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Abstract

An anthropomorphic biped robot called AAU-Botl has beenetigved at Aalborg University. This
robot is a part of cooperation between Department of Medah&ystems and Department of Electrical
Systems. Initially the robot was designed to perform the &igiait or more precise the heel-toe gait.
Currently the AAU-Botl is subjected to implementation ohtol schemes at Department of Electrical
Systems. The arms of the robot are attached to the torso byséaevolute joints on the current robot.
However it has been the aim from start of the cooperationv¥eldg a robot that also could interact with
humans in the form of a handshake.

As the AAU-Botl’s current arms are limited to a pitching nestiaround the shoulder joints. The focus
of this project is to create a light and low power consuminginamical design of an anthropomorphic
robot arm (ARA) with seven degrees of freedom with the sameking space as a human arm. The
redundant setup of the robot arm will enhance the flexibilityen it is to perform human-like motion.
The robot arm is set to minimum perform two types of motioansird gait and a human handshake
motion. After manufacturing the designed ARA is to be modrde AAU-Bot1.

The design is limited to a system with four degrees of freederom a literature study the human wrist
trajectories for gait and handshake was determined. Tordate the unknown trajectory for the four
degrees of freedom, a combination of weighed and dampedipseverse Jacobian has been used. To-
gether with standard kinematic and inverse dynamic aredRA motion and forces was determined.
The weighed-damped pseudo inverse Jacobian method hasdeetogether with an optimisation pro-
cedure based on the Complex method. The optimisation puoeesas introduced to minimise ARA
power usage and remove trajectories that would collide whightorso of AAU-Botl. Kinematic and
inverse dynamic analysis results have been used to selacagd actuators from catalogues. Simple
calculation and intuitive design procedures have beentesgelsign the structural parts of the robot arm.

The work has resulted in a four degree of freedom concepegsgd with human-like proportions and
manipulability. The total mass of the initial design is apgmately 5.8kg that gives an additional mass
for AAU-Botl of 4 kg per arm because of shared design parts. The arm can carryaagayf 2kg.
The distribution of joint degree of freedom follows the orfi@dwuman arm and is obtained with revolute
joints in series. The design can perform standard humaragdibandshake motion. At the same time
the concept have been created sufficiently strong to perédiner tasks.

The designed anthropomorphic robot arm is designed to warkthndard gait and handshake motion.
The redundant setup ensures a flexible arm that can imitateuinan arm. It should be investigated if
the mass can be reduced with use of special purpose desigaesiand extra gearing to minimise motor
sizes. The design is to be expanded with three extra degfdéesedom so an anthropomorphic robot
arm design with seven degree of freedom can be manufactured.
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Preface

This thesis has been created over one semester from Fel®uhaty June 3rd of 2008 at the

Department of Mechanical Engineering. The report dessribe concept design of a robot arm
called ARA (Anthropomorphic Robot Arm). This arm is to be mted on the anthropomor-

phic AAU-Botl robot [L7] that is a biped robot constructed at Aalborg University.

From the initial stated problem a detailed specificatiorttierdesign was established A concept
design was established based on the established spegiiifatithe design.

The project has been supported by researchers from Depdarohdlechanical Engineering
and from Department of Electronic Systems.

CD-ROM is enclosed in the back of this report, which contaidatlab programs, a Solid-
Works CAD model, technical data for gears and motors as vech aeport in PDF format.
Besides are results from the Matlab programs placed in tlderfddynamicresults”. A com-
plete overview of the different result can be viewed in treutefiles or by running the Matlab
program "main.m”.

Tables and figures have been enumerated with the number chépter and the number of
the figure in that chapteg.g. "Figure 3.1”. This figure will be the first figure in chapter 3.
Appendixes are indicated with letters,g. "Appendix A’. Citations in the report have been
made ase.g.[23].

Vii
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Introduction
Problem description

It was suggested that a new and better set of arms should bded for the AAU-Botl. The
main goal for this project is to develop a new anthropomarpbbot arm (ARA) with higher
manipulability than the current arms mounted on AAU-Botln éxtract of the initial project
description from Department of Mechanical Engineering is:

The project attempts to develop an anthropomorphic (hulikah-robotic arm
with a high degree of manipulability. A two-portion anthasporphic robotic arm
with seven degree of freedom (DOF) is to be built. The redan@F helps to
eliminate singularity, to enhance flexibility in avoidinpstacles and to improve
the dexterity. By introducing the redundancy DOF in the aitms expected to
improve the performance of the arm so it can be comparabl@ihoam arms.

There was beside the project description suggested difféeehnical specification for the de-
sign. First of all a final arm should have 7 DOF, the same amasist human arm. To imitate
the human hand it was suggested that a gripper with 1 DOF ghmumounted at wrist joint.
As well it was suggested that the arm should be able to harglaad up to 4g. It was also
noted that the weight and power consumption is importaribfador the designed arm2%]

The AAU-Botl was developed by three students at Aalborg éhsity in 2006/2007. The task
was to develop a mechanical design of a humanoid biped rolibthuman-like proportion
and DOF that could perform human walking. The project is goeoation between Dept. of
Mechanical Engineering and Department of Electronic SysteFinal assembly and control
implementation is still under development by Departmerilettronic Systems and the robot
is expected to walk in the summer of 2008. Figlr#& shows a kinematic and CAD model of
the developed robotl[].

(8
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Figure 1.1: DOF and CAD model of the AAU-Bot1 robolq]

AAU-Botl is a relatively expensive project and it is impartdéhat the project also gives some
form of payoff for the university. When the robot is complgténished and ready for public
appearance the success criteria can be measured diffei®uatlone factor could be how much
the robot impresses or relates to the public or people rénwgethhe project. Because the AAU-
Botl is a humanoid robot, humans will relate to the robot lpdtiasical and psychical. If the
robot is able to interact with humans or imitate human behayit will create a simple relation
to humans. The chance of a successful presentation of the B&Wl would therefore increase.
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Problem Analysis

2.1 Human Arm
2.2 AAU-Botl

2.3 Other Projects
2.4 Summary

As the overall project description states that an anthrapphic arm of 7 DOF is to be de-
signed. It will from information collected in this chaptee bstablished a detailed design spec-
ification for the ARA design. Human arm is being reviewed fmpbrtant properties. The
AAU-Botl design approach as well as experience is colleciédal some projects that have
created anthropomorphic arms are reviewed. Based on thectenl information a detailed
ARA specification is worked out.

2.1 Human Arm

The human arm is a complex structure that is hard to copy irharécal designs. But there are
different parameters that general describe the propati@fuman arm, i.e. degree of freedom,
range of motion and size. Mass is not important because ARA i as light as possible. If
normal kinematics notations are used the human arm DOF caimipdified to be represented
with 3 DOF at shoulder joint, one at elbow, three at wrist. fgare2.1

Shoulder

Upper arm

Figure 2.1: Human arm represented with simple kinematic joints.



L

Human Arm

2.1.1 Range of motion

The human arm DOF defined at figuzel is limited to different outer position that together
defines the human arm work space or range of motion. The deaage of motion for an adult
human can be shown with figuge2, 2.3

° o 9
(a) Shoulder Pitch (b) Shoulder Roll (c) Shoulder Yaw

Figure 2.2: Range of motion for human shoulder joint4]

20° 3°

F \

(a) Elbow Pitch (b) Wrist Yaw/Pitch (c) Wrist Roll
Figure 2.3: Range of motion for human elbow joint, and wrist joirt4]

The data is summarised in tat#el

Joint Movement limit Angle [°]
Elbow Pitch upper/lower 140/0
Wrist Pitch upper/lower 60/60
Roll upper/lower 20/30
Yaw upper/lower 90/90
Shoulder Pitch upper/lower 180/50
Roll upper/lower 90/0
Yaw upper/lower 90/90

Table 2.1: Human arm range of motion.

These data for the human arm is to be passed on to the desigRa4.it is to perform human
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AAU-Botl

motion.

Size

The size of a human arm is dependent on many factors whereraygesnder are primary
dependencies. An investigation of human segment lengt been conducted byL8]. The
result of this work can be represented tabl2 where the data is for males.

Upper arm length (mm)

Interval
Age nr. Mean Stddv. Lower Upper |Median 5% (95%
20-29 42 368 18 332 404 370 341 | 395
30-39 63 370 21 327 413 370 341 | 405
40-49 61 | 370 23 324 416 370 | 340 | 410
50-59 55 371 21 329 412 365 344 | 410

Lower arm- and hand length (mm)

Interval

Age nr. | Mean Stddv. | Lower Upper Median 5% 95%
20-29 42 480 17 445 515 480 450 | 505
30-39 63 | 484 24 436 532 480 | 456 | 515
40-49 61 483 19 444 522 480 455 | 510
50-59 55 485 24 436 534 480 455 | 530

Hand length (mm)

Interval
Age Numb| Mean | Stddv. |Lower Upper | Median 5% | 95%
20-29 42 194 19 155 232 195 175 | 210
30-39 63 195 12 172 219 195 180 | 210
40-49 61 194 13 168 219 195 175 | 210
50-59 55 194 13 168 220 195 179 | 215

Table 2.2: Human arm length based on the working Danish malg] [

It is chosen to use the median values from the age 20 to 29.

2.2 AAU-Botl

It is important to bear in mind that the ARA has to be mountedhenAAU-Bot1 and therefore
mechanical parts, actuators etc. have to work together tvithypes of components already
used in AAU-Botl. So to establish a foundation for AAU-Botdngponent usage and design
approach the design is shortly reviewed. At the same timeréxpce from AAU-Botl project
is taken in to consideration for ARA design.

2.2.1 General

The AAU-Botl is designed to perform walking motion for a nmmim of 1000 hours. This
include start/stop, turn and straight walk. The walking imoshould be performed for a min-
imum of 15 minutes with on board power supply. As the AAU-B@lo perform walking
motion for at least 1000 hours the ARA design is to withstdrad &s well. Besides the walking
motion the robot is also dimensioned to stand up from sitting chair as well as climb a 0.15
m high obstacle. The dimensioning of the AAU-Bot1 was inibaked on arms that has a mass
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AAU-Botl

of 5.8kgthis is therefore also set as maximum weight for initial AR&sn.

The current AAU-Botl has a total of 17 actuated and 2 unaetuUBOF, approximately a height
of 1.8 mand a mass of 78g, see figurel.L Structural parts are created with aluminium to
minimise the overall weight, but high stressed parts haen lmeeated with steel. Besides the
structural parts the AAU-Botl is generally build from conmaial components. These compo-
nents are the DC RE series motors from Max®8|[ Different sizes of the RE series are used
to comply with the different power requirements associatétth the walk motion. Position
measurement through a working cycle is determined by digiteoders, also from Maxon, and
integrated in the motor. The gearing between motor and ipitdone with different CPU-S unit
sizes from Harmonic Drived]. Connection between motor and gear is done with toothed bel
drive. This also means that an extra gearing can be intraduce

Itis noted that absolute position information is neededt@otrol purpose. As the AAU-Botl is

an open design that it is easy to modify and fix if any problecwug but at the same time has
disadvantages for moving parts that can get damaged or caagdapersons working around
the robot. Hence belt drives and motors should be shielddxbtio protect robot and people
working with it.

AAU-Botl Arms

Current arms mounted on the AAU-Botl have a pitching motilated at the shoulder joint.
This pitch was included so the walking stability would be noyed. But with only a pitching
motion the arms have a low manipulability and have a limitedhility for other task then
walking. The current arms mounted on AAU-Bot1 are illustchin figure2.4.

Harmonic Drive

Figure 2.4: lllustration of AAU-Bot1 arms and upper bodyL. 7]

As the figure illustrate it can been seen that AAU-Botl arm&hane DOF at the shoulder.
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Other Projects

This DOF is a pitching motion and is actuated with a Maxon REYEDC motor that then is
connected to a Harmonic Drive CPU-S gear with a toothed bigle d This consultation with
Maxon motor, Harmonic Drive gear and toothed belt drive sdufor all actuating DOF in the
AAU-Botl design.

2.3 Other Projects

Several anthropomorphic robots have been created over some of these are the ASIMO
[28], ARMAR [1], WABIAN-2 [27] and of course Aalborg University own AAU-BotILT].
There are as well projects that focus on creating a high tipbdbot arm, e.g. the WAM arm
[24, 3], Robota [L1]. Below three different robots/arms are illustrated, fir ROBOTA arm,
figure2.5(a)second the ARMAR llI, figur@.5(b)and last the Wabian-2, figu&5(c)

Copyright:(C) 2005 Takanishi Lab.

(b) ()

3
[

Figure 2.5: Three different humanoid robots. (a) lllustrate the ROB@rf. (b) ARMAR IIl robot. (c¢)
WABIAN-2 robot.

2.3.1 Robota

Description of Robota arm is based dri[10]. The idea with the project is to design a multiple
DOF doll-shaped humanoid robot. Physical appearance atdrés should resemble those of
a baby or doll. The project started in 1997 with a robot that &aotal of 5 DOF, one DOF
for each leg, one for each arm and one for the head. Each of@tei®controlled with a 1:6
geared DC motor. The newest project includes the desigmud erat each has 6 DOF, three at
the shoulder, one at elbow and two at wrist joint. The arm ggieed to carry external loads up
to 200 grams, where its own mass is around 700 grams.

General

The arm DOF is created with several revolute joints in serieech DOF on the arm are actu-
ated with DC motors of the type Faulhauber or Maxon. The nso#éoe either direct drive or
connected to a gearing of either bevel gear or notched bbiolyte positions in work space of
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Other Projects

each joint are determined with a potentiometer. This is domemove an alignment procedure
when the robot is switched on. For position measurementgfir@a working cycle, digital mo-
tor encoders are used. On-board control and batteriesasedinside the torso of the doll; this
is done to reduce the mass moment of inertia. The Robota segizes and kinematic model
can be seen in figur2.6.

