 + ipci X ze + ipz'—i-l X 2+1Ri+1fi+1 (415)

7 ="'n] "% (4.16)
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The effect of gravity loading on the links can be included quite simply by setting *vo = g,
where g has the magnitude of the gravity vector but points in the opposite direction.
This is equivalent to saying that the base of the robot is accelerating upward with 1 g

acceleration.

4.5 Resulting m—file

The iterative — Newton — Euler formalism was implemented into Matlab shown in Ap-
pendix A, which yields the formulas for the torque of a 4-link manipulator. In order to
get the dynamics of a finger, some parameters have to be changed. The first two joints
are actually at the same position of the finger base. Hence [y has to be set to zero. The
last two joints are coupled via a steel wire, so 84 = 03 as well as their derivatives are
equal. Also the torque calculated for joint 4 has to be added to joint 3. The equations

for the three torques have the form of equation 4.17.

T =M(6,6) + C(9,0) + G(0) (4.17)

For easier handling the Matlab script separates the three terms. The next step consists
on solving the equation for acceleration. For that purpose, the mass term has to be

separated into the form M_i(0)6; + M_rest_i(6, 6).

The term M_rest_i(6), 9) represents resulting forces through the acceleration of the other
joints while M _i(#) represents the inertia for accelerations around joint i. Therefore the
Matlab script separates the mass term for each joint in M_i and M_rest_i. This yields to

the following formulas:

7 =M1 6; + M_1rest + C_1+G_1 (4.18)

o =M2- 0y +M2rest+ C2+ G2 (4.19)

73 =M_-65+M3rest+C3+G.3 (4.20)
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Equations 4.18 — 4.20 express the torque at the actuators as functions of joint position,
angular velocity and acceleration. The calculated terms for M_i, M. _rest, C_i and G
are shown in Appendix B. For simulating the manipulator, these equations have to be

solved for acceleration.

~ 17— Mdirest — Ci— Gl
. 4.21
0 M.i (42)




Chapter 5

Modelling the Motor

5.1 Goal of the modeling

As described in the previous chapter, the mass term, the centrifugal term and gravita-
tional term are already determined. The next step is to characterize the motor torque

7; of equation 4.21.

5.2 Basics about the motor

As the name implies, the BLDC motors do not use brushes for commutation, instead,
they are electronically commutated. The BLDC motors have many advantages over

brushed DC motors and induction motors, for example:

Better speed versus torque characteristics

High dynamic response
e High efficiency

e Long operating life

Noiseless operation

Higher speed ranges

36
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In addition, the ratio of torque delivered to the size of the motor is higher. [54]

The motor converts electrical power P,; in mechanical power P,,..;. Power loss occurs

through friction Pr and heat loss P;. This yields to the following equations:

Pel = Pmech + PJ + PF (51)

P,=0U-1I (5.2)
U: voltage
I: current

s
P - T. )
mech 300007- n (5 3)
7: torque

n: rotational speed

P; =R(T) -I? (5.4)

R(T): temperature dependent resistance

A higher temperature influences the resistance of the coils R(t) which is responsible for

the heat loss.

R(T) =Ro - (1 + ar(T — To)) (5.5)

T: temperature
Tp: surrounding temperature
ap: temperature coefficient

Ro: Resistance of the coil at surrounding temperature
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_ T _. 12
I= googg” BT R(D) -+ Pp (5.6)

For the example of copper coils, increasing the temperature by 50 K increases the re-
sistance by about 20 %. [55] In the matter of motor control for the DLR/HIT Hand
IT Pulse-width modulation (PWM) is used to adjust the required motor torque. The

PWM signal can be set from 0 (no voltage) to 4096 (continuous voltage).

5.3 Test setup

To characterize the motor the test bed shown in figure 5.1 was built.

F1GURE 5.1: Test bed for torque measurements. Maxon EC 20 flat motor on the left,
Burster 8661 torque sensor in the middle, mobac 513 hysteresis brake on the right,
connected via steel bellow couplings

The test bed consists of four different components. On the left side is one of the maxon
motors currently used in the DLR/HIT hand II with a maximum continuous torque of
3.2 mNm [56]. In the middle a Burster 8661 torque sensor with a measurement range of
+ 5 Nem [57] is used. The sensor has an accuracy of < 4+ 0.05 % F.S.. The measurement
inaccuracy is therefore £0.005 Ncm On the right a 513 hysteresis brake from Mobac [58]
is placed. The benefits of hysteresis brakes are a velocity independent force, high lifespan

and a smooth torque.



Chapter 5. Modelling the Motor 39

To compensate alignment errors due to manufacturing inaccuracies the three components
are connected with steel bellows couplings. The mechanism is mounted on a item profile
plate. The motor is controlled by the controller of the hand and the output of the sensor

is saved with the provided software DigiVision.

5.4 Dataresults

The first measurement was a sweep over different PWM signals, as shown in figure 5.2.
The PWM signal was increased with a step function from 0 (no signal) to 4000 (4399 x 100
% of continuous voltage) in steps of 50 every 10 seconds. Between every step the PWM

signal was set to zero for 10 seconds.

0.9
0.8 f ]
0.7 | ]
06 ]
05 F ]
0.4 -
03 F -
02t -
0.1 - -

0 L A A 1
0.1 ‘ ‘ ‘ ‘ ‘ ‘ |

0 200 400 600 800 1000 1200 1400 1600
time [s]

torque [Ncm]

FI1GURE 5.2: PWM sweep over the full range, for small PWM signals constant torque,
higher PWM signals result in a time dependent torque due to heating up

Based on figure 5.2, it is shown, that the torque increases with the increasing PWM
signal. For the first signals, the torque has a rectangular shape but for higher PWM
signals, the torque is falling over time. Given that the motor heats up more with higher
power inputs and the resistance of the coils therefore rises (shown in equation 5.4) it is
verified, that the torque is also temperature dependent. According to equation 5.3 the

torque depends also on the velocity.

In summary, the torque is a function of PWM signal, rotational speed and temperature

which is time dependent if the motor is not in a thermodynamic equilibrium, which can
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be described as 7(PWM, w, T(t)). In order to characterize the torque two of the three

parameters were hold constant while varying the other parameter.

5.4.1 Torque - PWM - relation

To figure out the relationship between the PWM signal and the torque the other pa-
rameters have to be neglected. To do so, the force of the brake was set to the maximum
(14 mNm) to achieve a velocity of zero for each measurement. This also has the positive

effect of minimizing measurement errors due to misalignments in the test bed.

Additionally, a heat up phase was implemented before measuring the torque to maintain
a defined temperature shown in figure 5.3. For this heat up phase a PWM signal of 3000
was set for 250 seconds. This PWM signal is approximately the average PWM signal in

operation and therefore represents the operating temperature.

0.7

0.6 1

o Ll L b

0.4 ] ] -

0.3f i
0.2 - .

0.1 7

torque [Ncm]

"0 1000 2000 3000 4000 5000 6000
time [s]

FIGURE 5.3: PWM sweep with heat up phase to compensate temperature influence
and no velocity to neglect velocity dependence

Because this measurement was taken under room temperature only the first few measure-
ment values after the heat up phases have a similar temperature due to thermodynamic
balancing processes and can be taken into account. For PWM signals smaller than the
PWM signal used in the heat up phase the temperature is falling over time, therefore
the torque increases over time. On the other hand, PWM signals which are bigger than

the heat up signal, result in a decreasing torque over time.
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This leads to the following relationship of torque to PWM signal as shown in figure 5.4.
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FIGURE 5.4: Torque/PWM signal relation approximated with linear function

The measurement of figure 5.4 slightly shows the behaviour of a third degree polyno-
mial but since the aberration of a straight line is so small the measured values are

approximated as the linear function in equation 5.7.

Ncm

_ C10-4
T=143-10 PWM

. PWM (5.7)

5.4.2 Torque - velocity - relation

To figure out the relationship between rotational speed and torque, it is required to hold
the temperature and PWM signal constant. Luckily the biggest influence for temper-
ature is the produced heat due to the current. Hence a constant PWM signal yields
nearly a constant temperature. As shown in figure 5.5 (a), the speed was changed in
steps of around 500 rpm (rotations per minute) from zero to 2500. Due to the fact, that
the brake allows only to change the applied torque, changing the velocity had been done

manually.

Huge noise can be observed in figure 5.5 (b). It is assumed that the changing torque
is a result of misalignment of the axis of motor, sensor and brake which leads to an
oscillating torque. To calculate the torque used in figure 5.6, the arithmetic mean over

a few thousand measurement values was built.
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FIGURE 5.5: Speed over time (a), Torque over time (b) the velocity was set manually,
the huge noise in (b) is assumed to be a result of misalignment on the test bed

This measurement was repeated for PWM signals of 2000, 2500, 3000, 3500 and 4000.

