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Abstract

Assembling is a complex operation which involves a'l‘:;.rgé portion of the
..production personncl. As ‘a éesult,‘assembl}' is considered as one of the
major arcas of robotics application. Robotic assembly requires 4 major
steps: (1) part acquisition, (2) part handling, (3) part positioning, and
‘(4) part mating. This work addresses the issue concerning the last two
steps that is part positioning and mating. These two step\s include the
placement of parts into their assembled position‘ and then the joiniﬁg of the
parts together. During the mating phase, a small error in relative position
or angular orientation producef; very large forces and may damage the part
or the robot arm. An active compliance provide the the solution for this

problem.

This thesis presents a sensory-based control algorithm for part posi-
tioning and part mating implemented as a distinct functional unit. This
functional unit is designed to be integrated within the structured framework

of a complex assembly cell supporting a task-level programming language
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Chapter 1

Introduction

Robotics has gone through a fast transition from theory to applica-
tion. The use of the robots on the factory floor has lead to an increase in
productivity. The main feature that made the robots attractive is their ver-
satility, in conjunction with different sensors and end-effectors, the robot
is capable of performing different tasks which make it adaptable to the

variations in the production line.

Today’s industrial robot’s major application areas are: welding, paint-
ing, machine loading, and assembly which remains a challenge for industrial
robotics. The largest number of robots is used in arc and spot welding. This
application has a hot and hazardous en\;i(;onmwt and 1t is a very repeti-

tive job. The robot will reproduce programmed tasks independent of the

environmental constraints such as smoke and temperature. The use of the
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robot #n welding leads to an increase in prodﬁctivity and quality. The po-
sitional accuracy and repeatability obtained by the robot is much better
than that obtained by a human welder.

&
The hostile and undesirable environment of the painting in industry

made this task an ideal application for the robot. Most of the robots
used in this application are programmed by teaching. A skilled worker
performs the motions of painting while the ro.bot’s microprocessor stofes the
motions through a teaching device. On playback the robot will duplicate

the worker’s motions.

Robots are also used with processing machines to unload the finished
parts and to load the unfinished ones. In this way th?fobot’felinﬁnates the
need to invest in part transfer equipment. In this application the robot is
used in two basic configurations: (1) The robot serves a single machine or
(2) it serves several machines. These machines must be of NC or CNC type

since a communication between the robot and the machine must exist.

Building high-quality products at low cost has become the paramount
business good of today’s manufacturers. Assembly accounts for more than
50% of total manufacturing time. Based perhaps on this fact, most experts
agree that the biggest potential for robots is in assembly which is described

as the sleeping giant of robotics.

Three methods are currently used to assemble parts:

[Sv]



1. Manual ass‘en}bly

Special-purpose machines.

——

b

3. Robotics assembly.

More than 90% of consumer goods are still assembled by people be-
cause these goods have a Iow\xelume of production or a désign life too short
to justify investment in a special purpose machine. People use their skills to
carry out the fine assembly operations. They are able to adapt to changes
in product design and changes in the environment. However, people get
tired and a repetitive assembly tasl; is a boring job. People are also not

able to perform the same task in the same way many times.

When the product volume is high, assembly of parts are carried out
-using special-purpose machiné§? " The major drawbacks of these machines
is their inflexibility with respect to changes in product design, they are
very expensive and usually handle only one set of parts. Special-purpose
machines are limited to assemble products that are produced in millions

for many years: such a volume of production represents a small percentage

‘of all the goods produced.

It has been shown that assembly using programmable robots can be
very profitable for mid-volume productilan levels. A robot can be taught
to perform a new assembly task or several tasks in sequence. Because of

robot programmability, simple workpiece feeders and fixtures may be used

in a robotized assembly system.



{ \

Wg}'s, the number of obots dedicated to assembly tasks is still
small compared to other applications. In Japan, Europe and USA, robots
have been assembling electronic components, typewriter keyboards, appli-
ance parts and automobile bodies. As the interest increases many compa-
nies start desigriing and manufacturing assembly oriented robots. In 1975
the Italian company Olivetti introduced the Sigma robots which have been.
used for electronic component insertion and typewriter keyboard assembly.
Many other robots fellowed, some of them have names that underline their
assembly fratures. In 1978 the PUMA (Programmable Universal Machine

\Eor Assembly) was introduced by Unimation.In Japan, in 1979 the SCARA

robot (Selective Compliance Assembly Robot Arm) was introduced.

While using robots for assembly seems very profitable, many difficul-
ties are still to be overcome. Two main problems can be distinguished.
The first problem is that the existing manufacturing framework is not suit-
able for robotics app}ication. To solve this problem new product design
guidelines have been introduced. This new guideline is to make the prod-
uct adaptable to assembly by robots. The following is a summery of these

guidelines [1]:

Reduce the number of parts which must be joined together.

Replace screwed connections by locking connections.

Add guidingislopes and chamfers to holes and cylindrical components.

¢ Design part surfaces that can be gripped by robots.

4



Eliminate components which are difficult to be gripped or be fed.

Design symmetric parts which facilitate the fceding and orientation

in the assembly.

Special consideration should be paid to the optical characteristics of
L

components (color, surface finish, light reflection, etc.)

Redﬁce the complexity of final assembly by defining new subassembly
groups.
{

The second problem is, related to the dimensional tolerances of the
components that can make the mating of parts very difficult. W'hile/thc;
positional tolerances of the parts to be mated are very high, in the range
of one hundredth of a mm, the accuracy of current manipulators are only
in the range of one tenth of 2 mm. This fact makes the assembly of high
tolerance parts theoretically impossible. The low accuracy of robot arms
leads to errors in relative position and angular orientation between the parts
to. be assembled. Due to these errors very large contact forces occur and
prevent the completion of operation and may cause damage to the parts
or the robot arm. It has been shown that robotic mechanical assembly
requires the control of both force and position in order to guarantee the
success of the task. The force information can be obtained by a force sensor .
and it can be used to make small changes in the path of the end-effector
whey the parts are being assembled.