(@) (b)

Figure 2.6: (a) Robota segment size. (b) Robota DQH][

Cables used in the arm were fixed inside upper and lower arewliie connection from upper
body to arm is done outside the shoulder joint, the wires mlgelm with a cosmetic shield.

Shoulder joint

To imitate the human shoulder the Robota arm has dividedid&io8 DOF in to three separate
revolute joints where all three joint axes intersects at@roon point. Figure2.7 from [11]
shows how the three first DOF of the shoulder is created.

Rotating cylinder

X |

Kl

Third DOF motor

First DOF motor ~ Potentiometer

(@) (b)

Figure 2.7: The design of the Robota shoulder joint to imitate a human & Biulder. [L1]



(8

Other Projects

The first DOF is created by designing a cylinder that is suggplowith ball bearings, to ro-

tate the cylinder the DC motor is connected to the cylindesugh a reduction gear which is
connected to the cylinder by a notched drive belt. The babktd this DOF is very little and

generally only from the reduction gear. This joint has a mgwiange of complete 180

The second DOF is controlled by a motor where a bevel gear srske that the upper arm
is rotated around the second revolute joint. Because thel lg@ar has relatively large teeth,
backlash as well relatively large. The special part of tieisigh is that the second DOF motor is
fitted inside the first DOF cylinder. This make the design vamnpact but still relative simple.
Joint range is 180

The third DOF motor is placed inside the upper arm and theattlir connected to the last body,
this again make the design very compact and relative sinfolethis DOF there are no or very
little backlash from the motor itself. Joint range is 215

The rest of the joints are more or less a derivative of theHigte joints. For further details see
[11].
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2.3.2 ARMAR-IIl arm

Description of ARMAR-IIl arm is based orl[ 2]. The goal with the ARMAR project is to

create a humanoid robot that is able to support humans ierdiff tasks either alone or in
cooperation with humans. The current arms on the ARMAR-dlé7 DOF and motion range
and size approximately the same as a human. The arm has anmoasd kg and can carry a

payload up to Xg.

General

To imitate human kinematics the ARMAR-III arm is designedhnéeveral revolute joints in
series. Each DOF of the arm is actuated with standard sertorsad he motors are either con-
nected to a worm gear, belt drive or a Harmonic Drive g&arAbsolute position of joint work
space is determined with optical sensors placed close toititerotational point. For position
measurement through a working cycle, motor encoders we@. uUSn-board control systems
are placed in the torso. The ARMAR segment sizes and kinematdel can be reviewed in
figure2.8

Figure 2.8: (a) ARMAR segment size. (b) ARMAR DQF. [

Cables in the ARMARK-III are placed inside the arm design.oillmotion is actuated by mo-
tors placed in the torso.

The ARMAR-III have onboard force control of the arm, hereesaV different techniques are
used. To determine forces acting on the different should@FBthere are placed strain gages
at each worm gear shaft that measure the axial force. Thevdtivoe is determined with use of
load cells that have been integrated in the wire ropes thaed to actuate the elbow motion.
At wrist point a six axis force and torque sensor is mountedhe Gpecial feature with the
ARMAR-III is the addition of tactile skin sensor several ggs on the upper body.
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Shoulder joint

The shoulder joint is created by three independent rev@binés that are actuated by commer-
cially available servo motors and geared with Harmonic &sj\toothed belt transmission and
worm gears. Figur@.9illustrate the shoulder design.

Toothed belt transmission
Worm gear

MOrm gear = A
Toothed belt transmis;io y ;

2DOF

Figure 2.9: ARMAR-III shoulder designi]

The first DOF design is placed at torso and therefore thisgddite arm is not contributing to
the overall arm inertia. The DOF is geared with a Harmoniw®vwhere the motor is connected
to the drive with a toothed belt drive. This joint has an aaguhnge that goes from -2%o
18 with initial position straight down along the torso.

The second DOF is geared with both toothed belt transmissidrworm gear. This means that
the motor can be placed orthogonal to the rotational axigh \fthogonal placed motors the
size of the shoulder is greatly reduced compared to earlRMAR models. Another aspect

of the worm gears are that they are self locking. That meaatsiftthe robot is shut down the

arms stay in position. The DOF is supported by two ball begrion each side of the third DOF
rotation axis. This joint has an angular range of°-i®18( .

The third DOF is geared and actuated like the second DOF agpjzorted by ball bearings.

The elbow joint of the ARMAR-IIl arm is a 2 DOF joint. The first the normal human arm
bending and the second is the rotational principle betwdigmweand wrist. The elbow joint
uses Harmonic Drive and servo motors to actuate the jointhey are placed inside the torso.
Wires are lead from the torse through the shoulder and otitet@lbbow with use of rolls and
bowden cables. To ensure an uncoupling of motion the cabdgslaced at axis’s of rotation..

11
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2.4 Summary

Because the ARA should be an anthropomorphic robot arm ieéessary that the ARA de-
sign imitate the human arm, therefore ARA properties is tdh@esame as of a human arm.
Segment length of ARA are based on the median values of a Damge in the age between
20-29 years. The mass of the complete 7 DOF arm should be ey, that is the mass of
AAU-Botl arms for initial calculation. The mass of the ARAtsbe minimised because this
will reduce power consumption of ARA and improve dynamicdegbur because of a lowered
mass moment of inertia. The stiffness of a robot arm is gdlgeraportant because this in-
crease end-point accuracy and simplify control. Increastiffness do generally increase the
mass, therefore a compromise between the two has to be taken.

Generally, the design of the different humanoid robots asegilar electrical actuators at each
joint. For several of the robot projects DC motors are usedgblwith gears from Harmonic
Drive. The Harmonic drive gear has a relatively high geaoramall backlash, relative low
mass, compact design and as well a relative high efficiendyterefore seems to be preferable
and reasonable components to use with ARA design. As AAU-Bsés Maxon RE series, that
seem preferable for robot design, they are as well selecte®iRA design.

The AAU-Botl robot is dimensioned to withstand 1000 hour afking, which included dif-
ferent stop/start and turning task. Therefore this lifesigahe lifetime criteria for ARA when
AAU-Botl is walking. ARA is from initial project descriptiorequired to perform human hand-
shake motion, this motion is set to be performed minimum iteg.

It was suggested to create an arm with 7 DOF, but limited tg oohsist of 4 DOF. These four
are the three at the shoulder joint and one at the elbow jBi@moval of the wrist joint DOF do
not degrade the manipulability to place the arm in space vpleeforming human walking and
handshake motion. Because the two load cases, gait andhadmed®nly cover a small margin
of possible load cases, static load cases is taken in todmmasion.

It was stated that the ARA should be able to carry a payload kg this will be close to the
maximum mass of complete ARA design. Compared to other ratpos the payload/mass ratio
will then be relative large. And to reach a payload &fthe ARA mass would possibly increase
drastically. Therefore initial the payload is lowered tkgthat seemed more reasonable for the
arm design.

General experience from the projects dealing with anthmapphic robots is that backlash
from designed gear or selected gears are an important tadtake in to account. This property
affects the dynamic behaviour and control of the system.e@mproblem with the designs is
the minimisation of weight and at the same time have motofsetgufficient large to give a
required motion. Absolute control was recommended to sfynpbntrol implementation at the
same time should any form of position control in a workingestae applied.



ARA Specification
Problem formulation

3.1 Demands
3.2 Wishes
3.3 Summary

The ARA specification is divided in to two aspects, demands wishes. The demands and
wishes are created based on the information found from tjegirdescription as well as details
from conducted problem analysis. The demands is seen asitiiraum specification that has
to be fulfilled. The wishes is properties that it is recommeghtb optimise as they will improve
performance of ARA design. As some of the wishes contradigdest possible combination
of the wishes has to be taken.

3.1

Demands
To be mounted on AAU-Botl
1000 hours of walking motion
100 times<Handshake motions

Maximum mass of 5.8g

4 DOF. Three at the shoulder joint and one at the elbow joint.

Carry a payload up to Rg
Human like proportions3]

— Upper arm, 0.3
— Lower arm, 0.285n

Human like mobility fL4]

— Shoulder roll -50 to 180
— Shoulder pitch 8to 18C¢°
— Shoulder yaw -99to 9¢°
— Elbow pitch @ to 14C@

Gears from Harmonic Drived]

Actuators from Maxon motorslp]

(8
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Wishes

3.2 Wishes
* Minimise weight
* Minimise power usage

* Maximise stiffness

3.3 Summary

From the problem description and conducted problem arsdyproblem formulation is worked
out in the form of a design specification for the ARA design.e Hpecification is divided in
to two aspects, technical data in the form of demands anddcsome wishes of parameters
that will improve the ARA performance. A compromise betwdamwishes has to be taken.

14
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Load Cases

4.1 Walk Motion
4.2 Handshake Motion
4.3 Summary

As the ARA is to work for 1000 hours for AAU-Bot1 walking motiand minimum 100 times
of handshake these motion are investigated and determassatilton human walking and hand-
shake motion. The walking motion and handshake motion dkected from different external
experimental data that do not directly have any associatitimthe design of ARA. The gait
data have been collected from AAU-Botl laboratory expenitse The handshake data have
been collected from different articles, which have eitmeestigated the handshake approach or
the shake motion of a handshake. None of the data shown iohhfster is therefore collected
from laboratory experiments that direct were intended ¢éater the ARA. But experimental de-
termination in-house would minimise available time foretimportant steps for designing the
ARA and therefore collection of the data from available ekpents conducted for separate
projects seemed preferable.

All experimental data illustrated in this chapter is basedhe right arm of the test person. Data
shown in the different graphs have been converted to follstaadard right handed system with
the global position at the shoulder joint, see fighrg(b)in chapters. Data is at the same time
shown relative to the initial position of the wrist motion.

4.1 Walk Motion

Experimental data for human walk have been determinedllyds a part of designing the
AAU-Botl. The experiment was performed in the "Gait Laborgtfacility of the Center for
Sensory-Motor Interaction department of AAU”. To deteretihe gait a test person had sev-
eral reflecting markers mounted several places on the bdayniarker positions were captured
with a motion capture system and logged over a time period.

The motion for test person arm where captured with one satsgrist point and one sensor
at shoulder point. Walking was performed with a constanbaig} of 1 m/s over a given time
period. Logging was done while the test person walks alomgeeied path, where the logging
starts and stops when passing a force platform.

To remove the dependency of upper body motion the wristdi@ajg is computed relative to

the motion of the shoulder point. The wrist trajectory frdme experimental data for straight
walking is plotted in figuret. 1

The data at = 0 does only show the relative position of wrist at the poinewlthe test person
passes the force board and does not imply what the positioheodrm is at this time. It is
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Walk motion
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Figure 4.1: Wrist trajectory for human walking. The work cycle startsamhihe arm is straight down
along the torso.

obvious that for position straight down along the torso, agative motion in z direction of the

can then be approximated to start at t=0s28d end at t=1.8.

The motion data from the experiment are fitted with a sum afsturves to create a continuous
function that yields realistic values for the velocity whdifferentiated with respect to time.

4.2 Handshake Motion

Human handshake motion will for simplicity sake be dividatbitwo parts, firstly the hand-
shake approach and secondly the shake. The division of th@shake will eliminate some
information from the period just before handshake appraauis and the shake begins, but
with the data available the interaction here is not consdlémportant. The handshake ap-
proach has been investigated ] and the shake information is available fro26]. For the
handshake approach a complete set of information is alailalletermine arm trajectory over
a time period. For the shake there is only limited informatind therefore different assump-
tions are taken to complete the trajectory this part. Anreritandshake work cycle is defined
as the total time for handshake approach, the shake andttie reotion. The return motion is
set to the opposite of the handshake approach.

Handshake Approach

The handshake approach experiment was performed with st/péesons standing face to face
at a distance of in, and with arms straight down along torso. Each test persdricua reflect-

ing markers placed on their arms; shoulder, elbow and wiistcapture the markers position
a 3D capture system was used to log position over a time pefiibé test was performed 50
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times with 10 pairs of test persons.

The wrist trajectory extracted from the experimental testiown in figuret.2 The extracted
data from [L5] is based on figures where the curve has been divided intoaaliscrete steps.
These data have been fitted with a sum of sinus curves to @eaatinuous function.

0.45

Handshake approach
‘ ‘ ‘ ‘ =
0.4 —7Z

0.35-

0.3~

2/5 work cycle

0.25-

Pos ()

0.2-
0.15-
0.1-

0.05- /
o ‘ ‘ ‘ ‘ ‘ ‘
0.

0 0.1 0.2 0.3 4 .05 0.6 0.7 0.8 0.9
Time ()

Figure 4.2: Wrist trajectory for handshake approach.

The handshake approach is only done for test persons sgaomtinpletely still and face to face.
In real life a handshake varies from time to time, where apghovelocity, start position, type
of person and many other factors can have influence on thé tnajectory. In this work the

data from [L5] is used to determine the approach motion.

The shake

Some information of shake trajectory is available frd8][ Emphasis of this work is to con-
trol human-robot handshaking with neural oscillators. égirency of 1.481zfor handshaking
between human and robot is used based on information fé@n The amplitude is a variable
parameter that reported i26] change depending on human handshake intensity.

To finalise the missing data, it is assumed that the handsghakien starts from where hand-
shake approach ends. The amplitude for the motion is asstmied0.08n and the time period
for the handshake is three cycles or approximatedy The amplitude and shake cycle are based
on different shake observations. It is also assumed thahtiten only takes place along the
Z-axis; motion in X-axis and Y-axis is set to zero. The useakshmotion is plotted in figure
4.3

17
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The handshake
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Figure 4.3: Wrist trajectory for the shake motion.