The results are shown in figure 5.6.
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FIGURE 5.6: Torque over speed for different PWM signals, for every PWM signal a
linear relationship between torque and velocity is assumed, the slope depends on the
PWM signal

The relationship between rotational speed and torque is also approximated via a linear

function. The calculated functions are:

AT =b(PWM) - w
ATo000 = —5.332

AT2500 = —4.688 -
AT3000 = —3.876 -

ATs500 = —3.582

1072 -
1072 -
1075 -
.1075 .
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ATyo00 = —2.847-1075 - w
To estimate if it is beneficial to include the different slopes or use the average it was
argued as followed. The highest speed the finger achieves are about 250 °/s. Multiplied
by 100 for the transmission ratio of the HD and 2.1 for the belt, the motor rotates
with a velocity of 42,000 °/s = 117 rps = 7000 rpm. The average of the slopes is
—4.065 - 10> Nem

rpm °

So the error for a PWM signal of 2000 and 4000 using the average is:
(—5.332- 107°Nem 4 pg5Nem) . 7000rpm = —0.089 Ncm

rpm rpm
(—2.847 - 1075151)% — —4.0651;%) - 7000rpm = +0.085 Ncm

With a nominal torque of 0.32 Ncm the error is bigger than 25 % hence a discrimination
between the different slopes has to be done. This dependency is approximated via

_ —8__ Ncm —5 Ncm
b=1.215- 1078 _Nem . pWM — 7.711 - 105 Nem

Nem

At = b(PWM) s

where w represents rotational speed.

5.4.3 Influence of Temperature

The influence of temperature is one of the bigger problems in modelling the motor. In
the worst case shown in figure 5.7, a PWM signal of 4000 leads to a torque of nearly 1
Ncm at room temperature and a velocity of zero but over time the motor temperature
reaches about 80° C which results in a torque of less then 0.6 Nem. In the DLR/HIT
Hand II, the temperature sensors are mounted on FPGA boards and the distance to the
motor makes it impossible to measure the motor temperature. Hence the model has to
assume a temperature. Therefore the heat up phase in figure 5.4.1 was set to PWM =
3000 and it was stated that the hand has to be in operation for a few minutes to get the

proper operating temperature for using the motor model.

5.5 Conclusion

This leads to the following formula
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FIGURE 5.7: Temperature-Sweep
T(PWM,w, T) = ((a- PWM) + (b(PWM) - w)) - (1 — acopper(T — To)) (5.9)

Neglecting the temperature and using the parameter from equation 5.7 and 5.8 leads to:

N
T(PWM,w) =(1.43 - 10~ . PWM)
PWl\ﬁIcm Ncm (5.10)
+(1.215-1078 -PWM — 7.711-107° ) w

rpm - PWM rpm



Chapter 6

Modelling the friction

6.1 Friction Introduction

Friction occurs in most moving systems and is the reason for significant control errors
and undesired stick—slip—-movements. Depending on the rank of non—linearity, it is often
only possible to compensate the friction near to a operating point with classic linear
control-concepts. By using air or magnetic bearings, mechanical friction can mostly be
neglected, but on the contrary aerodynamic or magnetic effects occur which are also

difficult to address. [59]

The easiest way to describe friction between two surfaces is using the Coulomb—model
equation 6.1. The main idea is that friction opposes motion and that its magnitude is

independent of velocity and contact area.

FC:FN-,U, (61)

Multiplying the Coulomb friction with the signum Function, leads to an opposing force

independent of the direction of the motion shown in equation 6.2.

F = sign(w)F, (6.2)

Viscous friction is caused by the viscosity of lubricants, therefore a viscous term is added
in equation 6.3.

45
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F = sign(w)(F. + ow) (6.3)
Where o is the viscous coefficient of the lubricant.

This model is used often in robotics, for example for the Robonaut2 [60].

FIGURE 6.1: Coulomb friction (a) and viscous friction (b) [59]

Time dependent conditions like temperature cause additional uncertainties. For exam-
ple depending on the temperature the viscosity of the lubricant changes. Although a
temperature dependent model of the friction seems reasonable mostly temperature is
not taken into account. The thermodynamic behaviour is often to complex for a work-
able model, additionally, it is difficult to measure the exact temperature at the contact
surfaces. Besides the dry and viscous kinetic friction, where the velocity is assumed to
be w # 0, the kinetic friction is also influenced by the static friction. The static friction
(stiction) specifies the maximum break—away—force right before the resting body starts
moving. Hence, the static friction is not a function of velocity, but depends on the

normal force and the properties of the two surfaces.

Stiction is short for static friction as opposed to dynamic friction. It describes the
friction force at rest. Stiction counteracts external forces below a certain level and thus
keeps an object from moving. It is clear that stiction can not be described as a function
of only velocity. Instead it has to be modelled using the external force. The stiction a

function of the external force and not the velocity.

Analog to the coulomb friction, the stiction is defined as:

Fs < pnFn (6.4)
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The crossover between stiction and dynamic friction is described by the Stribeck—Effect

[61]. The Stribeck—Curves are shown in figure 6.2

0
WD) W)

FIGURE 6.2: Stribeck—{riction with positive shape—factor (a) and negative shape—factor
(b) [59]

The commonly used formula for the Stribeck—Effect is:

sgn(e) (Fo+ (Fy = Fo) - eapl—|i ) + 0w (63

s

Where V; is the so called Stribeck—velocity and § the Stribeck—shape—factor.

6.2 Parameter estimation

Models like the Stribeck model assume that friction is only a function of velocity. As
written in section 3.2.2, the friction of harmonic drives is also position dependent. In-

cluding the friction F(,6) the dynamic equation looks like:

s Ti—Miirest —Cii— G —Fp(6, 9)
G — = (6.6)

We are able to measure the position with the hall sensors integrated in the hand and
derive the velocity. To derive a second time, to get the acceleration is not precise and

therefore neglected.

Thus a torque is applied, when the velocity is nearly constant (acceleration = 0) (e.g.

in the area next to the operating point in figure 6.3) the term M()f can be neglected.
7 is modelled as a function of the PWM signal and velocity see Chapter 4.

Finally, the equation can be solved for friction.
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PWM Position [°] PWM Position [°] PWM Position [°]

1000 8 -1300 27 -1300 43
-1000 8 1200 29 1300 49
1050 11 -1250 33 -1350 49
1150 13 1250 34 1350 53
1100 19 -1350 37 -1350 53
-1100 23 1250 38 1100 59
1150 24 1300 43 -1200 59

TABLE 6.1: Sticktion of distal joint

Fr(0,0) =7 —Ci— G

The values of Fp(0, 0) can be used in a look—up table or finding the parameters for a

friction model. In this thesis, look—up tables are used.

180 T T T T T
160 |

140 r : 1
—measured velocity

120 | | operating point| ——approximated velocity -
100 r 7
80 r 7
60 - 7
40 7
20 7
0
-20 ‘ ‘ ‘ ‘ ‘

0 0.5 1 15 2 2.5 3
time [s]

velocity [degree/s]

FIGURE 6.3: Velocity of one joint

The first step in modelling the friction was to characterize the stiction. Therefore the
distal joint was positioned in steps of 5° over the full movement range and the PWM
signal was enhanced in steps of 50 from 500 to 1500. PWM signal, position and velocity
where saved in a file. To detect the value at which the finger started moving, the Matlab

script shown in Appendix C was written.

The corresponding PWM signals for the stiction of the distal joint are shown in table
6.1. In order to simplify this first model, the mean over the values was built and used

to calculate the stiction.
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In the base joint, the friction was nearly constant. For both base joints, the stiction was
in a range of PWM = 1200 + 50. That is why, a PWM signal of 1200 was used for every

joint, in order to calculate the stiction via the motor model.

The second step was to characterize the dynamic behaviour. Therefore the finger was
driven with different PWM signals (1500 . .. 4000 in steps of 50) and the data was logged.
The measurements were not carried out in the range of 1200 ...1500 PWM signals
because undesired Stick—Slip effect occurs and therefore, for grasping and manipulation

this range is not useful.

Afterwards wrong measurement points were deleted via Matlab and the maximum ve-
locity and corresponding PWM signals were extracted via Matlab. The Matlab script
is shown in Appendix D

]
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FIGURE 6.4: Friction of the distal joint and added stiction range
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FIGURE 6.5: Friction of base 1 joint and added stiction range
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FIGURE 6.6: Friction of base 2 joint and added stiction range, basel and base2 are

mechanically identical the reason for the higher variance of base2 is so far unknown

6.3 Conclusion

As shown in figure 6.4, 6.5 and 6.6, the value for stiction is higher than for small
velocities which can be explained by the Stribeck effect. The Stribeck model assumes a
linear behaviour of the friction for high velocities but in the shown range of the behaviour

is not linear.