,

Robotics, which was once defined as the "intelligent connection of

¥}



perception to action”, requires a system approach. The development of a
robotics based asse:ﬁbly system has to be done in a structured way, al-
lowing for a better integration of all {;ompcgnents: robots, sensors, feeders,
conveyors, etc. One of the goals of the intelligent robotic systems is the

task-level programmability.

An assembly task is viewed as a successive convergence of unoriented
objects with increasingly precise relative positioning until mating, subject
to contact forces, can take place. The task specification is decomposed into
two sub-tasks: Mghmg, and object assembly. T his R hesis discusses
the problems related to object assembly sub-task that is the part positioning
and part mating. With the exception of chapter2, the rest of the chapters
are dedicated to the position and force control of the robot arm during the

object assembly sub-task.

The objective of this thesis is the development of the force controlled
function to be integrated within the structured framework of an assembly

cell conceived to support a task-level Rrogramming language.

In the case of the task-level programming, the assembly tasks are spec-
ified in terms of operations on _objects rather than on the movements of the
robot. Cha.pter'2 discusses the architecture of the robotic assembly cell
conceived as a test-bed for such a task-level programn;ing concept. Inter-
facing problems between system elements such as manipulator arm, vision
camera, force sensor, conveyor, and other external devices are mezitioned.

It also includes a brief introduction of the proposed task-level program-



‘/\

ming language to be implemented. The remaining chapters deal with the
development of the position and force control for the assembling unit of the

assembly cell.
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Chapter 2

Robotic-Assembly

Architecture

2.1 Introduction

In its early stage, robotics was mainly concerned with motion. From
the application experience, thesrobotics community came to realize that
the key problem was actually the integré,tion of a2 broader spectrum of

capabilities: manipulation, sensing, and intelligence [2].

One of the most desired feature in an assembly station is flexibility
which allows manufacturers to convert an assembly line from one prod-

uct to another with no major changes. Based on the robotic handling of



the objects, computer control, andrnuiti-sensor feedback, flexible assembly;
. cells are currently being developed. The use of a robot to handle the parts
to be assembled represent the main factor which gives th.c 'assexﬂbly' cell
flexibility. The existence of thq_ﬁgmputer control adds the programmabil-
ity feature to the assembly stz;tion. "The multi-sensor feedback brings to
the assembly station the needed feature of adaptability with the environ-
ment. The integration of manipulation and sensing capabilities into work-
ing systems incorporates a hierarchical framework of control, architecture,

programming and knowledge representation [3]. .

The architecture of the assembly cell developed in our laboratory is
conceived as a structured frame work for a task-level programmable robotic
assembly system. Unlike robot-oriented programming, task-level program-
ming specifies the assembly task in terms of operations on objects being
ma.nipulated rather than by the robot motions. In this way the task of

programming is simplified.

This chapter is conceived as a general chapter to introduce the over-
all framework of a task-level programmable rebotic system’ within which
the position and force controlled assembly is developed. The functional re-
quirement and system integration are stressed for the design of an assembly

: 'S
system which em:phasize throughput and flexibility.



2.2 System Structure

The structure of the assembly station is shown in figure 2.1; a pho-

tograph of the set-up of this assembly station is shown in figure 2.2. The .

components of the assembly station are as follows: -

a robot arm with gripper;
® a COnveyor;

¢ position sensor;

a force/torque sensor;

an assembly fixture;

-

- e a vision system.

Thig 'systeni 1s able to perform zll the steps needed by an assembly task:

'a.cquisition, handling, posftion, and parts mating,.

Y

',-—..\‘
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VISION )
SYSTEM FINTURE

ASSEMEBLY

POSITION £
SENSOR // |  PRESENCE AQ8O0T
i %, SENSQR  AA#

@ CONVEVOR

Figure 2.1: The layout of the assembly station

Parts can be presented by mechanical devices that result in a hi&
positional accuracy. Such devices are usually used with only one typc of
parts '»vhich_ha.\"e the disadvantage of restricting the flexibility of the as-
sembly cell. The use of sensing rather than fixed mechsmism to resolve
uncertainties is a key point in flexible assembly systems. In conjunction
with a convevor, a vision system is used to-provide a flexible part presenta-
tion system. Dﬁring the acquisition phase, an object, previously specified,

" is fed onto the conveyor belt. A presen::c sensor detects the object and
triggers both the vision system and the position sensor. The #ision system
and the position sensor provide the absolute position of the object. The
positional information is then used by the robot to track andl grasp the ob-
ject. This situation is illustrated in figure 2.3 where the progressive image

transmission technique can be seen [4]. The presence sensor decreases the

11



Figure 2.2: The assembly station .

object position entropy, then the vision system brings this. entropy to an
acceptable level for the robot. The progressive vision technique has the
advantage of initiating movement of the robot arm earlier than if a normal,
vision techniques would be used. Once the object is grasped the robot arm
executes the orlentation and positioning phase which insure that the cur--
rent j.art is properly positioned relative to other parts prior to mating. The
last phase is the part mating. Measurement of the intera,cti'on forces and
' torqx;.es is the most reliable source of information to guide the robot during

this phase. This measurement is done through the force/ torque sensor.

12
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Figure 2.3: Robot tracking using\{ogressive image representation
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2.3 Task-level programming

s
v

The principal advantage of the robots over traditional automation
is versatility. This key characteristic can be fully exploited only if the
roBot can Be programmed easily. Robot programming play a crucial role in
robotics development. The earliest (and still the most widespread) method
of robot programming is known as guiding (teaching by showing). Program-
ming by guiding cannot make use of sensors and consequently is inappro-
priate for assembly applications. In order to overcome this drawback, the
robot-level programming enable the use of the sensory information allowing
the robot to cope with a greater degrees of uncertainty in t'he_pbsitior; of
external objects. The main drawback of this proéra.mmjng technique ‘is
that it requires a high qualified robot programer. The-progra.mmer should -
be an expert in computer programming and in the design of sensor-based

motion strategies [5].

