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Abstract

Alltollomolls grasping ill dynamic environments where the object, the robot or both

arc rnoving is an increasingly common task in robotic applications. This thesis de­

scribes ail online trajectory planner - a geometric controller - which evaluates a

nonlinear memoryless function to map the current object position and velocity into

a desired robot pose. If the robot tracks these set points, it is guaranteed to match

the object's ve!ocity and acceleration on a specified grasp surface. A planaI' simu­

lation demonstrates that this paradigm performs favorably when compared with the

traditional planning aH·c.ach. Sincc it does not depend on future state predictions,

no object mode! is requircd. Without trajectory prediction, the computationa! ef­

fort is drastically reduced, allowing for higher controller speed and tracking feedback

gains. The geometric controller has been successfully implemented on the 7 dof Sarcos

Oextrolls Arm.

In order to provide the critical local sensing just before robot-environment con­

tact, this thesis reports 011 work in progress towards the deveIopment of a proximity

sensing network, loeated in a robot 's multi-fingered gripper. This network will form

an integral part of a multistage sensing system with vision and tactile sensor pads.

Sensing information is passed on to geometric eontroller whieh provides a framework

for general sensor-based control of robotie tasks.
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Résumé

La pris~ autonome d'un objet est une tâche de plus eu plus commune d,Uls les environ­

ments dynamiques oil l'objet et/ou le robot sont en mouvement. Cette thl,se décrit

un planificateur de trajectoire en temps réel - un contrôleur géométrique - qui évalue

une fonction non-linéaire sans mémoire pour faire correspondre la pose désirée dn

robot à la position et à la vitesse instantanées de l'objet. Si le robot suit. la traject.oil'"

formée par cet ensemble de poses, il sera synchronisé avec la vitesse ct. l'accélération

de l'objet sur une surface de prise donnée. Une simulation bidimensionnelle démontre

que ce paradigme fonctionne mieux que les méthodes tradit,ionnelles. Pnisqne notre

méfnode ne dépend pas de l'état futur, l'objet n'a pas besoin d'être modélisé. Sans

la prédiction de la trajectoire, le calcul numérique est considérablement allégé, per­

mettant un contrôleur plus rapide el. des gains plus élevés. Nous avons implémenUi le

contrôleur géométrique sur le bras agile Sarcos (Sarcos Dextrous Arm) avec snccès.

Cette thèse présente aussi la recherclltl en cours sur le réseau de capteurs de prox­

imité qui est situé sur les doigts du robot pour capter suflisamrnent d'information.

Le réseau sera une partie intégrale d'url système sensoriel à plusieurs étapes, com­

prenant des capteurs visuels et tactiles. L'information des capteurs est transmise

au contrôleur géométrique et le tout constitue une structure générale de contrôle de

tâches robotiques.

ii
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Chapter 1

Introduction

1.1 Background

Robotics is advancing rapidly into applications which require increa,;iug dl'x\.l'ri\.y and

dynamic response. This is heightening the demand fol' tight.ly in\.egra\.(·d sensiug aud

control, "sensor-based control," to support au\.onomous 01' supervisory opcm\.ion. In

teleoperation sensor-based autonomous control of subtasks cau greatly cnhance sys\.elll

performance especially where accurate and/or fast robot movelllent. is required, or

where time delays in the signal paths would compromise bandwidt.h, fol' exalllple whcn

operating in remote areas or in space. Under certain circumstanccs, fullllla.~t.er-siave

operation is too slow, inaccurate or impossible duc t.o t.ime-dclays between lIH1st.er and

slave. In manufacturing setups, much or ail of the environlllent is known, and in t.his

scenario, the critical pre-contact proximity information cali bc acquired by a numbcr

of small Infra-Red (IR) sensor pairs, embedded in the robot fingers. Such a sensor

is inexpensive, robust and, when integrated with machine vision and tactile sensing,

provides a suitable solution particularly for dynarnic grasping tasks, where a slllooth

robot-object contact is required.

A smooth and dynamic grasp of a moving object is defined as a match between the

position, velocity and acceleration of the object and the robot 's end dfector at the

1
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grasp position. In order 1.0 facilitate tracking, vclocity and acceleration al. initial time

III shonld match as weil. In addition, we consider avoiding pre-grasp collisions between

robot. and abject.. In t.heory, we generate a desired robot trajectory 1.0 eliminate the

errors bel.ween the object and the desired robot trajectory. In practices, we optimize

I.he controller 1.0 reduce the tracking errors between the desired and the actual robot

t.rajectories.

Dynamic grasping is a fundamental task that precedes many manipulation oper­

ations and is by itself the main constituent of a large class of robotic tasks. Il. has

various applications in industrial and commercial fields. In manufacturing, robots

pick up objects from conveyor belts and J-hooks, and will in the near future have

1.0 grasp objects with a priori unknown trajectories handed 1.0 them from humans or

other robots. In space, this problem occurs when capturing satellites or when con­

taining and docking space assembles. In other tasks, for example robotic live line

maintenance of live power lines, both the robot on its boom as weil as the power lines

are moving.

These tasks belong 1.0 a larger class of tasks which require dynamic dexterity

and which are one of the key challenges in robotics. Dynamic manipulation, catching,

juggling, walking, running, brachiating are ail confronting this challenge. Despite the

apparent ease with which humans accomplish them, they still represent a myriad of

difficult research challenges. We must integrate advanced sensing, filtering, sensor

fusion, planning, modelling, controlling, and under hard real time constraints, 1.0

succeed.

Dynamic grasping requires more accurate sensing information when the robot end

e!rector approaches 1.0 the moving object. The sensor fusion becomes necessary 1.0

provide global sensing information of the moving abject with respect ta the robot

base coordinate, as weil as the local proximity sensing information with respect ta the

robot end effector. The electro-optical sensors are al. present the most appropriate

for short range proximity sensing in robotÎC application. Wc choose the infrared light
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(IR) sensor based on amplitude measurement duc ta its small size, lo\\' cost., hig;h

bandwidth, ruggedness, and case of use.

In this thesis, deve!oping the pat.h planning and cont.ro! algorithm and applying t.o

the complicated industrial robot arm ta achieve dynamic grasping in aD spacc is one

of the major tasks. At the same time, local proximity sensing is also devdoped in

order to optimise the grasping performance. In next section, l'd like ta st.arl. from the

review of the history work in this area.

1.2 Survey of Dynamic Grasping and IR Sensing

One of the first account of dynamic grasping in 2D was given by Andersson [2J. He

described and implemented an approach where roIling ping pong balls on a slanted

surface were caught. A straight line was fitted to the ball trajectory which W<lS

intersected with an "intersect line" to determine the catch point. This catch point was

selected to be reachable by the robot in advance of the bail. Velocity or accclemtion

matching were not attempted.

Lin, Zeman and Patel [22] proposed a heuristic procedure which contains coarse

tuning and fine tuning parts. A coarse tuning algorithm first drives the end erfector

into the neighborhood of the object in near-minimum time and then a fine tnning

algorithm provides precise matching of the object's trajectory to ensnre zero relative

velocity and acceleration at the time of grasping. A qnintic polynomial of tirne is

constructed in joint space for each joint of the robot.

Houshangi [17] addresses explicit1y the time delay introduced by image processing

in visual feedback controlled robots by predicting the object trajectory via an auto­

regressive discrete-model. A planar adapted online to changes in the target position.

Allen et al. [1] grasp a moving train with a PUMA under vision guidance ba.~ed on

straight line planning in Cartesian space between the robot's end effector and the

target.

Hove and Slotine [18] implemented spatial robot catching based on a trajectory
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matching algorithm that combines an observer with a varying-strength filter, an error

estimator, and an initial m:>tion algorithm. They applied this approach successfully

to catching balls with the four degree-of-fre-::dom WAM cable drive arm.

Gosselin's work on global inverse robot kinematics [12, 13] includes a path planning

scherne ta catch moving objects: the last object state measurements are employed ta

prcdict its path as a parabola, assuming free falling object. The closest point along

this trajectory ta the robot's base is then selected as the catching point. Quintic

polynomials of time are then planned in joint space between the current and catch

configuration.

The most recent version of the classical sense-plan-replan paradigm is proposed

by Buttazo, Allota and Fanizza [10J, where an object moving in the plane is caught

based on a predicted path assuming constant acceleration. The problem of bIending

trajectory segments in real time subject to sensory inputs and tracking constraints is

solved by Lloyd and Hayward [23].

The use of e1ectro-optical proximity sensing has a long history, beginning with the

work of Ernst at MIT [14] who used them as inputs to his event based programming

language. Johnston at PL [19] carried out a mapping experiment where the proximity

sensor was used to follow the profile of a surface and to guide an end e!rector into

position for grasping. Bejczy [5J incorporated the IR. sensors with a vision system to

provide acoustic feedback in telerobotic operations. In [l1J IR sensors aid telerobotic

grasping when the manipulator is within the region of the object. Balek and Kelley

used gripper mounted proximity sensors for robot control [4J via a hierarchical control

scheme. In [24J, Marszalec describes optical fibre based proximity sensor characteris­

tics and their incorporation on a robot gripper. A fibr~ optie proximity sensor that

measures object-sensor distance via a simple inverse square relationship of the magni­

tude of the received signal is discussed by Li [21J. Masuda [25] uses the phase shift of

the received signal ta measure distance, angle or orientation depending on the mode

of operation. The sensor consists of six LED's in a cross shaped pattern with the
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photo transistor in the center. Goldenberg et al. [26] show how this sensor's design

parameters affect its performance and propose an optimal sensor design.

1.3 Contributions

In this thesis, "Geometrie Controller," a new approach ta online trajeetory planning

and dynamic grasping is presentecl. It simply evaluates a nonlinear funct.iou which

maps the current measured position of the abject ta be graspecl into a cllt'rent desired

robot pose. If the robot tracks these set points, it is guaranteed ta mat.ch the 01>­

ject's velocity and acceleration on a specified grasp surface. Sincc it. clocs not. clepencl

on future abject measurements, no object model is neeclecl for trajectory preclict.ion.

Without trajectory prediction, the computational effort is clrastically reclucecl, allow­

ing for higher controller speed and tracking feedback gains. At the same time t.his

approach, reported in [28], provides a framework for general sensor-based autonomous

control of robotics tasks.