The amplitude and the frequency affect each other, whichntieat a high frequency would
minimise the amplitude and vise verse. But for the shakeandiigh amplitude is used along
the frequency to ensure a safety factor when designing th&. ARth the shake motion sim-
plified some motion data are lost.

4.3 Summary

In this chapter the motion associated with walking and hiaakis has been determined. The
data shown in this chapter is only displacement plots, blgicity curves are as well available
and can be viewed orCD-rom — load case&. The motion collected for walk and handshake
do only include the XYZ trajectory of the wrist point, motifor the 3 DOF at the shoulder joint
and the DOF at elbow joint are therefore unknown. The hardshdo not have a complete data
set and therefore it has been necessary to simplify and mifi&eedt assumptions to complete
this data set.
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5.1 Initial Assumptions/Definitions
5.2 Kinematic Analysis

5.3 Inverse Dynamic Analysis

5.4 Optimisation Procedure

5.5 Dynamic Program

5.6 Results

5.7 Summary

The kinematic analysis is carried out to determine the ARAtjmotion that generates the wrist
joint motion described in chaptdr At the same time the inverse dynamic analysis is carried
out to determine reactive forces in the design and the reddiiom the actuators. Results from
the analysis will be used to select gears, actuators andrdssiictural parts that together give
the ARA concept design. ARA is set to have four actuated tgegbints. Position of wrist
joint (WJ) can be described with three translating pos&ipXY Z) and therefore the ARA setup
is a redundant system. Motion of the four revolute joint cardbtermined using an optimisa-
tion approach. In this work the pseudo inverse Jacobian adetRlJ) @] [12] [20] has been
applied. The method is used in combination with standarerkitic methods used for rigid
multi-body systems described i23]. The dynamic analysis is divided into two main steps;
first the kinematics analysis that is the study of motion rélgas of the forces that produce the
motion. Secondly the inverse dynamic analysis that dedlsmotion and its relationship with
forces in a kinematically determined system. To ensure ARpability for other tasks a short
static analysis is also conducted.

The dynamic analysis is conducted by with a written Matlabgpam called DyP, which is
created to ease to dynamic calculation and result overvidwe. overview of the program will
shortly be showed in sectidh5. A detailed view of the code can be seen in Apper@iar on
"CD-rom— dynamicprogrant’.

Notations

Different notation is used to describe the general dynamalyais. Here refer to a body
number and if two relative to one and anotljeindex is used to describe the-1 body. A

vectors is symbolised with an letter underlined e.g’, 'a matrix is symbolised with double
underline e.g. &". Scalars are donated just by a letter e.g. "a”. Referencggobal and local

coordinate system is representechanda’ or a anda’ respectively.

5.1 Initial Assumptions/Definitions

The global coordinate system is established at the shoptaet, see figur®.1l In the analysis
the shoulder joint will not be represented by a sphericaltjbut by three revolute joints. The

19
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initial calculation is performed where the three shouldsiotute joints are placed in the same
position. The elbow joint is represented by one revolutetjol he start position of the ARA is
defined by the upper and lower arm hanging down along the tr8é&\U-Bot1.

Shoulder, 3DOF

Upper arm

Elbow, 1DOF Yaw

Pitch Roll

. e @ """""" X
Wrist TN T v

(a) (b)

Figure 5.1: Overall naming and definition of ARA setup for dynamic arialys

Constant Data

The complete mass of the ARA is initial set to k@ the mass used for arms ih]. The lower
and upper arms are initially set to half of the estimated make segment length is based on
[13], where the upper and lower arm are Or&@And 0.285m respectively. Moments of inertia
for the upper and lower arm are based on a cylinder with a diemoé 0.09m. The moment of
inertia is for centre of mass (CoM) and in each segment lamaidinate system. The complete
set of initial used values are listed i talflel

Upper arm Lower arm Wrist (payload)
mass kq] 2.9 2.9 2
Segment lengthnfi] 0.37 0.285 0
Moment of inertia kg- n?] jee =0.034699| jg¢ =0.02078589 0
jnn =0.034699| j,, =0.02078589 0
jzz =0.002350| j,, =0.00231961 0

Table 5.1: Constant data for dynamic calculation.

20



(8

Kinematic Analysis

Start Position

For the experimental data it should be noticed that the &rsions rest positions of their arms
are not completely straight down, but that the joints havalkaifset angles. And as the start
position has a large impact on the kinematic computed matiéfRA selection of start position
have been selected to be done with a start guess routineroliiise will be described in details
in section5.4.

5.2 Kinematic Analysis

The kinematic analysis is done to determine angular angdlating motion of bodies of ARA.
Motion determined with the kinematic analysis will be usadan inverse dynamic analysis.
The kinematic analysis is conducted to determine actuatatijotion as well as ARA general
motion in space.

The kinematic analysis is conducted for a rigid multi-boggtem. This means that itis a system
that consists of a set of rigid objects that can not deforitheadinks or bodies, joined together
by kinematic joints. The kinematic joints restrict the tele motion of the two connected bod-
ies. The type of the kinematic joint is characterised by thg the relative motion of two bodies
is constrained. The relative motion allowed by a joint isatliggd by joint’s degrees of freedom.

To perform the kinematic analysis several steps have todea taccording to43] the steps can
be divided into 6.

Assign index to each body
. Define local coordinate systems

. Select coordinates to describe the motion of the system.

1.
2
3
4. Analyse kinematic constraints and derive equations
5. Define driving constraints

6

. Find position, velocity and accelerations

5.2.1 Kinematic Setup

The ARA has been divided into five rigid bodies. Each are eotatith a 1 to 5 or also de-
fined as "Shoulder mount”, "upper arm 1", "upper arm 2", "loneam” and "wrist/payload”.
These bodies are connected with kinematic joints named A tohere the joints A to D are
actuated revolute joints and the joint E is an unactuateergmi joint that simply connects
the wrist/payload to the lower arm. The actuated joints ése ealled the driving constraints
through in this thesis. Body 1 to 3 define the upper arm repteddn figure5.1 The segment
lengths of body 1 and 2 are for the initial calculations setem. This means that Body 3 have
the upper arm properties from talel All local coordinate systems are placed at the centre
of gravity (CoG). The position of joints according to thedbcoordinate systems of the bodies
are defined withg P, wherei is the index of the body ang is the index of the joint. Figure
5.2(a)shows all local coordinate systems, joint and bodies. [EifL#(b)shows the geometrical
position of each joint according to the local coordinateexysof the corresponding bodies.
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Figure 5.2: Kinematic definitions for the ARA.

The global coordinate system is placed at point "O” and isnaefiin figure5.2 The notation
for the global coordinate system is (X, Y, Z) and the notafmmocal coordinate systems i&;(
ni, &), both coordinate system follow the right hand rule. Eactiyb@;, ni, ;) axes are placed
so they follow global (X, Y, Z) coordinate system for ARA iiait position. It should also be
noted that body 5 local coordinate system is placed at joamdE is therefore zero. The four
actuated joints are rotated with = [y (o Y3 Ys]"

5.2.2 Kinematic Constraint

The kinematic joint define the constraint between two bodigs between body 1 and 2 where
the constraint reduces the number of DOF in the space forl@aayrn The constraint equation
can be written in the form of equatidnl

®(q)=0 (5.1)

Whereq = [q] g} ...q1]" is the coordinate vector. Whetp= [r @']". Here the vector is a
combination of dependent and independent coordinatesh&@RA setup the independent co-
ordinates are the actuated joints shown in figufa) They are defined ag = [ W2 Yz s

1| describes the position of the local coordinate system of badcording to the reference co-
ordinate system(piT describe the orientation of bodyelative to the reference system.
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The constraint equations between two bodies are representigure5.3.

Figure 5.3: Constraint definition between two bodies.

The general constraint equations between the two bodiesnsufated in equatio®.2 This
equation does only restrict body location according to fppjrthis is the same as constraining
the three translating motion. The constraint does noticéstny rotation around p.

@ =ri+Asl~ASP ;=0 (5.2)

@3 defines that the constraint equation restrict three DOF.

To restrict the rotation around p according to a revolutatjdivo of the remaining three DOF
have to be removed. The standard formulation to constraérratating DOF can be written as

ol=ulu; = (AU) (AU} =0 (5.3)

This restraint states that two unit vectors representedéh ef the two connected bodies local
coordinate system at all time must remain orthogonal.

In equation5.3 5.2 A is the transformation matrix that either give the relati@tvieen body
and global coordinate system. In equation form the relatsfogiobal s, and locals is given by
s =As? (5.4)

The inverse version of equatidn4 is

sP=A'S=A"s (5.5)

This are used in the cases where the local information of antponent are in interest.
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Orientation

The transformation matrix for the ARA is formulated by meaffryant angles. For Bryant
angles the complete rotation of a body is defined by rotatawd @xis in the following order (X,
n”, '), see figures.4.

Figure 5.4: Bryant angles.

The initial xyz coordinate system of figuBe4 have been rotated to&n { coordinate system.
This rotation can be represented by three single rotati@@ch of the three rotations corre-
sponds to a transformation matrix

1 0 O cp 0 s cpz —s@s O
D=0 cp —sp C= 0 1 O B=|sg cg O
0 s c@ —-sp 0 cep 0 0 1

With the combination of the three transformation matridess dcomplete transformation matrix
for one body can be establishell= DCB.

CCP3 —CpSPs S@,
A= | COLSP3+ SQISPCP3  CQLCP3 — SPLSPSPs  —SPLCE,
SPLSP3 — COLSPCP3 - SPLCP3 + COLSSPs COLCER

For bodies in series the transformation matrix can be exgial describe the rotation of the
next body in the series. This can be done Vi;B;D;. This means the'" body have been
rotated the same as tit but is also rotated about ttfeof bodyi. The transformation matrix
is an orthogonal matrix23] and thereforeA=! = AT. It the transformation matrix is repre-
sented between global coordinate system and local codedgyatem it is donatedA . If the
transformation is of body with respect to body the transformation matrix is donatgjj i
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ARA Constraint Equations

The constraint equations derived from fig&@& The constraints for body 1 as an example are
represented below. A detailed description of body 1 comgtegjuation are found in appendix
A.

® 3 = n+ASt-5=0

®, = @u=0
®»s = G2—yr=0
P = @3=0

The time dependent driving constraint for the first bodyis The transformation matrix for
body 1 is represented below.

CPr2CP13 —C12SP13 S@12
A, = | CPLISPi3+ SPL1SPioCPrs  CPLICH3 — SPL1SPLoSPis  —SPLICPL2
SPL1SP13 — CPLISPLoCP3  SPr1CP I3+ CPLISPoSPr3  CPL1CP:o
The complete 27 constraint equations as well the four toamsition matrixes are placed in
appendixA.

5.2.3 Solving Unknown Driving Constraints

As the time dependent driving constraints are unknown thke (Pseudo Inverse Jacobian)
method is applied to solve them. With this method the unknalnving constraint can be
solved directly for each time step with relation to wristnpivelocity. The time derivative of
equationb.lyields:

®4=0 (5.6)

gq is the Jacobian matrix that is the partial derivative of tbhastraint equation with respect to
g, see equatiob.7.

oo

== g
®,= 9 (5.7)

Introducing the independent variables from the drivingstmint, that refer to the revolute
joints, and is donated wity = [¢x 2 Y3 Js]T we get:

a+9,0=0 58)

If the equation is rewritten the dependent velocity vectan be expressed as a function of
independent vector, see equatm.

9 = _gglgw = gqlpg (5.9)

The last three entries pare the wrist velocity, i.e. we get:

5=, 0 (5.10)

Heregr5 " is the last three rows cgq " becauses is the last three rows af.
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@ - is not a square matrix, hence, it cannot be inverted direotljield a set of joint veloc-
ities . Therefore a weighed P1J metho20] combined with a damped PI1%] method is
introduced. The weighed-damped P1J is derived based ontanisation problem that try to
minimise.

1, & —Fs|[*+ pllwip (5.11)

The equation can be derived that give an that direct optinalatien for the driving constraints,
and is written in the form of equatidn 12

D —1 T —1 T 21\—1

24}!’5 grsw—V:V 9541(9 wV_V 9 +pP I:) (5'12)
Herew is the weighing matrix that only has digonal positive valuekiting to each driving
constraint. Therefore a [4x4] matrip. is a damping factor.

w, 0 0 O
w_ |0 w0 0
=710 0 ws O

0 0 0 w

p? is a damping factor antlis a identity matrix andv is the weighing matrix. The weighing
matrix is associated to each of the driving joints. In DyP deéault values for the weighing
matrix is set to 1. The values of the weighing matrix are akvegt to positive. The weighing
matrix will be used along with an overall optimisation prduaee, this is described ib.4.

The damped part of the equatidml2 can minimise the velocity for each driving joints but at
the same time enlarge the error frag+ ®. The damped part has been introduced to ensure
that large velocities near singular configurations areeeduThe damping factor is associated
with the manipulability of the ARA that here is defined as dipre5.13

-
det(®] @ ) (5.13)

The manipulability,e, increases when ARA move close to singularities. The dagfzotor
will be calculated according to equatiéril4that is a rewritten equation based @i [

2 2
o | Pg(l—éEmax/&)° & > Emax
P { 0 70§ & < Emax (5.14)

Wherep is the chosen maximum damping factor that from the derigativequatiorb.12, it

is in DyP set to 0.1 ¢ is the singularity value in a given time steEmaxis maximum manipu-

lability value allowed before velocity gets to large.

The unknown driving constraint can then from above derivpghéon be written as:
¥=2,.1s (5.15)

Heregwr5 is shown as equatiob.12

Equation5.15is used to determine each driving constraint velocity that grescribed wrist
point velocity found in chaptet.

26



(8

Kinematic Analysis

5.2.4 ARA Motion

This section describes how the complete sef wéctor is determined.