A more recent approach to robot programming is the task-level pro-
gramming which is completely robot-independent. Task-level programming
specifies tasks by their positional goals rather than by the motions the robot
has to perform to achieve this goals. In contrast to guiding and robot level
programming, task-level programming is still in its research stage.

14
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2.3.1 Task specification -

Task-level programming allows for the task specification to be in terms
of operations on the objects. The assembly is view;d as a sequence of sim-
f)le assembly operations on objects. This sequence of operations performed
on a physical object may be regarded as an assembly algorithm. '_I"hc as-
sembly algorithm is a procedure for the execution of a given task, but it is
not specific to implementations or any system. A task planner transforms
the task-level specification into robot-level specification. The task plan-
ner architecture described further is similar to that described by Gonzalez
[6]. Figure 2.4 highlights the organization of the task planner. The task
specification 1s decor;;_c:sed into two sub-tasks, object fetching and object
assembly. Sub-task planners generate programs for the implementation of

the sequence of the assembling operation to which objects are submitted:

L}

1. Object presentation (involving the co_nveydr, presence and position

sensors as well as vision).

-

Object tracking and grasping (involving the robot arm).

o

3. Object orientation and relative positioning (involving the robot arm).

4. Object mating (involving the robot arm and the force/torque sensor).

Task-level programming systems require complete geometric modes of the

environizent and objects.

™
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TASK SPECIFICATION

TASK DECOMPOSER

~
ASSEMBLY
MODEL
I B cor———— ‘

——

' | SUBTASK PLANNER SUBTASK PLANNER _ | |
MODEL /™" ORIECT FETCHING * "ORIECT ASSEMELING ™ [~
OB/ AT CRECT QaETT
FRESEVTATIN TRACKING & ORIEVTATIOV | \ ARG

GRASTHS & RELATIVE ‘
FOSTIOMVG
| CONVEYOR ‘
— PRESENCE — ROBOT
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— POSITION FORCE /
SENSOR TORGUE
SENSOR
— VISION

Figure 2.4: Task planner '
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2.3.2 Instruction Format

The task level language has not yet been fully specified. What follows

is just the syntax of the instruction defining the assembly tasks [7]:

<OPERVERB> <OBINAME> <CONTCTREL> [<MODIF>]
[<CONSTR>]
Where:

<OPERVERB> ::=SIMP_PEG.IN_HOLE | PUSH.TWIST | MULT PEGIN._HOLE
| PEG.RETAIN | SCREW | FORCEFIT | RMV_LOC_PIN | FLIP_.OVER
| PROV.TEMP.SUP | CRIP.SHT | RMV_TEMP._SUP | WELD_SOLD;

<OBIJNAME> ::= list of legal object names as predefined in the object

model in the task specification e.g., PEG1, PEG3, BOLT, WASHERI10,
BLOCKS;

<CONTCTREL> := <OBJSIDE><RELTYPE><ASSEMSIDE>;
<MODIF> ::= GUARDED | FREEMOVE | etc,;
<CONSTR> ::= TORQTHR .EQ. velue | FORCETHR .EQ. value j etc.; -

<OBJSIDE> ::= list of object sides as predefined in the object model in
the task specification e.g., PEG3SIDE];

<ASSEMSIDE> ::= list of the object sides acceptable to the object
model where the object is already part of the asse;nbly e.g., BLOCK8 SIDE4;

17



<RELTYPE> ::= AGAINST | FIT | COPLANAR;

2.4 Architecture of the Assembling Proces-

sor

The architecture of our robotic assembly system is shown in Figure
2.5. This model identifies the two functional units, the object presentation
system and the a.ésembling processor, corresponding to the two object as-
sembly sub-tasks referred to in Figure 2.4. Also depicted in Figure §.5 are
the interface signals for communication between the functional units. It
should be mentioned that the "task decomposer” level of the task planner
is actually executed by the the assembling processor which is in "master-
slave” relationship with the object presentation system. The a.sseml?ling
processor consists of a robot arm with controller, a fixture, a force/torque
sensor, and a personal computer. Both the force/torque sensor and the
robot controller are connected to the computer via an RS-232 interface.
The fixture is 2 rigid table on top of which the force/torque sensor is fixed.
A 'de%.ail discussion of the force/torque sensor is presented in Section 3.2.3.

The next section is dedicated to the description of the robot system.



TASK SCHEDULER

POGSTATE <OPENVEND > < ODINAME > <CONTETIEL > [ < MOOK > < CONSTN> ]
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Figure 2.5: Architecture of the assembly cell

The Robot

Robots used in assembly perform the following tree major functions:
positioning of the arm and its end-effector, grasping of the part, and force/torque

application to part.or assembly. The assembling processor makes use of the

first and third one of these functions.

We are using an SIR-1 robot system consisting of a robot arm, a
~ microprocessor-based controller and 2 hand-held teach pendant. It can
operate in either teach mode or from a host computer. The teach mode has
no practical use in this work and is not discussed. (For more information
related to the teach mode the reader is refered to the “Uset manual of

the S5IR-17). A command set for the computer link is provided [4]. This
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Figure 2.6: SIR-1 robot system

command set is to be implemented in a host program which works as an
I/O interface between the computer and the robot system. The command
set can be found in Appendix A.

SIR-1 robot arm

SIR-1 is an articulated robot arm with five degrees of freedom. Two
r~
actuators-araeoupled to links 2 an 3 via four-bar linkages. Joints 4 and 5
are operated through a chain drive by two other actuators.

