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Abstract

This master thesis is concerned with inverse kinematichifwnanoid bipedal robots in gen-
eral and the robot ZORC in particular. The possibility ofngssimulation software, specifically
CADGene and Sigel, when searching for bipedal gaits is exathiFurthermore, pressure sen-
sors are tested for finding the centre of mass of a bipedal.rdbe use of pressure sensors for
robot balancing is also investigated. It is concluded thgelSs not suitable for inverse kinemat-
ics. CADGene works well for simple simulations but is inaggmiate to use with humanoids that
need more advanced sensory input. Furthermore, the peessasors were found to suffer from
inaccuracy when used without operation amplifiers.
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Chapter 1

| ntroduction

1.1 Motivation

For industrial robots it is common to use inverse kinemaditd model-based control. This has
been studied in [14] for four-legged walking machines, amel tesults obtained sparked the
guestion whether model-based control could be used sudatigss bipedal robots.

In the near future, it is expected that humanoid bipedal tohall generate multiple new
fields of commerce and help the civilian, military, and stiiemcommunities in several ways.
The development of robots such as ASIMO [9] has shown mankepossibilities of walking
robots. Work on much less sophisticated robots such as EAY1N] has also demonstrated that
that interesting bipedal behaviour could be studied witlitkd resources.

The simulation environment Sigel [18], designed to evoledecto control robot behaviour,
was a project work by students at the "Lehrstuhl fur Systegthgse”, University of Dortmund,
Germany. Ziegler [20] was interested in testing the simoitesystem with real robots. The uni-
versity also had a small bipedal robot, ZORC [20], that had to Chalmers and that appeared
suitable for a student to do research on. This robot coushdiy walk, although slowly.

1.2 Purpose

Three-dimensional simulation environments have evolvgadificantly in recent years. Today it
is possible to simulate car crashes, aerodynamic flows acal¢alate the optimum movements
for industrial robots with great accuracy. Part of this th@svestigates if the two simulation en-
vironments SIGEL [17] and CADGene [5] are useful during teeelopment process of walking
robots.

Inverse kinematics and model-based control has been useskveral years in industrial
robotics. It can be used to calculate the best path in spated#ch joint and limb should follow
from one position to another. Also it has been used in commauitienation and the production of
computer games in order to make limbs move realisticallyc&it has been used successfully
both for industrial robots and for designing lifelike anit@é creatures it seems that it may also
be useful when trying to improve the walk of bipedal humarroiabts.
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Mathematical software packages like Mathematica are tabbgyto solve complex analytical
equations. It is therefore examined if such software candael dor finding inverse kinematic
solutions for the humanoid robot ZORC.

121 ZORC

The original version of the robot used in this thesis wasgtesi by Wolff [19]. An identical
copy, hamed ZORC, was assembled at the University of Donthaumal is shown in figure 1.1.
The design was later improved by Ziegler [20] and BarnhdliBo added sensor systems, most
importantly the sensors for the rotation angles in the serators. Specific details are found in
section 2.1.

Figure 1.1: ZORC seen from the front.

1.3 Challenges

Balancing can be a problem even for humans. Making a robdt, wath less sophisticated senses
than humans, while keeping its balance is problematic. Tateeally stable walkis slow enough

1A robot is statically balanced when it does not move and nts@aicept its feet are touching the ground. A robot
does a statically stable walk when from being staticallyahaéd the robot will return to being statically balanced
after experiencing a sufficiently small, nonzero, extefaade causing movement.

2
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to disregard momentum that could otherwise make the rotiot fa

ZORC is undergoing continuous development and the desigolenged several times. The
material that was used to build it, see section 2.1, is dligddft and flexible. The position of
servos and joints can therefore shift slightly. Also theimgris a bit loose because of the design
and how the EyeBot [7], the Micro-controller used to con#@IRC, is fitted to the robot. These
characteristics cause perturbations that cannot be etetdn Instead the balance and motion
algorithms must minimize their effect on the desired betaviUnfortunately many simulation
environments do not have the ability to easily introduceltan perturbations in their simulated
systems. This is a common problem when moving from a virtolabt to a physical robot.
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Analysis

21 ZORC

The robot [20, 3] is mostly made from PVYQt weighs two kilogrammes in total. Standing on
its feet, as seen in figure 1.1, it measures 37 cm in heightpidportions are similar to those of
a human. Each arm has two degrees of freedom and each leguna&dding them gives a total
of twelve degrees of freedom. The feet have been designed siniple but still similar to the
human foot. Therefore each foot is slightly wider at the tiwas at the heels, measuring 65 mm
across the toe area, 80 mm in length and 60 mm across the heel.

Commercial mini servos from Hitéare used for controlling ZORC’s arm and leg move-
ments. At the time the servos cost roughly 60 euros each. &ér leip, knee and foot joint the
HS-945MG servo capable of generating a torque of 0.78 Nm asl.usor each shoulder and
arm-joint the HS-225MG servo capable of 0.48 Nm torque islu$ae servos are controlled by
the EyeBot Micro-controller, which was constructed spealfy for use with mobile robots. The
EyeBot has multitasking capabilities although limited ®nié has eight digital input ports and
eight digital output ports where two are used internallytlmy ¢ontroller.