Position Analysis

As g depends on the driving constraints the positions can be otadby solving the standard
constraint equatior(q) = 0. For each time step where the unknown driving constraiate h
been determined the velocities are multiplied with a snimlétstep. This yields new values for
the driving constraints and the constraint equation willoraer be valid. To solve the unknown
position values ofj the constraint equation are solved with a Newton-Raphgoation for each
new time step. The idea of the method is illustrated by figuge

y
A f(x)

Solution, (root)

Figure 5.5: Newton-Raphson method used to solve the constraint equati@ach new time step.

The tangent line off (x) with x = X, crosses at the x axis &,1. This value is then used for
the next step of the iteration until convergence is reacidd Newton-Raphson iteration can
in general form be represented with equattoh6

f (%)
f’(Xn)

The iteration process can be stopped after a given numbeed sr a given tolerance is ful-

filled. The Newton-Raphson method is relatively easy andiefit to implement but can have

some downsides, e.g. ff(x) has several solutions and it is not sure that the same solistio

found every time. Another problem can bd fx) is not strictly increasing or decreasing a local
minimum could be found ané(x) # 0.

With the recalculated values ¢f that solve equatio®.2, the next time step is investigated.
This means that the Jacobian are recalculated, new valugsoai wrist velocity are loaded

and the driving constraint velocities are determined arairegnd op with the position analysis
described in this section.

The constraint equations could have been determined aalytfor the ARA setup that does
require less calculation time than a numerical method. Betuse of the Newton-Raphson
method is chosen to ensure flexibility of the program, if ¢hare applied any change to the
ARA setup or an expansion of DyP.

27



(K

Kinematic Analysis

28

Velocity/acceleration Analysis

Velocity and acceleration analysis are carried out usingaerical differentiation.

. Ag
Q_E (5.17)
D9
g_A—t (5.18)

The equations give the average velocity and acceleratitmeles point "n-1" and "n” based on
a given time stepit.

5.2.5 Discussion

The PIJ technique is a very powerful and fast method to s@gandant systems, but even if it
is a fast technique it has some limitation.

One problem with the method is that if wrist point is moved &aoels positions that are outside
the possible working space the Jacobian matrix go towardpukirity and the PI1J will give
large velocities and even for very small time steps the ARNjuimp” around in its possible
working space. For these singularity positions the sec@mtigl equatiorb.11are becoming
secondary and the P1J will find a solution that solves the st @f this equation. An example
can be viewed for the walking motion, see figutedl. Here if the ARA is placed straight
down, the manipulability of the arm is limited compared to @sition where XYZ motion
can be performed in any direction. This can also be repredeanith the equatios.13 The
manipulability of ARA for the walking motion with initial pgition straight down along torso
and a slight bend to elbow gives the curves illustrated inré§u6(a)

800 T T T T T T T T T T 80,

7000+ i 70k

6000 1 60-

5000 1 50- 1
4000 1 40 1
3000 1 30 1

w 2000 1 20r

1000 4 10r

%02 04 06 08 1 12 14 16 18 2 % 02z 04 06 08 1 1z 14 16 18 2
Time (s) Time (s)

(a) (b)

Figure 5.6: Indication of ARA manipulability for the walking motionworalues equal high manipula-
bility. (a) With the ARA start position straight down alorgggo. (b) With the ARA elbow
slightly bend.

It is seen the first time period of the walking movement givighhvalues of manipulability
of the ARA. If the ARA are readjusted so the elbow is slight deah like the arm of the test
person, it can be shown that the singularities are avoidgake®b.6(b)
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5.3 Inverse Dynamic Analysis

The inverse dynamic analysis (IDA) is performed to detemtime forces and moments based
on calculated motion. IDA is placed inside the kinematicpl@nd therefore the forces and
moments are determined for each time step. At the same tisudtsdrom the kinematic and
IDA analysis are used in the overall optimisation routinehid4 minimise the average power
usage, see secti@d. The forces and moments are used to select gear, motorsrapdgioning
the mechanical parts in ARA design. The basis of the IDA aialig based on the "equations of
motion” (EoM), Newton’s second law of linear motidnl9and Euler’'s equation of rotational
motion5.21 These two equations establish a relationship between ttiemand the forces
and moments. If the equations are solved for each time segdmplete set of unknown
forces and moments that refer to the motion can be determifiee EoM is solved in global
coordinate system.

5.3.1 Equation of motion

The general form Newton’s equation state that the forceuslkf)je mass times the acceleration
of the mass centre. And are in the general form written astegqua. 19where reference frame
do not move.

> Ei=mi (5.19)

Here F = [F* FYF4T equals the sum of massn( multiplied with body CoG acceleration

i; = [(XiY 4T, To simplify the equations the gravity parts of the equati@ve been sepa-
rated from the normal equatidnl19and can be written as.

> Fi=mf;+mg (5.20)

Whereg is the gravity vector that define the direction of gravity @ciing to used global co-
ordinate system, in the coordinate system used for the RA00 — 9.82]". For simplicity

mg=Ww,

The rotational part of EoM also called Euler equation defthesmomentunM; = [M*MY MZ]T
CoG. This way both the linear and gravity parts of the equati@ removed and can be written
in the form

M =Jw+dJw (5.21)

J represent the global inertia tensor that is associatedtidthotational motionw; = [« "

is the angular velocity an@ is the skew matrix of the angular velocity. Right side of diprma
5.21 represent the rate of change of the angular momentum thaeisame as right side of
equation5.19 the second part of equatidn2lrepresent the moments because of centrifugal
forces.

The angular velocity w is the velocity rotation around each of the original cooatinaxes and
is different than the time derivative of the Bryant angl@s,When using the Bryant angles the
relationship can be determined as equabdi®, [23)].
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We c@achs  sps O] [
W= |wn| =|—c@sps cas Of [@ (5.22)
Wy¢ S@2 0 1] [@s

As ' is the angular velocity around tli¢h local coordinate system measured in the local co-
ordinate system.

The skew matrix is a method to e.g. take the cross products between two geatolris defined
for an arbitrary [3x1] as:

Ay 0 -a g
a=|g|=d=|a 0 -« (5.23)
ay —ay ax 0

Inertia tensor J, is associated to the angular motionmsis associated to the linear motion.
The inertia tensor for a fixed axis coordinate system is défasethe volume integral for a given
body as:

/ o e e dec
J :—/v_é’_é’dm:@ = llne dnn ng (5.24)
lzg len g

Where each inpuj; are the moments of inertia. The relation between inertiadethat is
based on fixed coordinate axis and global coordinate tehace shown by23] and is written
as:

J=AJA (5.25)



(8

Inverse Dynamic Analysis

5.3.2 Equations of motion - ARA

The complete set EoM for the ARA is represented with figbu2 EoM for the first body is
represented with equatioBs27.
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Figure 5.7: Complete set of equations of motion for ARA.

The FBD and KD are shown in figufg7. In equation form the EoM for body 1 (shoulder
mount) is written as.

ZE = FEi—w—Fy=mi, (5.26)
> Mo = §7F1+M; —§1F,— M, = J, 0y + 6 J, w, (5.27)

The complete set of EOM are placed in apperilix

The EoM can be solved analytically. For simplicity and fleiip it, have been chosen to solve
the equation with a Newton-Raphson routine, which is dbsdrin sectiors.2.4 To solve the
equations the EoM has been rewritten to.

(5.28)
(5.29)

The unknowns in the equation afge and M; wherei is the body index. The results are both
represented in global forcé&sM and local forces’,M’ depending on the use of data.
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5.4 Optimisation Procedure

The overall optimisation routine is wrapped around the Wweiydamped PI1J solution and try
to tune the weighing matrix so that the driving constraimtisitfon give minimum power usage
with no AAU-Bot1 collision.

The optimisation procedure uses Complex mett#%) 21]. The original Complex method try
to find the maximum value of an objective function, but thedu€@mplex method in the DyP
try to find the minimum value of an objective function.

Besides the overall optimisation procedure an optimisgtimcedure is introduced to determine
the initial start position of the ARA.

5.4.1 Complex

The complex optimisation routine is a non gradient basediaoréis by the principle "Survival
of the fittest”. The Complex method tries to minimise a fitn&ssction f(x) (x € 0) that
describes the fitness or quality of a design from explicitsti@ints

g<x<h i=12..n

and/or implicit constraints

g; < fj(Xj) < hj ji=12,...m

The design is described by a set of design parameatersgx; X2 ... X]. The algorithm has a
defined constant size populationroflt is recommended by2F] that the population size should
be minimum the double amount as used design parametergrDamiameters can initially be
chosen or generated randomly. Figir® represent a graphic interpretation of the Complex
methods in a two-dimensional design space with a populaimsofn.

Figure 5.8: A population size of 8 design parameters, Worst design &catated by mirroring around
centroid.



(8

Optimisation Procedure

The worst set of design parametexg)(are mirrored in the centroidk{) of remaining design
parameters and a new set of design parameters are crggfeg).( The centroid is calculated
according to equatiof.30

n

1
&ZﬁjEL;&] (5.30)

Here j represents the worst design and is not taken in to account aétroid is calculated.
The new design parameteyi,e,, is then calculated according to:

Xjlnew = a()_(c_)_(j)+)_(c (5.31)

wherea represent a value that define the length of the mirrored yétheevalue also indicates
the search space of the mirrored design parameters. Ités rfimm R5] that the value should
not be greater than 1.5, larger value would overshoot agltssglobal minimum. At the same
time the value should not be too small, which would undershod possibly hit a local mini-
mum. The value is set to 1.3 as recommendedly [

Special Case 1There can be a special case where the worst value keep beingptst value,

if such a case is true the worst design is moved towards thedbsigyn and a random value is
introduced. With this case the new set of design parameteisaéculated according to equation
5.32 This equation will initially move the worst design half waywards the centroid value:

Xjjnew= 0.5(X] + A%+ (1= A)x) (5.32)

wherey, is the best set of design parameters Ansla tuning factor calculated as equat®83

The tuning factor will change according to the number of sméave been the worst design.
For continues worst design the tuning factor will force therst design to go towards the best
design.

np+hrep—1

A "o (5.33)

o n0+nrep—1

hereng is a tuning parameters that is set to 4 apg is the number of iterations the set of design
parameters have been the worst.

Fitness Value

The algorithm above is used to determine new set of desiganpters where each population
has been rated or punished with a fitness védi¢iiat is calculated according to a user defined
fitness functions f). If the optimisation problem has multiple objectives, tjiebal fithess
function is the sum of all fithess functions.

K= fi(x) .i=1.n

n is the number of fithess functions. The optimisation proceduill then recalculate new set
of design parameters from fitness values and keep doing iitiaaiiolerance between best and
worst fitness valueK) for each design of the population is reached or a given stepber

is reached. For the optimisation procedure the start dgsgameters are created based on
random number that lay inside specified limits.

33
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5.4.2 Overall Optimisation

The overall optimisation routine are divided in to two filésst the "Complex” algorithm "com-
plex.m” and calculation of fitness values placed in "Ofptitor.m”. The optimisation routine is
performed over a complete working cycle from a load case asdlts from the cycle is used
to calculate fitness values for each design of the populatioitial the design parameters are
generated randomly with a value between 2 and 40.

Design parametersare the four values in the weighing matrix from equatioh2 This means
that a set of design parameters for each population are:

Xy = [X1 X2 X3 Xq] T

For each population number the weighing matrix is calcdlas

W1 + X1 0 0 0

W o— 0 Wy + X2 0 0

=n 0 0 W3 + X3 0
0 0 0 Wy + Xg

Herew; are setto 1.

Design Space

To limit the design parameters a fitness function has appliedrding to equatiob.34. Lower
limit has been introduced because the weighing matrix isafiotved to take negative values.
The higher value is introduced to shorten the optimisatanuation time and on the observa-
tion that larger values will not drastically minimise powesage. At the same time large values
will give errors for the PI1J solution and ARA motion will natriger be smooth.

w \B
EXP(W) ;any Wi 234 < Wmin
fi= \P 5.34
! exp(%lax) 7anyV\i72,374 > Wmax ( )
0 ,otherwise

Herew; is the index of the weighing matrix that has the lower and ufip@ts. Wmin andWmax
are the lower and upper limits respectively. The lower angkuafimit is initially set to 2 and 40
respectively8 defines the influence of the fitness function.

Object function is to minimise the average power usage for the four drivingstraints over a
work cycle. The fitness function is defined as:

Pay
fn
whereP,, is the root mean squared power usage for the four drivingt@ings over a work

cycle. f, is the normalising value that is set to the length of the ugpear. The square power
usage for each driving constraint are determined accotdiegjuatiorb.36

Py = %é \/%/Mq (6245 (t)2dt

fo = (5.35)

(5.36)
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HereM/ are the local moment around the rotational axis gndre the angular velocity of the
it driving constraint

Constraint function is introduced to remove intrusion between ARA and AAU-Botkmna
work cycle, where only the upper body (torso) from AAU-Bosltaken in to account. The
fitness function is defined as equatibr87, which is an indication of the maximum intrusion
over the work cycle. To check the intrusion of any point of &RA the upper and lower arms
are divided in to small steps according to a given resolution

f3|4:{ $ s>1 (5.37)

0 ,S«1

Here S defines a pseudo intrusion factor into an ellipsoid, thatesgnt the AAU-Botl torso,

B are the influence factor of the fitness functi@is represented by equati@38and follow
definitions represented by figubed. This ellipsoid covers the outer dimension of the torso box
on AAU-Botl.

S(Ein) =1 Pin

/

. 1
B < S(p,) > 1

Figure 5.9: Ellipsoid representing the torso of AAU-Botl, the pseudnusion equation values follow
the given limits represented in the figure.