The drive system of the robot arm and its gripper consists of six DC

servo-gearmotors which are equipped with incremental shaft encoders. This
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arm has 11 software end-of-travel limits and 6 limit switches placed after
the software limit. The pay-load of the arm is 2 kg. The manufacturer
claims that a repeatability of £0.6 mm can be obtained. Th¢ reaximum

speed that can be obtained, at the finger tip, is 460 mm/sec.

SIR-1 controller T

A microprocessor-based coatroller interpgets the commands sent by
the host computer or given through the teach- pendant. It controls simul-
taneously 8§ DC servo-motors : 6 on the robot arm and 2 extra ones that can
be usedwon an accessory. The controller is equipped with I/O ports (four
input bits and four output bits) and provides the physical connection for
the computer link. This connection is obtained thaough a standard RS-232
C serial interface port. ‘

i



Chapter 3

Position and Force Control for

Assembly Operation/ -

3.1 Introduction P

Most of robot control systems make robots behave as position sources.
Many robot tasks such as spot welding and painting can be specified as a
sequence of positions. Uncertainty and error in the positions of objects
are inherent aspects of any robot manipulation task. Furthermore the ef-
fec’g of commanded motions is not completely predictable. Sensory devices
provide information which will reduce the uncertainty of parts position.
Contact with objects whouse position is not exactly known is a crucial~pa.rt

of any manipulation task. Many assembly tasks can be specified in an
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Figure 3.1: General position/force control loop.
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i efficient way by a desired relationship between forces and displacements.
This type of specification is less sensitive to uncertainty and errors than a

pre-determined position trajectory [10].

Robot force control has been invesﬁga.ted for several years, many
sensing methods a.ﬁd control strategies have been proposed. While the
main goal of most of the published work has been the analysis of force
control strategies, one should note that a force control must always be
used in conjunction with a position control. Most often, the forces are
controlled along certain Cartesian degrees of freedom while the position is
controlled along the remaining degrees of freedom. Figure 3.1 shows the

¢ géheral position/force control loop.

The situation illustrated in Figure 3.1 uses a force sensor in the force

feedback loop. This type of control is called active force contrel or active .

compliance.
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Figure 3.2: The remote center compliance wrist (RCC) [4].

Another approach of c_omplia.nce is to provide the hand with an elastic
structure. The hand is:“then able to deform in such a way that the external
forces are minimized. This control method is called passive force control
or passive compliance. The remote center compliance wrist (RCC), shown
in Figure 3.2, developed at Draper labs [4], allows positional and angular
misalignments between parts to be accommodated in such a passive way.
Our approach through this is work to use the active force control. This

control scheme is further discussed in Section 3.3.



3.2 TForce Sensing Techniques

rorce sensing is fundamental for the implementation of any active
compliance control mechanism. The existing force sensing techniques can

be classified into two major categories.
-~

1. Joint frame sensing .

2. Cartesian frame sensing. e -

The Cartesian techniques can be further divided into two categories accord-

ing to the placement relative to the robot arm-of the sensing devices.

1. Sensing at the wrist.

il. The sensor is mounted on the fixture or support platform of the object

to be handled.

$.2.1 Joint ¥rame Sensing

—

This techniques is perhaps the oldest. It has been used in master-slave

manipulator systems allowing the operator to feel the type gfforces that the

25
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arms), or by mounting a special joint torque sensor.
The equivalent Cartesian force and torque can be obtained using :
3 F=JTe)r (3.1)

-

Where, Frirs a Cartesian force-torque vector acting at the end-effector; 7 is
a joint torques vector and J7(@)~! is the inverse of the Jacobian transpose.
This conversion implies. a major disadvantage: it involves the inversiorﬁf)
a'matrix (usually GxG)‘\\\r'lﬁch is time consuming. A further disadvantage
is that the friction and }:'he Joint damping are unpredictable, this prevents

measuring precise forces at the end-effector.

3.2.2 Cartesian Frame Force Sensing
— '

Measuring force-torque at or close to the end-effector eliminates the
disadva.nté.ge originating from converting the joints torques. This can be
accomplished by mounting a force-torque sensor at either the wrist or the

part to be handled.

i. Sensing at the wrist

This technique consists of mounting a force sensing éx’ice below the
last joint and close to the end-effector. This has the advantage of elimi-
nating the friction and the dynamic effects from the measurement of the

external forces. However, the inertia and loading added by the sensor has
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to be taken into account and compensation for the*inertia and gravity of

the hand is needed. i

-

-~

Force sensing devices vary in complexity from two degrees of freedom
to six degrees of freedom. In section 3.2.3, more discussion on these devices

is presented.

ii. Force Pedestal

The force sensor is mounted on the part to be handled eliminating the
problem of the extra loading as well as the friction at the joint and-the links
dynamics. However, since in an automated assembly system thousands of
parts have to be handled, it would be financially disastereous to mount a
forcc; sensor on each part. One acceptable solution is to mount the sensor

on the fixtuge on which the parts are handled. This+echnique is adopted

through this work for the following reasons:

- The robot arm used for this work has a pay-load of 2kg, the force sensor
used has a weight of approximately 2kg. Mounting the sensor at the

wrist would make the robot work at its maximum capacity.

- The external forces are measured directly and no compensation is needed.

[3%)
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3.2.3 Six-Axis Force-Torque Sensor

Many force-torque sensors are available today'.,Théy' are using.differ-

ent techniques to detect forces. Most of the force-torque sensors are strain

ga.uge-{aased. Victor Scheinman [11] has designed a force sensor with 16

strain gauges (Fig 2.3). Based on this idea, Draper laboratories has de-
velope& a pedestal and wrist force sensor [12]. Metal foil strain gauges are
used as the transducing elements. The design is basically the same for both
pedestal and wrist sensors. )

A compact six-degree-of-freedom sensor based on a deformable elastic struc-
ture and a set of inductive displacement transducers“ was developed at the

L]

institute of micro-engineering of EPF-L [13].