The sensor-based autonomous control of dynamic grasping via geometric controller

has been successiully implementecl on the Sarcos Dextrous Arm, an inclust.rial l'Obot

arm with seven joints and a three-fingered hand. The object trajectory is measurecl

via an infrared OPTOTRAK motion tracking system. ln order to track the set points

in Cartesian space, forward and inverse kinematics (7 dof) on Sarcos Dextrous Ann

have been fulfilled. The redundancy providecl multi-solutions in joint space fol' specifie

Cartesian space pose. The switches between different solution branches may cause

jumps of the robot arm, thus we keep the shoulder down and elbow up selection and

fix the 1/J which is defined as the forearm-upper arm plane rotation angle. Then the

on-Iine sensor-based tracking became the task where calibration issue arose, where the

joint angle offsets, gain and offset of position sensor for each joint., position offset and

orientation matrix from the robot base coordinate with respect to the OPTOTRAl<

sensory coordinate, etc need to be calibrated. '1'0 deal with it, the open-loop kinemat­

ics calibration method is examined. Then we achieve the oll-Iine tracking and with the
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lracking errors need to be eliminaled. Feedback controller gains are optimized, as weil

as the gravily compensation is discussed. The software module for implementing the

geomclric conlroller on the Sarcos Dextrous arm to grasp moving object in 3D space

and inlerface with OPTOTRAK system are created in a C40 environment, which

fulfills various tasks. The dynamic grasping have been successfully implemented with

experimental results analysis. Furlhermore, in order to optimize the grasping perfor­

mance, model based local infrared proximity sensing, IR sensor model and calibration

have been developed to provide more local information of object position with respect

to the end effector. The object location strategy is also presented with experimental

results, reported in [29], in the context of dynamic grasping.

In this thesis, details of the background, derivation and simulation of the Geometrie

Controller are given in Chapter 2. Real time implementation of the algorithm on Sar­

cos Dextrous Arm is described in Chapter 3, where kinematics, calibration, tracking

performance optimization and result discussions are discussed. In Chapter 4 grasping

performance optimization by using proximity sensing is discussed. Chapter 5 con­

tains conclusions that can be made about the success and efficiency of the geometric

controller algorithm and IR proximity sensing, as weil as future work.
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Chapter 2

Geometrie Control1er

In this chapter, a controller strategy is presented for dynamic grasping and t.rajcet.ol'Y

generating. Based on proper task-oriented scnsing, t.he "Geomet.rie Cont.1"OIICI'" t,rans­

lates relative Cartesian position and velocity informat.ion bctween robot. and object.

into an online reference trajectory, which, if tl'ac1œd, will result in a smooth contact.

with few assumptions on the object trajectol'Y. In the context of dynarnie grasping,

"proper task-oriented sensing" means, for exarnple, an increasing sensing accllraey

and rate as the object approaches the robot end effector. The relevant IR scnsing

technology and object pose estimations will presented in Chaptel' 4.

2.1 Problem Formulation

Let

[

rd,,,] Ir,,] lb,,]
rd = rd,y ,r = ry ,b = by E IR3

rd,. r. b.

represent the desired and actual robot end effector position and the actual object

position, respectively. The end point position error vector is

7
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and the tracking error is

8

We translate t.he temporal specification for making a grasp contact into a geometric

one by assuming that t.he contact time te is the time when the object traverses the

horizontal "grasp surface"

(2.1)

Depending on the task and the robot's workspace, other surfaces can be selected, for

exarnplc, spherical surface.

A smooth grasp of a moving object is defined as a match between the position,

velocity and acceleration of the object and the robot's end effector on the grasp

surface, i.e.

Condition 1:

(2.2)

ln addition, in order to avoid pre-grasp collisions between robot and object, we

reqnire that

Condition 2:

(2.3)

The tracking problem is not directly addressed here. 1'0 eHminate the tracking error

is one of the major task during the implementation and will be discussed in detai!

in Chapter 3. However, in order to facilitate tracking, the initial desired and actual

robot positions, velocities and accelerations at to should match,

Condition 3:

(2.4)

•
Sincc we are focussing on the onHne trajectory generation problem here, we also

make the following assumptions:

1. The inverse kinematics, possible singularities and interference with the workspace

boundaries and other obstacles are dealt with in Chapter 3. There are several
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solutions available, for example [15].

2. An integrated sensing and processing system pl'Ovides the ohject.'s Cart.esian

position and velocity relative to the robot.'s end effedor will be present.ed in

Chapter 3 and 4. A system based on l'cal time stereo vision has l)l'en successfnlly

implemented for robot juggling ([27]).

3. The robot end effector l'an be closed when the smooth grasp condit.ions are

satisfied.

2.2 Traditional Replanning Approach

There has been much study devoted to the trajectory generation for dYllamic trackillg

and grasping. Traditional1y a quintic polynomial of time is cOlIstl'llcted which saLisfies

initial and final position, velocity and acceleration conditions in task 01' usnally joillt,

space in order to achieve smooth grasp. In case the ohject's trajectory is known exadly

à priori, its intersection with the desired contact surface, at the t,ime of contact, 1",

l'an be computed.

The problem with this approach is that in practice, the exact future ohject. t,m­

jectory is never available accurately enough for smooth grasping purposes. Therefore

the robot trajectory has to be continuously replanned based on the latest sellHOI'y

information. This in effect leads to a highly inefficient implementation, since ollly the

initial smal1 portion of the planned trajectory is used. This problem is exacerlmted if

no information about the object's dynamics is available to the robot trajectory plan­

ner. In this case typical1y a straight line (constant velocity) or parabola (constant

acceleration) is assumed. That is, the traditional l'l'planning approach l'l'qui l'es more

computation time and information about the object dynamics. Compared to it, the

new geometric control1er shows its outstanding advantages, which will be presented

in the next section.
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2.3 Background of Geometrie Controller: Robot

Juggling

The basic ideas for simple geometric feedback controllers came from a seeming com­

plex task domain - robot juggling. The motivation for this thesis originates from a

successful prototype described in [8] where it was applied to juggling one and two balls

in the plane [7]. This concept was extended further by Rizzi [27] to spatial juggling

of two balls with a three degree-of-freedom direct drive robot, guided by a real time

stereo vision system.

It turns out that a simplified version of the geometric controller for juggling can

accommodate a velocity and acceleration matching contact with a moving object at a

desired position. To define the contact position instead of the contact time is a major

dilference between the geometric controller and traditional replanning approach. It

presents a new concept for dynamic grasping provided the moving object approaches

and traverses the grasp surface no matter what kind of trajectory, velocity or acceler­

ation it will have. The grasp surface has practical values in the industrial fields where

dynamic grasping tasks are required. Under certain circumstance, where to grasp the

workpiece is more considered than when to grasp it.

To illustrate the basic id('a, consider the trivial! dof prismatic robot in Fig. 2.! with

vertical coordinate r and an object moving along a line, with height b. A geometric

controller for the desired robot height rd to smoothly grasp the object would be

rd =1>' atan(b/I», (2.5)

•

where 1> > 0 is a user selectable gain.

For purposes of improved tracking, the desired robot velocity is available to the PD

controller as weil:

(2.6)
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........•.......................1 ~1--_

Figure 2.1: 1 dof illustration

Assuming perfect tracking, 1·(t) = 1'd(t) robot-abject contacts can on\y OCCIII' when

r = b = 0, and at that point a velocity matching contact is guarantccc!,

1\ = 1~(r = b = 0) = 1'1 }{:;1')2 = bc•

The abject 's acceleration is matched as weil:

.. "( b) b 2(b/1'2)b2 b
r c = r r = = 0 = 1 + (b/I')2 - (1 + (b/I')2)2 = c'

One-Juggle Catch
0.1

~
0.G

c:
0 0.5
~

'"0 0.4
0..

~

u
0.3::l

0..

-;;
0.2u

~

'-
lU 0.1:>

0
0 2 3 4

•

Time (5)

Figure 2.2: Juggle followed by a catch (1), from [4].

A successful experimental implementation of this geometric catch controller, takcn

from [20] is shown in Fig. 2.2 where it is preceded by a vertical one-jugglc, controllcd

by a similar algorithm.

The reason why the algorithm is called geometric controller since it contains no

dynamics itself, it is simply a map from current object phase space to a desired
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cnrrcnt robot statc. Ali thc planning to cnsure smooth grasping is done off line,

whcn dcsigning the controller. Notice that this approach completely eliminates the

onlinc trajcctory planning in the traditional sense. The task is encoded in (2.5)

and is achieved by tracking the set-points computed by the same equation at every

instant. No assumptions were made about the object's trajectory, and the algorithm

will sncceed as long as tracking is achieved. In the next section we will generalize this

basic controller (2.5) for dynamic grasping in six degrees-of-freedom.

2.4 Development of Geometrie Controller

There are two major shortcomings in the simple geometric catch controller (2.5). First,

it needs to be extended for spatial grasping. This is non-trivial, since a straightfor­

ward addition of similar controllers for the additional degrees of freedom does not

guarantee time synchronization such that ail degrees of freedom satisfy the smooth

grasp conditions at the same time. Second, at t = 0 there might be a large ini­

tiai error e r between the commanded and the actual robot position, which leads to

large transient torque requirements and might ultimately prevent a sufficiently small

asymptotic tracking error at time of contact te, which would violate Condition 3 (2.4).

It turns out that there exist many functions that would result in a velocity and

acceleration matching contact, in a similar fashion to (2.5), and a few can even satisfy

the additional conditions (2.4) and (2.3). Below is the list of the functions we had

examined where many of them have the same shortcomings as the basic atan function.

(2.7)

•
where 11':1 • 11':2 = 1

(2.8)

where 11':1 • 11':2 = 1
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(c" b _ c-" b)
l'd = l'

1 (c" b + c-" b)

where 1'1 ' 1'2 = 2

l'd = 1'1 In(1'2 b+ 1)

1 - 1'2 b
l'd = l' 1 ln .,-----"-...,.