Rechargeable batteries are welded together to form a usikdfatteries are used to power
ZORC. The welding was done to minimize battery movementctvhwould otherwise affect
the robot greatly. This unit of three batteries on top anddtbelow is placed inside the robot’s
torso to improve the weight distribution. Earlier the battenit was fastened to the robots back,
but this heavy backpack easily caused the robot to fall efacilitate easy swapping of the
rechargeable battery pack, Velcro tape is glued to the énsidhe torso and on the pack. Each
foot has an on/off switch that switches on when the foot iselgmcing a load greater than about
one hundred grammes. These two simple pressure sensomaected to digital in port 9 and
10. In order to sense inclination ZORC is equipped with 4 $apclination sensors. They are
mounted on the head in the shape of a pyramid with each setsdbadegree angle against the
horizontal ground plane. There are no joints in the robattskrand therefore the sensors can tell
when the upper body is leaning. These sensors are connedteslinhfrared port.

Polyvinyl chloride
2Hitec RCD USA, Inc.
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To increase the number of possible inputs of the EyeBot, ZQB& a Mini SSEII from
SeetroA. To supply it with the correct and inverted power, ZORC usesl€ CD40032.

2.2 SIGEL

Sigel [17] is a simulation environment for mobile robotstubhs under Linux and was designed
specifically to evolve control algorithms for walking robatsing Genetic Programming. It does
have the capability of using virtual sensors within the datian environment.

2.3 Possible ways of control

ZORC is a bipedal humanoid robot capable of standing andimglio some degree. Experi-
ments on how to make ZORC walk have previously been condwsied different approaches.
One such approach was to manually program the robot aceptalia specific gait pattern. That
is not an adaptive way of walking. Another approach used tiepeograms found by repeti-

tive evolution on the robot. Successful although slighthgtable gait patterns were found [20].
Further, evolving genetic programs in the simulation esiwinent SIGEL as well as on the live
robot was another approach [3]. These three different ndstlal produced somewhat stable
behaviour although Ziegler, running the ZORC projectsigveld that the behaviour could be
further improved.

2.4 Stability control

When controlling the motion of bipeds it is necessary to sa@vleast two problems: stability
control, the ability to maintain an upright body postureg amotion control, the ability to move
in a desired direction at a desired speed.

24.1 Inverted pendulum

A simple method for balancing is the inverted pendulum apgino It works very well if there
are few joints. For instance if the leg only has a hip joint ankhee joint then the upper body
is easily kept upright. Problems occur when the number oitgoare larger. Indeed the legs of
ZORC resemble an inverted pendulum, see figure 2.1, alth@@fRC has two joints per leg,
excluding the hips, and not one joint as the inverted pemdulu

3Serial servo controllers (SSC) enable data from a commuserial port to control servos.
4Scott Edwards Electronics, Inc.
SAn integrated circuit with four NOR-gates
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CM

Figure 2.1: A humanoid robot can be approximated by an iedgsendulum.

2.4.2 Sensorsand stability

Using force sensors, also called pressure sensors, is aoragoway to help a robot balance
[15]. They can be placed under the robot’s feet so that theyher only contact points with the
ground, seen later in figure 3.1. By measuring the force oh sagsor, and by knowing the total
mass of the supported robot, the robot’s centre of massqteaien the surface that the robot
is standing on can be calculated. ZORC already has inahnagnsors fitted on its head with
which it can roughly sense when it is falling over.

Other possibilities include using gyros, but they have & ltigst compared to force sensors.
Two other possible designs include using gravity: a laser @e a string with a web-camera
detecting where the light is shining thus detecting indlorg an air bubble in a liquid which
will not be as prone to swinging or oscillating like a pendulu

2.5 Motion control

Control algorithms for walking can be designed in variouysval here are four common ap-
proaches [2], which can be combined in hybrid forms.

2.5.1 Finitestate control

Finite state controlled robots go through a sequence of mo¥ethe end of these moves the
robot is supposed to have changed posture or advanced inradddsection. While using this
approach the trajectory of the joint angles are only knoweedtain points.

2.5.2 Modulated playback

By studying and tracking the limbs and joints of a moving aalior human, it is possible to
produce an animated copy that can carry out the same movke esal animal or human. This
approach has been used on statically stable and dynamgtaliye walking robots since the

6
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seventies. In the nineties it was also used for walking orveméerrain. The robots used were
WL-12RVI and WL-12RVII from Waseda University, Tokyo. Thdeet were equipped with
sensors that could detect forces and moments acting on Byemodifying the joint trajectories
to match these forces and moments, uneven terrain withrdatages of up to 11 mm could be
handled well [2]. Also the famous Honda P2, P3 and Asimo [8pis all use a modified version
of modulated playback [2]. They have added a dynamic modéloifobot and a walking-pattern
generator along with comparing the desired ZMith the actual measured ground reaction force
[6].