-1
p,00-x\" (p,0-¥\" (p,@-2\"
S= ( a-+Aa ) +< b+ Ab ) +< c+Ac ) (5.38)

Here p. is the XYZ coordinates of a point of upper or lower arm thatheaked for the in-
trusion with torso.x,y, z is the ellipsoid centre position in XYZ coordinates.b, ¢ is the half
width of the xyz direction of the ellipsoidAa, Ab, Ac are a safety distance added on top of the
ellipsoid. y represents a parameter that tunes the shape of the ellipsoid

The global fitness function is defined as.

K=fi+fo+ fz3+ 14 (5.39)
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5.4.3 Start Position

The start position routine is introduced because no exaet fda initial position of arms is
available for the different load cases, as well the singylgaroblems if the ARA is initially
placed wrong, which has been shortly discussed in seétidi The start position routine is
divided in to two aspects, first the MatLab file "Stads.m” that is the "complex” optimisation
routine and second the file "Dexterity.m” that calculates filness value of each design of the
population based on created fitness functions.

Design parameterdfor the start position guess is chosen to be a angle at shrandeat elbow.
Itis assumed that only shoulder joint has a rotational bffsethe pitch motion and elbow joint
has rotational offset angle compared to initial ARA positid his is also the same as the ARA
only can have rotational movement in the XZ plane see figuté

-0.6515 %

-0.652-

—~-0.652%

(C E el

//\ ~N -0.653

/ -0.6535%

ll wl ) -0.654
@™ = [0, 0.05 rad M = [-0.1, 0]r -06543

-0.655% | . . . . . n . . L1
-0.06 -0.05-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03
X (m)

(a) (b)

Figure 5.10: The two design parametegs, 4. The design space in joint angles (a) and design space
for wrist point (b). The design space value sign are accaydaright hand rule of refer-
ence coordinate system.

The angles are directly associated with the first and fowathes in the driving constraint vector
Y and the design parameter is defined as:

X0 = [xaxe]"

wherex; = (i andXy = Yy.

Design Space

For the start position it has been chosen to limit the degigies, where shoulder joint is limited
to Q'l'm = [0, 0.05rad and the elbow tq_o'z'lr“ = [-0.1, QJrad this can also be seen in figuselQ
These limits have been chosen based on observation of tharherm hanging down along
torso.

To limit the joint angles a fitness function for each desigrapzeters is defined according to:
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B )

fi, = B , 5.40

,otherwise

wheref3 are a factor defining the influence of the fithess factor iftjimits are reached.

Object Function

The object is to minimise singularity at start position, mepecific a fithess function that try to
minimise the manipulability:

fa=¢ (5.41)
The manipulability is described in sectiér2.5

The global fitness function is then defined as:

K=f1+f+ f3 (5.42)
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5.5 Dynamic Program

Because the dynamic analysis of the ARA is a demanding areldomsuming process a Matlab
program is written to extract data like gear motion or fortke Matlab program structure does
in general follow the same order as the described methodseingus sections. The dynamic

program is for simplicity sake called DyP (Dynamic Prograffe program is placed orCD-

rom — dynamicprogram — main.ni. DyP is only created to compute necessary information

to design the ARA. A simple overview of DyP is illustrated igdre5.11

t

1
o

Load Wrist joint
velocity profile

v

Determine start position of ARA
with complex optimisation base

on a singularity problem

This do only give the general overview of the working prikeiprogram. Further details can

no

\ 4
Solve constraint equatich (q)=0 with

—» Newton Raphson based on new driving¢—————————n

constraint values

v

Calculate unknown driving constraint veloci
with weighed damped P1J with respect to wrist
point velocity values for current time step

Calculate driving constraint position and
acceleration . Coodinate vector velocity and
acceleration and angular velocity and
acceleration . Done based on a small time step ,

From determined acceleration profiles , an inverse

dynamic analysis is conducted and forces are
determined by solving the equation of motion by
means of a Newton Rapson iteration

t=t+4t

Yes, and
no Optimisation—| M
is active

Plot results |«

Run overal Complex
complex Yes optimisation
optimisation routine

le—

Store position,
»/ velocity and
acceleration profiles

Store calculated
forces

Calculate fitness value based
on defined fitness functiong

end

Figure 5.11: Overall working principle of DyP.

be found in appendi or on "CD-rom — dynamicprogrand’.
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5.6 Results

Results from the kinematic and IDA analysis will shortly l@iewed in this section. Results
shown are with use of the overall optimisation procedures f@sults shown have been limited
to the handshake approach, the same data are available fartaining load cases and can be
reviewed with the DyP fromCD-rom — dynamicprogram— main.ni or from the result files
placed on CD-rom— dynamicresulf’.

5.6.1 Kinematic Results

ARA physical motion for handshake approach is illustratefigure5.12

(@) (b)

0.6

© (d)

Figure 5.12: Handshake approach illustrated with four time steps.
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A more detailed motion set for the driving constraints dresttated in figurés.13
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Figure 5.13: Position over time curves for each of the four driving coastr for the handshake ap-
proach.

The data shown above is only for the driving constraint bubmpete set of motion data is
available from DyP, both in global and local coordinates.
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5.6.2 IDA Results

The results shown in this section are generated from thendignarogram.

The driving constraint torque is shown in figlgel4 The force and moment data for remaining
joints in either local or global reference can be reviewedhayDyP or the result files placed on
"CD-rom— dynamicresult'.

1DOF @) 2DOF @,)
10 ; ‘ 4 : :
o
£ £
< <
5 -10 5
£ £
o [=]
s =
20t
% 02 0.4 06 08 1 2 02 04 06 08 1
Time (s) Time (s)
3DOF {p,) 4DOF @)

Moment (Nm)
Moment (Nm)
(o))

-10p

o) 0.2 0.4 ) 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)

Figure 5.14: Moment curve for the driving constraint around local axis tlee handshake approach.
The plot for the driving constraint moment can be used diréntthe selection of gears and

motors, for the mechanical design a complete set of forcenamuient vectors are needed for
each body. These are available either from DyP or the retast fi

<

Results
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Static Load

To ensure that the ARA is capable of placing the wrist poirdrat given point in space, posi-
tions where maximum static joint moment occurs are takea gohsideration. To take account
of dynamic forces the static forces are multiplied with aesafactor. The moment for each
joint can be divided in to an axial moment (A) and a tilting memh(T).

At the shoulder joint the local body pitch and roll moment iaximum when the ARA is placed
in a horizontal position either pointing along the X-axigtoe Y-axis. This is illustrated in figure
5.15 For this position the elbow joint do as well have maximum reon

Payload

l Shoulder

Shoulder joi {

Payload

Elbow joint

Figure 5.15: Position of ARA for maximum static load at 1, 2 and 4th DOF.

The maximum yaw is when the ARA upper arm is placed horizoakahg either X-axis or
Y-axis and the lower arm is placed along Y-axis or X-axis es$pely. Figureb.16illustrates
the position of ARA for maximum yaw moment of the 3 DOF.

Payload Elbow joint

|

Shoulder jo

Elbow joint L

!
Payload ..

Shoulder joint

Figure 5.16: Position of ARA for maximum static load at 3 DOF.
The maximum moments for the shoulder joint in radial andlari@aments are defined as:

Mley = (m5-0.655+ Y (My_4) - (0.655/2)) -9.82~ 44Nm

My = (ms - 0.285+my - (0.285/2)) - 9.82 ~ 15Nm
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The maximal moments at elbow joint are defined as:

Myy = (M5 - 0.285+ 1y - (0.285/2)) - 9.82 ~ 15Nm

Myl = (M5 - 0.285+my - (0.285/2)) - 9.82 ~ 15Nm

The moments only represent a scalar value of the magnitutte shaximum moment.

5.6.3 Optimisation Results

As the kinematic and IDA results shown above is on the badiseobverall optimisation proce-
dure it will in this section be shown the difference with use avithout use of the optimisation
procedure. The results shown are for the handshake appaoadhn overall power usage. First
is without use of the overall optimisation procedure thisamethat the motion found is only
based on direct method (PI1J) where the weighing matrix i¢csan identity matrix. Second
result is for the overall optimisation procedure whereusion control (IC) is activated. Third
is where the complete overall optimisation (CO) procedsi@ctivated, here usage is to be min-
imised and intrusion removed. The values shown here is witdyéoad of 4kg.

Direct P1J solution

The results from the direct approach whep&l (y from equation5.11 are minimised on the
basis that the first part of the equation are fulfilled. Frois #ipproach the average absolute
power usage for handshake approach is calculated as.

Poiy = ,/ZM/iZwiZzlsw Ji=1..n (5.43)

wherei is the timestep of a complete work cycle mfteps. If the motion trajectory for the
arm is illustrated it can be seen that the arm will intersett tihne box representing AAU-Botl
upper body and therefore this motion will not be possiblesi fife motion.

Intrusion Control

The intrusion control is controlled by modifying the weigbimatrix used in PIJ method. The

optimisation procedure uses approximately 10 to 70 sinmulatto determine depending on the
start guess values. When intrusion control is introducedatferage power usage for the hand-
shake approach will increase and is calculated to ar®ne: 31W.

Power minimisation and intrusion control

With use of the complete overall optimisation procedure nehmwer is minimised and intru-
sion is removed, the weighing matrix values are determirfeat approximately 300 to 1000
simulations. The power usage from this simulation give araye offc ~ 28W.

5.7 Summary
The dynamic analysis was performed both to determine unkndriving constraint motion

and, furthermore, to determine the initial forces and mamanting on the ARA setup. From
the initial assumption the motion and forces was determirgly both P1J methods along with
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standard kinematic and inverse dynamic analysis. The rdetfas wrapped inside an opti-
misation procedure that would determine the motion pattdfating constraints that remove
intrusion between ARA and AAU-Botl1 and minimise power cangtion. It can be seen that
the power usage improvement over a complete work cycle tvelemall compared to the sim-
ulation steps used to determine an optimum motion path &fdbr driving constraints.

From the different load case results, selection of gearpraatan be done and the mechanical
parts of the ARA can be designed. An overview of the magnitfdihe maximum moments
for each joint for the three load cases and static momentéséad in table5.2

Joint moment [Nm] | Walking Handshake Approach The shake Static
Shoulder mount (A)

Roll, &1 4.5 45 7.5 44
Pitch,n 14 28 30 44
Yaw, {1 0.5 3 4 15
Upper arm 1 (B)
Roll, & 4.5 4 4.2 44
Pitch,n» 14 28 30 44
Yaw, {» 0.2 1 1.2 15
Upper arm 2 (C)
Roll, &3 4 3 2 44
Pitch,n3 14 28 30 44
Yaw, {3 0.7 0.9 0.3 15
Lower Arm (D)
Roll, &4 1.5 15 1.3 15
Pitch,ng 8 11 14 15
Yaw, {4 0 0 0 0

Table 5.2: Collection of the magnitude of maximum moments for eacheoftitee load cases and the
static moments at each joint in respectively local coortéreystem.

Load shown in table above are listed in local coordinatessysb respectively bodies. The grey
marked areas are the driving constraint torque of the jdiican be seen that for the three load
cases the moments are generally smaller than the statis. |Gd@ only exception is the lower
arm joint for the handshake that give 23.5 Nm compared tottitec $oad that gives 15 Nm.
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6.1 Power Transmission
6.2 Mechanical Design
6.3 Summary

The ARA design shown in this chapter is the first conceptusigieand is based on forces and
moments determined in chapt®r The motion and forces determined are based on different
physical assumptions that do not comply with the concepgde$Vhen the concept design has
been determined the physical properties from the desigiearsed to recalculate motion and
forces. These can then again be used to redesign the firgtdioca new and better. This iter-
ation process would be efficient to put inside an optimisaficocedure, where gear, actuators
and mechanical design would be optimisation factors. Thitot investigated as a part of this
report. The concept design of the ARA is divided in to two stepirst the selection of gears
and actuators and second step the ARA mechanical design.

The gear selection is based on the Harmonic Drive gears. fblok €PU type is used with
AAU-Botl design and is as well selected for ARA design to kdepign equivalent. Actuators
are selected from the manufacture Maxon motors, the sanur A2\{J-Botl. The same series
as used in AAU-Botl will be used for ARA design.

The selections for gear and actuators are based on caltuhegon and forces from DyP, here
the driving constraint motion and forces. A short desaniptbf these results is presented in the
end of chapteb. The results are shown for the handshake approach. All lasescare consid-
ered in the selection of gear and actuators, but only maximaloes for any given load case
is used for the selection. The standard selection of geatsaetuators are based on different
procedures that will ensure high lifetime. As the ARA shooidy comply with the 1000 limit
set for the AAU-Botl, it can be necessary to modify the s@agbrocedure to minimise gear
and motor sizes and thereby keep the weight down.

6.1 Power Transmission

This section deals with the initial selection of power traission, i.e. gears and actuators.
The gears and actuators used for the AAU-Botl are Harmoriieand Maxon respectively.
The gears used for the AAU-Botl are "CPU” gear units. Acttgts of the type RE graphite
brushes that are available in several sizes.
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6.1.1 Harmonic Drive Gears

Harmonic Drive gears have been discussedLifj but will shortly be introduced here to sum-
marise the working principle of the gears and the overviethef’CPU” series. This series is a
unit gear that includes housing, bearings, input and owpatt and can be directly used with-
out creating separate housing bearings etc. The gears cacgb@&ed in different sizes. The
gears used on the AAU-Botl are the type "CPU-S” but the gdacsen for ARA design will
be considered for the complete "CPU” series. The workinggipie of the Harmonic Drive
gears is described base on information frd [

As the CPU unit series is stock parts that use steel for appénis in the gear, it is considered in
the end of this chapter if the parts in the unit are to be regglagith in-house gear units created
with Harmonic Drive gear component set where the housing istcreated in aluminium. If
such approach is taken, the designed gears have to be cheitkezktensive stress and strain
analysis to ensure that the gear can work for the 1000 hogusresl for the ARA.