1+ 1'2 b

where 1'1 ' 1'2 = 1

where 1'\ • 1'2 = 1

l'd = 1'1 (l'~ - 1)

where 1'1 ' \n1'2 = 1

where ~I ' 1'2 = 1

1'1 b2 + ~2 b
rd =

b+~3

where !!>. = 1<,

1:1

(2.10)

(2.11 )

(2,12)

(2.1 :1)

(2.\11 )

(2,15)

•
b

rd = 1'1 b2 +1 (2.16)

where ~I is selectable gain.

However, the construction of polynomials is the simplest solution and allows a

procedure equivalent to spline generation. In the sequel we will derivc a spatial
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geometric controller based on polynomials of the object position for the vertical and

the horizontal components.

2.5 Theory of Geometrie Controller

2.5.1 Vertical Components

A quintic function of the vertical object position satisfies ail the grasping condi­

tions:
5

rd,.(b.) = L l'.,n b~ = q.(b.).
n=O

(2.17)

•

The three gains 1".0' l'•• h 1'.,2 can be obtained from Condition 1 (2.2). For the

vertical robot position at contact wc obtain from (2.17)

and to satisfy the grasping condition (2.2)

requires 1'.,0 = O. Similarly, the velocity and acceleration conditions result in 1'.,1 = 1

and 1'.,2 = O. The remaining three gains 1'.,3.1'.,4,1'.,5 are derived from the three

iuitial conditions (2.4):

1'd,.(tO) = q.(b.,o) = r.,o

with

1'd,.,0 = rd,.(tO), r.,o = r.(to),

The velocity and acceleration initial conditions result in

q.(b.,o) = ';'.,0, ii.(b.,o) = T.,o,

The solution for the last three gains can be expressed as
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where

B:,o =

b~,o

3b;.ob:.o

Gb:,ob;,o +3b;,ob:.o

b'l
:,0

~b~.ob:,o
2 '2 ., "

12b:.ob:,o + 4b~,ob:,o

b':,0

"b" b'ü =.0 :.0

'JOb" /. 2 L"I" /"... :.0 'z,O -r .J ):,U )=,U

(:l.I~)

Subscript 0 refers 1.0 the initial condition. Wc have now obtained the desil'l'd l'llhot

trajectory which satisfies the grasping conditions (2.2) and (2.4). Notkl' t,hat. t,his

computation is performed only once al. t = 0, and subsequently only the e""luat,ionof

the polynomial (2.17) is required (in addition 1.0 its derivative for t,racking plll'poses).

If the initial object velocities and acceleratious are uot available, il. t.!linl (ml,'r

polynomial is sufficient 1.0 match the initial position ouly, as weil as match the posit.ion,

velocity and acceleration al. contact time. In this case, ":," = ('1':,0- b:,o)/b~.o and 1.11"

geometric controller for the vertical component takes on the extremcly simple fm'nl

(:l.ln)

•

Note that Condition 2 (2.3) is satisfied by (2.19) as long as il. is satislied al. the initial

time,

":," = (1':.0 - b:,o)/b~,o < O.

Note in this case,the pre-grasp collision is avoided as long as il. is satisfied al. the

initial time for ":,3'

2.5.2 Horizontal components

In this section, the algorithm for online generation of a robot referencc tmjectory

is developed which achieves velocity and acœleration matching for the l'x and l'y

components. The critical task here is that this matching must he accomplished at the

object's spatial position and at the same time te when the vertical component is

contacting the object. This is an illustrative example how purely geometric controllers

are used 1.0 achieve time synchronization. Time synchronization between two processes

has been achieved once before with purely geometric controllers, however in an cntirely
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dirrerent fashion. In [9] it was critical for juggling two balls which required the control

of a certain phase relationship between them. For brevity, only the rr component is

dcvcloped. The algorithm is identical for the 1'y component.

In order to satisfy the grasping conditions at te and the initial condition at to in

the X coordinate, a quintic polynomial of the combined bail positions in x and z

coordinates must be used.

5

1'r = br +L li:r,n b~
r.=3

satisfies ail the requirements, since on the contact surface b"e = 0, and thus

5 5

j:r c = br c +b~ c "n(n - 1)li:r,nb~-c2 +b. c " nli:;r,nb~-cl, 1 _, L.. .. , .. , L.. "'"
".... n=3 n=3

= bXle.

(2.20)

(2.21 )

(2.22)

•

The solution for the last three gains can be expressed from (2.20), (2.21), (2.22)

and Condition 3 (2.4) as

[

li:r,a] [rr,o - br,o]
~r;4 = B;'Ô' ~r,o - ~r,o
I\:x,5 rx,O - bXlo

with B"o as defined in (2.18).

Again, if only initial position matching is required, we can use the third order

polynomial version of (2.20). The constant li:r,a is determined as above, li:r,a = (rr,O­

br.o)/b~,o and

(2.23)

Notice that there is no interference problem since the vertical controller assures

Condition 2, namely that the robot's end effector is always below the object. So there

arc 110 spatial restrictions on the horizontal components.
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2.5.3 Spherical coordinates

li

For cornmon non-Cartesian manipulators, il. would be advantageous t.o express t.he

desired robot end point and object position in spherical coordinates.

The position of the end effector and the object are now defined with respect. to t.he

spherical coordinate(r, 4>, 0). The algorithms are issued as bclow:

5

rd.r(br) = Lt>r,n b~ = qr(br).
n=O

(2.24)

where the gains are calculated from the grasping conditions (2.2) and initial conditions

(2.4), t>r,O = 0, t>r,l = 1 and t>r,2 = 0, as weil as

[

t>r'3] [1'r,o - br,o]
~r,4 = B~~. ~r,o - ~r,o
tir ,5 Tr,O - br,o

where

bol
r,O

4b;,obr,o

b~,o

5b~,obr,0

20b;,ob~,o +5b~,obr,u

(2.25)

If only the initial position matching is required, we use the third order polynomial

version of (2.24) for r., r"" ro, and rx.

(2,26)

where t>r,3 is determined by the initial condition

•
r", =b", +1'''',3 b;

where "",,3 is determined by the initial condition

(2.27)

(2.28)

(2,29)
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ro = bo+ "0.3 b~

whcre "0,3 is determined by the initial condition

• _ ro,. - bo,.
"0,3 - b3

r,.

2.5.4 Orientation

Bail

Robot

Figure 2.3: End Effector Orientation Control Variables

18

(2.30)

(2.31 )

•

For any practical implementation, the end effector orientation, angular velocity and

acceleration should be matched to the object's at time of contact as weil. In addition,

the initial desired end effector orientation should match the actual orientation. In the

Cartesian case this is implemented in the geometric controller framework by specifying

the Euler angles of end effector (roi>, ro, r,J with respect to the base coordinates as a

polynomial of the object's Euler angles with respect to the end effector frame (Fig. 2.3)
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(b.. , bD, bx ) expressed in the base coordinates and the vertical object component. b,

r · - b· +.'. b3 •
1 - 1 '''1,3 ='

At contact surface, b, = 0,

(') 'l'»)..... \ ...

1'j(b, = 0) = bô(b, = 0)

1\(b: = 0) = bj(b, = 0) +3n:ô,3b;b: = bj(b: = 0)

" .. 2" '2"
rj(b: = 0) = bô(b: = 0) +3n:j,3b:b: +6n:ô,3b:b, = bô(b: = 0)

(2.33)

(2.:14)

(2.:15)

For illustration Fig. 2.4 shows the planar case in the vertical x-z-plane. Correspond­

ing robot-object trajectory points are connected via a dashed line, and the robot.'s end

effector orientation is indicated by a short solid line. Notice how the initially large

orientation error is eliminated by (2.32) 1.0 match the object's angle, angnlar vc\ocity

and angular acceleration with respect to the robot's end effector.

4.s'~-~-~-~-~--~-~-~-_-~-~

4

3.5

3

2.5

g 2
N

1.5

0.5

o

ç" ~ :~""l). .."" " ..~ ..." , , , "-
",',','ll, , , , ,'"

1 " " " " "
" , , , , l)~, , , , , , ...

1 ' , , , ' ''', ' , , , '''', , , , , , ...

" " " " " " ~~" " " " " " ,'\
, , 1 , , 1 , \

, , , 1 , , , \, ' , , , , , \, , , , ,
, 1 , , 1, , , ,

" ," ,, ,

2

•
'O.~,L.2--0~.4--0~.6--0~.8""-~----'I~.2--I~.4-~I.~6--I~.8-~2-.....J2.2

x(m)

Figure 2.4: Orientation Control for Parabolic Object Trajectory, 1: object, 2: robot
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2.6 Dynamic simulation and comparisons

ln this section we compare the performance of the geometric control approach to

srnooth grasping as described above to the more conventional approach based on

trajectory planning using intercept predictions based on current and past state mea­

surernents. Both versions, which assume either constant velocity or acceleration for

estirnating the future object trajectory are evaluated. For ease of exposition we limit

ollrsclves to the planar problem, and endpoint position only. The results for the full

spatial case with orientation would be analogous. Therefore the geometric control is

cornpletely described by equations (2.19) and (2.23). The results are shown in Fig. 2.5

and Fig. 2.6 for a parabolic, low and high frequency sinusoidal object trajectory. In

5r-~--~-~--------~-~---'

4.5

.... - .... -_._ .............

.. ------ ....
...............

...... , ..
",,,,

",,,,,,,,,,
\ ,,,,,,

3 _.• '.....
..............

..-

2

1.5

3.5

0.5

oL.--:-:-----,:'::--~--~---:-:---~-~----"
M M 12 lA 1. I~ 2

.(m)

•
Figure 2.5: Parabolic Object Trajectories (1: object, 2: geometric controller, 3: re­

planning, const. acceleration, 4: replanning, const. velocity)

each plot the object trajectory is trajectory 1 (dashed line), the geometric controller

is trajectory 2 (soHd Hne), the replanning approach based on constant acceleration
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object prediction is trajectory 3 (dashed dot) and the one on constant, ve10city ohj,·,·t

prediction is trajectory 4 (dot).

Overall, the robot trajectories generated by ail three approaches arc qnite silllilar,

despite the drastic difference betwccn the replanning and the geollle\.ric cont,roll,'r.

However, the geometric controller performs more c10scly to the be\.t,er one of t.h..

replanning approaches.