In figure 6.4 the friction stays constant for small velocities and starts to increase for

velocities higher than 150 °/s. The behaviour in figure 6.6 shows a higher variance than
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the other two joints, especially for high velocities. Base 2 is mechanically identical to
base 1. The different behaviour can be a result of ageing phenomena of the motor or

mechanical abrasion however the exact reason is so far unknown.

For reasons of time, it was decided, to use the measurement points in a look—up table,

this also simplifies adaptation of the friction model to other fingers.

Wrong measurement points were neglected and due to the fact, that the base joints are
mechanically identical, the measurement values of base 1 are also used for base 2 and if

required multiplied with a correcting factor.

The maximum influence of dynamics (equations 4.18, 4.19 and 4.20) is 7.1 mNm while
friction has values of (200 ...1000) mNm. Therefore the influence of the centrifugal and
gravitational term could be neglected to simplify the model. Until it is verified that it
is required to enhance the calculation speed to use the model on a real time system,
the dynamics will be taken into account. The mass term is required to calculate the

resulting acceleration and has to be taken into account.
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Complete model

The combination of the models of the motor, dynamics and friction yield to the model
of the finger. This model is implemented in Simulink shown in figure 7.1. The input
which goes into the model of the motor is the PWM signal. As described in Chapter
5, the torque of the motor depends also on the velocity. A velocity of zero is used for
initialization, afterwards the resulting velocity of the finger goes back into the model of
the motor and friction. Through an error in the finger model a wrong velocity might be
calculated. A high velocity could lead to the situation that the velocity dependent term
of the motor model gets bigger than the PWM dependent term. In order to neglect this
physically wrong behaviour, the motor model first ensures, that the absolute value of the
PWM term is not smaller than the velocity—term. If this is not fulfilled, the produced

torque is set to zero. The Matlab code is shown in Appendix E

Due to the fact that the output of the embedded hall sensors is in degree and the unit of

degrees

, rotation the
second

minutes’

the velocity is while the unit for the velocity in the motor model is

velocity of the finger is divided by 360 -2297¢¢ muyltiplied by 60 224 and multiplied

rotation’ minute

with the transmission ratio of the transfer elements.

Additionally, the torque is multiplied by the transmission ratios of the transfer elements
and 100 to convert Nem in Nm. The resulting torque goes as an input into the model

of the finger, which includes the friction model.

The finger model shown in Appendix F includes the calculated mass, centrifugal, and
gravitational terms from Chapter 4. With these terms and the produced torque of the
motor, a variable tau_resulting is calculated. This variable includes torque as well as

52
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FI1GURE 7.1: Complete model implemented in Simulink

the influence of the dynamics. This term is required for the unsteadiness at a velocity
of zero. The stiction opposes the value of applied torques which have to be calculated

first.

One thing which was not considered so far is that, two different coordinate systems for
the base joint were defined. The base joint is modelled as joint 1 and 2 shown in figure

4.2. The real base joint shown in figure 3.3 on the contrary has a bevel gear mechanism.
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In figure 7.2 curling/extension of the finger is along y2 which also represents changes in
2 in the dynamics, abduction/adduction is along y; which corresponds to changes in
1. The bevel gear mechanism results in a movement in the direction of tau_resulting(1)
if the motor of base 1 moves, while moving the motor of base 2 results in the direction of
tau_resulting(2) in figure 7.2. To map tau_resulting on the axis of the dynamic equations,

tau_resulting is multiplied with the sine respectively cosine of the forming angle (£45°).

y, = cos(-45°)*tau_resulting(1) + cos(45°)*tau_resulting(2)
Y,

tau_resulting(1) tau_resulting(2)

y, = sin(-45°)*tau_resulting(1) + sin(45°)*tau_resulting(2)

FIGURE 7.2: Motor frame (tau.resulting), dynamics frame(y;, y2). The bevel gear
mechanism moves the finger in 45° angles to the chosen coordinate system for the
dynamics. Therefore tau_resulting) is mapped via sine and cosine on the axis of the
dynamics.
The next issue that needs to be taken into account is whether the finger is within its
movement range. For this purpose, the “Elseif” fuction from Matlab was used which
not only checks if the finger is within the allowed range but also the direction in which
the finger is moving. When the finger is out of its movement range the variable OutOf-

MovementRange is set to zero and through a “Swich block” the velocity will also be set

to zero.

When the finger is within the movement range and the applied torque is bigger than

the stiction OutOfMovementRange is set to one. Thereby the calculated velocity is used
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and the value for the friction, calculated by the look—up table are activated. The values

used in the look—up tables are shown in Appendix G.

The last part of the code calculates the acceleration by subtracting the friction of the
resulting torque and divides the result by the mass term. To get the result in degree it

is converted by multiplying it with 180/7.

The derivated velocity is fed back into the motor model and the look—up tables. Due to
the fact that the measurement values for base joint 2 had a high variance, the look—up

table for base 1 is multiplied with a correction factor.

The output of the finger model is the acceleration. The acceleration and its derivatives
are fed back into the finger model and the velocity is used as second input for the motor

model.

7.1 Verification

In order to verify the accuracy of the model, the velocity for different PWM signals is
compared to the simulation. Typical values are shown in figure 7.3, 7.4 and 7.5. For
reasons of clarity only three typical samples per joint are shown. Additional figures with

the comparison of simulation and measured values can be found in H.

The figures show the velocity over time of three different PWM signals for each joint. As
illustrated, the acceleration in the beginning of every movement is similar and the abso-
lute velocity differs in the worst case about 25 %. In the braking phase the simulation
sets the velocity directly to zero when the finger reaches the end of movement range,
hence the simulation shows a vertical slope, while the real finger has a high negative
slope. It is assumed, that this slope is a result of the elasticity of the belts. In some of

the measurements resilience is shown after the braking.
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FIGURE 7.3: Verification of the model for the distal joint: The figure shows PWM
signal of 2000, 3000, 4000. The measured values (in green) show a braking phase due

to the elastic belt while the simulation sets the velocity to zero when the finger reaches
the border of movement range.
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FIGURE 7.4: Verification of the model for base joint 1: The figure shows PWM signal

of 2000, 3000, 4000. The measured values (in green) show a braking phase due to the

elastic belt while the simulation sets the velocity to zero when the finger reaches the
border of movement range.
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FIGURE 7.5: Verification of the model for base joint 2: The figure shows PWM signal

of 2000, 3000, 4000. The measured values (in green) show a braking phase due to the

elastic belt while the simulation sets the velocity to zero when the finger reaches the
border of movement range.



Chapter 8

Conclusion and Outlook

8.1 Conclusion

In this work, a first complete dynamic model for the DLR/HIT Hand II was devel-
oped. The main components include actuator (BLDC motor) characterization, friction

modelling, and finally a set of dynamic equations were obtained.

For the characterization of the motor, a test bed including a torque sensor and a hys-
teresis brake was constructed. In section 5.2 and 5.4 it was shown and discussed that the
torque of the motor is composed of two clearly differentiable terms. One is dependent
on PWM input, whereas the other correlates to the rotational speed. Moreover, it was
discovered that the slope of the rotational speed dependent term varies with the PWM
signal. Due to the fact that it is currently not possible to determine the temperature of
the motor with the embedded sensors, a constant operating temperature was assumed.
In order to reach operating temperature the hand should be in use for a few minutes

prior to actual operation.

Section 3.2.2 showed that modelling of the friction of every component singular is not
necessarily beneficial to producing an accurate and usable dynamic model for the robotic
finger. Friction was instead treated as a single phenomenon for the entire system. The
resulting friction model has been implemented into look-up tables. While friction be-
haviors of the distal and first base joint mechanisms are similar to the Stribeck model,
the second base joint demonstrated a higher variance. As both base joint mechanisms
have an identical construction, the cause for the observed higher variance is subject to
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speculation. The friction model for the first base was multiplied with a correction factor
to be implemented for the second base joint mechanism. The influences of centrifugal
and gravitational forces are small compared to the friction, as a result, they may be
neglected to help reduce computational resources necessary for the model. However, in

order to retain accuracy, they are nonetheless included in this work.

Finally, the model was verified using a comparison between the simulation and ex-
perimental velocity measurements. This was the only data available currently for the
verification of the dynamic model. More future work would be necessary to help validate

the proposed dynamic model in this work.

8.2 Outlook

With the completion of the dynamic model of the DLR/HIT II, an array of possibilities
for control schemes can be considered. In conjunction with the new controller, further
improvements on the model’s accuracy could and should be improved. Effective model
simplification should also be explored to enhance calculation speed. In order to identify
the cause of the higher variance of the friction in the second base joint mechanism, the
same experiments should be carried out on more robotic fingers of identical design to

eliminate possible anomalies or extend the model to cover systemic differences.