Some problems do exist with this approach. Bipedal humamdidts can naturally only push
on the ground and not pull on it. They may also slip if the hamtal ground force is greater than
the friction. Therefore the centre of pressure must notdéhe support polygon of the foot with
ground contact. It is also necessary to know the specificaitad the joint trajectories. A great
advantage with modulated playback is that it is easy to asdgaets or new tasks simply by
recording the desired behaviour and storing it in the robot.

2.5.3 Mathematical synthesis

There are three recommended steps on how to develop a ceystem based on mathematical
synthesis [2]. The first is to model the system including epdisturbances and possible mod-
elling errors. Second is to define the stability requireraamd the desired performance. Third is
to synthesise a controller and to prove that it is capableadibopming according to the desired
stability and performance requirements.

When modelling the system it helps to find linear relatiopstio simplify the equations of
motion. Of course this is not always possible but for systékesrockets and aeroplanes it is
a common approach. For bipedal robots things are more diffBijpedal robots are nonlinear
and not easy to model mathematically. Therefore it is gélyenat recommended to try and
design algorithms for bipedal robots with this approachatdaid there are exceptions where the
algorithms have been designed by using mathematical ssistl@ne such exception is BIPER
[2], built at the Tokyo University in 1984. To minimize anymmear effects its limbs only make
small joint angle excursions and BIPER also has straiglstigth joints only at the hips.

Advantages with this approach are the provability of théiita of the robot and the com-
putability of specified performance requirements. The ndaawback can be the complexity of
finding the mathematical equations needed to specify thardies of the system.

2.5.4 Passivedynamics

Instead of developing algorithms from how a robot is builsipossible to design a robot after
how it should behave, without any need for computing powemkrous toys are built after this
principle. A paper aeroplane that glides through the airataly walker, walking, or wobbling
down a slope are two examples. Designing robots after the gaimciples has also been tried
[2, 8]. Specifically, actuators have been used to increassybed and range of passive walkers.

6Zero moment point
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Actuators can also give the passive walkers the ability ttkwghill. Problems do arise when
trying to make these dynamically stable walkers walk on enesurfaces or walk by using dif-
ferent gait patterns. On uneven terrain they easily faltop $2]. Even so passive walkers have
recently been made to navigate uneven terrain [8]

2.5.5 Physicsbased heuristics

As the name suggests, simple models approximate dynamavioein for use in the walking
algorithm. The approach can eliminate the need for an iatetynamic model. A problem is
that it often requires some insight and several iteratiaisre the simple physics models can be
adjusted sufficiently to control the walk.

2.6 Inversekinematics and model-based control

Inverse kinematics has long been used to model industtaltsdfor various tasks. It is used to
calculate the joint angles needed to reach a certain tdnyetse kinematics is based on forward
kinematics, discussed in appendix A.

Pieper [16] showed that a six degree of freedom manipulatwse last three joints inter-
sect always has at least one inverse kinematics solutias.adsumes that the target is in the
mechanisms workspace i.e. the target is within physicaltre@here are several numerical and
analytical methods for solving inverse kinematics proldem

2.6.1 Solvingtheinversekinematic equations

The Denavit-Hartenberg or DH-approach, explained in agpef.1, relies on reducing the in-
verse kinematics problem into subproblems, focusing onjonéat a time. DH uses a four by
four transformation matrix for each joint to describe th&atimn and possible translation from
one side of the joint to the other. When there are severad limla chain then the individual ma-
trices for each link are simply multiplied together to déserthe relationship between the start
and end of the chain of links. It is therefore possible to uskdven with complex bodies with
many joints. A drawback is that it will not work for elastioks and it is therefore limited to
rigid bodies.

Dialytical elimination, like the DH-approach, is a very geal method. It works by reducing
the problem to a system of polynomial equations. These sqsasire then solved analytically
by use of algebraic geometry and elimination theory. For kason it seems to be well suited
for use with software such as Maple or Mathematica. On therdthnd the polynomial equa-
tions have normally not been simplified by using the kinemptoperties of the robot and may
therefore be too complex.

As for numerical methods it is possible to adapt Newton’s fowling technique. By using
forward kinematics, the joint transfer matrices and theise of the solution can be found after
some iterations. Care must be taken to ensure that the thigoremains stable and will converge
[13].
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3.1 Balancingwith ZORC

The chosen way for calculating the centre of mass is usingefeensors as presented in [15].
The placement of the sensors is shown below.

Figure 3.1: A foot design with four circular force sensors.

Using this type of foot design the centre of mass can be ckedlfor a sufficently slowly
moving robot using the following equations:

g+ Fo
=———a

P, 3.1

= 31

P, — (1 _ %) a (3.2)
Fp+ Fe

Py=—3—70 (3.3)

Py:<1—FA;{/FB)b (3.4)
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HereF 4, F, F- and Fp represent the force on each supporting corner of the footlanslthe
total force on the foot. Since the equations measure reaftitce and not inertia they actually
calculate the centre of pressure rather than the centre & mad for sufficiently slow speeds the
two will be the same. There is one redundant equatiorPfoand one forP,. This redundancy
can be used to increase robustness and lower error influgrere ealculating the centre of mass,
P. If a biped is standing on one foot atis found to be outside the supporting area of the foot
then the robot will fall over. If on the other hand it is stamglion both feet, then the stable area
for P is larger as seen in figure 3.2. As long as the speed of the @kafficiently low for the
momentum to be negligible and the projection of the centrmas$s lies within the polygon P
then the robot will be statically stable.