CPU series

CPU units have a high stiffness because of internal beartipgat for the output shaft. The
units support relative high axial and radial forces and atdame time relative large tilting
moments, a summery of some of the properties of the unitshamersin table6.1, [7]. A cross
section of the CPU unit M is shown in figufel(a)and where figur&.1(b) show the working
principle of the units.

Gear housing

Bearings

Wave generator

Wave generator
Spline

Input Shaft

Flex spline

Output Shaft Spline Flex spline

(@) (b)

Figure 6.1: (a) Cross section of the CPU-M unit gea6]] (b) Sketch of the Harmonic Drive working
principle, sketch from§g].

Here the Wave Generator is an assembly of a bearing and ad&ket/hich is called a Wave
Generator plug. The outer surface of the Wave Generatoriplsigaped as an ellipsoid. A spe-
cial ball bearing is pressed around the plug forcing theibgdo take an elliptical shape. The
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wave generator is general the input shaft. The flexsplinghigavall steel cup with teeth on the
outside surface near the opening of the spline. Wave gemesapressed inside the flexspline
forcing the flexspline to take the form of and ellipsoid. Tiisans that the outer surface of the
flexspline is an elliptical shaped gear. The flexspline iseénegal the output shaft. The circular
spline is a rigid steel ring with teeth placed on the insidaxkter and is normally a fixed mem-
ber either to a gear housing or other member. The circularesd designed so the teeth of the
flexpline fit inside the teeth of circular spline. This meahnatttwo regions of circular spline
and flexspline are in contact, see figéré(b)

The Harmonic Drive CPU series are available in three modets’CPU-H”, "CPU-M" and
"CPU-S” see figuré.2 The three models in the series have different designs éinbut part
but all follow the working principle described above.

@) (b) (©

Figure 6.2: The CPU series from Harmonic Drive. (a) CPU-H (b) CPU-M (c) &S

The CPU-H unit is different from the two remaining designghiea sense that the unit have a
central hollow shaft. The hollow shaft can be used to pasiesashafts, etc. through the centre
of the gear. The unit would have advantages when conside&hlg distribution for the ARA.

The CPU-M unit can be used for direct mounting of any servoomdio mount a servo motor
on the gear, an adaptor part that connects motor and geas haglesigned.

The CPU-S unit is designed so it includes an input shaft taatle used with belt drives or
simular. Here the input shaft is supported with bearings.

Table 6.1 show the important technical data that are common for thestwallest gears from
CPU series.

The static tilting moment limit are based on a safety fadtoe 2 that is recommended for
vibrations/impact system3 [p. 449]. Because the data are common for the CPU seriesat is n
necessary at this point to decide model type. Only size aflggsto be selected, which is done
in the next section.

Standard Gear Selection Procedure

The size selection of the CPU unit are based on calculaticthads available fromd]. It is
important that the sum of the gear weight is kept as low asilplesso dynamic influence of the
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Mass Ratio Max dynamic/static| Limit for Limit for peak mo- Max input
CPU size [kal, -H, R | tilting moment | avarage torque, ment T F[)Nm] speed Rhax
-M, -S M1p/Mrs[Nm Ta [N v [rpm]
50 73/122 6.9 35
14 0.67,0.54,0.64| 80 73/122 11 a7 8500
100 73/122 11 54
50 114/247 26 70
17 1,0.79, 0.95 80 114/247 27 87 7300
100 114/247 39 110
120 114/247 39 86

Table 6.1: Common data for the CPU unit series where static tilting moinaee with a safety factor of
fs = 2. A complete set of data sheets for the three gears are placapdendiD.

gears are minimised. Besides, the stiffness of the gearddshe relative high to ensure that
tool-point do not vary compared to reference path desciibetiapter4.

The gear selection procedure available fradh dtates the selection of gears is divided in to
criteria listed below.

Tilting moment My <Limit for max tilting moment Mrp, Mts

Avg. output torque, J5, <Limit for avg. torque, |

Momentary repeated peak torqugrl<Limit for repeated peak torquegT
Momentary output torque,gfax <Limit for momentary torque, W

Max input speed, ¢)max <Limit for max input speed, ax

2 T o o

Avg. input speed, §) jay <Limit for avg input speed, &

Table5.2gives a list of the moments at each joint where gears are tade where the values
is given for local coordinate system of the respective bddhe first selection criterion is based
on the maximum tilting moment. It should be noted that themissible tilting moments from
table 6.1 are values when only bearings from the CPU units are usedrtp ttee load. The
gears for each of the joints are selected based on the statients from tabl®.2 This is done
based on the fact they are larger than dynamic moments. @tie stoments are multiplied by
a safety factorfs = 2 from [7, p. 449]. The remaining criteria are compared with resutisf
the load cases.

Shoulder Mount (A) gear selection

The selection of gear for this joint is based on the handsh&kause this gives the largest
torques. But as the static moment is larger than dynamics|ahe first selection procedure is
based on these values. The static tilting moment for joirg shiown in tabl®.2 and states that
the maximum inclusive safety factor is:

|V|9|-|- =88Nm < Mys=122Nm (6.1)

The continuous load case criterions are easiest shown gjpeed-torque plot. The handshake
approach can be viewed in figuBe3. For a torque-time plot see figubel4

It can be seen that the CPU unit of size 14 will fulfil the requoients. If the average torque from
handshake approach and the handshake are calculatedistvgilues larger then limitation for
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Figure 6.3: Plot of gear work cycle in a speed-torque diagram. The véaoiis in the figure are for the
output shaft, the input velocity are the output shaft véjoriultiplied with the gear ratio.
The limits for input velocity for the gears are shown in tablg

the average torque. This criterion is created to ensuretavagking time. The rated working

time for the CPU units are around 35000 hours and becauseRi#ehave been set to work

around 1000 hours this criterion are seen as a less criiticihtion and are therefore not taken
in to account.

Selected Gears

The selected gears for each joint are listed in té&ke The values in the table are a scalar size
of the input velocity and the output torque.

Lo Static tilting
) ) Gear Limit tilting mo- Tgimax [Nm / Tw [N/
Joint Size | Mass ratio ment Mg [Nm] ‘ Flw\lon?ent Mgt Mgy max [rpmi Nay [rpm
Shoulder Mount (A)| 14 | ~0.6 100 122 88 30/2000 54 / 3500 (1100§
Upper Arm 1 (B) 14 | ~06| 100 122 88 4.2/700 54 /3500 (1100}
Upper Arm 2 (C) 14 | ~0.6 100 122 88 1/250 54 / 3500 (1100¥)
Lower Arm (D) 14 | ~06| 100 122 30 14/5000 | 54/3500 (1100¥)

Table 6.2: List of selected CPU unit size for each revolute joint in tiRAAdesign. Here the maximum
torque and input speed from the load cases are shown aloeglselimits for the CPU units.
(1) for CPU-H. A complete data list for the gears are found in apgtigD.

The gear selected for all joints are the smallest CPU unilala from stock program. The
sum of the gear masses gives Rgj} this is around 42 % of the allowed maximum ARA mass
of 5.8kg. This is at this point a relative large mass just for gear bes¢ gears will at this point
be selected for ARA design.

Gear Efficiency

The gear efficiency influences the motor selection and tbezdias to be considered for the
CPU series. The efficiency of the CPU units is depending orkiwgrtemperature, input speed
and output torque, unit size and gear ratio. Besides doesfficeency of the gears depends
on the CPU type. For simplicity it is chosen to take the averefficiency from the three CPU

types. This is of course conservative but will general emshat the selected motors do work
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with selected gears.

The total efficiency 1§ ) of the gear can be calculated according to equation beldws i§
based on the CPU-H selection efficiency calculation.

N = K(Nr+Ne) (6.2)

Herene is the efficiency value based on friction between input skeding and input side, see
figure6.4(b) nris the efficient value based on input speed and working teamyey, see figure
6.4(a)

100
[}
g0 g
<
80 a 0 /
& S
70 © / / /
8 c -2 /
) ks
@ ; /)
= o
i = A
50 1000 fom 8 / / /
/
40 2000 Tpm i 6 Roso/ / /
30 3500 rpm //
8 /
R= 80, 100
20 /
10 -10 R-120,160 /
-10 0 10 20 30 40 14 1720 25 32 40 4550 58
Ambient temp2C Gear size

(a) (b)

Figure 6.4: (a) Efficient value based on working temperature and inpaesidor the CPU-H unit. (b) A
correction of efficiency based on the friction from inputlsea

Remaining efficiency data for the last two gear units can bieweed in appendiD.

The last unknown in equatiohi2is K that is a correction factor extracted from a plot that states
the efficiency correction is based on input torque and rateglie. The efficiency correctione
varies between 1 and 0.2 dependingvgrwhich is calculated based on equation below.

-
V=— 02<V<l1 (6.3)

N
T is the output torque for the gear at the current time sIgare the rated torque, see tablé.
Generally the output torque calculated for each drivingst@int will exceedly and therefore
V would be larger then 1 and the correction fadfois therefore set to 1.

To calculate the total efficiency of the gear it is chosen watking temperature is set to 20
and the working input speed set to the 20@6n. This give an average efficiency factgg =
64%. The average efficiency correctignis approximately -7.5. The correction factris set
to 1. The calculated efficiency for the gears gives:
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NL = K(Nr+ Ne) = 56.5% (6.4)

This is a low value compared to reachable and probably higfimiency values if gear effi-
ciency are calculated dynamic and based in correct selgetad But as mentioned the calcu-
lated efficiency would secure that the selected motors (sgesection) will be sufficient large
to actuate the ARA.

6.1.2 Maxon Motors

Actuators used for the AAU-Botl is from the manufacture Maktotors [L8], here DC motors
of the series RE with graphite brushes. To keep the ARA desigisistent with AAU-Botl
these motors are used. The voltage used for AAU-Botl is thei8ge models. An illustration
of the RE series is illustrated in figufeb.

Flange (motor mount)

Ball bearing

Output shaft

Housing

Magnet
Winding

Commutator
Shaft for encode

Ball bearing
Figure 6.5: The Maxon motors RE seriedl §]
Some of the advantage of these motors are accordintgio [

» Excellent volume/performance ratio

* Highest efficiency

Low inductance

High acceleration thanks to a low mass inertia

Linear characteristics

High reliability
» Multiple combination possibilities with gears, feedbatgvices and control electronics

This type of motors have been used for space robots, aisgaft, packaging systems, convey-
ors, chip mounting systems etd.§. At the same time motor documentation from Maxon are
detailed that ease the selection procedure.
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Stall  torque, | Nominal torque, | No load speed,| Overload time
Motor ‘ Mass ‘ ‘ ‘
k| 1 N Tpom [N ng [rpmj s
RE-60 0.238 1.02 0.088 8490 16
RE-90 0.34 0.967 0.0965 7270 30
RE-150 0.48 2.5 0.184 7000 41

Table 6.3: A short data list of two available RE motors from Maxoh3]} The complete set of technical
data for the motors can be found in appenHix

A short list of some of the Maxon DC RE series is shown in t&g
The characteristics of the Maxon RE motors can be illusdratéh a linear torque / speed
relationship diagram, see figuBe6that is for the Maxon RE-60.

n [rpm]

60 W

Max allowable speed

Speedtorque line

Short term operation
(recurring)

25 50 75 100 M [mNm]
10 20 30 40 I[A]

Figure 6.6: A speed-torque diagram the RE-60 Maxon motb§] [

Here the no load speed and stall torqudy; is based on the nominal voltage. When the voltage
is lowered the line is as well lowered parallel to the origiige. If voltage is increased the line
is moved higher. The motor operation area has to be belowlitlgs At the same time, the
motor working area should be within the nominal torque ared)(to ensure that the windings
of the motor is not damage because of overheating.

Motor Selection Procedure

The selection of motors is heavy dependent on the gear bati@n idea to use direct drive with
gears, the initial selection of motors will consider onlytors sufficient large to actuate with
direct drive. No additional gearing is introduced betweeatonand gear.

A motor selection procedure are available from Maxon Mof@&. The selection procedure
can be divided in to two steps, fist momentary peak load andnskecontinuous load. The
continuous load can be compared with motor characteristigs for RE-60 see figui& 6.

The overall selection procedure is listed below.

1. Max torque, fymax[NM <Stall torque, Tt [Nm]

2. Effective torque, firms[NM <Max nom torque, Fom [N

w

. Motor speed f [rpm] <Speed-torque line, mpm]

4. Motor acceleratiom ymax [rad /] <Max motor accelerationgmay [rad/s?]
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Here the effective torque is defined as the root-mean-sqBS) value of the working cycle,
and can be calculated with equatiérb, [19].

TrmrMS = 1/ %/Tm(t)Zdt (6.5)

Here Ty (1) is the required motor torque at the given time step and isutaked as equation
6.6. The motor torque is based on gear ratio, gear rotating’padents of inertia and motor
rotating parts’ moments of inertia.

T . .
RN

T is the calculated torque from DyRthe gear ratio and), the gear efficiency calculated un-
der gear selection. The moments of inertia for mot) haft and gearg) input shaft are
available from Appendi® andE, the gear output shaft are not included in the calculatidre T
maximum motor torqué,max are generally the static moment from tabl@ and for that case
the moments will be used along with the safety fadipe 2 from gear selection. If dynamic
moments are larger than static they are used for maximumpeakent.

If the RMS torque exceeds the maximum continues nominau®(f,o) the motors can be
overloaded in a given time period. As it is stated in the meéochnical documentation, the
motors may only be loaded with the maximum continuous totmpeause of thermal limits. But
it is also stated that higher torque are permitted in shaibge of time. The allowed recurring
overloading period of the motor depends on the duration oficg period of the motors, start
temperature, torque and motor speed. An estimate of theedlauration of maximum peak
torque in percentage is based on an exponentially decgeisiation from [L9], see figures.7.