Finally, during the course of this work, several issues, which can improve the model,

have been identified for further study:

e Inclusion of elastic elements, as well as the inertias of the transfer elements to help

improve the current model.

e Additional temperature sensors may be installed near the motor to cope with

motor output as a function of temperature variance.

e Addtional current sensing may also help improve control performance as current

is a more direct reflection of actual motor torque than PWM signal.

e As the motor test bed was mounted on Profile Item rapid prototype construction,

larger tolerances can cause undesirable misalignment, which in turn reduces motor
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output measurement accuracy. A custom high-precision should be designed to

replace the current setup.

e Friction behavior in the stiction/slip region should be characterized to help improve

the current friction model

e Development of an equation-based friction model instead of the current look-up ta-

ble may provide a better solution and help improve future controller performance.
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m-file iterative newton-euler

%Dynamics of one finger
%iterative Newton-Euler dynamics algorithm is used
%Equations look "introduction to robotics Mechanics and Control" John J.

%Craig Third Edition.

%finger is modeled by a 4 link manipulator, first link has length zero and

%the first 2 joints are orthogonal on eachother

x=[1 0 0]’; y=[0 1 0]’; z=[0 O 1]’; zerovec = [0 O 0]’; % unit vectors
hi=z; h2=z; h3=z; hd4=z; ) joint axis
h = [h1, h2, h3, h4]’;

h = sym(h); ’symbolic toolbox has sometimes problems with different datatypes

syms g mO ml1 m2 m3 N1 N2 N3 N4 Imim Im2m Im3m Im4m real; %mass of the 3 links
m = [m0O m1 m2 m3]°’;
syms 10 11 12 13 10c 10c 1l1c 1l2c 13c real

% 1i = link length, lic = distance joint(i) to center of mass (i)

syms t1 t2 t3 t4 real % theta (jointangle)

syms tdl td2 td3 td4 real Jthetadot (angular velocity)
td = [tdl*hl td2*h2 td3*h3 td4xh4];

syms tddl tdd2 tdd3 tdd4 real %(angular acceleration)
tdd = [tddl*hl tdd2*h2 tdd3*h3 tdd4x*h4];

%rotation matrices

Rx = [1 0 0; O cosd(-90) -sind(-90); O sind(-90) cosd(-90)];
%rotation around x axis 90 deg

Ry = [cosd(90) O sind(90); 0 1 0; -sind(90) O cosd(90)];
%rotation around y axis 90 deg

Rz = [co0sd(90) -sind(90) 0; sind (90) cosd(90) 0; 0 0 11];

%rotation around z axis 90 deg
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RO1 = [cos(tl) -sin(tl) O0; sin(tl) cos(tl) O0; 0 O 1]; %rotation around z axis
%rotate joint around 90 deg
R12 = Rx*[cos(t2) -sin(t2) 0; sin(t2) cos(t2) 0; 0 O 1]; Y%rotation around z axis

R23 = [cos(t3) -sin(t3) 0; sin(t3) cos(t3) 0; 0 0 1]; Yrotation around z axis

R34 [cos(t4) -sin(t4) 0; sin(t4) cos(t4) 0; 0 O 1]; %rotation around z axis
R45 = [1 0 0; 0 1 O0; O O 1]; %no rotation, last joint to fingertip

R = cat(3,R01, R12, R23, R34, R45);

% x is direction of the link

%p points from joint(i) to joint (i+1)
%pc points from joint to center of mass
pO = 10x*x;

pcO = 10c*x;

pl = 1lixx;

pcl = llc*x;

P2 = 12%*x;

pc2 = 12c*x;

p3 = 13*x;

pc3 = 13c*x;

p = cat(3, zerovec, pO, pl, p2, p3); %zerovec added!!!
pc = cat(3, pcO, pcl, pc2, pc3);

%Inertia Tensor = 0 because we assume pointmass

I_c = cat(3, zeros(3), zeros(3),zeros(3),zeros(3));

% 4th joint is coupled with third; motor inertia can only be counted once!

% Imim is motor inertia

%Imim= 5.1e-07; Im2m= 5.1e-07; Im3m= 5.1e-07; Im4m=0;

Im = cat(3, Imim*N1"2*hixtranspose(hl), Im2m*N2"2*xh2*transpose(h2),
Im3m*N3"2*xh3*transpose (h3), Im4m*N4 " 2xh4xtranspose (hd));

I_00 = mO*(pcO’ * pcO * eye(3) - pcO * pc0’);
I_11 = mi1*(pcl’ * pcl * eye(3) - pcl * pcl’);
I_22 = m2*(pc2’ * pc2 *x eye(3) - pc2 * pc2’);
I_33 = m3*(pc3’ * pc3 * eye(3) - pc3 * pc3’);

I =1I_c + Im+ cat(3, I_00, I_11, I_22, I_33);

%Dynamics

hcraig 176

%0utward iteration

omega = sym(zeros(3,1,5));

omegad = sym(zeros(3,1,5));
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vd = sym(zeros(3,1,5));
vd(:,:,1) = y*g; %Gravitation
ved(:,:,1) = vd(:,:,1);

ved = sym(zeros(3,1,5));
F = sym(zeros(3,1,5));
N = sym(zeros(3,1,5));

i = 4; % 4 links
for k=1:i %Newton-Euler-approach, look craig 176
omega(:,:,k+1) = R(:,:,k)’*omega(:,:,k) + td(:,k);
%omega(:,:,1) = angular velocity of base frame = 0
omegad (:,:,k+1) = R(:,:,k)’*omegad(:,:,k)
+ cross((R(:,:,k)’*omega(:,:,k)), td(:,k)) + tdd(:,k);

%omegad(:,:,1) = angular acceleration of base frame = 0
vd(:,:,k+1) = R(:,:,k)’ * (cross(omegad(:,:,k),p(:,:,k))
+ cross(omega(:,:,k), cross(omega(:,:,k),p(:,:,k))) + vd(:,:,k));
%vd(:,:,1) acceleration of base frame = 0,
%vd(:,:,2) = 0 because length between joint 1 and 2 is zero
ved(:,:,k+1) = cross(omegad(:,:,k+1), pc(:,:,k))

+ cross (omega(:,:,k+1),

(cross(omega(:,:,k+1), pc(:,:,k)))) + vd(:,:,k+1);

%acceleration of center of mass

F(:,:,k+1) = m(k) * vecd(:,:,k+1); Y%force

N(:,:,k+1) = I(:,:,k) * omegad(:,:,k+1) + cross(omega(:,:,k+1),
(I(:,:,k)*omega(:,:,k+1))); Y%momentum

end

f = sym(zeros(3,1,6)); 1last column zerovec (no force at fingertip)
n = sym(zeros(3,1,6)); %no mementum at fingertip

torque = sym(zeros(3,1,5));

i = b;

for k=i:-1:2 YNewton-Euler-approach, look craig 176

f(:,:,k) = R(:,:,k) *» f£(:,:,k+1) + F(:,:,k); %force

n(:,:,k) = N(:,:,k) + R(:,:,k)*n(:,:,k+1) + cross(pc(:,:,k-1), F(:,:,k))
+ cross(p(:,:,k), (R(C:,:,k) * £(:,:,k+1))); %torque

torque(:,:,k) = n(:,:,k)’> * h(k-1,:)’*h(k-1,:); %torques 1-4

end

TorqueSimp = simplify(torque(:,:,2:5)); %dynamics of a 4-link-manipulator
Tau = [TorqueSimp(3,:,1); TorqueSimp(3,:,2);
TorqueSimp (3,:,3) + TorqueSimp(3,:,4)];
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%coupling of distal and proximal joint
Tau2 = subs(Tau, tdd4, tdd3);

Tau2 = subs(Tau2, td4, td3);

Tau2 = subs(Tau2, t4, t3);

%substitution for timing belt

%1ink0 = 0

Tau2 = subs(Tau2, 10, 0);
Tau2 = subs(Tau2, m0, 0);
Tau2 = subs(Tau2, 10c, 0);

Tau2 = simplify(Tau2);

%mass-term

Tau_M = subs(Tau2, g, 0);
Tau_M = subs(Tau_M, tdl, 0);
Tau_M = subs(Tau_M, td2, 0);
Tau_M = subs(Tau_M, td3, 0);

Tau_M = simplify(Tau_M);

collect (Tau_M(1), tddil)
collect(Tau_M(2), tdd2)
collect (Tau_M(3), tdd3)

%centrifugal term

Tau_C = subs(Tau2, g, 0);
Tau_C = subs(Tau_C, tddil, 0);
Tau_C = subs(Tau_C, tdd2, 0);
Tau_C = subs(Tau_C, tdd3, 0);