For example, for the parabolic object trajectory (Fig. 2.5), the l'l'planning approarh

assuming constant object acceleration (3) is predicting correctly. ln this case t.he ge­

ometric controller (2) results in almost the same trajectory. ln the case of the sinn­

soidal object trajectories (Fig. 2.6) and (Fig. 2.6), the replanning appl'Oach asslllllillg

constant object acceleration (3) predicts incorrectly, and the constant. ve1ocit.y ('1)

replanning approach results in a shorter, smoother trajectory. ln this case, t.Iw geo­

metric approach (2) results in a robot reference trajcctory similar or beUer than the

constant velocity approach.

.,

~ 11.1

"'"

..~--
•,.
..........

...
Il.1S .

"..

. ... '
•• - 1

' .
.)

.......

l,' lA
'{lJl'o Il.% '" 11.1'1 1111 1.' lA

_lmll(m)

"".!---.,,.,....-.,,..~----:•.,.,--,..",....-e---,.,....-...,!

Figure 2.6: Sinusoidal Object Trajectories (1: object, 2: geomctric controller, :3:

replanning, const. acceleration, 4: replanning, const. velocity)

•
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Chapter 3

Real-Time Implementation

The geometric controller generates the desired robot trajectory in Cartesian space

for dynamic grasping. Real-time implementation involves the control in robot joint

spacc in order to track the desired position and orientation, which leads to kinematics

development. The special requirement arises from 7 degree of freedom Sarcos Dextrous

Arm snch as redundancy decoupling, solution analysis and selection. Then we deal

with calibration problem, where the open loop kinematic calibration is issued in

this chapter. We have successfully implemented the dynamic grasping based upon the

previous works on kinematics and calibration. The dynamic grasping results analysis

is presented in this chapter. In order to improve the tracking performance, servo

controller gains have been optimized as weil as gravity compensation are discussed.

3.1 Kinematics

3.1.1 Forward kinematics

The kinematical problem includes the forward and inverse kinematics. The forward

kinematics problem can be stated as follows: Given the joint variables of the robot,

determine the position and orientation of the end effector. The joint variables are

the angles between the links in the case of revolute or rotational joints, and the link

22
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extension in the case of prismatic or slidingjoints. The forward kinemat.ics Jll'Oblelll is

1.0 be contrasted with the inverse kinematics problem, which is st.udied in next sedion,

and which can be stated as follows: Given a desired position and orient.at.ion fol' t.he

end effector of the robot, determine a set of joint variables that achieve t.he desired

position and orientation.

For the pnrpose of kinematic analysis, one can think of a robot as a set. of l'igid

links connected together at various joints. While il, is possible to carry out. ail of t.he

analysis using an arbitrary frame attached 1.0 each link, it is he1pful to be syst.elllat,ic

in the choice of these frames. A commonly used convention for se1ecting l'railles

of reference in robotic applications is the Denavit Hartenberg, or OH convent,ion.

Consider Fig. 3.1, the rotation axis Zi corresponds 1.0 joint angle Oi between link i and

i +1. The internai coordinate system for link i is completed by defining Xi 1'1'011\ the

cross product Zi_1 X z;, which also locates the origin, and Yi = Zi X Xi. Ncighboring

coordinate systems are related by three parameters:

1. ai is the distance between Zi_l and Zi measured along :Vi.

2. Si is the distance between Xi_1 and Xi measured along Zi-I.

3. ai is the angle between Zi-1 and Zi measured in a right-hand sense abont~ :Vi.

In this convention, each homogeneous transformation AI is represented as a pl'Oduct

of four "basic" transformations

AI =Rotz,81 'Iransz,dl 'Iransx,BI Rotx''''1 (:J.I )

COi -SOi 0 0 1 0 0 0 1 0 0 ai 1 0 0 0

SOi COi 0 0 0 1 0 0 0 1 0 0 0 ca, -Sai 0
- (3.2)

0 0 1 0 0 0 1 di 0 0 1 0 0 '~Oj cai 0

0 0 0 1 0 0 0 1 0 0 0 1 0 0 0

•
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Co. -SOi COI SOi Sai ai COi

SOi COI COi -COi Sai ai SOi
(3.3)=

0 SOi Co, dj

0 0 0 1

where the four quantities 0;, aj,dj,C<j are parameters of link i and joint i.

x,

Figure 3.1: DH frame assignment

Each homogeneous transformation AI is of the form

AI = [:L ~L ]
Bence

(3.4)

Tl = AI+l ... Aj = [:i ~i] (3.5)

The matrix Ri express the orientation of frame j relative to frame i and is given by

the rotational parts of the A matrices as

•
RLRI+l Rj1 - 1 .. • ;1-1

The vectors di-1 are given recursively by the formula

.1 .1-1 Rj-1.1
C1j = C1j + i UJ-1

(3.6)

(3.7)
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Denote the position and orientation of the end eCreel.Ol' with reslweI. t.o t.h,' inl'rt.ial

or the base frame by a 3 x 1 veetor d~ and a 3 x 3 rot.at.ion Imürix R~, rl'spl'ct.ivdy,

and show the structure of homogeneous matrix

Il _ [R~ dll]T o -
o 1

(:1.8)

In principle, that is ail there is to forward kinenmtics! Det.el'lnillc t,he fllllct.ions

Ai(qi), and multiply them together as needed. Now we develop t.he fOl'lvard kine­

matics for the 7 dof Sarcos Dextrous Arm. Fig. 3.2 shows the struct.urc of t,he Sarcos

Dextrous Arm. The correspondent joint coorclinates derived from Denavit-Hart.cllbcrg

convention where the values fol' the tlnee parameters for the arlll (li, Si and 0'; are

given in the Table below:

Armt ~ Spnavi - al' 'en erg arame ers or arcos

Joint i (li (m) Si (m) Qi (clegree)

1 0 0.1628 90

2 0 0 -!l0

3 0 0.3467 90

4 0 0 -90

5 0 0.32004 90

6 0 0 -90

7 0 0 0

De 't H t b

•

The directions for Zi and Xi are chosen so that when Oi = 0 the Xi-I and X +i arc

parallel and pointing to the same direction. The arm has two spherical joints of t.he

roll-pitch-roll configuration at shoulder and wrist, which is used to decouple the full

degree of freedom in the inverse kinematics.

From equation(3.3) the Iink transformation matrices resulted from the coordinate
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Elbow

Base End Effector

26

Figure :3.2: The Sarcos Dextrous Arm Geometry Structure

system shown are:

co, 0 SOI 0 0

T~ =
SOI 0 -COI 0 Rf 0

= (:3.$))
0 0 0.1628 0,1628

0 0 0 1 0 0 0 1

co, 0 - 892 0 0

Ti- so, 0 co, 0 Ri 02 (:3.10)2- -
0 -1 0 0 0

0 0 0 1 0 0 0 1

co, 0 893 0 0

T2 -
So, 0 -co, 0 R~ 0

3- - (3.11)
0 1 0 0.3467 0.3467• 0 0 0 1 0 0 0 1
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Co, 0 -so" 0 0

T3 -
So" 0 Co, 0 R~ 0

4- = (:1.12)
0 1 0 0 0

0 0 0 1 0 0 0

Co, 0 sos 0 0

T~=
So, 0 -cos 0 R~ 0

= (:1.1:1 )
0 1 0 0.32004 0.3200,1

0 0 0 1 0 0 0 1

coo 0 -soo 0 0

TG - soo 0 cOo 0 Rg 0
0- - (:1.1 '1)

0 1 0 0 0

0 0 0 1 0 0 0 1

co, 0 -so, 0 0

Ta - so, 0 Co, 0 R~ 0
7- - (:1.15)

0 1 0 0 0

0 0 0 1 0 0 0 1

where the abbreviations So = sinO and Co = cosO.

The end effector position vector p and rotation matrix with respective to base coor-

dinate Rare calculated from the multiplications of the homogeneons transformations

T~ to T~:

TO - TO Tl Ta (:J.16)7- 1 2'" 7

•
=

R

000

p

1

(:J.17)
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3.1.2 Inverse kinematics

28

(;iven end effet:tor position and orientation (full fi dof). joint angles are searched by

inverse kinematics. Due 10 singularitics. lilllited ranges of motion of joints. obsta­

cles in workspace and torque li mit. a general-purpose manipulator is needed to have

1II0re than fi degrec of freedolll. :\ number of control schemes for determining joint

tl'ajectories for redundant Illanipulator have been suggested. For the zero-offset an­

thropolllorphic manipulator - Sarcos Dextrous Arm. an optimum kinematics design

fOI' a j' dof lllanipulatOl' i, givC'n by Hollerbach [:3]. From Fig. :3.2 ail of axes liue up

Elbow

,,', '.· ..____ . ._~-J--

•••··

Shoulder

End ElTector

Base

Figll1'e :3.:3: The redundancy corresponds 10 rotating the elbow aboul. the ,houl­

der/wrist line

•

such I.hat joints O. 1 and 2 iutersect al. the shoulder triple point: joints 2, :3 and 4

intersect at t,he elbow triple point; and joints 4, 5 and fi intersect at the wrist triple

point. The only lellgth parameters required to parameterize the arm are the distances

from shoulder to elbow 83 and that from elbow to wrist 85,

Assuming that the redundancy is resolved by specifying the forearm-upper arm

plane rotating 1/.' angle about an imaginary line from shoulder triple point to the wrist

position (Fig. :3.3), the inverse kinematics solution of the arm can be derived as the

following steps:
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Step 1: Find the wrist position.

Given the rotation matrix R of the end effeetor coordinat,e \Vit,h rl'spedive t.u IHls('

coordinate and the position p of the end erfeetor. as \Vell as t,he kno\Vn v('dur frolll

wrist (coordinate origin 6) ta the end effeetor reference point. p;' spccifil'd ill t.h,' fl'all\('

7, the position of the wrist relative ta t.he shouldcr poillt. is:

Pw=p-Rp;'-ps

Step 2a: Find the first four joint angles that would l'l'suit, ifV' = O.

Wrist

z

.. ~ ......

p .~~~:::::;•••••
wy ~ p ........

~ __ , .. ,,,,,........ W,t; ..

1 .... .. ..
~-~-.. __ ._-_ _ _ _:

.'
.. "......