10 20 30 40 50 60 70 80 90 ON%

Figure 6.7: Estimation of time overloading is allowed based on the marincurrent by and the per-
missible maximum currengl [19] As the current and torque have a linear relation the
torque values can be used instead of current.

Here T is the time period of one work cyclgy ts the period of load ang {: is the time period
when motor is in rest.dy is the maximum peak current or the max torque peak as the masor
a linear relation between current and torqug.id the permissible continuous nominal current
or torque, see table.3.
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Motor speed is compared irpm and the results from DyP are nad/s, therefore these are
changed when motor speed is compared with the speed-tangue |

Motors can handle a limited maximum acceleration based @mifiss moments of inertia and
moment acting on motor shaft. The maximum acceleration eandiculated based on the
allowed stall torque of the motor and the equivalent mass embof inertia for motor, gear and
body.

Shoulder Mount (A) motor selection

Shoulder mount joint (A) is the first revolute joint of the AR#d is as well the first driving
constraint. The torque and velocity for handshake appreddhis revolute joint have been
plotted in figure5.13 The complete handshake load case, handshake approashatteeand
return, will give the maximum load for this DOF. Besides laases are the static outer position
described in the end of chaptecompared with the motor maximum stall torque.

As the static analysis gives a moment of I8& the motor stall torque has to be minimum as
calculated below. The dynamic analyses for handshake lasal gives smaller moments.
Tg 88
Tm pu— p—
Rn.  100-0.56
A stall torque of this magnitude require that the RE-150 nhizdehosen.

~ 1.6Nm

The root-mean-square for the complete handshake work @yatedshake approach, the shake
and return) gives the torque.

Trrums~ 0.32Nm

This value is exceeding the nominal maximum torqig) for each of the three motors shown
in table6.3. Motors larger than the three motors would increase thé watgght of the ARA
significantly and therefore not preferable. Another apghoeould be to select a gear with a
higher gear ratio. To do this the gear have to be changed froenlg to size 17 that has a
max gearing oR = 120. But comparing the weights from gear and motors, it be feat it
would be preferable to go one step up in motor size. Another ta to create a secondary
gearing between motor and gear with belt drive or similart &uthe motors are allowed to be
overloaded in a given time period, this is checked for thel®B-initial selected. A time-torque
plot in figure6.8 give an overview of the torque required for the motor in héuadte approach.
If these curves are compared with the three motor types itbeaseen that the peak torque
Tmmax~ 0.5 and is around 3 times the nominal torqlgm for the Maxon RE-150. For this
overloading it is allowed that the peak torque occur appnately 11 % of the work cycle, see
figure6.7.
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Figure 6.8: Plot of the handshake approach and the handshake. The pé¢a@ &ir (b) are not taken in
to account because it occur from the linear calculation otioro

To give more effective overview of continues load in handtshlaad case, the result are plotted
as a speed-torque diagram and compared with the motor ¢thdséics. This is illustrated in
figure6.9. Here only the handshake approach is plotted

Motor 1

800 \ \ \ \ w

6000~ | //\\;
g 4000 i
'\g 2000 t=0.9s -- Handshake approach i
& r's (2kg payload)
FRE & -- Speed-torque limit n
‘; -2000— t=0s -- Nominal torque, Tom -
= -4000- -- 3-Nominal torque B

e0 | T——— | - — T 1

00 | S ‘

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Motor torque (Nm)

Figure 6.9: Continuous load from the handshake approach motion platteg with the motor charac-
teristics for the selected motor.

As the nominal torquénom = 0.184 for the RE-150 size, the handshake motion will generally
exceed this value. But as the time of the complete handsbkaikdyi around 3and the technical
data states that the overloading time can be up ®th& motor is assumed to be sufficient large.

All plots for each joint can be found from DyP placed &D-rom — dynamicprogrant’.
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Selected Motors

The selected motors to actuate the three remaining DOF aeallman motion and forces with a

payload of kg and 5.8kg as own mass. Tab&4gives an overview of the selected motors for
each joint.

o Limit nominal
. . Limit stall torque Stall  torque Peak torque
M . :
o ‘ S ass Tst [Nm] Tmlmax [Nm }Klr?r;]e S Tom 2 Tm|max (Nm
Shoulder Mount (A) | RE-150 | 0.48 25 1.6 0.552 0.35
Upper Arm 1 (B) RE-150 | 0.48 2.5 1.6 0.552 0.08
Upper Arm 2 (C) RE-90 0.34 0.967 0.55 0.2895 0.17
Lower Arm (D) RE-90 0.34 0.967 0.55 0.2895 0.17

Table 6.4: Selected gears for each of the revolute joints. The caledlataximum torqueses are shown
along with the limits for the motor selected. A complete méedl description of the motors
can be found at18] or in appendixE.

It can bee seen that the sum of the masses giveskiy@His is approximately 28 % of the
allowed maximum mass of 518y. This mass can probably be lowered if smaller motors is

selected and extra gearing is to be introduced. But for thialidRA design approach these
motors are used in the.
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6.2 Mechanical Design

This section presents the ARA mechanical concept desige. pfésented design is based on
selected gears and motors where structural parts are donedsbased on calculated forces
and moments from DyP. Because of the sizes of the selected ged motors there is 118
available for structural design and other components. Téehamnical design is in this section
summarised in a design overview that are followed with agaregion of some of the design
consideration. The structural design is in the end desgribeletails. All the designed details
have been dimensioned with simple calculation to ensurepooemts will be sufficient strong.
These calculations are not shown in this report. The overadls of the designed ARA is found
from Solid Works CAD model.

6.2.1 Design Overview

The initial suggested ARA design is illustrated in fig@dQ A Solid Works CAD model is
available at CD-tom— CAD — ARA-1.SLDASM

[ A

5

\

. ~

b

s 0

) 'q

Figure 6.10: ARA concept design that fulfil the listed requirements.
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The complete mass of the ARA with standard CPU gear units8i&d. The mass distribution
of the ARA is listed in table5.5 shown together with its AAU-Botl counterparts. The values
are based on all components that connect the arm, here asage motor mounted inside
AAU-Botl torso and is extracted from Solid Works. Screwdt,lmables etc. are not included
for the mass estimation.

Parts ARA [kg] | AAU-Botl [kg] | Extra mass [kg|
Motors 1.64 0.25 1.39
Gears 2.42 0.64 1.78
Structural parts 1.70 0.90 0.8
Belt drive 0.04 0.01 0.03
Total 5.8 1.8 4

Table 6.5: The mass distribution of the ARA design, all componentgiirettly influence the arm move-
ment are included. A comparison between AAU-Botl and ARi§rdare as well shown.

6.2.2 Design Considerations

The ARA design is based on some considerations that first mfciide an investigation of the
AAU-Botl design. It is important that the mass of the arm iptdew to minimise gear and
motors sizes and structural parts mass. Lowering the masklwanimise dynamic influence
when the arm is moved around in space, which then would ma&mower consumption, torque
and forces. To minimise dynamic influence due to mass it wasidered to move actuation
and gearing inside AAU-Botl torso and the remote actuatk B&ax through steel cables. But
as the torso of AAU-Botl is filled with batteries and ampli§ieno space where available for
the gears and actuators.

The structural parts are designed with the main criteriomioimising the mass and maximise
the stiffness. Because the arm is moving around in a workiages, it can hit either it self or

people working around it. It was selected to design the ARAwter surfaces would be relative
smooth as well as keep fragile and moving parts inside degigrshown in above section the
gear and motor mass was 3/4 of the total mass of ARA conceperefdre to minimise the

complete mass, gears and motors was considered to be a faetazrrying structure, without
damaging the parts. The structural parts are designed bassichple calculation and intuitive
design procedures.

It was noticed by Dept. of Electrical System that absolutesees are required for defining
standard initial position and the two outer positions ofrialute joints. The absolute position
sensors minimise the need for moving parts to its two outsitipos before motor encoder
known the complete workspace. Both rotational sensors fffoswitches can be applied or
this task.

The implementation of the last three DOF in the form of a sewtist joint has been taken
in to account for the design of the lower arm. As the wristtjoiuil be a relative compact and
advanced design there has to be space and flexibility in th& dd8ign so joint can be mounted
on ARA with no or minimum amount of modification.

AAU-Botl Mounting
It was selected to use AAU-Botl arm mounting principle. Tisans the fist joint "shoulder
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mount (A)” are mounted at AAU-Botl shoulder plate, just as thse for original AAU-Botl
arms, see figurg2.4

Materials

As the mass of the ARA has to be minimised the selection of niahie based on low density,
high strength, and stiffness properties. It was chosendalsninium for the structural parts,
as it gives a compromise between the three wanted propeftieaterial. The aluminium are
easy to machine and is therefore also easy to manufactureuse structural parts. Besides
was it chosen to use carbon fibres to create upper and lowerb@tause mass could not be
kept below 5.&g if aluminium where used for these parts. The aluminium usettié design
has been the 6000 series aluminium available in Solid Workenals library. This grade of
aluminium has a low density and relative high strength aiffthess properties.

6.2.3 Design Details

A detailed description of the ARA design is shown in this sett

Shoulder Joint

The shoulder joint is a combination of three revolute joimith intersecting rotating axes. The
combined revolute joints have the same range of motion asnr@hshoulder joint. The design
use two types of the CPU unit gears, one CPU-S and two CPU-M.ufihe design is relative
compact where motors and gears have been combined as aisthrwetrrying setup. All the

structural parts in the shoulder joint are created of aliuminand can be designed with in-
house machining processes. An overview of the joint desigitustrated in figures.11

Shoulder plate

Absolute pos. sen. 1DOF

Figure 6.11: Shoulder joint design.
The shoulder plate, CPU-S and the motor connected to theageahared with the AAU-Botl

design. It should be noted that the motor is connected to SRtUthe AAU-Botl is the RE-
60W model, but RE-150W are required. See figlukfor AAU-Botl design overview.
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The shoulder U-part is divided in to three components, théoboplate, left and right plate.
The U-part is designed in aluminium and is relative easy toufecture. The left and right
plate are connected to lower plate with screws that easenasef the part.

The motor hub is designed so the second DOF motor are plaset®ithe hub and then con-
nected to the CPU-M gear via an in-house created adaptohedadaptor connects the motor
and gear, the shaft from motor are placed inside the gear Tihié gear is filled with either
grease or oil; a gasket is placed in the adaptor to seal opdrdtween motor shaft and gear
input shaft. Motor are fixed to hub with a secondary adaptbe motor hub is supported with
CPU-M bearings on left side and a standard ball bearing dnt gmle. The extra bearing can
slide along the 2 DOF rotating axis. An exploded overview loarseen in figuré.12

Motor fix

Adaptor

Figure 6.12: Exploded view of the motor hub design.

The assembly of P-part and motor hub are created as a shrifikétP-part can as well be fixed
to motor hub with standard welding approach.

Third DOF is created with combination of a CPU-M gear unit arRE-90W motor. The motor
and gear are connected with an in-house designed adaptisrad#ptor does as well work as
the mounting point of upper arm component. Output shaft af geconnected to P-part.

The absolute position sensors are to be placed at markesl igddighted from picturé.11
The fist DOF sensor should be an rotational sensor as rotatiorotor hub can be easy mea-
sured at this position. The second DOF absolute position Eetmeasured with two on/off
pressure switches. The switches are activated when thegpasounted obstacles placed on
the shoulder plate. The obstacles can be mounted with teess¢hat fix CPU-S gear unit. The
third DOF absolute sensor is not shown in the figure but is tarbated in same manner as
second DOF sensor. The switches are to be mounted on thedse@ CPU-M spline and the
obstacles are to be mounted on the P-part.
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Elbow Joint

The elbow joint has moving parts exposed outside. To keemtss down with used gears and
motors it is necessary to take this design approach. The fing DOF of the four required
DOF are placed at the shoulder joint and therefore the ladt Bx@ created at the elbow joint.
The joint are actuated with a RE-90W motor and uses a CPU-Sugta This joint range of
motion is equivalent with the human elbow joint. The struatyarts in the design are all create
of aluminium and can be created with in-house machining. élbew concept design is shown
in figure6.13

RE-90W

Encoder

Belt drive

CPU-S 14

Figure 6.13: Elbow joint design.

The upper elbow joint is the main part of this design, wherdgamaear belt drive etc. are
mounted on. The motor is placed on the top of the upper elbaty has position requires
a hole in the upper arm. Motor are fixed with simple tighten&he motor actuate the gear
through a belt drive system. The belt fastener is a simpkebfinechanism. As a belt drive is
used the motor will be affected by radial forces. They do oeed the allowed for this motor
model. The lower elbow part is only a part that connects laaver and elbow joint.

Absolute position control for this joint is done with two off/ switches. The switches are

mounted on the elbow CPU-S spline facing towards the lowsovelpart. The switches are
then activated when lower the elbow part is moved over theches.
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Upper/lower Arm

Upper and lower arm components are in overall the same coemp@nThe parts is created by
aluminium. The components are carrying structure thatsgivéarge stiffness feature because
of relative large outer diameter. At the same time the degiges a good protection for wires,
motors etc. which are placed inside these components. Terilgpver arm are illustrated in
figure6.14

Screw hol&

Aluminiyim pipe

Motor fix hole

Cable hole
Screw hgle

Screw hole

Upper arm Lower arm
Figure 6.14: Upper/lower arm.

As the wrist joint is to be mounted on the lower arm no adddl@omponents have been placed
at this part. The space available inside the lower arm aliwmirpipe is relative large and can

be filled with components used for wrist joint design. Holesdables etc. are as well been
introduced to ensure maximum compatibility.