Tau_C = simplify(Tau_C);

hgravity-term

Tau_g = subs(Tau2, tddl, 0);
Tau_g = subs(Tau_g, tdd2, 0);
Tau_g = subs(Tau_g, tdd3, 0);
Tau_g = subs(Tau_g, tdl, 0);
Tau_g = subs(Tau_g, td2, 0);
Tau_g = subs(Tau_g, td3, 0);
Tau_g = simplify(Tau_g);
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results of the implemented

newton-euler approach

%Mass terms

M_1 = (Imim*N1"2 + (12°2*m3)/2 + 12c~2*m2 + 13c~2*m3

+ (12°2*m3*cos (2%xt2 + 2%t3))/2 + 12c 2*m2*cos (2*xt2 + 2%t3)
+ 13c"2*m3*cos (2*%t2 + 4xt3) + 11°2*m2x*cos(t2)"2
+1172*m3*xcos(t2) "2 + 2*1lc”2*ml*cos(t2)"2

+ 11%13c*m3*cos (2*xt2 + 2*t3) + 12*13c*m3*cos (2*xt2 + 3*t3)
+ 11%12*m3*cos(t3) + 1l1*12c*m2*cos(t3) + 12*13c*m3*cos(t3)
+ 11*12*m3*cos (2*%t2 + t3) + 1l1x12c*m2%*cos (2*t2 + t3)

+ 11%13c*m3%cos (2%t3));
M_2 = (Im2m*N2°2 + Im3m*N3"2 + Imd4m*N4"2 + 11°2*m2 + 11°2*m3 + 12°2%m3
+ 2x11c”~2*ml + 2%12c~2%m2 + 2*13c~2*m3 + 2*x11*12*m3*cos (t3)

+ 2*x11*12c*m2*cos(t3) + 2*x12*13c*m3*cos(t3) + 2%11*13c*m3*cos (2*xt3));

M_3 = (Im3m*N3"2 + 4*xIm4m*N4~2 + m3*12°2 + 4*m3*cos(t3)*12*x13c + 2*m2*12c"2

+ 8*xm3*13c~2);

%torque produced by acceleration of other joints

M_1_rest 0;

M_2_rest = + Im3m*tdd3*N3"2 + 2xImd4m*tdd3*N4~2 + m3*tdd3*12"2
+ 3*xm3*tdd3*cos (t3)*12*13c + 11*m3*tdd3*cos(t3)*12 + 2*xm2*xtdd3*12c"2
+ 11*m2*tdd3*cos(t3)*12c + 4*m3*tdd3*13c~2 + 2*%11*m3*tdd3*cos (2*xt3)*13c;

M_3_rest = + Im3m*tdd2*N3"2 + 2*xIm4m*tdd2*N4"2 + m3*xtdd2x*x12"2
+ 3*m3*xtdd2*cos(t3)*12*%13c + 11*m3*tdd2*cos(t3)*12 + 2*m2*xtdd2*12c"2
+ 11*m2*tdd2*cos(t3)*12c + 4*m3*tdd2*13c"2 + 2*11*m3*tdd2*cos (2*xt3)*13c;

%Centrifugal term
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C_1 = -td1*(1172*m2*td2*sin(2*t2) + 11°2*m3*td2*sin (2*%t2)

+ 2*%11c " 2*ml*td2*sin(2*t2) + 1272*m3*td2*sin (2*xt2 + 2%t3)

+ 127°2*%m3*td3*sin (2*%t2 + 2%t3) + 2*x12c " 2*m2*td2*sin (2*t2 + 2*t3)

+ 2%12c"2*m2*td3*sin (2*%t2 + 2%t3) + 2*13c"2*m3*td2*sin(2*t2 + 4%t3)

+ 4%13c"2*m3*td3*sin(2*%t2 + 4%t3) + 11*12*m3*td3*sin(t3)

+ 11*12c*m2%td3*sin(t3) + 12%13c*m3*td3*sin(t3) + 2%11%12*m3*td2*sin (2*t2
+ t3) + 11*%12*m3*td3*sin(2*%t2 + t3) + 2%11x12c*m2*td2*sin(2*t2 + t3)

+ 11%12c*m2*td3*sin(2*t2 + t3) + 2*x11x13c*m3*td3*sin(2*t3)

+ 2*%11*%13c*m3*td2*sin (2*xt2 + 2*t3) + 2*11*13c*m3*td3*sin(2*xt2 + 2%*t3)

+

2%12*13c*m3*td2*sin (2*%t2 + 3*t3) + 3*%12*13c*m3*td3*sin(2*t2 + 3*t3));

C_2 = (11°2*m2*td1-2%sin(2%t2))/2 + (11°2*m3*tdl1"2*sin(2*t2))/2
+ llc"2*mi*tdl1~2*sin(2*t2) + (12°2*m3*tdl 2*sin(2*t2 + 2xt3))/2
+ 12c"2*m2*td1"2%sin(2*t2 + 2%t3) + 13c 2*m3*tdl1 " 2*sin(2*%t2 + 4*t3)

11*12*m3*td3 " 2*xsin(t3) - 11*12c*m2*td3"2*sin(t3)

3*x12*13c*m3*xtd3 " 2*xsin(t3) + 11*12*m3*tdl " 2*sin(2*t2 + t3)
+ 11%12c*m2*td1"2*sin (2*%t2 + t3) - 4*x11*13c*m3*td3 " 2*sin (2*t3)

+ 11%13c*m3*tdl1"2*sin (2*%t2 + 2*t3) + 12*13c*m3*tdl " 2*sin(2*xt2 + 3*t3)

2%x11%12*m3*td2*xtd3*sin(t3) - 2*x11x12c*m2*td2*td3*sin(t3)

2%12x13c*m3*xtd2*td3*xsin(t3) - 4*11x13c*m3*xtd2*td3*sin(2*t3);

C_3 = (1272*m3*td1 " 2*sin(2*xt2 + 2*xt3))/2 + 12c~2*m2*tdl "2*sin(2*t2 + 2*t3)
+ 2%13c”2*m3*td1"2*sin (2*t2 + 4*t3) + (11*12*m3*tdl1"2*sin(t3))/2

+ 11*%12*m3*td2"2*sin(t3) + (l1*x12c*m2*tdl"2*sin(t3))/2

+ 11%12c*m2*td2"2*sin(t3) + (12%13c*m3*tdl "2*sin(t3))/2

+ 12*%13c*m3*td2"2*sin(t3) - 2*12*13c*m3*td3 " 2*sin(t3)

+ (11%12*m3*tdl1"2*sin(2%t2 + t3))/2 + (1l1*12c*m2*tdl"2*sin(2*t2 + t3))/2

+ 11%13c*m3*tdl " 2*xsin(2*t3) + 2*11%x13c*m3*td2"2*sin (2*t3)

+ 11%13c*m3*tdl1"2*sin (2*%t2 + 2*t3) + (3*%12*13c*m3*tdl "2*sin(2*t2 + 3*t3))/2;

%Gravitational term
G_1 = gxcos(t1)*(1l1*m2*xcos(t2) + 1l1*m3*cos(t2) + lic*mlx*cos(t2)
+ 13c*m3*cos(t2 + 2%t3) + 12*m3*cos(t2 + t3) + 12c*m2*cos(t2 + t3));

G_2 = -gxsin(t1)*(l1*m2*sin(t2) + 1l1*m3*sin(t2) + llc*ml*sin(t2)

+ 13c*m3*sin(t2 + 2*t3) + 12*m3*sin(t2 + t3) + 12c*m2*sin(t2 + t3));

G_3 = -gxsin(t1)*(2%13c*m3*sin(t2 + 24t3) + 12#m3*sin(t2 + t3)
+ 12c*m2*sin(t2 + t3));

tl; t2; t3; angle of joint 1 - 3

tdl; td2; td3 rotational velocity of joint 1 - 3

tdd1l; tdd2; tdd3 rotational acceleration of joint 1 - 3

g = 9.81: gravitational acceleration

11 = 55e-03; %m length of proximal phalanges

12 = 25e-03; ¥m length of intermediate phalanges
13 = 25e-03; ¥%m length of distal phalanges
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ml = 4.4370598e-02; Y%kg mass of Proximal phalanges

m2 = 2.7110192e-02; Y%kg mass Intermediate phalanges

m3 = 1.8179709e-02; %kg mass of distal phalanges

pcl = [3.0164510e-02 -1.0130813e-03 5.0813186e-04]";
vector to center of mass of proximal phalanges
pc2 = [5.7271879e-03 -1.6164173e-03 -1.1567914e-03]7;
vector to center of mass of proximal phalanges
pc3 = [6.1007977e-03 -8.3348211e-04 1.7728256e-03]7;

vector to center of mass of proximal phalanges

N1=100; N2=100; N3=100; N4=100; transmission of HD-drives

Imim= 5.1e-07; Im2m= 5.1e-07; Im3m= 5.1e-07; inertias of the

motors
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stiction

data = load(’/media/Transcend/pdffiles/log_1’); %load data from log-file
data = data(:, [1,7,22]);