..........

x
3

Xl

Yll

""""}"'":""""
9,

XII

•

Figure 3.4: Reduction ta a planaI' manipnlator for 04 by referring positions to link 1

coordinates

We use (') denoting a quantity referred 1.0 t/J = O. Note that when t/J = 0, 0; = 0

and 84 is independent on t/J angle. 0; can be directly found from veetor Pw, since

joints 2 and 3 act in a plane that does not change the projection of the wrist position
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OIl!.U !.he Xo and Yu plane (Fig. 3.4).

(3.19)

0,1 is calcula!.ed by t.he cosine rule (Fig. 3.4) ,

P~, = 8; + 8~ - 2 83 85 C08(7I' - 0.1) (3.20)

(3.21 )

(3.22)

2 2 2

O
TJw - 8 3 - 8 5C08 01 = ?

_ 83 85

2 2 2

O _ ± -I(PW - 8 3 - 8 5 )
.1 - C08 .)

_ 83 85

Dcpcllding which quadrant. is chosen for 001 , we obtain an elbow-up or an elbow-(1own

solution.

From t.he solut.ion of 0;, Pw can be expressed in terms of link 1 coordinate as Ip~:

l '
Pwr

l' 0' TlPw = (RI) pw = l '
Pwy (3.23)

o
At. the same time, Ip~ can be expressed in terms of joint axis vectors as

(3.24)

-C080; -8in(0; +001 )

= 83 sin 0; + 85 C08(0; +04) (3.25)

o o
The 0; is calculated from equations (3.23) and (3.25) as

Thus

(3.26)

(3.27)

[
8inO~ ]
C0802

= [-(83+85C0804)

-858in04

[
8inO~ ]

C0802•
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then 0; = atan2(sinO;, cos 0;)

Step 2b: Find the elbow position by rotating the clbow point. abont. Pw hy t.h"

angle ,p.

The elbow position corresponding to angle if' is given by:

0 - cos 0; . 0'sin 2

, 0 1
0 . 0' . 0' (:1.28)Pc = RI R2 = Sa -Slll 1 Slll 2

53 cos 0;

y

•

Figure 3.5: Elbow position correspond to rotational angle

Deline that
,. Pw
n= 1ii..1

the elbow position pc is generated by rotating p~ vector around the vector n by angle

'l/J (Fig. 3.5).

(:1.29)
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wherc
13" = 1p~ 1cos 0 Îl =< p~. Îl > Îl

where < p~. Îl >= 1p~ IIÎl 1cos 0 = 1p~ 1cos 0
- -, -
x = P, - P"

y=Îl x X

r= x cos,p +Y sin,p

Sa

32

(3.30)

=< 13> Îl> Îl (1 - cos,p) +13: cos,p +Îl x ii: sin,p (3.32)

Stcp' 2c: Find the first two angles from the elbow position:

So that

while

0 - cos 01 sin (J2 P,,,,

Pc = °Rl IR2 0 = Sa - sin 01 sin (J2 = P'Y

Sa cos (J2 Po:

Po:cos O2 =-
Sa

Pc­O2 = ± arccos(-")
Sa

O ?( P'Y p'''')1 = atan~ . (J' •
-Sa sm 2 -Sa sm (J2

(3.33)

(3.34)

(3.35)

(3.36)

Stcp 2d: Find the roll angle (Ja.

Consider that the wrist position that would be located if the arm was placed by the

(unprimcd) angles (JI> (J2, and (J4, with (Ja =0 (Fig. 3.6). The vector from the elbow

point to the wrist point p~w is given by
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The actual forearm vector is given by Pcw = pw - Pc. The vedol" nOl"mal 1,0 the

Pe - Pew plane is calculated as n = Pc x P"w; the vedol" normal 1,0 P" - P;,w plane

is calculated as n' = Pc x P~w' The 03 is then given by
,

Pc x n ,
03 = atan2( 1 Pc 1 ' n . n)

Pc

Shoulder

Elbow

,,,,,,
,<,

" "......, \ ...., ,, ,, ,, ,, ,
" ",

..............
"

" ",,,
" Pcw,,,,,,,,,,

,,,,,,,,,,
.'

•

Figure 3.6: Find 03

Step 3: Find the hand orientation relative ta the foreal"m.

ru r12 rl3

4R7 = (OI4)T °R7 = r21 r22 r23

Sa that 4R7 is calculated ta be used in next step for finding 05, 06 and 07 ,

Step 4: Find the last three joint angles.

(3.37)
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The last three angles 05 , 06 and 07 can be found by sorne matrix manipulations:

34

cos 06 0 - sin 06

4R UR:; 0 =

cos 05 0 sin 05

sin 05 0 - cos 05 sin 06 0 cos 06 (3.38)

o 1 o o -1 o

cos 05 cos 06 - sin 05 - cos 05 sin 06

= sin 05 cos 06 cos 05 - sin 05 sin 06 (3.39)

sin 06 o cos {Ja

'IR 0RT _
7 7 - r2l 7'22 r23

cos 07 sin 07 0

-sin07 cos 07 0 (3.40)

o o 1

rll cos 07 - rl2 sin 07 rll sin 07+ rl2 cos 07 rl3

= 7'21 cos 07 - r22 sin 07 r2l sin 07+ r22 cos 07 r23

r31 cos 07 - 7'32 sin 07 r31 sin 07+ r32 cos 07 r33

(3.41 )

Compare the e1ements 33, 13 and 23 in (3,39) and (3.41), we have solved 00 and 05 ,

rcspectively

06 = ± arccos(r33)

r23
05=atan2( , 0 '

-Sin 0

Also from clements 12 and 22,

rl3 )

- sin 06

(3.42)

(3.43)

•

{

-sin 05 = rll sin 07 + rl2 cos 07

cos 05 = r21 sin 07 +r22 cos 07

Sa

[
sin 07 ] = [rll r 12 ] -1 , [_ sin 05 ]

cos 07 r21 r22 cos 05

Hence 07 = atan2(sin07,cos07)'

(3.44)

(3.45)
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By varying 1/J angle, the lIexible solntions are infini t,y. Also considering tht' Iixt'd

position and localllexible orientation, we have more solntions to select.. '('he rcstraints

are joint limits shown below and avoidancc of switch between branches.

Joint Lower Limit Upper Limit

i (Degrees) (Degrees)

1 -45.0 135.0

2 -135.0 45.0

3 -180.0 0.0

4 -90.0 90.0

5 0.0 180.0

6 0.0 180.0

7 45.0 135.0

From fixed angle 1/J cornes the eight branches of solution to inverse kinenmt.ics on

Sarcos Dextrous Arm(3.46):

{ 06 > 0 Solntion 1
0,1 > 0

06 < 0 Solntion2
O2 > 0

{ 0
6 > 0 Solntion3

04 < 0
06 < 0 Solntion4

(:1.4 li)

{ 06 > 0 Solntion5
04 > 0

06 < 0 Solntion6
O2 < 0

{ 06 > 0 Solntion7
04 < 0

06 < 0 SolntionS

We choose the shoulder down and elbow up solution for fixed ..p =0 angle from eight

branches of solutions with considering the joint angle limits.
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3.2 Open Loop Kinematic Calibration

36

Calibration is an important issue for experimental robotics, since it is required for

virtually any implementations. On the Sarcos Dextrous Arm, we need to calibrate

parameters such as: position sensor reading offset and gain for each joint, robot end

cffector offset from the la~t joint coordinate origin, and robot base coordinate position

offset and orientation matrix with respect to the sensor coordinate. In this section,

we will develop the open loop kinematic calibration method [6].

3.2.1 The Kinematic Model

Both geometrie and nongeometric parameters are required for kinematic calibra­

tion. The Denavit-Hartenberg convention is employed for the geometrie parameters

(Fig. 3.7). For a manipulator with n dof's, the end effector is 10cated by the position

tip

•
x

j-I

Figure 3.7: Denavit-Hartenberg coordinates and end effector vector bj
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vector p~ and the orientation matrix R~:

"
bp~ = LSjZj_l + IIjXj

j=l

Il

R~ = TI Rz(Oj)Rx(oj) (:lA~)
j=l

where Rz(et» and Rx(et» are 3 x 3 rotation matrices about the Z and x axes hy th"

angle et>, and the subscript c indicates that the position and orientation are cOlllputed

from the mode!. The subscript i refers 1.0 the configuration of the manipulator, since

in kinematic calibration il. is placed into a number of configurations fI = (Oj, , . , ,0;,,),

i = 1"", m, The required geometric paramcters are Sj, oj, aud IIj for links .i =

1,''',11,

The nongeometric parameters are focused al. a joint and rel1ect errors betwcen the

true and measured joint angles; sources of error include backlash, geaI' eccent,l'Ïcity,

joint compliance, and joint angle offsets. Wc model only the joint angle olfset et"'or

0']//, which needs 1.0 be identified. lt is related 1.0 aetual O~ and measured Oj, the D-Il

joint angles by O~ = Oj +0']//. Ali of unknown kinematic pammeters are placed into

a single vector 'f.. = (fI']JJ,fl, §., !!),where §. = (s .... ·,s,,), etc.

Instead of orientation matrix R~, il. is convenient 1.0 represent the orientation hy

the vector e;, = (et>~, et>~, et>~), representing the roll-pitch-yaw (ZYX) Euler angles: R~ =
Rz(et>~)Ry(et>~)Rx(et>~), The computed endpoint location ~ = (e;"p~) may then he

written as

where the funetion L is derived from (3.47) and (3.6). Its exact form is not re<Juired

here.

3.2.2 Iterative identification

To estimate 'f..' the manipulator must be moved into an adequate number m of con­

figurations, in consideration of the large number of parameters in 'f.. and of statistical
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averaging. At each configuration i the adual endpoint location ~ is measured. The

goal is to determine the 'E. that best predict from the kinematic modcl(3,49) ail of the

endpoint measurement .:l.' = (~" .. , :1l:~'):

(3.50)

whel'e F('E.) = ([(QI''E.), ... ,[(Q''','E.))'