The sensor used through this work is the Astek FS6-120A4-100. It
measures forces and torques along three orthogonal axes. It is a foil strain-
gauge-based sensor. It has an internal microprocessor which converts raw
data into forces and moments along the axes. Both analog and digital elec-
tronics are inside the sensor housing (Fig. 3.4). Several softwate features
are available for the sensor (see appendix B) [14]. Forces up to 200N are
measured with a resolution of 0.1N. Torques up to 4Nm are measured with‘(

0.002Nm resolution. The data rate is programmable from 1.8 to 240Hz.
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Figure 3.3: Scheinman’s force sensing wrist [11].
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3.3 Assembly Operations

Robot assembly has been under investigation for several years. As-
sembly tasks such as inserting electronic components on circuit boards,
placing armatures, in-serting valves in cylinders are considered a promising
application for an industrial robot. At Drake'laboratories [15),a study to
catalogue the various kinds of assembly tasks needed to assemble many typ-
ical products gave the result shown in Figure 3.5. Most of the products can
be assembled with various combinations of these 12 basic operations. The
peg-in-hole operation is found to be the most frequent assembly operation

and outnumbers the rest (Fig. 3.6).

Peg-In-Hole Operation

In any assembling there are two parts involved: the first is a fixed
part with a hole, and the second part is the peg. Inserting a peg into a
round hole is the single most frequently studied task in robotics assembly
research. This task is basically a positioning problem. Observation of the
operation [15] revealed that the peg goes through three main stages before
the completion of the insertion. First the peg crosses the chamfer, it then
touches one side of the interior (one point contact), finally it touches the

.opposite side of the hole {two point contact) see Figure 3.7.
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DISTRIBUTION OF TASKS (PERCENT)
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(2) (b)
Figure 3.7: Peg-in-hole operation (a) chamfer crossing. (b) One point con-

tact. (c)Two point contact.




Figure 3.8: Forces acting on the peg [16]

The clearances and the shape of maténg parts determine the difficulty
© of this task. D.E.Whitney studied the problem of high-tolerance .peg-in-
hole insertion [16]. This study resulted in the design of the RCC [17]. The

results of the study can have a general application. Whitney first derived"
 the forces acting on the peg in the different stages. Figure 3.8 shows the
forces acting on the peg. Two problems may occur during the mating
operation: When the forces applied are in a wrong direction or magnitude
and prevent the insertion to proceed, the peg is saxd to be jammed. Another

situation may occur when the peg will not move under any applied force,

the peg is said to be wedged.

For successful completiont of the insertion Whitney has derived suffi-

cient coaditions to avoid both problems. These conditions are summarized
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below [17]:

1. To avoid wedging, two point contact must occur at a value of 8, such

that:

C
Gy < — 3.2
p (3.2)

2. To avoid jamming, we must maintain

N Fz . [ o
. : - p(l + A)—: < A with i\ = ﬁ' (03)
2 and
. Fz 1
bl il 3.4
{ - <3 (3.4)

where

C = RE’ : clearance ratio.

u : coefficient of friction.

~ L

3.4 Previous Investigation In Force Control

The robotics phenomenon is not the product of the 20th century.
Robot-like devices existed as early as 500 B.C [18]. Until the 1950s these
were mechanical devices with no feedback from the environment. In the

‘ b
early 1950s, Goertz invented an electri¢-servo master-slave manipulator

-
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with force reflection for radioactive labs. The operator feels the forces ex-
perienced by the slave joint through the master joint. In the 1960s, Mann
developed, for the amputee, a force feedback powered artificial elbow. The
Joint motor is driven by signal from muscle electrodes. The amputee exerts
muscle effort to counter the external forces. These devices are controlled
in a natural way. The users use their own muscles to control them just as

they would with their own arm [20].

In early 1970s the attention was turned to replace the human opera-
tor ﬁ'ith a computer and soon i'mporta.nt problems emerged. The operator
is expected to see, hear, use his hands, understand, etc. The éensing and
decision making capability that the humans use, had "c/o;ge described in an

-

efficient way Yo the computer. -

=

Efforts to improve the performance of the robots in precise manipula-
tions included both redesigning the arm and the robot control methods.Due
to the imperfect model of the arm kinematics, deflection, forces, and inertia,
the robot arm has a low positioning accuracy compared with many assem-
bly tasks. Many methods have been proposed to improve the accuracy of
the robot including new efficient computation schemes of the dynamics and
gravity loading. Asada [21] developed the direct-drive arms in which each

joint 1s connected to a rare-earth DC torque motor. The direct drive solu-

tion eliminates the back-lash generated by the power transmission, and a



better positioning can be obtained.

/

Even if a high arm positioninf accuracy is obtained, it is still difficult
to match it with the accuracy required by the high-tolefance mechanical
assembly tasks. The solution for such problems includes both force and po- b
sition feedback o modif; the trajectories and to comply with the task con-
straints. - D.E.Whitney [15:1'3'], R.Paul [22], J K.Salisbury (23], J.J.Graig,
T.Mason{l%\%] and many other investigators have conducted research on
force control techniquess They have come up with a broad variety of differ-
ent strafegies. "The rest of this section focuses on three different strategies

which represent a milestone in this field. -

Explicit feedback is looking for a linear relation between the end-effector

~ .
force-torque and the end-effector position and orientation.

Hybrid control is the control of the position along specified degrees of

freedom and the force-torque along the remaining degrees of freedom.

Robotic wrist which consists of mounting a wrist with active or passive

compliance at the end ofthe manipulator.