%choose columns for PWM-Signal (1), position(7), velocity(22)

n = length(data);

%delete false sensor signals
for i = 2:n
if (abs (data(i,2))>100) %valid positions are O - 60 degree
data(i,2) = data(i-1,2);
end
if (abs (data(i,3))>400) Y%valid velocities are +/- 0 - 200 degree/sec
data(i,3) = data(i-1,3);

end

end

data_2 = [0 0]; %variable for PWM-Signal and velocity

counter = 0;

for i = 500:10:n-500

if ((data(i+10,1) ~= 0) & (data(i,1) 0)) %Flanke start PWM

PWM_start = i;
counter = counter+1;

end

if ((data(i+10,1) == 0) & (data(i,1) ~= 0)) %Flanke stop PWM
PWM_stop = 1ij;

counter = counter+1;
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end

if (counter == 2)
0

counter =

>

summe = sum(data(PWM_start:PWM_stop,3)~=0);

if (summe >1000) %if more then 1000 values of velocity

PWM = data(PWM_start+10 ,1);

posi = data(PWM_start+10,2);

data_2 = [data_2;
end

end

end

PWM, posil;

0
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dynamic friction

data = load(’log_1dyn’);

data = data(:, [1,7,22]);

%chooses columns for PWM, position
n = length(data);
for i = 2:n
if (abs (data(i,2))>100)
data(i,2) = data(i-1,2);
end
if (abs(data(i,3))>400)
data(i,3) = data(i-1,3);

end
end
data_2 = [];
counter = 0;
500:10:n-500

for i =

if ((data(i+10,1) "= 0) & (data(i,1)

PWM_start = ij;
counter =

counter+1;

end

if ((data(i+10,1) == 0) & (data(i,1)
PWM_stop = 1ij;
counter = counter+i1;

end

if (counter ==

and velocity of corresponding joint

%deletes wrong positions

%deletes wrong velocities

0)) %PWM started

"= 0)) %PWM stopped
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end

end

counter = O0;

[a, bl = max(abs(data(PWM_start:PWM_stop,3)));
PWM = data(PWM_start+b,1);

posi = data(PWM_start+b,2);

vel = mean(data(PWM_start+b-50:PWM_start+b+50,

data_2 = [data_2; PWM, posi, vell;

3));
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motormodel

function torque =
%#codegen
[0 0 0];

var =

%distal joint

if (abs (1.43*x10° -4 .*PWM(1)) <
.*%((velocity (1) .x60 .* 100
var (1) = 0;
else
var (1) = (1.43%10°-4 .*PWM(1)
.*x((velocity (1) .*60 .* 100
* belt
end
if (abs (1.43%10" -4 .*PWM(2)) <
.x((velocity(2) .*60 .* 100
var (2) = 0;
else
var (2) = (1.43%10°-4 .*PWM(2)
.x((velocity(2) .x60 .* 100

%motortorque * HD * beltl x*

end

if (abs (1.43%107-4 .*xPWM(3)) <
.*%((velocity(3) .x60 .* 100
var (3) = 0;
else
var (3) = (1.43%10°-4 .*PWM(3)

.x((velocity(3) .*x60 .* 100

motormodel (PWM,

.* 2.083)./360))

L% 2.083

.k 2.083

.k 2.083

L% 2.083

velocity)

abs ((1.215%107°(-8) .* abs(PWM(1)) - 7.711x107(-5))

.* 2.083)./360)))

+ (1.215%107(-8) .* abs(PWM(1)) - 7.711%107(-5))

.*%100* 2.083; Ymotortorque * HD

abs ((1.215*%10°(-8) .* abs(PWM(2)) -

.*x 1.125)./360)))

7.711%10°(-5))

+ (1.215%107(-8) .* abs(PWM(2)) -
.*x 1.125)./360))

7.711%10°(-5))
.*x100 * 2.083 * 1.125;
belt2

abs ((1.215%10°(-8) .* abs(PWM(3)) -
.*x 1.125)./360)))

7.711%10°(-5))

+ (1.215%10°(-8) .* abs(PWM(3)) -

.x 1.125)./360))

7.711%10°(-5))

.x100 * 2.083 .x 1.125;
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%motortorque*HD*belt

end

torque = var./100; %Ncm to Nm

LisTING E.1: motormodel
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fingermodel

function [acceleration, OutOfMovementRange] =
fingermodel (theta, thetadot, thetadotdot ,torque, frictionExtern)

%inputs [degree] [degree/s] [degree/s~2] [Nm]

%define fingerparameters

tdd = [0 0 01°;

g = 9.81;

11 = 55e-03; %m
12 = 25e-03; %m
13 = 25e-03; %m

ml = 4.4370598e-02; %kg

m2 = 2.7110192e-02; %kg

m3 = 1.8179709e-02; Y%kg

pcl = [3.0164510e-02 -1.0130813e-03 5.0813186e-04]";
pc2 = [5.7271879e-03 -1.6164173e-03 -1.1567914e-03]’;
pc3 = [6.1007977e-03 -8.3348211e-04 1.7728256e-03]7;
lic = norm(pcl);

12¢ = norm(pc2);

13c = norm(pc3);

%N_distal = 2.083; Y%transmission ratio for distal joint
%AN_t_belt_ratio = 1.125; %for base joint t1/(N_distal*N_t_belt_ratio)
N1=100; N2=100; N3=100; N4=100;

Imim= 5.1e-07; Im2m= 5.1e-07; Im3m= 5.1e-07; Imé4m=0;

tl = theta(l) .* pi/180;
t2 = theta(2) .* pi/180;
t3 = theta(3) .* pi/180;

tdl = thetadot (1) .* pi/180; Y%degree to rad
td2 = thetadot(2) .* pi/180; Y%degree to rad
td3

thetadot (3) .* pi/180; Y%degree to rad
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tddl = thetadotdot(1).* pi/180; Y%degree to rad
tdd2 = thetadotdot(2).x pi/180; %degree to rad
tdd3 = thetadotdot (3).* pi/180; %degree to rad

%Mass terms

M1 = (Imim*N1"2 + (12°2*m3)/2 + 12c~2*m2 + 13c~2*m3

+ (1272*m3*cos (2%t2 + 2%t3))/2 + 12c 2*m2*cos (2*%t2 + 2xt3)

+ 13c"2*m3*cos (2*%t2 + 4%t3) + 11~ 2*m2*cos(t2)"2

+ 11°2*m3*cos(t2)"2 + 2*x11c"2*ml*cos(t2)"2 + 11*13c*m3*cos (2*t2

+ 2%t3) + 12*13c*m3*cos(2*t2 + 3*t3) + 11*x12*m3*cos(t3)

+ 11%12c*m2*cos (t3) + 12%13c*m3*cos(t3) + 11*12*m3*cos (2*t2 + t3)
+ 11*x12c*m2*cos (2*%t2 + t3) + 11*13c*m3*cos(2*t3));

M2 = (Im2m*N2°2 + Im3m*N3"2 + Im4m*N4~2 + 11°2*m2 + 11°2*m3
+ 127°2%m3 + 2x11c”2*ml + 2%12c~2*m2 + 2%x13c~2*m3
+ 2%x11*12*m3*cos(t3) + 2*11*x12c*m2*cos(t3) + 2%12x13c*m3*cos (t3)

+ 2%11%13c*m3*cos (2*t3));

M3 = (Im3m*N3"2 + 4*xIm4m*N4"2 + m3*x12°2 + 4xm3*cos(t3)*12*x13c
+ 2*m2*12c”2 + 8*%m3*13c~2);

%torque produced by acceleration of other joints

M1l_rest = 0;

M2_rest = + Im3m*tdd3*N372 + 2*xIm4m*tdd3*N4~2 + m3*tdd3*x12"2
+ 3*m3*tdd3*cos (t3)*12*%13c + 11*m3*tdd3*cos(t3)*12

+ 2*m2%tdd3*12c”2 + 11*m2*tdd3*cos(t3)*12c + 4*m3*tdd3*13c"2
+ 2%11*m3*tdd3*cos (2*xt3)*13c;

M3_rest = + Im3m*tdd2*N3"2 + 2*xIm4m*tdd2*N4~2 + m3*tdd2*x12"°2
+ 3*xm3*tdd2*cos(t3)*12*13c + 11*m3*tdd2*cos(t3)*12
+ 2*¥m2*tdd2*12c "2 + 1l1*m2*tdd2*cos(t3)*12c + 4*m3*tdd2*13c"2