Solving for 'E. from (3.50) is a nonlinear estimation problem, which can be donc by

linearization and iteration:

(3.51 )

where C = ôF/ô'E.' Wc can consider Â.:l.' = (Â:1l:I , ... , Â:1l:m ), with Â:1l:i =~ - ~, as

the location errors. Similarly, Â'E. = 'E. - P.o is the error in the total parameter set,

where P.o is the Ciment estimate and 'E. is the corrected estimate. In Â'E.. Â§. = §. - §a,

etc. An estimate of the parameter el'1'nrs is provided by minimizing LB = (Â.:l.' ­

CÂ'E.)'I'(Â.\, - CÂ'E.)' which yields

(3.52)

Finally the guess al. the parameters is updated as 'E. = P.o +Â'E. and the iteration

continues until Â.:l.' --t O.

'l'he basis for linearization is the assumption that ~ is close 1.0 ~. Then

. . . [I::.e.i ]Âx' =x' -x' =- =a =c 1
I::.p

(3.53)

•

where I::.e.i = (â</>~, â</>t, â</>~) is the incremental orientation error in terms of the Euler

angles and I::.pi = (dxl,dyl,dzl ) is the incremental position erraI'. When P.o is far

from the final values, problems with this approach may occur, as discussed later.

The differential of (3.49) is

(3.54)
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where

:Hl

a i [DiDiDi')i]Ci = ~ = ~ & Xe (~~

D';2 DQ. Dn. aê. ail
and C = (Cl, ... , C IIl

). The .Jacobian Ci is oft.en formed t.hrongh t.h,' use of dill'er('nl,inl

homogeneous transformations, but 1.0 address ident.ifiabilit.y we find t.11l' nse or S('rew

coordinates more convenient and transparent. '1'0 proceed, we mnst. express dill'erent.inl

rotations ~ri = (axi , ayi, azi ) about. orthogonal axes rather than the dill'erent.inl

rotations ~ei about nonorthogonal axes. The t.wo may be reht\.ed by n nmt.rix Qi.

whose f01'111 depends on the particular Euler angles (ZYX here) chosen:

1 0 - sin q,~

~ri = 0 cos q,~ . q,i i ~e; = Qi ~!!.;Slll ,cos q,y
0 - sin q,~ cos q,~ cos q,~

(:I.5li)

Assuming the inverse of Qi exists, then

(:I.5ï)

•

where a 6 x 6 matl'il' fi has been defined incorporating 3 x :1 zero matrices 0 and

identity matrix 1.

The matrix QI is not invertible when q,~ = 11'/2, which is the singularity for l.hiH

set of Euler angles. This problem is inescapably linked with the use of Euler angleH,

since no set of Euler angle exists that is the integral of angular velocit.y. At ()Ildpoint.

configurations with q,~ = 11'/2 an alternate Euler angle formulation (Hay ZXZ) may

be used 1.0 guarantee that Qi is always invertible. Without loss of generalit.y wc

assume that appropriate Euler angle representations will be used for these few singular

endpoint configurations and do not discuss them further.

The total incremental displacement (~rl,~pl) is the sum of the instantancOIIH

screws corresponding 1.0 variations in ail of the pararnct.crs:



• GIlAI''J'BIl :J. IlBAL-'1'JME IMPLEMENTATION 40

where bj+l is il vedor from the jth coordinate system to the endpoint(3.7). From the

parameter-based screws on the right, Jacobian matrices can be formed whose columns

J are

(3.59)

(3.60)(J~)j = [ i
O

], (J~)j = [ °i ] ,
Zj_l Xj

where J~ represents a Jacobian with regard to a particulaI' parameter vector f3j thus

Jh is the ordinary .Jacobian related to joint angle displacement. More compactly,

(3.61)

From (3.61) and (3.57), the ensemble Jacobian Ai is then related to the Jacobian Ci

by Ci =niAi. Define A = (Ai, ... , Am).

3.2.3 Parameter Scaling

For the kinematic method, the final calibration accuracy can depend on the numerical

methods employed. Bere we employ parameter scaling, which is one of the scaling

methods available. Scaling is important for good numerical performance, but has not

received that much attention in the calibration literature.

Consider the equation (3.51), right multiplication of C by a weighting matrix H

results in parameter scaling:

(3.62)

•
where è = CH and ~=H-lA~:

The most common approach towards parameter scaling is column scaling, which

cloes not require a priori statistical information. Deline a diagonal matrix H =
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diag(hl,'" , h r ) with e1ement

-II

h j = {
I\q-t
1

if I\Cj l\ -f 0

if I\q = 0

where Cj is the jth column of C. Then the modified least square prohlelll (:I.G:l)

becomes

3.2.4 Calibration on Sarcos Dextrous Arm

The simplified open loop calibration method is simulated for the Sa1'<:os Arm in Mat.lah

software package with end effector position measured only. For the first. live joint.s,

the optica1 encoders are ussd 1.0 measure the joint angle position with 0; = 114'; +0:'//,

where the ?/Ji is the optical encoder reading, the gain is known as II = lll;Uuu(ra<!)

and i = 1,,··,5. The last two joints use Rotary Variable Differentiai Tmnsduœrs

(RVDTs) 1.0 measure the joint angles with 0; = k. ?/J. +Of!!, where i = 6, 7, and

gains are unknown. We add two extra coordinatcs 0_1 and 0_2 with eight DH

parameters 1.0 be calibrated for the six unknown parameters in order to locat.e rohot

base coordinate with respect 1.0 global sensor coordinate. We set two OH paramet,,,,'s

1.0 be constants 1.0 reduce two extra degree of freedom. 'lb calibrate the posit.ion offset,

from the reference point on the robot hand with respect to the sevent,h coorditmte,

we add two extra coordinate Os and 00 with eight OH parameters. Smne <L~ hefore,

we set five of them 1.0 be constants.

For the Jacobians of RVDT gains and offsets, using

(a.(j5)

(:1.66)

•
i _ !!.L = al . ao. =Ji

J Goff - ao~!! aOi ao~!! G
1 •

then apply the open loop method discussed in the previous sections with colurnn

scaling for parameter identification.
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3.3 Experiment Setup and Data Analysis

42

When the kinernatics and calibration had bcen prepared, we set up the experiment in

order to apply our geomctric controller on real time dynamic tracking and grasping via

OPTOTRAK, an infrared motion tracking system using triangulation measuremcnt

(Fig. 3.8). We used a white plastic bail with four-inch diameter as our target, which

ROBOT

o
OBJECT

SENSOR

•

CONTROL

PC
MODULE 1-----71

Figure 3.8: Experiment Setup

is attached at the end of an aluminum stick. Two infrared emitting diodes, we call

thcm markers, are attached to the surface of the aluminum stick with known distance

to the center of the ball. The positions of the marker are detected by tluee receiver

formcd OPTOTRAK motion tracking system. The data were collecting through the

interface from OPTOTRAK to a PC and stored into a specifie memory, which is used

to dctermine the position of center of the ball. The sampling rate is over 1000Hz, fast

cnough to provide the updated global information. More markers up to six can be

placcd for full position and orientation of the object.

We have created software module in a C40 environment with the block diagram in

Fig. 3.9. In the initialization step, we set initial values to the variables. Next start

the loop for the experiment. In the loop, first synchronize the time with checking

the timer reading for the current loop, compared to the desired time, and wait until
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,L

Initializations

*y~
Timing Synchronization

Sensor Readings

~

State Machine

Control Algorithms

~

Servo Arm

,1/

Log Data

V\f.

Save Data

, /

[ END]

Figure 3.9: Experiment Block Diagram

Laop
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•

arriving the desired time if necessary. If the time for current loop is late compare to the

desired one, log the data, send error message and exit from the loop. This subroutine

make snre that the sampling time period is identical for each loop and adjustable

as we set. Timing synchronization is very important to implement on-line robotic

manipulations. Next subroutine is reading sensors such as optical encoders, RVDTs

and OPTOTRAK, where the updated readings from OPTOTRAK are obtained from

specifie location in the memory. Wc calculated the actua! joint angles and object

position from the sensor readings here. The state machine seems more complicated. It

switches to different branches according to criterion and define the control algorithm.

We define several branches as below:

• Sensor Initialize: Rotate the first live joints to pass certain index point so that

optieal encoder can be initialized. This is done once after the hydraulic system

powered on.

• Home: Put arm to a desired rest pose named home.

• .Joint space tracking: Control the robot to track a desired trajectory in joint

space.

• Cartesian space tracking: Measure the object position via OPTOTRAK, invoke

the inverse kinematics, and control the robot to reach the set points.

• Dynamic grasping: Apply our geometric controller to generate the desired Carte­

sian space position, invoke inverse kinematics, and control the arm ta track the

set points. When the position error is within the threshold, control the lingers

to achieve the grasping.

• End: After the grasping is successfully performed, control the arm back to home

pose

Next step is control algorithm which includes the joint space position control, joint

space velodty control, Cartesian space position control where inverse kinematics is
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invoked and grasping control by moving thc 3 dof thrcL~fingcr-hand from opcn 1,0 dose.

In servo arm subroutine, desired joint angles are writtcn to the servo controllel' and

drive the actuators 1,0 the desired position. ln thc scrvo controller, both torque and

position control are available. In our experimcnt, wc apply thc position control with

joint angle position, velocity feedback and valve compensation. Wc have optimÏolcd

the gains for the PD controller and valve currcnts in order to e!iminatc the tracking

error without causing any vibration on each joint. The data of 1001' time, dcsired

and actual joint angles, object position, etc are logged in 1,0 an array in the log data

subroutine. This 1001' is updated every 10 msec, al. 100Hz sampling frcquency. Finally

the data will be saved into files as implementing record.

0.5r----,-----,----.---~---_r_--_,

OA , .

0.3 . .. ..... ,..........- .

0.2

- bail

: - daslrad iobot

'; .

,,' ........ -:- ......... ~,'

..............: ;,."..~ ; ~\ : .,.~ ,J. .
. , . \ . 1 1
! : _. \ , 1

': , ' 1 1o .... ·····,ï~':;:.· .._· .. ,;,.·,.:····: . , ... ,'" .. ""'0'
1 /: '. ,: 1,'''''''' .

, 1 . \ ...... ,,'

l '"... 1 ...•: .