Right foot

P

Left foot |-~

Figure 3.2: Stability area for the robot’s centre of massmieth feet have ground contact.

This means, disregarding momentum, that when the bipedkiisga step forward and has
one foot in the air it has to put the elevated foot down befbescentre of mass, projected on the
ground, may leave the area of the foot with ground contact.

3.1.1 Forcepotentiometers

ZORC's feet are rectangular, as those proposed in [15].elyeforce sensors are placed under-
neath the feet. A thin, small and circular cut piece of ptastplaced beneath the sensor to better
transfer pressure from the ground to the sensor.

Figure 3.3: ZORC's rectangular foot design with added ¢ancpressure sensors.

FSR™-force potentiometers from IEEas seen in figure 3.4 were chosen to be used with
ZORC for this thesis. The main reason for this is that theycaesap and sufficiently accurate

international Electronics Engineering
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according to the data sheets. The resistance is propdrtmna’’, whereF is the force applied
to the sensor surface. Specifically the FSR149NS satisfies the size and pressure sensitivity
requirements for ZORC.

Figure 3.4: The FSR-149NS sensor used for sensing pressure.

The potentiometers are connected to an analogue-to-digitaerter, ADC, which in turn is
interfaced with ZORC'’s on-board micro controller via itsand out ports. Together they form
what will be referred to as the COMsensor. The connection between the eight force poten-
tiometers and the circuit with the ADC are done at poiptthroughys, seen in figure 3.5. This
circuit uses voltage division betweéhandR,,,;, wherei is the channel number from 1 to 8 and
R, is the resistance of force potentiometetft is supplied with a voltage of,. = 5V. The
voltage at input channelof the ADC is

Vi=Vee(1 = R/(R+ Rpoi)) (3.5)

The weight of ZORC is 2 kg. According to the developers of A8III®], the ground reaction
force will not exceed 1.4 times the robot’s mass. If this isect also for ZORC then the force on
a single sensor should not exceed 2.8 kg. Since there arsdéosors on each foot, each sensor
will experience an approximate load of 250 g when ZORC isditapstill. The sensors also need
to be able to measure smaller forces in order to detect thieecehmass. As an estimate for the
design process the sensors must be able to measure forbesrange of 50 g to 3 kg.

The sensor circuit is powered by 5 V. To measure forces in dsged range it is possible to
useR = 40k€). As seen in table 3.1 a 50 g load would give a resistance fgpakentiometer of
65 k2. Voltage division over the ADC and the potentiometer:

Vi =5(1—40/(40 + 65))V = 3.1V (3.6)
This is the same as an eight bit digital voltage value of 15termADC’s digital port.

‘/digital - 255(%/‘/00) (37)

2Centre of mass
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Figure 3.5: Schematic of the COM sensor (ADC and wiring). FOk(4

A load of 500 g and 22 R resistance for the force potentiometer, see table 3.1y&glllt in
V; = 2.0 V or a digital reading of 100. Therefore 4@ks used for testing if the force sensors
will function with ZORC. The sensor readings must be catidaThe calibration is done using
weights ranging from 50 g to 500 g as is seen in the followitdgta

Weight (g) | R4 (k)
500 22

125 34

50 65

0| >1000

Table 3.1:R 4 is the resistance of one force sensor measured over a shatiosuwith an ohm-
meter when a weight is put on the sensor.

The sensors are fitted underneath a rectangular plate simgeze to ZORC's feet. Then the
calibration weights are applied on top of the plate and tsestance of each sensor is measured
using the ADC and the sensor circuit. Seen from above theosgase connected to the ADC
pins as seen in figure 3.6. The readings in table 3.1 fluctuaitdabout 10 percent around
the values shown. To increase the stability of the readingsy be necessary to use operation
amplifiers, as suggested in the data-sheet for the sendoHdwWever, this was not done because
of the near linear relationship between resistance ane fabove 1 Newton, as seen in figure
3.7. Further, if the sensors are not precise enough to detyiraeasure the centre of mass they
will still be able to measure if there is ground contact.

12
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ZORC'’s backside

Right Foot Left Foot
channel 6 channel ¥ channel 1 channel 2
channel4 channelb channel 3 channel D

Figure 3.6: Pressure sensor placement with connectiopetfe channels on the ADC.

R [ka]

1000

100

10 -

0,1 1 10 100 F[N]

Figure 3.7: Force sensor resistance in relation to apptiezef
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3.2 Walking

A bipedal robot can be modelled as two legs carrying a movakight, similar to figure 2.1.
Such a model makes it easier to focus on the essentials oingalRection 2.6 showed that in-
verse kinematics can be good for keeping an internal reptatsen of how to move the robot.
The matrices describing the kinematics of the robot cortiggjrand complex expressions. There-
fore Mathematica is used to help simplify the equations.ddleulations can be found on-line in
a mathematica code file [12]. The specific solution for ZOR@it®four by four matrix equation
can be seen in section 3.2.1. The equations have been t&&{ed MATLAB.