6.3 Summary

The gears and motors selected in this chapter are based dfied@glection criteria. The se-
lected gears is found to be strong enough even for the srhg#tas unit available. The selected
motors are relative large even if some criterions was \eolatlt can be seen that the sum of
motor and gear masses is 4lthat is approximately 70 % of the allowed maximum mass of
5.8kg. This leaves approximately 1Kgjto be used for structural parts and extra components,
e.g. cables. The mechanical design is created with gear atatsrto be a part of the carrying
structure. Even with this design approach the total massRA Avould reach the 5.8g. For

this mass estimation cables etc. was not taken into accding.structural components have
been checked with simple calculation, not shown in this rgfgo ensure these are sufficient
strong. The designed joints has the range of motion listeéddle 2.1
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Conclusion and Future Work

The main focus of the project was to design an anthropomomgiiiot arm (ARA). This arm is
to be mounted on the AAU-Bot1 biped robot.

The designed ARA has four DOF, three at the shoulder and dhe albow. Each of the joints
has the equivalent range of motion as a human arm. Segmeth lEatlows the length of the
upper and lower arm of a human. The selected gears and motakeulated to fulfil the
1000 hour walking requirement as well as the handshake neagent of minimum 100 hand-
shakes. Here these motion can be performed wikly &f payload. It is furthermore ensured
that the ARA can work with other variants of motion. This isddy conducting simple static
calculation of ARA position that gives maximum moments atreBOF. The estimated total
ARA mass is 5.&g, (2.43kg of gears, 1.64&gof motors and 1.78&g structural parts), which is
equivalent to the maximum initially allowed ARA mass. Thesnaf designed ARA will give
approximately &g extra mass to the AAU-Botl per arm. The estimated mass ddesahade
cables, switches etc. as well as the, not yet designed, 3D@Fjaint.

The current ARA design is based on motion determined with different optimisation pro-
cedures, a weighed damped pseudo inverse Jacobian (Phdreetd a Complex optimising
procedure used along with the P1J. As the design parametethafour input in the weighing
matrix the values has to be chosen within a reasonable depapge. Large values will intro-
duce singular problems for the PIJ method and should theréfe avoided this is also the case
for values that are negative. It can be seen that the optigiigisults, when minimising power
consumption and removing intrusion, do only results intiegasmall improvements compared
to optimising result where only intrusion is removed. Thisde related to the fact that PIJ
indirectly minimise energy usage.

The P1J method is found to be an effective way of solving umkmdriving motion for redun-
dant systems. But the trajectory path of the endpoint wit@fthe results calculated with the
method. If the endpoint is moved towards the workspace bayndr outside the boundary,
singularity problems will occur. The calculated motionhtlien not be smooth, but give large
velocity even for small time-steps. If endpoint is to be nobvear boundary or outside, the
use of the damping factor is found to be an effective appreaatamp motion near singular
position. The damping factor will introduce errors combi@endpoint reference velocity.

The use of complex optimisation procedure along with theghieig matrix of PIJ method is
found to be an effective way to remove motion path that wilkegintrusion with AAU-Botl. If

intrusion control is to be used with for several obstaclesgd differently in the work cycle,
it will be necessary to divide the work cycle in to differerte@s. Optimisation objects that
directly or indirectly is solved with the P1J method is notaraved significantly for this system
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and intrusion control is found to be sufficient for initiallcalation of the ARA motion.

The presented ARA concept in this report is the initial sttaroARA design. Here the initial
steps have been taken to select gear, actuator sizes agd desictural parts. To ensure that
a finalised ARA with seven DOF will be below 5K the initial design shown in this report
is to be reconsidered. It can bee seen that the mass comnilitim the gears and motors is
around 70% of the total mass. To minimise the gear mass,apiEsigned gears with use of
Harmonic Drive component set should be applied as the geapaoents has a high efficiency,
stiffness and zero (or very little) backlash. Motors shobddreselected based on additional
gearing between motor and gear. This can at elbow joint be &ath introducing a gearing
with the toothed belt drive. The shoulder joint is to be réglesd if an extra gearing between
motor and Harmonic Driver gear is to be applied.
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Nomenclature

a = scalar
a = \ector
a = Matrix
~ = Skew notation
' =  First derivative with respect to time
=  Second derivative with respect to time
0 = zerovector
Symbols
Section5.2, Dynamic Analysis
I = Translating position of body S = Global joint coordinates of bodyl &
i
A = Transformation matrix of body | @ = Jacobian matrix of constraints | ®
O] = One constraint w = Weighing matrix P
0o = Constant damping factor g = Vector of driving angles Wi
L = Identity matrix q, = \Vector of coordinates of body X,Y,Z
&,Ni,¢i = Local Cartesian coordinate sys- @, @, @= Bryantangles €
tem of bodyi _
t = Time Wi = weighing value ofi' diagonal
number in weighing matrix
Section5.3, Dynamic Analysis
F; = Vector of global reaction forceg M; = Vector of global reaction mo{ m
of bodyi ments of body
Fi = Vector of local reaction forces of M/ = Vector of local reaction moments J
bodyi of bodyi
g = Gravity vector W = Vector of gravity forces of body J;
gi’ = Local inertia tensor of body w; = Global angular velocity vector of @
bodyi
Section5.4, Dynamic Analysis
Xi = Design parameter X = Vector of design parameters df x.
theit" population
o = Mirroring factor A = Tuning factor
B = Influence factor
K = Global fitness function Pav = Root mean square power con- f,
sumption
S = Pseudo intrusion value y = shape tuning factor a,b,c
Aa,Ab,Ac safety distance added to ellipsoid

67

Local joint coordinates of body

Vector of constraint equations
damping factor

The angle oft" input of the driv-
ing vector

Global Cartesian coordinate sys-
tem

Manipulability factor

Mass of bodyi
Mass moment of inertia

Global inertia tensor of body
Global angular acceleration vec-
tor of bodyi

Centroid of design vector param-
eters

Population size

Fitness function

Normalising factor

Ellipsoid radius values



Section6.1.1 Power Transmission

fs = Safety factor Mtp = Limit for dynamic tilting moment| Mrys = Limit for static tilting moment

Ta = Limit for average output torque | Tr = Limit for repeated peak torque | Ty = Limitfor momentary peak torque
Nmax = Limit for max input speed Nay = Limit for average input speed R = Gear ratio

no = Gear total efficiency nr = Speed-temp efficiency Ne = Shaft sealing efficiency

K = correction factor Tn = Rated torque

Section6.1.2 Power Transmission

Tst = Stall torque limit Thom = Limit for nominal torque N = no load speed

JIn = Motor shaft mass moment of int Jg = Gear input shaft mass moment ¢f T;rvs = Root mean square motor torque
ertia inertia

| = Current In = Nominal current lon = Maximum peak current

Abbreviations

DOF = Degree of freedom ARA = Anthropomorphic Robot Arm RMS = Root Mean Square

CoM = Centre of Mass WJ = Wrist Joint PIJ = Pseudo Inverse Jacobian.
DyP = Dynamic Program EoM = Equation of Motion TM = Tilting Moment.

AM = Axial Moment IC = Intrusion Control CO = Complete Optimising

IDA = Inverse Dynamic Analysis
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Constraint Equations

All the constraint equation and the respective transfoionatatrices are showed in this ap-
pendix.

Constraint Equations

The constraint equation for the ARA are based on figureand the complete set of 27 con-
straint equation are listed in equatidm.

Figure A.1: Kinematic definitions for the ARA used to establish constrduation.
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Global - Body 1

Figure A.2: Kinematic constraint between Body 1 and reference.

As 55 is set to zero the constraint equations of Body 1 are writen a

© 3 = L+AS-5=0

® = @u=0
®g = @2—yn=0
P = @3=0
Whereél is
C@L2CP13 —C@12SP13 S 2

A, = |CPLSOI3+SQ1SP2CP3  CPLICEPL3 — SPLISPLoSPLs —SPuiCPL2
SP11SPr3 — CaSPoCPr3  SPLICPI3+ CPLISPISPrs CEPraCHr2
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Body 1 - Body 2

Figure A.3: Kinematic constraint between Body 2 and 1.

This give the constraint equations

P9 = Ll"‘éls?_h_ézsg:g

Py = @1—yYpr=0
P11 = @G2—@2=0
®1, = @G3—@3=0
Whereé2 is
A, = éléZ/l (A1)
C@2Cp3 —C225¢23 Str2

A, = A |CQiSP3+ SP15PrCPr3  C1CE3 — SPr1S5r2SP3  —SEP1C¢2
SP215023 — CQ1S2CP3  SP1CP23 + CP1SP22SPr3  CER1CE:2

(8

73



(8

Body 2 - Body 3

Figure A.4: Kinematic constraint between Body 3 and 2.

This give the constraint equations

Pz 15 = IH+AS5—13—ASS=0

D6 = G—@u=0
®y7 = @—@2=0
P18 = @3—yYs=0
Whereé3 is
A, = AhAy, (A.2)
C@32CP33 —C(325¢33 S32

A, = A, |Ces1SP33+ SP315P32CP33  CP31C¢P33 — SP31SP32S@3  —SP1C¢P32
SP315¢53 — CP1SPs2CPa3  SP31CPs3 + CPB1SPB2SP3  C1CHPa2

74



Body 3 - Body 4

Figure A.5: Kinematic constraint between Body 4 and 3.

This give the constraint equations

Whereé4 is

Pig 1 = I3+AS;—1,—AS; =0

D22 = @m—@n=0
B3 = @2—Ys=0
Doy = @3—@3=0
é3é4/3 (A.3)
Cu2Cn3 —Cu2Sy3 Su2

A, | Cu1SQu3 + S1S@u2Cu3  Cu1CPy3 — SQu1SP2SU3  —SPu1Cu2
S@u1S@U3 — CQu1SU2Ch3  Sh1CWy3 + CQu1SPioShs  C@u1Cuo
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Body 4 - Body 5

Figure A.6: Kinematic constraint between Body 5 and 4.

This give the constraint equations becagse- 0

E
Pos5 27 = I4+AS;—I5=0
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Collected

£1+é1§,/1_\
i1
@G2—Yn
P13
1 +AST-r,—AsS
®1— Y2
2 — P12
P33 — (13
ra+ASs —13—ASS
P31 — P21
@32 — P22
@33 — Y3
rs+ASs —1,—ASy
1 — P31
@2 — Yy
3 — P33
T +ASE—T1s

(A.4)
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Equation of Motion - ARA

The complete set EoM for the ARA are represented with figdidleand are represented with
equations.20and5.21

Ml El

=1 @, 0,

|
I=
|,
N
=
N
S
N
oy

rad SAD
Fs w
s

Figure B.1: Complete set of equations of motion for ARA.

From the notation of equation of motion and the FBD and KD stubin figureB.1. All EOM
are written beneath for each body for the ARA.

Body 1
ZE = Eij—w;—Fp,=mi; (B.1)
S Meos = S1F1+My—87F, —Mp=J @ + @, w (B.2)

Body 2
E = Ey-w,—F3=mi, (B.3)
> Mo = §0F,+ M, —§5F5— My = 3,0, + 60, W, (B.4)
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Body 3
ZE = FEz—W;—F,=mgi'3
> Mo = 5%53+M3—52?E4—M4:£3Q3+Q3£3Q3
Body 4
YE = Ej—w,—FEg=mi,
> Meog = §2E4+M4—§EESZQ4Q4+Q4§4Q4
Body 5

ZE = Fg5—Wg=mgig
> Mcog = 0
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(B.5)
(B.6)

(B.7)
(B.8)

(B.9)
(B.10)



Dynamic Program

The MatLab code showed here are the Dynamic Program (DyR)s@&ttion are shown, to the
extent as possible, in the order as the different functiamsied. The general overview of the

program is illustrtated in figur€.1

main.m Motion.m Complex.m
Gini = [X1 Y121 011 912913 ....] Ginis ¥ - NR_constraint.m [—» G n = population size
Vini = [W1 v2 W3 vl NewtonRaphson wlim = limit of wighing matrix
O(@=0 _ -
i W Start_pos.m v Xy .. n=random value between wlim
iniy ini s
~— ——»| min(singularity ) —» for i=1:(endtime/stepsize) fori=1:n
« Select load casés reference value fs = load_case (i) Xits, motion,
« Select time step sizeAt @, g-» GetJacobian.m Qg Dy ¥ 9l> force
o Jacobian matrix .
* Run optimising : yes/no @, = 0D/aq mfoot:chg, Kes
= 2,3..n
@y = 0D/oy —» Opti_factorm |—
Yes: O = V(@)D
« wlim, limits for Weighing maitrix Dy = -INV() 2y
wiim, Complex.m | motion, DQisy = Dqy(25:27,) while AK > tol || counter > 3000
LY G min r,intr | fojce D5 = WO (g (s W D5, + pA )
———{ min{power,intru) Dyis = WL 5(LisyV Q15 *+ L) Find best and worst x based on
S : fitness value (K) for each set of
. = I
) & ) ] =Ly s design parameters
* w, defined weighing matrix Yn = Yna + Yo AL
w, ks, motion Create new ., based on wost
Y, Opi force Gn, Yo —» NR_constraint.m [ Gn+1
Newton-Raphsor] Znew 5 motion,
* Plot results D(q)=0 ¥ 9L, force
0 = Ag/At )
-7 motion,
Gn = Ag/At force - Knew
R — Opti_factor.m
On G [ Bryant_timederi | @,
= vative.m
AK = Kpest- Knew
Q)n - A@/At best ne:
q,9,7q, io ;
=2 S Forcesm - force] if AK <tol
Newton-Raphsor Send motion and force
f=my result back to main function
n=d+ok

Figure C.1: Overall working principle of DyP.

The Matlab code for the program can be foound in the followiages.
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