1 .',.'.'
-0.1

Ê_ 0.1
N

-0.2
-. actual robot

o
;

0.5 1.5
t (sac)

2 2.5 3

Figure 3.10: Dynamic Grasping Result in Z Dimension

•
In the experiment, we have successfully implemented the dynamic grasping in 3D

space using our geometric control1er 1,0 predict the desired robot trajeetory ~nd rc­

sulted in finally grasping the plastic bail and taking il. 1,0 the home pose. The mea­

sured object position, desired and actual robot position during grasping arc shown in



• Cl/APTE/{.3. TŒAL-TTME TMPLEMENTATTON 46

Fig. :1.l0 for Z dimcnsion and Fig. 3.11 for dimension X and Y, respectively.

Wc have sccn that in Z dimension when object approaches and finally traverses

the grasping surface, which has heen defined as bz = 0.2 here, the desired robot

position, velocity and acceleration match those of the object's, while in the X and Y

dimcnsion the position matching have been synchronized as in Z dimension, as well

as the vclocity and acceleration matching in order to guarantee the dynamic grasping

in theory. The robot arm tracks the desired trajectory with a position error less of

5 cm is not good enough but due to insufficient tracking of built-in joint level PD

controller. This would be greatly improved by gravity compensation and Cartesian

cndpoint tracking. Due to lack of time, these methods were not implemented.

. \" .

-O··o~----:;;---7---"=----:---";""--...J.
~ 1.5 2 ~ 3

1(88C1
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o , .
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Figure 3.11: Dynamic Grasping Result in X and Y Dimension

•

The gravity influences can be eliminated by adding gravity compensation torque to

the PD controller, which will be disct\ssed in next section [16]. Regarding the global

scnsing error, local proximity sensing is developed to provide sufficient information of

object's position related to the robot hand coordinate. Details will be presented in

next chapter including local proximity sensor selecting, modelling, and calibration, as

weil as abject location strategy and experiments.
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3.4 Gravity Compensation

Fist we define sorne vector, shawn in Fig. 3.12. Using the famons recursivc Newton­

link i

x

z

joint i
origin

y
Base origin

Center of mass

Q,
joint i+ 1

origin

Figure 3.12: Vector Definition for Gravity Compensation

Euler formulation, we have been able to ealculate the torque due ta gmvity on eaeh

joint. Considering Pi = 0, Wi = 0 and Wi = 0, the wreneh acting on joint i fmm link

i is

Wi,i = [ fi,i ] = [ -gO ]. [ mi ] = Ai . 'Pl
ni,i 0 g x miei

The wrenehes acting on joint i from adjoint link i+1 beeomes

(3.67)

(3.69)

(3.68)

we have

[
fi'i+l] [ Ri 0] [fi+1'i+l]Wi,i+1 = = . = Ti . Wi+l,i+l
ni,i+l [Si x] . Ri Ri ni+1,i+1

where Ri is the transfer matrix from link i+l eoardinate to Iink i eoordinate. Then

•



• CIIAPTEIl.3. R.EAl,-TIME IMPLEMENTATION 48

where Vij = TiTi+l ... TjAj and Vi,i = Ai. The total wrcnch acting on joint i is

JI

Wi = L:Wij
j=;

'l'hen we have thc wrcnchcs on ail joints as

(3.70)

=

Vu
o

o o

(3.71)

'l'hc torquc duc to gravity acting on join i is thcn dcrivcd as

Ti=[O 0 0 001]'4>;

and thcn

(3.72)

•

ln formulation abovc, mass and ccntcr of mass of each link are requircd 1.0 calculate

t.hc gravity torquc. This leads 1.0 thc calibration issue of the required dynamic pa­

ramctcrs by assuming that the robot kinematic parameters, torque sensor gains and

offscts are known in advance, as weil as gravity vector expressed in the robot base

coordinates has been calibrated.

Thc calibration is applied the same iteration approach as open loop kinematic

calibration in previous section with dynamic model (3.72). By minimizing the least

square error LS = (1: - K~)T(1: - K~), which yields1:..timate = (KTq-1KT1:. This

method has been simulated for the Sarcos Dextrous Arm in Matlab software package.
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Chapter 4

Infrared Proximity Sensing

When implementing the dynamic grasping, a prohlem arises from the global sellsor

system. Sometimes the object is undetected when it has been blockcd by part. of

robot arm. In our software module, we check first if the IR diode is det.cctable, if ilOt.,

we use the latest data 1.0 predict the desired robot trajectory. Obviollsly ineflicient

sensing increases tracking error and decreases the accnl'acy of gl'asping perfol'llHtnœ.

This problem occurs more frequently when the robot, elld crfect.or approaches t.o t.he

object. Then we consider adding local sensors in order 1.0 provide sllflicient. global ami

localsensing information for dynamic grasping (Fig. 4.1). In this chapt.er, we describe

an amplitude based electro-optical proximity sensor suitable for knowlI CnVil'OlIIllCIlt.

and which meets our particular specifications. We sllmmarize the model, calibrat.ion

of the proximity sensor. An object localization strategy is presented' iL~ weil with

experimental results.

4.1 Local Sensor Requirements

The specifications for a local proximity sensor were derived by studying manipulat.ion

tasks in maintenance of live power lines and dynamic grasping of a hand t.ool, im·

plemented on our Sarcos Dextrous Arm, a 7 dof robot arm with a three finger hand.

49
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Figure 4.1: Global and Local Sensing for robotic manipulation

The two most. stringed requirements arise from the combination of a working range

down to 5711.111. and a size suitable for embedding in a human-size linger pad, limited to

5711711. diameter. By recessing the sensor in the linger pad, an effective range down to

Omm can actnally bc achieved. Snch an arrangement is also preferable for mechanical

protection. Based on compliant linger pads, we estimate that an aCC'lracy of Imm

jnst before contact is sufficient, with decreasing accuracy requirements as distance

incrcascs. III order to support low level sensor-based control, high sampling rates of

at Icast lkll z are rcquired.

Working Range 5-100 mm

Sizc 5mm Diam., 5mm Height

Accnracy Imm (@ 5mm) - 10mm (@100mm)

1 Samplillg Rate 1kHz



• CHAPTER '1. INFRA RED PIWXIMI'IT SENS/NC:

4.2 Local Sensor Options

fil

For short range proximity sensing in robot.ic applicat.ion. l'!<'rt,ro-opt.ical Sl'nSllrS an' at.

present the most approprial.e. Thel''' an' thrl'l' hasic approadl<'s- t.rianp;nlat.illn. phas,'

and amplitude based systems. The triangnlation based approarh indnd,'s Inl'l'1l1'<'d

Light Emitting Diode (IR LED) or Laser Diode, Opt,iral Lens, and Position Sl'nSlll'

Diode (l'SD) (Fig. 1.2). The output CUITent. l'rom PSI) is proportional tu t.1l<' llll's"',

x. The distance cl l'rom the abject ta the sensor pair is then calcnlat.ed frol1l ('1.1).

Object's

Surface
d

IR LED

or

Laser Diode PSD

f

D
IIx,,

Figure 4.2: Triangulation Based local sensing system

f·D
cl=-­

x
(1.1 )

• The phase based approach (Fig. 4.2) measured the phase differencc </) betwcen the

signais reccived by the photo diode l'rom IR LED a and IR LED b , respectivcly(1.2).
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While t.riangulation and phase based systems arc more independent from ambient

light, surface mat.erial properties and surface orientation, they typical1y require a

1><",e separation between transmitter and recciver larger than 5mm which makes them

ineligible for our purposes.

Object's

Surface

d

,,.. a ,
•.'. b ,,.',,,

----------~----------lÎJ----------~------ -------
IR LED a : , Ph .. IR LED b

" : ota \
:' ;;'\ : Diode r;;\_______ J~_~_l ~ ~_~_~ _

Figure 4.3: Phase Based local sensing system

_\ [B (a2 + cP )3/2]
cf> = tan A b2 + cP (4.2)

•

When the magnitude of the refiected energy is correlated 1.0 proximity, the trans­

mit!.er and rcceiver pair can be placed as close together as physically possible, and we

have built a prototype with less than 3mm diameter. Also due 1.0 its low cost, small

size, high balldwidth, ruggedness, simplicity, ease of use, in our approach, we are going

1.0 cmploy several sensors (one sensor pair pel' linger pad), relyon signal processing 1.0

rcduce ambiellt light dependence and exploit the knowledge of the object geometries



CHAPTER '1. INFRAIŒD PROXIMITY SENSING

to achieve the accuracies required.

Object's

Surface

d

IR LED Photodiode

Phototransistor

•

Figure 4.4: Amplitude Based local sensing system

d=g(l,Q,À)

4.3 Infrared Sensor Model

The first system using infrared sensors seems to have been realized by Johnston al. the

Jet Propulsion Laboratory. A beam of infrared modulated light is ernitted by a diode

which is reflected by the target and demodulated: a focusing system is used. 'l'hese

sensors are principally employed in spatial applications to guide an operator, for ex­

ample, by audio presentation of the proximity signaIs or in a multisensor configuration

to locate an object by segmenting the sensitive area.

The infrared sensor system consists of one or more infrared emitting diodes(emitters)

and a single silicon photo transistor(receiver). The wavelength of the infraled light is
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c''IIl.ered al. 8BD nrn and c10scly matches the spectral response of silicon photo transis­

tors. The intensit.y of the infrared lighl. changes versus the distancc between the object

alld the sellsor pail'. The infl'al'ed lighl. travcls until it hits the sUJ'facc of the object

alld is rdlect.ed back to the recciver. The photo transistor has narrow recciving angle

which l'l'ovides exccllent on-axis coupling. The eleci.rical signal given by the recciver

depellds on the intensity of the incident ray deteci.ed. The higher the intensity of the

ray is received, the higher the cUJ'rent will be produced in the circuit of the receiver.

So the voltage 011 the resistor will incre;u;e and in the mean time, the voltage between

emitter alld collector of the transistor will decrease. As the object is c10sed to the

sellsor pair, most of the ray will be refieci.ed away from the receiving angle of recciver,

so t.hat the recciver can only obtain a little of it. Typically, the sensor sensitivity

becomes insuflicient beyond a distance of 10 cm from the object. If a larger distance

is requÎl'ed, wc can use series of higher pulse current in the circuit of the emitter to

producc much higher intensity of the ray.