While walking, and keeping the upper body erect, one chg#da knowing precisely how
the legs shall move. Therefore effort has been made to findvange kinematics solution mainly
for ZORC's legs. There are a number of physical restricticanssed by the design of ZORC in
terms of maximum angles for the servos. These restrictiaie handled in the MATLAB
simulations. Also, there are aesthetic restrictions thay ime considered. For instance if the
robot is supposed to simulate human movement then the kirgesfeuld not be able to bend
forward.

3.2.1 Legmodd

A virtual model of one of ZORC'’s legs with three joints and falegrees of freedom is shown
in the figure below. This model is used for finding an inverseskaatics solution that is useful
when programming ZORC.

When finding the inverse kinematics solution the forwarcekmatics solution is assumed to
be known. It can be written in matrix form, with joint anglgeesified in modified Craig Denavit
Hartenberg form, as the following:

cos (1) — sin(t;) 0 u;
A — cos(6;) sin(¢;) cos(6;) cos(v;) —sin(6;) —sin(6;)w; 38
i sin(0;) sin(v;) sin(6;) cos(¢;)  cos(6;)  cos(0;)w; (3:8)

0 0 0 1
Tdestination = A1A2A3 s An (39)

where also

11 Ti2 T13 Dz

To1r To2 T23 Py (3.10)
31 T32 T33 P '
0 0 0 1

Herer; to r33 make up the desired rotation relative to the starting divecand ¢,, p,, p.) is

the desired destination position. These 12 elements gip@4&ble equations when knowing the
destination position and direction of the linkage. Theretar cases that need to be considered.
One if1y), is zero and the other if, is nonzero, where, describes the sideways angle of the hip

Tdestination =

14
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Forward kinematics
W

Figure 3.8: The plot shows a leg linkage while varying twanfangles. The green line shows
a change for the ankle joint and the red line shows a changthéoknee joint. The blue line
describes an initial leg posture.

joint. All other joints have the same forward direction, dhdrefore ify), is zero the problem is
two-dimensional. Thus,
61 — 64 — 66 = — aI'CCOS(Tgl) (311)

6, = arcsin ((clcg(él(cg +c3) +cf —4L}) + (3.12)

V=B +16(3 + 3 — L3)2 — 83( + 3 + Li))) / (4ci(c3 + @))

0, = arcsin <(0102(4(C§ +c3) 4+ —4L7) + (3.13)

VR 106G + G- B - sdd + d+ 1) /(i + D))

where
c1 = ro1Lg + ro3(Le, + Lr7.) — Dy (3.14)

co =r93Le — 121(Les + L7.) — D2 (3.15)

15
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Figure 3.9: Joints used for ZORC's left leg.
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C3z = 4/ 2L1 + 2L2 (316)

= \/ AAcd(ct +16(c3 + 3 — L3)? —8c3(c3 + & — L)) (3.17)

8, = — arcsin <_(\/_L1 +2Ly)sin 6y — 2p, — 2Lg.r01 — 2L7.701 + 2L67"23> 46, (3.18)
2L,

0., — — arcsin <+(\/§L1 +2Lo)sin6 — 2p. — 2Lg.791 — 2Lz, + 2L6T23> Lo, (3.19)
2L4

Whenzt), is nonzero the problem is three-dimensional. Thus,

1y = arccos(riz) (3.20)

04 + 0 = arctan(—ry3/711) (3.22)

0, = arctan(rsy/rao) (3.22)

This results in:

V2L1 + 2(—=py + Ler1y — Lariz + (Lex + L7.)713 + Lon/135 + 7”?%2))

—2L4\/T35 + 135

6, = — arccos (

(3.23)

3.2.2 Robot model and numerical solutionin MATLAB

In the case of a more complex robot model it can be difficultdlves the inverse kinematic
equations analytically, even when using software like Mathtica. Also if a modification of
the robot model is made then the analytical solution willdaw be reevaluated, possibly with
a very different result compared to the previous solutidrer&fore a numerical approach using
MATLAB is also tried.

The program, developed for this thesis and found in [12]eptany robot model file that
is specified in Denavit Hartenberg standard form or modifiead@form, and plots the model as
seen in figure 3.10. The centre of mass is calculated from @msraf each link. The centre of
mass for the entire model is calculated by summing the caftneass for each individual link
and dividing by the total mass of the model. The centre of mefgen used to calculate how to
keep the model statically stable.

MATLAB has many builtin commands for solving equations nuitely. One such is fgoalat-
tain and another is fsolve. The first attempts to find funciiqruts that produce specific outputs.
The other tries to minimize the output of a given set of fumasi. With the aid of these commands,
numerical solutions to the inverse kinematic equation atmd even when using constraints.
Such constraints include joint angles not varying more sjaercified, and stability criteria that
maintain the centre of mass in a stable area.
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Figure 3.10: MATLAB robot simulator program.