+ 2*%11*m3*xtdd2*cos (2*xt3)*13c;

%Centrifugal term

Cl = -td1*(11"2*m2*td2*sin(2*t2) + 117 2*m3*td2*sin(2*t2)

+ 2%11c " 2*ml*td2*sin(2*t2) + 1272*m3*td2*sin (2*xt2 + 2*t3)

+ 12°2*%m3*td3*sin (2*%t2 + 2%t3) + 2*x12c~2*m2*td2*sin (2*t2 + 2*t3)
+ 2%x12c¢"2*xm2*td3*sin (2*%t2 + 2%t3) + 2%13c"2*m3*td2*sin(2xt2

+ 4%t3) + 4x13c"2*m3*td3*sin(2*t2 + 4*%t3) + 11x12*m3*td3*xsin(t3)
+ 11%12c*m2*td3*sin(t3) + 12*x13c*m3*td3*sin(t3)

+ 2*%11*%12*m3*td2*sin(2*t2 + t3) + 11%12*m3*td3*sin(2*xt2 + t3)

+ 2*%11*12c*m2*td2*sin (2*t2 + t3) + 11*x12c*m2*td3*sin(2*t2 + t3)
+ 2%11*13c*m3*td3*sin (2*t3) + 2*11*x13c*m3*td2*sin (2*t2 + 2%t3)

+ 2%11*%13c*m3*td3*sin (2*t2 + 2*t3) + 2%12*13c*m3*td2*sin (2*t2

+ 3%xt3) + 3x12*13c*m3*td3*sin(2%t2 + 3*xt3));

C2 = (11°2*m2*td1"2*sin(2*t2))/2 + (11°2*m3*tdl1 " 2*sin(2*t2))/2
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lic"2*ml*tdl1 " 2*xsin(2*t2) + (127°2%m3*tdl " 2*xsin(2*xt2 + 2*t3))/2
12c"2*m2*xtd1 " 2*xsin (2*%t2 + 2%t3) + 13c~2*m3*tdl " 2*sin (2*t2

4%xt3) 11*12*m3*td3"2*sin(t3) 11*x12c*m2*td3 " 2*xsin(t3)

3*x12*13c*m3*td3 " 2*xsin(t3) + 11*12*m3*tdl "2*sin(2*t2 + t3)
11*12c*m2*tdl1 " 2*xsin (2*xt2 + t3)

4%11%13c*m3*td3 " 2*sin (2*t3)
11%13c*m3*tdl "2*xsin (2*t2 + 2xt3) + 12%13c*m3*tdl "2xsin (2*t2

3*xt3) 2%11*12*m3*xtd2*td3*sin (t3) 2%11*12c*m2*td2*td3*sin(t3)

2%12*13c*m3*td2*td3*xsin(t3)

4%11*13c*m3*xtd2*td3*xsin (2*t3);

c3 (12°2*m3*td1"2*sin(2*t2 + 2*t3))/2 + 12c"2*m2*tdl " 2*xsin (2*xt2 +
2%13c"2*m3*tdl " 2xsin (2*t2 + 4%*t3)

(11*12*m3*tdl1"2*sin(t3))/2 + 11*12*m3*td2"2*sin(t3)
(11*%12c*m2*td1"2*sin(t3))/2 + 11%12c*m2*td2"2*sin(t3)
(12%13c*m3*td1"2*sin(t3))/2 + 12%13c*m3*td2"2*sin(t3)
2%12%13c*m3*td3"2*xsin(t3) + (11%12*m3*tdl"2*sin(2%t2 + t3))/2
(11*12c*m2*td1 " 2*sin (2*t2 + t3))/2 + 11*13c*m3*tdl " 2*sin(2*t3)
2%11%13c*m3*td2 " 2*sin (2*xt3) + 11#13c*m3*tdl "2*xsin (2*xt2 + 2%*t3)
(3*%12%13c*m3*tdl "2*xsin (2*xt2 + 3*t3))/2;

%Gravitational term

G1 gxcos(t1)*(ll*m2*cos(t2) + 1l1*m3*cos(t2) + llc*ml*cos(t2)

+ 13c*m3*cos (t2 + 2*xt3) + 12*m3*cos(t2 + t3) + 12c*m2*cos(t2
+ t3));

G2 —g*xsin(t1)*(11*m2*sin(t2) + 11*m3*sin(t2) + llc*mli*sin(t2)

+ 13c*m3*sin(t2 + 2*t3) + 12*m3*sin(t2 + t3) + 12c*m2*sin(t2 + t3));

G3 -g*sin(t1)*(2*13c*m3*sin(t2 + 2*xt3) + 12*m3*sin(t2 + t3)

+ 12c*m2*sin(t2 + t3));

%Frictionmodel

%tau_resulting = torque - M_rest - Cxthetadot - G*theta
tau_resulting = [0 0 0];

alpha = pi/4; %movement angle of base joint

tau_resulting (1) = torque(l) - M3_rest - C3 - G3;

tau_resulting2_x = torque(2) .* sin(alpha);

tau_resulting2_y = torque(2) .* cos(alpha);

tau_resulting3_x = torque(3) .* sin(-alpha);

tau_resulting3_y = torque(3) .* cos(alpha);

tau_resulting(2) = (tau_resulting2_x + tau_resulting3_x - Ml_rest -

tau_resulting (3) (tau_resulting2_y + tau_resulting3_y - M2_rest

[0 0 0];
[0.36 0.36 0.36];

stribeck

stiction

2*xt3)

C1

G1l;
c2

G2;
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OutO0OfMovementRange = [0 0 0]’;

WRITh T T Tl totototoTo oot totototoToTo ot tototoTo ToTo ot %o toto to To To fo o %o %o 1o To To To To T o o %o 0o %o 5o Yo T T o o e s o 0o o o o

%friction distal joint

if ((tau_resulting(l) <= stiction(1l)) && (thetadot (1) == 0))
stribeck (1) = tau_resulting(1);
elseif (theta(1)<5 && thetadot (1)<0)
OutOfMovementRange (1) = 0;
%stribeck (1) = tau_resulting(1);
elseif (theta(1)>90 && thetadot (1)>(-0.1))
OutOfMovementRange (1) = 0;
%stribeck (1) = tau_resulting(1l);
else
OutOfMovementRange (1) = 1;
stribeck (1) = frictionExtern(1);
end
BRBRDTTTT T Dottt tototototo ool T e e o To To To To To To To To T o o 0o 0o 0o 0o o o o o o e T e T T e e o o o To T T T T %o o

%friction basel joint

if ((tau_resulting(2) <= stiction(2)) && (thetadot(2) == 0))
stribeck (2) = tau_resulting(2);

elseif (theta (2)<5 && thetadot (2)<0)
OutOfMovementRange (2) = 0;

% stribeck (2) = tau_resulting(2);

elseif (theta(2)>90 && thetadot(2)>(-0.1))
OutOfMovementRange (2) = 0;

% stribeck (2) = tau_resulting(2);

else
OutOfMovementRange (2) = 1;
stribeck (2) = frictionExtern(2);

end

Tl hh Tt TotototohoToTototo e loTototohoToTo toto s foTo To to tofo o 1o To 1o e o To To 06 0o o To To 1o 0o o o o Jo 9o 0o o o To 1o 06 o o o T %6 4o o o o

%friction base2 joint

if ((tau_resulting(3) <= stiction(3)) && (thetadot(3) == 0))
stribeck (3) = tau_resulting(3);

elseif (theta(3)<5 && thetadot (3)<0)
OutOfMovementRange (3) = 0;

% stribeck (3) = tau_resulting(3);

elseif (theta(3)>90 && thetadot(3)>(-0.1))
OutOfMovementRange (3) = 0;

% stribeck (3) = tau_resulting(3);

else
OutOfMovementRange (3) = 1;
stribeck(3) = frictionExtern(3);

end

BRIl T Tl tototoloTolo s tototototoTo ot tototoToTolo ottt tototoTo To oo %% %o %o to To To To o o %o o %o to to To To o o o o 0o %o
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friction = stribeck; % Nm

tdd (1) = 180./pi .* (tau_resulting(l) - friction(1))./(M3);
tdd (2) = 180./pi .* (tau_resulting(2) - friction(2))./(M1);
tdd (3)

180./pi .* (tau_resulting(3) - friction(3))./(M2);

acceleration = tdd;

LisTING F.1: fingermodel
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data used in lookup table