The illtensity leve1 measlll'ed via the IR sensor pair depends not only on the distance

d, but, on the orientation angle a (in planaI' case), and object surface properties. In the

known environment, it is commonly assumed that the surface properties are known

and favorable. A simple example is using white paper as the object. If the color of

t.he object is black, there will be no ray refiected back at ail, which is the extreme

case. Wc define the albedo parameter Ato represent the object surface properties. In

partially known environment, wc will apply sensor fusion to calibrate the unknown

albedo parameter.

Our mode1 for amplitude based infrared sensor measurement is

v = f(d, a, A) (4.3)

•
where v is the output voltage on photo transistor, d is the distance from the object to

the infrared sensor pair, a is the angle between the normal vector of the object surface

and the sensor pair axis, Ais the albedo parameter of the object surface properties.
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'1'0 simplify the modcl, wc Iincarizc (4.:3) as

Il = ,\ f(d, 0) ('1..\ )

For the standard ](nown euviroul1icnt" let, ,\ = 1.0, wc calihraIl' fuuct.ion f(d, n).

For the partially ](nown cnvironmcllt., wc call calihrat" albcdo paramd.l'r ,\ hy Sl'llSOI'

fusion (Fig. 4.5) and apply thc samc fuuct.ion as for ](nown CUVil'OUllleul..

FIXEO

ROBOT

CCO-TV
Camera

IR SENSOR 1

IR SENSOR 2

Target

•

Figure 4.5: Albedo Paramet.er Calibratiou via Scusor Fusiou

4.4 IR sensor Calibration and Characterization

In the calibration experimenta! setup (Fig. 4.4), the sellsor device consisf,s of a GaA lAs

plastic infrared emitting diode-Type OP290A and a photo trar.sistor-Type OP804SL.

The measured object is a piece of white paper as standard workpiecc which atf,ached

1.0 a three degree of freedom motor driven platform. We drove the motors 1.0 move the
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~ IR Sensar7 Object
1

1
D'

1 DI
1

/
-L-

Matars 1

i J
1

/ /'

1.____ -- -- 1/

L..-. UNIX Transputer

Figure 4.6: Calibration Experimenta! Setup
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platfol'ln around the longitudinal and yaw axes for varied distances d and orientation

angles n respect to sensor location. The measured data were collected through a

t.ransputer and transferred to UNIX system. The data processing are done using

Matlab package inc!uding 2D surface fitting.

With a given albedo parameter À = 1.0 of the objeet, in our case white paper,

sampie data showing the variation in sensor data as a funetion of object distance and

orient.at.ion. By logging the sensor output while scanning a range of distances from

5111111 to 80111111 and surface orientations from 0 to 33deg the experimenta! surface plot

shown in Fig. 4.8 was obtained. we also plot the output voltage versus distance and

orientation angle, respective!y, in Fig. 4.4. Applying the Least Square method for the

2D surface fitting in Matlab, we obtained satisfied estimation of the parameters for

the mode!. The function of the output voltage versus the distance and the angle is

shawn as:

where Cl = [4.9082,2.7755e - 3, -1.2517e - 3, 6.4226e - 6,9.7776e - 8],
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Figure 4.7: Output Voltage Curve versus Dist.anœ or Angle

C2: [-3.4099, 1.859ge - 3, -4.5053e - 3, 5.1 839c - 5, -2.227Ofk -7],

C3 = [14.3440, -9.6711c - 2, 1.1I78e - 3, -4.G4I(ie - (i], Q = [1, n, 0-2 , n", dl 1'1',

d [ / d2 d3 d"]7' d' [ / 2 /3]'1'_= 1,c, " ,_= l,c,ci,i: .

The surface fitting result is shown in Fig. 4.8 with t.he Illeasmed dat,a.
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Figure 4.8: Surface fitting with measurement data (circles)

For the partially unknown environment, we calibrate the albedo pararneter À for
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c1irrerent. colored paper in our experiment. The results is shown in Fig. 4.9. The model

is modified by mult.iplying t.he albcdo paramcter with the function J(d, a) for different

objcct. surfaces.

. .
i··o ••• L!Sht· G~n' Pllpcr;·········~ :

.." ; , -, .. ; .. -,_ ; ; " ; :

. ',' , ~ er.msep.J.per······"! ':' "';

: : : : . . . .
.. ~ - ':' ; ~··+ •••·B~wn· P"JPer' ~ ,- '-'~ -, .• ':

o.•

0.3 ........•...

0.2 ~ ~., .
. . .
: : : : . , ,
.: ':" ! ·l' ~········ ':" ':.. .
~~...

0·~ol·~··~..~2L=.L=.. i~·~..~.. ·~..I~:=~IO::~1'2~..~·!.. ·~:.~.. ·~·~..~1~~..~.. ·;..~·1'~8~..~.. ·~~0.
DislWlCC (mm)

Figtl1'e 4.9: Albedo Paramcter Calibration

4.5 Object Localization Strategy

We have calibrated the IR sensors and obtained the output voltage as ~ strictly

monotonic function of the distance d, the surface angle a, and the albedo parameter

A,

v = A f(d,a).

From the simultaneous measurements of two sensors which are a distance do apart,

we obtain two equations with four unknowns,
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In the case of partially known environment, two additional l'quat.ions can 1", addl'd

from the object geometry and we can solve t.he resnlt.ing system of eqnat.ions. 'l'Ill'

paramet.ers dl, d2 , QI and Q2 rlesc:'ibe t.he location and orient.at.ion of t.he o!>j",·.t. wit.h

respect to the sensor pairs. Without restriction of generality, we assnme herl' t.hat. t.he

two sensor pair lie in a plane. In general, this is not the case, fol' example, when l'ach

one is located in a separate linger l'ad. We now derive the three simple geomet.rics

for fiat, rectangular and round object shapes.

Locally Flat Surface:

d2 - dl
tana = do .

From two measurements Vlo V2 and do (Fig. 4.10) we can solve fol' dl and d2 •

Figure 4.10: Sensing a PlanaI', Rectangular and CirculaI' Object
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Rectangular Object:

For a rect.angle (Fig. <1.10), t.he added equat.ions are

;r
- - al + 0'2 = 0
2

(do - d,,-d l ) sina2. f3 an02

sm = Jrlf, + (d
2

- d
l

)2 •

60
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Cireular Surface:

ln case of a circular or cylindrical object (Fig. 4.10), we use the same method and

obt.ain the additional eqliations

;r d2 - dl
do = 2Rcos(al - ?) + t (3'_ an

d2 - dl =2Rcosisin(3,

where (3 = ~ - Q,;"" i =;r - "'!"'.
This technique provides an effective met,hod for 10cating the object from IR sensors,

and is currently being extended to the spatial case wit.h a larger number of sensors

and morc complex object geometries. The resulting system of equations are highly

nonlillear and have to be solved online via efficient numerical methods.

4.6 Object Localization Experiment

For our object localization experiments we have selected a readily available and in­

cxpensive trallsmitter/receiver pair, the Optek OP290A GaAIAs IR LED and the

OP804SL photo transistor. Each device measures 1.3mm diameter and 3mm height,

and satislies the size constraints set out earlier. The albedo parameter of the object

is given A= 1.0, in our case white paper.

Based on this sensor characterization, we have implemented the object localization

experiment for a planar surface as described above. From the two sensor measure­

mCllts Vh V2, the sensor pair separation do, and the sensor characterization f(d,a) we



CHAPTER 4. INFRA RED PIWXIMITY SENSING (il

estimate the object pose using l'vlatlab as rÎI = 4.S2mm, rÎ, = 20.08111111. Ô = 15.2;,d'·!I.

'vVith a t.rue pose of dl = 5mm, r/2 = 20mm, a = 15.1<:9, \.he e('l'ors in pl'Oximi\.i(·~

dl - dl = O.lSmm, .12 - rÎ2 = -·0.08mm are weil wi\.hin our requil·emeltt~.

4.7 Future Work

Local proximity sensing is suitable to be combined with global sensing ~y~\.em in order

1.0 l'l'ovide sufficient sensing information fol' robotie manipulat.ion. There ~\.ill ('xis\.

some uncertainties such as ambient iights effect, environment and object depelldence.

But il. shows great advantages in sensor fusion with otller acclll'ate global ~en~ing

systems.

PlanaI' sensing issue has been discussed in this chapt.er, while 0111' IICXt. ~tage will

expand the sensing method 1.0 3D space with multiple sensor pairs. An army of

infrared sensor pairs will be located in the palm and fingers of the robot, Imnd. 1I0w

many sensor pairs is needed al. least, where 1.0 locat.e each of them, how 1.0 dc~ign

the hardware module, data processing of multiple sensing signais, and objeet. pose

estimation based on multiple sensing signais will be invcstigated. In t.he fut.ure more

developments will be pursued in the field of local infmred prûximity sensing fol' l'Obot.i<:

manipulation.
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Conclusions

The main goal of developing and implementing the geometric controller is to generate

a desired robot reference trajectory from object pose measurement for smooth grasp­

ing. This thesis has focused on devcloping the basic 1 dof atan function to the full

6 dof quintic polynomial which satisfies ail the grasping conditions. It guaranteed to

match the object's velocity and acceleration on a specified grasp surface, where the

grasping location is considered instead of grasping time as in traditional approaches.

Sinet' it does not depend on future state predictions, no object model is required.

Without traject.ory prediction, the computational effort is drastically reduced, allow­

ing for higher controller speed and tracking feedback gains. In contrast, the traditional

approach keeps planning and replanning the robot reference trajectory from the latest

measurements.

The real time implementation of our geometric controller shows that it satisfied ex­

perimcntal data whilc actually grasped the moving object in 3D space. Kinematics,

calibration, servo controller optimization on the Sarcos Dextrous Arm have been im­

plemcnted, as weil as gravity compensation been discussed. Future work will include

rcducing the tracking errors and optimizing the grasping performances, for example,

adding infrared sensor arrays in the robot hand to the global sensing system based

on the IR model, calibration and object location strategy developed in this thesis.

62
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More investigation will he pllrslled ln t.h" orient.at.ion cont.rol fol' dYllamic Ara~pillA

and sillgularities avoidallcc.
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