The numerical approach to inverse kinematics, like theydical approach, uses the desired
destination position and rotation to solve for the joint l@asgas seen in matrix equation 3.9.
If it is only the position part of the matrix equation that isinterest then the matrix equation
will produce only three equations and the system will be wudg¢ermined. This does not matter
as long as at least one solution is found that fit the conssrairhe numerical approach used
in MATLAB will find a solution close to an initial guess. That if the last position or inverse
solution is used as a starting guess then a solution clobatgtess will be found if one exists.
With this approach the solutions will be close to each otheempossible and therefore be good
for animating a walk when they are viewed in succession frioenstarting position to the goal
position.

The exponential function:

f=-1+10" (3.24)

wherea is the sum of the absolute values of how much each angle hagdad its constraint,
is used for the angle constraints of the joints. Minimizihig function while finding joint angles
that lead to the destination position will keep the joint l@sgrom greatly exceeding the angle
constraints. The other constraints were added in similam®a as can be seen in [12].

No code from external sources is used, except a functionridinfg the shortest distance
between a point and a polygon in space used for stabilityutations. The function was created
by Michael Yoshpe.
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3.3 Balancingwith CADGene

In order to test the possibility for a robot such as ZORC tadtap if it falls, a simulation ex-
periment is conducted. This because of speed and becausse nééd to minimize damage to
ZORC while testing. The environment chosen was CADGeneuseciawas interesting, accord-
ing to Nordin [19, 20], to investigate the possibilities cABGene. The model itself was built
in a modified version of the 3D model drawing program Aztece fiecessary modifications for
Aztec to work with CADGene had already been implemented byGADGene developers [5].
The model designed for CADGene during this thesis work idglamio ZORC. The design can
be seen in the figure below. The Aztec and Creml code for thidahis found in [12]. CAD-
Gene and Aztec do not allow the rotation of limbs and jointerathe model has been created.
Therefore the model is lying down, flat on its back, as a stgnpiosition. Because of limitations
of CADGene and Aztec this model of ZORC is not as exact as Bdiralmodel [3] used with
the SIGEL system.

& Aztec 1.1.2 beta - Modified by CadGene 2003 - C:\Documents and SettingshjohaniMy Documentsiaztec modelsimingubbeliggandes. AztecAscii

File Edt Display Frimitives

| Selected Objects

Figure 3.11: Robot design made with Aztec and used in the C&iz&xperiments.
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3.3.1 Fitnessfunctionsin CADGene

It is often recommended to keep fitness functions simple.dkes it easier to understand the
results and the function will also likely better describe tesired behaviour. In the experiments
with CADGene we want the robot to be able to stand up from aglylown position. What
we want is therefore to get the highest point of the robot,hthad, as far from the ground as
possible. Therefore the distance from the head to the gr@irnde end of each genetic program
being run, was chosen as a fitness function. Other functionkl ®asily be tested but this first
choice produced good enough results. The fitness funct®rsfibund in [12].
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Results

4.1 Centreof masssensor circuit

ZORC is seen from behind in figure 4.1 with pressure senstastetd under the feet.

Figure 4.1: ZORC carrying the EyeBot Micro-controller.

The COM-sensor, see figure 3.5, interfaced well with the EeB monitored the pressure
sensors and delivered the readings to the controller acteqesee table 4.1.

The obtained readings show that the force sensors do noagotgate results. For example a
load of 50 g on one sensor and 125 g on a different sensor carttgivsame values. The results
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Applied weight on each foot 0g| 50g| 125¢g
ADC channel 0 255| 155| 100
ADC channel 1 255| 165| 111
ADC channel 2 255| 178| 140
ADC channel 3 255| 155| 113
ADC channel 4 255| 165| 112
ADC channel 5 255 | 145 97
ADC channel 6 255| 155| 120
ADC channel 7 255| 168| 115

Table 4.1: The readings from the ADC channels’ eight foraesees when weights are applied
on the sensors.

vary and do not stabilize around one value for a specific |0&e. readings from the pressure
sensors, meant to be used to calculate the centre of massatkedt too much.

4.2 Analytical solution and ssmulation of ZORC’s leg using
inver se kKinematics

The inverse kinematic equations 3.11 to 3.23, were testecessfully in MATLAB. Because

of symmetry only the left leg of ZORC was used in the simulatibhe MATLAB test showed

that the equations for the angles did move the leg to the et&siestination position. Forward

kinematics was used to verify the result. The simulated &gl seen in figure 3.8 on page 15.
The code for the MATLAB program is found on-line in [12].

4.3 Robot visualizer in MATLAB

The robot visualizer program developed for MATLAB in thiopact was able to find numerical
inverse kinematics solutions to a robot specification filg thescribes a robot similar to ZORC.
The specification file, namedoi nt _parans_strai ght3_ with_feet robodata. m
can be found in [12]. The starting position for this spectima file, where all angles in the
program are set to zero, is seen in figure 3.10 on page 18.