3.4.1 Explicit Feedback

The explicit feedback method is based on the idea of generalized stiff-

ness. Stiffness is defined [23] as the rate at which forces and torques on the
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hand increase as it is deflected from a nominal position:

F =Kéz (3.5)
-,
Where 6z is the displacement, F is a vector of forces and torques, K is

—~ the stiffness matrix. Consider the case of inserting a peg in a hole. The
position and fo;ces are defined in a frame attached to thé end of the peg.
This frame is to follow a straight trajectory down the center of the hole
and complying with forces along and torques around the x and y-axis. The‘

K matrix is then [25}:

[ K,y O 0 0 0
| 1 0 Kepe 0 -0 0
. . 0 0 Khard O 0
0 0 0 Kuop O
0 0 0 0 Kup
\ 0 0 0 0 0 Khard /

The displacements along the axes with stiffness K pqpq axe position-controlled;

o o o o o©

the displacement along axes with stiffness K,ope are force-controlled. The

choice of these x;umbers depends on the size of acceptable forces and po-

sition errors. This example is the most straightforward illustration of an

explicit feedback control. The following is the analysis and result of the
" work done by Salisbury [23]. B

From equation 3.2 and the relation between the Cartesia.? displace-

.

ment and the joint angle displacement ( éx = Jé6) we have:

F=KJ&6 (3.6)
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Where J is the Jacobian matrix, 66 is an angular displacement.
The joint torque, T is needed to apply a Cartesian force; F, at the hand is
defined by

T=J'F (3.7)

Combining equations 3.3 and 3.4 we get the expression for joint torques to

make the hand behave as a six-dimensional spring in the Cartesian space:
T=JTKJs8 (3.8)

The term JTRKJ is called the joint stiffness matrix and denoted by Kj.
[t should be noted that for equation 3.8 the positifon and force reference
frame is fixed in the eﬁ'cétor, and the stiffness matri~ is diagonal. Since
the Jacobian in equation 3.8 can be computed for any poinz, the force and
position frame can be fixed at an arbitrary position and orientation relative
to the hand. A’ is 2 non-diagonal matrix, this implies that a position error
in one joint has an effect on the commanded torque in all the other joints.
Equation 3.8 is an expression of the joint torques that make tfe manipulator

end-effector behave as a six degrees of freedom Cartesian spring.

The controller suggested by Salisbury to achieve the above result is:
T¢=JTRKJ66 + JTFg (3.9)

Where Fjz is a bias forces. -
A wrist force sensor is used to measure F, which is used to determine the
torque, (T), on the individual joints. The torque error, (T =T. —1T1}), is

used to correct the applied motor torques to maintain the desired contact
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force at the hand. Equation 3.10 is the torque applied to the ith joint [15].
T, =T.,;+GdéT: + I\-,;,.;C”_;(Sé; + V},‘,-sgn(é; +Cr) (3.10)

Vhere:

T.: = command torque, ith joint.

6T; = torque error, ith ‘joint.

§; = velocity, ith joint.

§6; = velocity error, ith joint.

G; = torque compensatic;n function, ith joint.
K, ; = velocity damping term, ith joint..—
Cr1: = instantaneous in.ertia, ith joint.

Cri = gravity loading, ith joint.

V,,i = friction torque, ith joint.

Fig. 3.9 shows the block diagram of the control system described above.

3.4.2 Hybrid Control

This control method takes its origin in Mason’s work [26]. Mason
shows that a manipulator is partially constrained due to contact with one

or more surfaces. Every manipulator task can be subdivided into subtasks
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Figure 3.9: Stiffness control [23].

defined by a particular contact :;ituation. A set of constraints called the
natural constraints is associated to each subtask. The natural constraint
can be of position type or force type. For example, if the manipulator is
moving in free space the natural constraints are all force constraints. Since
the maﬁipulatér has nothing to push against, all the forces are zero. If the
end-effector is glued to something, the natural constraints are all position

coﬁstra.in.t‘s. Then each task can be described in a frame called consiraint

frame {C} 22]. \

Using the same criteria an additional constraint called ariificial con-
straints can be added to specify desired motion or force patterns. The

artificial constraint s defined each time a user specifies a desired motion or
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Figure 3.10: Natural and artificial constraints [26].

force. Fig 3.10 shows the natural and artificial constraints for two tasks.

| The hybrid position/force control scheme is the case where degrees
of freedom of the system are position contolled and others are force con-
trolled. According to Graig [27] the hybrid controller must solve three

problems:

1. Position control of a manipulator along direction in which a natural

force constraint exists.

2. Force control of a manipulator along direction in which a natural

position constraint exists.

3.. A scheme to implement the arbitrary mixing of these modes along

orthogonal degrees of freedom of an arbitrary frame, {C}.
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Figure 3.11: Generalized hybrid controller [27].

Figure 3.11 shows a generalized hybrid controlfer for a Cartesian arm. S
and S5’ are diagonal matrices with zeros and ones. They control whichever
mode (position or force) is to be used to control each joint. If a one 1‘:5
present in S, a zero is in §°, and it is a position contrel mode. If a zero is
present in S, a one is present in S’, and it is a force control mode.

Raibert and Graig [28] described a hybrid controller by :

-

T = S(Cu(SAR) 4+ vs((1-$6X0)  © (311

J=1

where: »\. .

T = torque applied by ith actuator.
§F}; = force error in jth degree of freedom of (C).
8X; = position error in jth degree of freedom of (C).

Fij and 9;; = force and position compensation function, respec-
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Figure 3.12: Conceptual organization of hybrid controller [28].

tivel}", for the jth input and ith output.

S; = component of compliance sclection vegtor.

The compliance selection vector, S, is N-tuple that work as S matrix

described above. Figure 3.12 shows the structure of the hybrid controller.