Breakpoints distal Data distal Breakpoints base Data base
0 0 -242.6000 -0.7056
-291.9000 -0.5855 -234.6000 -0.6977
-280.3000 -0.5290 -234.4000 -0.6681
-279.0000 -0.5565 -232.5000 -0.6431
-277.9000 -0.5079 -229.3000 -0.6219
-270.2000 -0.4969 -225.8000 -0.6031
-264.3000 -0.4584 -223.2000 -0.5809
-262.7000 -0.4091 -212.7000 -0.5259
-260.3000 -0.4950 -210.0000 -0.5935
-258.9000 -0.4453 -208.9000 -0.5683
-253.0000 -0.6426 -208.0000 -0.5134
-249.3000 -0.4147 -206.2000 -0.4898
-241.5000 -0.4080 -198.3000 -0.4604
-238.5000 -0.3919 -195.3000 -0.4995
-230.3000 -0.3621 -195.0000 -0.4436
-228.0000 -0.3928 -191.4000 -0.4280
-220.8000 -0.3636 -188.3000 -0.4120
-217.3000 -0.3482 -184.4000 -0.3982
-215.6000 -0.3297 -178.7000 -0.3922
-198.5000 -0.3558 -175.5000 -0.3758
-198.0000 -0.3320 -171.5000 -0.3635
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-197.6000
-196.2000
-187.5000
-184.0000
-180.5000
-177.2000
-170.2000
-168.8000
-164.6000
-160.8000
-157.4000
-149.6000
-142.5000
-141.0000
-138.0000
-133.7000
-129.4000
-123.2000
-117.2000
-111.4000
-106.2000
-103.3000
-97.9000
-93.9000
-89.9000
-83.0000
-79.1000
-73.7000
-69.0000
-63.2000
-58.7000
-53.8000
-48.4000

-0.3084
-0.2893
-0.2926
-0.2578
-0.2904
-0.2557
-0.2547
-0.2382
-0.2291
-0.2203
-0.2095
-0.2133
-0.2150
-0.2006
-0.1903
-0.1858
-0.1807
-0.1825
-0.1850
-0.1869
-0.1864
-0.1782
-0.1798
-0.1769
-0.1739
-0.1829
-0.1803
-0.1836
-0.1856
-0.1916
-0.1931
-0.1973
-0.2035

-168.5000
-164.2000
-161.5000
-158.0000
-154.8000
-152.0000
-146.8000
-145.4000
-141.6000
-137.9000
-134.4000
-130.7000
-127.0000
-123.3000
-120.1000
-116.5000
-113.0000
-109.4000
-106.3000
-102.7000
-99.0000
-95.7000
-91.9000
-88.5000
-84.7000
-81.4000
-77.8000
-74.5000
-71.0000
-67.7000
-64.0000
-60.3000
-57.1000

-0.3503
-0.3384
-0.3235
-0.3116
-0.3006
-0.2838
-0.2799
-0.2619
-0.2533
-0.2444
-0.2363
-0.2279
-0.2203
-0.2131
-0.2041
-0.1972
-0.1897
-0.1837
-0.1763
-0.1710
-0.1666
-0.1607
-0.1570
-0.1529
-0.1507
-0.1462
-0.1426
-0.1389
-0.1379
-0.1349
-0.1346
-0.1328
-0.1305
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-44.2000
-41.1000
-37.7000
-34.1000
-30.7000
-26.9000
-23.9000
-19.7000
0
25.0000
25.8000
32.3000
34.9000
37.3000
40.1000
42.8000
47.4000
51.0000
55.3000
57.5000
62.3000
67.1000
71.5000
75.9000
80.6000
84.8000
89.1000
93.4000
96.2000
102.0000
107.3000
110.5000
114.7000

-0.2049
-0.2018
-0.1997
-0.1994
-0.1991
-0.2004
-0.1983
-0.2010

0.2014
0.1800
0.1821
0.1865
0.1921
0.1961
0.2008
0.1973
0.1987
0.1974
0.2052
0.2024
0.2001
0.1998
0.1999
0.1991
0.2007
0.2023
0.2043
0.2135
0.2096
0.2091
0.2164
0.2218

-53.7000
-50.4000
-47.3000
-44.1000
-40.8000
-37.7000
-34.4000
0
30.0000
32.4000
35.5000
37.8000
40.2000
42.3000
47.1000
50.0000
53.1000
56.4000
59.7000
63.0000
66.3000
69.5000
72.7000
76.0000
79.2000
82.6000
85.8000
89.1000
92.4000
95.8000
99.1000
102.2000
106.0000

-0.1296
-0.1286
-0.1268
-0.1259
-0.1259
-0.1252
-0.1259

0.1603
0.1626
0.1593
0.1648
0.1700
0.1771
0.1753
0.1786
0.1811
0.1828
0.1849
0.1874
0.1902
0.1940
0.1980
0.2020
0.2068
0.2109
0.2164
0.2218
0.2276
0.2332
0.2396
0.2476
0.2524
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120.7000
124.7000
130.4000
134.9000
141.2000
142.9000
148.8000
149.9000
157.6000
159.0000
163.5000
164.6000
169.3000
175.0000
181.7000
182.8000
187.3000
189.7000
196.2000
203.0000
204.8000
211.5000
220.3000
222.6000
224.9000
226.2000
230.9000
241.8000
245.2000
254.7000
257.7000
260.3000
263.8000

0.2188
0.2257
0.2248
0.2295
0.2287
0.2449
0.2453
0.2628
0.2591
0.2762
0.2839
0.3022
0.3104
0.3148
0.3178
0.3382
0.3479
0.3641
0.3678
0.3965
0.4162
0.4225
0.4227
0.4408
0.4865
0.4571
0.4934
0.4939
0.5106
0.5142
0.5340
0.5544
0.5737

109.1000
113.0000
115.8000
119.1000
122.4000
125.9000
129.1000
132.8000
135.9000
138.3000
139.8000
144.5000
147.3000
150.1000
154.2000
156.6000
161.1000
164.7000
166.7000
172.1000
173.1000
176.3000
179.7000
183.0000
185.9000
189.6000
193.0000
196.4000
200.2000
203.7000
206.8000
210.3000
213.4000

0.2608
0.2663
0.2785
0.2873
0.2964
0.3053
0.3157
0.3244
0.3358
0.3506
0.3689
0.3751
0.3904
0.4046
0.4127
0.4306
0.4379
0.4511
0.4711
0.7243
0.4746
0.4890
0.5035
0.5206
0.5366
0.5531
0.5697
0.5863
0.6028
0.6201
0.6385
0.6569
0.6769
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263.9000 0.5990 216.4000 0.6968
266.6000 0.6193 219.9000 0.7164
271.3000 0.6365 227.0000 0.7558

Table G.1: Data of lookup tables
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additional samples for verification

180

160 ——measured values
140 — simulation

120 |-
100 |- 1
80 | \ 1
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_20 1 1 1 1 1
3
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FIGURE H.1: Second verification of base joint 2: The measured values (in green) show
a braking phase due to the elastic belt while the simulation (in blue) sets the velocity

to zero when the finger reaches the border of movement range. The shown PWM signal
are 1500, 2500 and 3500.
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200 ‘

180 — measured values ﬂwq 7
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FIGURE H.2: Third verification of base joint 2: The measured values (in green) show a

braking phase due to the elastic belt while the simulation (in blue) sets the velocity to

zero when the finger reaches the border of movement range. The shown PWM signal

are 1750 2750 and 3750. The biggest difference between simulation and measurement
is for a signal of 3750

200
—measured values
—simulation
150 - -
)
8
6100 3 -
[0)
S,
>
S 50 g
] /
o \
> bt
O _
_50 | | | | |
0 1 5 6

3
time [s]

F1GURE H.3: Second verification of base joint 1: The measured values (in green) show

a braking phase due to the elastic belt while the simulation (in blue) sets the velocity

to zero when the finger reaches the border of movement range. The shown PWM signal

are 1500, 2500 and 3500. The biggest difference between simulation and measurement
is for a signal of 3500
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3
time [s]

FIGURE H.4: Third verification of base joint 1: The measured values (in green) show a

braking phase due to the elastic belt while the simulation (in blue) sets the velocity to

zero when the finger reaches the border of movement range. The shown PWM signal
are 1750 2750 and 3750.
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—simulation

200 r 7
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F1GURE H.5: Second verification of distal joint: The measured values (in green) show

a braking phase due to the elastic belt while the simulation (in blue) sets the velocity

to zero when the finger reaches the border of movement range. The shown PWM signal

are 1500 2500 and 3500. As shown in the figure, the finger did not reach the end of
movement range for a PWM signal of 1500.
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-50 | | | | |
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time [s]

F1curRE H.6: VThird verification of distal joint: The measured values (in green) show

a braking phase due to the elastic belt while the simulation (in blue) sets the velocity

to zero when the finger reaches the border of movement range. The shown PWM signal
are 1750 2750 and 3750.
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