As can be seen in figure 4.2 the simulated robot can take a@teprid without letting the
centre of gravity leave the area of stability. This includese frames 10 to 20, that the robot
model can shift the centre of mass from the right foot to thewghout letting the centre of
mass leave the stable area between the two feet placed orotlvedg This means that the robot
model can take a step without falling.
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Forward kinematics

Forward kinematics
Forward kinematics
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Figure 4.2: The starting position (frame 1) with support s both feet, then shifting the centre

of mass to the right foot followed by taking a step forwarcufies 3-9) and finally shifting the
balance to the left foot (frames 10-20).
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4.4 Simulationin Sigel

The simulations appeared promising at first but the problémdding virtual foot sensors to
the code and bypassing the generation of genetic programesne¢ overcome. Sigel could not
be used with inverse kinematics even though considerabdet @fas put into understanding,
modifying and compiling the existing Sigel source code.

4.5 Simulationin CADGeneof ZORC rising

As seen in the figure below the robot uses its arms to try to Tise arms are not completely
human-proportional and therefore it almost looks like it$éng crutches in the picture. This was
the only way found to get the robot to stand up in CADGene winijeng to retain the main
design of ZORC. An animated movie from the CADGene experirean be found in [12]. As
can be seen in the figure below the fitness value went from 6ltavhere it stabilized as the
model repeatedly reached an upright posture.

CadGene - mingubbe_getup EJE X/
File View Window Contrals Help

- Simulation
Steps Step Size, |
[ o [ @ 5] mi
AuTD [ ToseLE ¢
Reset Interval i Ae— BestFitness
1
~GP-settings

Maching Language GP

b= = = = = = =
= = - D e S D D~ -
ProgramLength 20 o o e D e > — =D =

MutationR ate 70
MutationCount 5
RandomSeed o

Populationsize 200

T T T T T T T T T
0 530 11660.2490.3320.4150 8980 6610 640 470 92301

O[] m siatistics

] Simulation of Fittest individual started, + o
[10:58:46] Simulation paussd! — | Evaluations: 8307
[10:58:50] Simulation started,

[12:00:23] Simulation paused!

[12:00:24] Simulation of fittest individual started.
[12:00:45] Simulation paused!

[12:00:49] Sirnulation started,

[12:01:07] Simulation paussd!

[12:01:12] Project mingubbe _getup saved!
[17:25:17] Simulation starked.

#

Ready

Figure 4.3: Robot attempting to stand up in a CADGene exparm

24



Chapter 5

Discussion

51 ZORC

Sensors were added to ZORC's feet as part of this project.ederyduring the time spent in
Dortmund with access to ZORC, there was at least one oth@grqdi@] running on ZORC and
since the pressure sensors interfered with that projegtatld not remain on ZORC.

Even though ZORC lacks some joints to fully imitate humae-biped walking, it is a good
platform for learning about humanoid walking and runningexments on.

511 Sensors

Calibrating the sensors was challenging. This is mostyikele to the fact that the resistance de-
creases in an inverse exponential manner related to theyseagpon them. Also a better method
than using weights for applying a known pressure on the sergmuld be considered. Also,
applying greater pressure than used for the calibratioosldibe tried. Reasons for not using
operation amplifiers were that they would need extra povadsles and cause a slight increase
in weight. They would also add complexity to the COM-senadrich could become more error
prone, if only because of the soldering done by hand. S&#jrgy that the COM-sensor did not
produce accurate results, it would be interesting to ingatt the change in accuracy if operation
amplifiers are used to make the response more linear.

5.1.2 Analytical solution to inver se kinematics

The inverse kinematics solution from section 3.2.1 was @alid for one leg and not the whole
robot. That was not very useful. Some effort was spent onrsplthe equations for more than
just one leg but due to adaptability concerns and time lioits this was abandoned. Instead
effort was made to investigate a possible numerical apprtaat appeared more adaptable than
the analytical approach. The analytical approach only wev&ll with the robot model that the
inverse kinematics solution is based on. If needed, an acalgolution can always be developed
when it is clear that no further modifications will be made ba tobot, until then a numerical
approach is probably more rewarding.
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5.1.3 Robot visualizer in MATLAB

There is at least one significant advantage to using a nuahegproach in MATLAB over the
analytical approach tried with Mathematica. If changesmaaele to the robot model, as in this
project, then the analytical solution has to be correctetthvis time consuming and difficult.
The numerical approach however needs no change in thethligiomaking it easy to change the
robot model and still solve the inverse kinematic equations

The visualization program is also excellent for checkingvetthe centre of mass will be for
different postures. As such and as a visualization aid itreglp identify where to add joints or
limbs in order to get a desired behaviour from a robot undeeld@ment. Although any number
of joints and limbs can be added to a joint specification fild #ren viewed in the visualizer,
there is a limit of eight variable angles that the programuwsen If more variable joint angles are
needed they should be added to the GUI.

5.2 Sigel

The Sigel project is definitely well suited for robot modelsgrammed by genetic programming.
It is not suited for incorporating inverse kinematics oriadcextra functionality. A lot of strange

errors cropped up while trying to modify and compile the $gmurce code. Also Sigel is not
well documented which makes it difficult to understand elyaghere and how to add code.