%

&y

-

3.4.3 Robotics Wrist

The techniques described above allow the robot to assemble parts. They

work best when used with small and accurate manipulators. When a worker

is assembling parts he uses the ﬁ%s and wrist for fine manipulation

leaves the arm and shoulder for the gross motions. To have such partitioning

o 43
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Figure 3.13: Side view of the compliant wrist [29).

of the task many researchers have suggested wrist devices which are often
sandwiched between the gripper and the end of the arm. These devices can
be found with active or passive corrpliance. The RCC wrist is a passive
wrist used in assembly tasks. The RCC is extended for use in fine motion
tasks other than assembly. The extended RCC is the instrumented RCC |
[30]. Deflection within the wrist are measured and used to modify the

robot’s path.

A robotic wrist based on the instrumented RCC wrist has been con-
structed [29,31]. This instrumented wrist can be automatically controlled
for tasks with parts of different lengths and weights. Reinforced elastomeric
pressurized spheres are used in the compliant platform to give the wrist a

tunable Stiffness. Figure 3.13 shows the instrumented, adjustable wrist.

""T\he base of the wrist is fixed to the end of a manipulator and the upper

plate is fixed to the gripper.

-
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Figure 3.14: Programmable force controlled wrist [32].

Figure 3.14 shows a 5 degrees of freedom wrist. This wrist is microprocessor

controlled, it has an adjustable stiffness. It‘is driven by a force-controlled

&

soft servo system.
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Chapter 4

Position Control

4.1 Introduction

In this chapter, both forward and inverse kinematic solutions of the
robot arm are developed. The theory behind this solution as well as the

notations used are briefly explained.

Unlike many manipulators,the solution of this problem is not part
of the control system of the SIR-1 arm.This robot system comes with a
primitive control method. The position;ng of the end-effector is obtained
through a set of move comrmands to each of the five motors. These com-
mands are specifying the number of steps each motor has to perform. In

this way, only an approximate information can be obtained on the position
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or orientation in space of the end effector. In case of the ”tez-xch pendant”
programming mode, the position or orientation may be evaluated visually
by the robot’s programmer. Under these circumstances programming the
SIl’}-l robot for complex moves a.nd;Ejrecise positioning, is a difficult if not

impossible task.

Our work requires the ability to program the robot position in 3 D,

Cartesian frame, Consequently kirematic transforms have to be developed.

4.2 Frames

. In this section the working environment of the robot is described in terms
of homogeneous coordinate transforms. A set of frames is first assigned
to the workspace of the robot and then the different relations between the
frames are obtained. The working area of the robot can be described by

six frames as shown 1n Figure 4.1.

Base frame {B} is a nonmoving frame . In section 4.1.4, this frame is

referred to as frame(.

Wrist frame {W} or the hand frame. It is attached to the last link of

the robot and is a nonmoving frame.

Peg frame {P} generally refered to as the tool frame. It is attached to
the end of the peg or tool that the robot is grasping.
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Figure 4.1: The robot workspace

Sensor frame {S} generally called the station frame. It is attached to
the center of the sensor. The station frame 15 sometimes considered
as the universe frame and all the robot moves are made relative to it.

- . . -
Lhis frame is 2 nonmoving frame.

Hole frame {H} is also called the goal or target frame. It describes the

location to which the robot is to move the peg.

Conveéyor frame {C} can be considered as a station frame. It is attached

to a nonmoving point of the convevor. The object to be grasped is

defined in this frame.

These frames are related by the following transforms:

£
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T3
Ts
T
TH

Té

describes the frame at the peg {P} relative to the frame at the wrist
{W}.

describes the frame at the wrist {W} relative to the base frame {B}.
describes the frame at thé hole {H} relative to the sensor frame {S}.
: A kN

describes the frame at the sensor {S} relative to the base frame {B}.

describes the frame at the peg {P} relative to the base hole {H}.

describes the frame at the conveyor {C} relative to the base frame {B}.

From above we can write

TE = TETY o (4)
TE = T8T5TH (4.2)

we can equate (4.1) and (4.2) to obtain

TRTY = T8T5TY (4.3)
we solve for T2 _ §
Ty = TETRIF TY (4.4)

The goal is to make the peg frame coincide with the hole frame which
means, in terms of transformation TH = I where I is the identity

matrix. Equation (4.4) becomes
Ty = T8TZTY (4.5)

T3, T5 and T} is a constant matrices. In section 4.1.6 the inverse

kinematics solution of the arm will be derived. Then given the above
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matrix the arm joint angles that make frame {P} coincide with frame

{H} can be found:

Once frame {P} and frame {H} have the same position and orienta-
tion (the peg is on the top of the hole) the control is switched to force

control to resume the insertion opecration.

4.3 Notation

Any robot arm can be described kinematically by four param-
eters for each link. These four parameters come in pairs: the hnL
parameters which describe the link; The joint parameters which’ de:
scribe the link’s connection to a neighbc;ring link. ‘The method used to
define the different quantities follows the convention called Denavit-
Hartenberg notation D-H. The four quantities are (figure 4.2)
(33].

Link length , denoted by q;. It is a distance from the intersection
of the Z;_; axis with the X axis to the origin of the ith frame
along the X; axis.

Link twist , denoted by «;. It is an angle measured from the Z;_,
axis to the Z; axis about the X;_, in the right hand sense con-
vention.

Link offset , denoted by d;. It is the distance from the origin of the
(i-1)th coordinate frame to the intersection of the Z;_, axis with

the X; axis along the Z;_, axis.
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Figure 4.2: Link parameters and coordinate system [33].

Joint angle , denoted by ;. It is the angle from the X;_; axis to

the X; axis about X|.