5.3 CADGene

Two drawbacks worth noting arose while using CADGene an@é4t was not possible to rotate
a model around one common point in space. Instead of rotatregy object around a single
point the version of Aztec that had been modified for CADGegtated each object around its
individual centre, which was a fixed position that had beend by Aztec. Rotating a model
therefore separated its parts from each other due to thigomtd hus to make a robot lie down
if it previously stood up would be very time consuming sineeteindividual object would have

to be moved to the correct location after rotation. A grepteblem is that CADGene does not
support sensor input in the GP code. Therefore it is diffttuftnd a realistic way for models in

CADGene to be able to keep their balance.

Additionally some challenges with the CADGene implemeatatvere encountered. When
exporting files from the modified Aztec environment, they dat contain specifications for a
ground plane on which the robot could stand. Such a planedad tmanually added to each
creml-file, [5]. Therefore each CADGene simulation has omteé-generated creml-file and one
manually patched creml-file, which are the ones used for \B@ene simulations. Even the
gravity in the creml-file needed to be modified from a valueldf to -2 for the simulations to
work at all.

Because of the lack of sensor functionality in CADGene thelb®ur described in the results
are considered satisfactory. Due to this lack of sensorlibtpes the experiments with making
the robot stand up and keeping its balance were not devefopber.
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Appendix A

Kinematics

To understand inverse kinematics one must first have basiwlkdge of forward kinematics.

Both describe how a set of joints and links relate to a ceigail, a position and direction, in

space. Forward kinematics can show if a goal has been reaiteohverse kinematics can be
used to determine how the joints should bend in order to rdzatigoal. In forward kinematics

the relative angles and distances between consecutius gr@ known.

A.1 Denavit Hartenbergand homogeneoustransfor mation ma-
trices
The Denavit-Hartenberg method [1] and the modified Craig Dréthod [11, 13] are widely

used in robotics, especially for robots with arms. In ordecalculate the position of each joint
with origin:

0
0= 8 (A1)
1
the following matrix operators are defined:
100w
Trans(u,v,w) = 8 (1) (1) Z (A.2)
0001
1 0 0 0
| 0 cos(d) —sin(8) 0
Rotx(0) = 0 sin(d) cos(d) 0 (A-3)
0 0 0 1
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0 1 0 0

Roty(0) = | _gin() 0 cos(e) 0 (A-4)
0 0 0 1
cos(v)) —sin(1)) 00

Rotz(1)) — sméw) cos(gw) (1) 8 (A5)
0 0 01

These operators are commonly used to describe the forwaainatics of the system [4, 13].
The transformation matrices from one frame to the next diféending on whether the standard
Denavit-Hartenberg form,

A; = T! | = Rotz(6;) Trans(0, 0, d;) Trans(a;, 0, 0)Rotx(cy) (A.6)

cos(#;) — cos(ay) sin(6;) sin(«y) sin(6;)  a; cos(6;)
| sin(6;) cos(ay)cos(f;) — cos(6;)sin(a;) a;sin(6;)
Ai = 0 sin(ay) cos(q;) d; (A7)

0 0 0 1
or the modified-Craig form, is used:

A; = T}, = Rotx(6;) Trans(u;, 0, 0)Rotz(¢;) Trans(0, 0, w; ) (A.8)
(11 conB o) — ) — i)
o cos(6;) sin(v);) cos(6;) cos(1);) — sin —sin(6; )w;
Ai = sin(6;) sin(v);) sin(6;) cos(vp;) cos(6;)  cos(0;)w; (A-9)
0 0 0 1

The parameter notation used was taken from [13] and [1]. Whemngular parameter is set
to some multiple ofr /2 the transformation from one frame to another is simplifidiisTneans
that the computations are easier if the robot has jointswdithat are parallel or perpendicular
to one another.

A.2 Forward kinematics

Forward kinematics is a process of using multiple transédrom matrices in order to represent
the articulation of a mechanism. This is done using the tadios and rotation matrices described
in section A.1. Combining the translation and rotation meas gives a transformation from one
link to another, described earlier by equation A.9. Thaeetbe transformation matrix can move
a point on the link on one side of the joint to a point on the lomkthe other side of the joint.

Using a transformation matrix for each joint in a chain ofjsithe position and direction of
the last link in the chain is found by simply multiplying theainices in the order in which their
corresponding joint appear in the chain of joints and links.
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Link Joint

O C

A B

C

Figure A.1: Links and joints used in forward kinematics.

The solution to the forward kinematics problem is straigitMard. To move two frames,
i — 1 andi, into coincidence a transformation matrix A.6 can be usedtlie more general case
when moving from frame 0 to frame j by homogeneous matrix ap@ns the following applies:

T) = TgTiTs... T, (A.10)

A.3 Inversekinematics

With inverse kinematics the position and direction of thet jaint in a chain of joints is known.
That is the transfer matrix functiohj; from equation A.10 is known, where n is the index refer-
ring to the last joint. Evaluating the forward kinematic n@gs containing the not yet determined
joint angles, leads to a four by four matrix equation, whéeedngles can be calculated based on
the goal position. The analytical solution to one such maqguation is seen in section 3.2.1 on
page 14.
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