For a rotary joint, the parameters are: d;, a;, and «;. these parameters
are fixed by mechanical design, while the joint angle-6; changes when
liﬁk; moves with respect to link;_,. For a prismatic joint, the variable
is d; and the rest of the parameters are constants. Three rules have
to be followed in assigning coordinate frames to the joints [34]. The

joint coordinate systems were chosen in such a way that for a joint i:

o the Z;_; axes lies along the axis of motion of the ith joint.
e the X; axis is normal to the Z;.; axis, pointing away from it.

o the Y; axis complete the righthand coordinate system.
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4.4 Link Transformation

The transformation that deﬁfies frame 1 relative to frame i-1 is
a 4x4 homogeneous transformation matrix known as the D-H trans-

formation matrix for adjacent coordinate frame:

Al =R 1, 9;)Tran(2',-:1, di)Tran(X;_1,a;)Rot(X;, a;) (4.6)

C9; —SG;CQ,' 59.‘50; aCB,—
e S6; C6iCa; —C6Sa; aSh;

' 0 Sa;_q Ca; d;
0 0 0 1
O ~»
Where: .
CH; = cos8;

58, =sin§;

4.5 Kinematics of the SIR-1 Robot -

The SIR-1 robot has five degrees of freedom. Figure 4.3 shows the as-
signing of link frames and table 4.1 shows the link parameters. In the

case of our SIR:.i?obe«‘; we have the following coordinate parameters:

-

T
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Pigure 4.3: Link coordinate system for the SIR-1 robot

Table 4.1: SIR-1 arm link coordinate parameters.

Joint | 6; | o a; d; Range
TN o1 | |90 0 0 | —150° to 150°
*:\‘ ™ 2 -le.| 0o |2500mm]| 0] —110°t0 20°
/ \ 3 6,0 0 |5040mm|o0]| Z85°to3°
v o4 8| 90 0 0| —90°to 90°
5 0 0 0 350°
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The five link transformation matrices for the SIR-1 robot are: -

- : cé 0 -56 0
S6, 0 C§ 0
.41 =
o -1 0 0
0 0O g 1
Cé, =58, 0 02692
1. = 392 CG: 0 02592
o 0 0 _ 1 0
- "/
0 Q 0 1
)
093 '—593 0 03093
553 063 0 03593
Az =
0 0 1 0
o 0 0 1
i (c6. 0 s, o)
S6, 0 -Cé6; 0
:'1.1 =
0 1 0 0
\ 0 0 0 1/
[ C6; —56; 0 0 )
S8, Cé; 0 0
.4.5= .
0 ¢ 10
o\ 0o 0 01
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4.5.1 Forward Kinematic Transform N

By multiplying the A matrices together, we obtain the transform
matrix that relates the position and orientation of ;ffi_@\l@_ndfta the
robot base frame (X, Yo, Zp).This transformation is*a function of the

Joint angles. y

. The following are the intermediate results.

C8:C8; —S56,C85 S8,
S8.C8; —S58,56; —Cé,
56 Cés 0
0 0 0

= O O o

C63C8; —S56;C51 S8y asCés
56,,C85  —562,58; —COs asS59%
S6; C6; 0 0
0 0 0 1

."’lg = .4.3.42 =

C2iCO; —S8,COiy SOy  asClias -+ a2Cha
$635,C;  —S6:3:58;, —Clagy 13503 + 256,
S8, Chs 0 0
0 0 0 ]

Il
.4; = .42.45 =

4]

The final result is 47 = 4,4}



Where the hand’s parameters- are:

n., = C9169m095—591595
ny, = $6,C8:,COs + 56,505

ne = —S6:3,COs

. 0: = —C8;C63,585 — S8,C6s
0, = =56, +58,C6,C6,
0, = S62,56

g = 09159234
a, = 59159234

a. = (b

P, = a3C0,C8 + a,C8,CH,
Py = 356,083 + a2 56,C6,
P. = —a3585; — a;58;

(4.7)

(4.8)

(4.9)
(4.10)
(4.11)
(4.12)
(4.13)
(4.14)
(4.15)
(4.16)
(4.17)
(4.18)

¢ . '
Matrix A¢ defines the position and the orientation of the hand with

respect to the base frame.

The first three columns define three orthogonal vectors which specify

the hand orientation. The third column is the approach vector which

56
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points in the direction of the wrist. The second column is the orien-
tation .vector, which, with the approach vector, define the orientation
-of the hand. The first column is the normal vector which 1s orthogo-
nal to the other two. The fourth column is the position of the hand

frame. Then, the position, in the cartesian frame, of the hand is :

X = CGl(a30923 + agcag)
Y = 56(a3C6as +a.Ch)
Z = —035923 - 02592

The orientation of the hand will be discussed later.

By having X.Y,Z a function of 6,6, and 85 the -angles of the base,
the shoulder and the elbow, the forward kinematics problem is solve-d.
Given the amount of deviation of the base,the shoulder, and the el-

bow, it is possible to evaluate the position of the hand in the Carte-

sian.

' 4.5.2 Inverse Kinematic Transform

The forward kinematic transform is a transform from the joint
space to the Cartesian space. The inverse kinematic transform is
a transform from the Cartesian space to the joint space. To solve
the inverse kinematic problem we assume that a position in space is

known and we find the joint angles corresponding to that position.

Now, given the numerical value of A, a transform relating the hand

frame to the base frame, one can finds the values of §;,6;...6s. In

w
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this case there are twelve equation and five unknowns. Howé;"er, only
two out of nine equations of the A2 orientation parts are independent.
These two added to the three position equations give six equations
with five unknowns. These equations are nonlinear. There is no gen-
eral algorithm which can solvé a nonlinear equation. The mechanical
design of the manipulator is such that the a; are 0 c;r +90degrees
and many link offsets are 0. This fact guarantees the existence of the

solution and makes it easier than it appears.

<
The hand configuration is described by

AR = 44,44, 4,

where A8 is assumed to be known:

We premultiply by A7!
.4;1.4}8} == .42.4.3.4.;. 5

The individual elements of the matrix are equated then inspected
for a solution for one or more angles using the ANTAN2 function.
For the rest of the angles we can obtain another set of equations by
premultiplying by 47'. Then, we keep premultiplying by the inverse

of the A matrices until all the solutions are identified.

For the SIR-1, the inverse kinematic problem cannot be solved totally
By the method described above. This happens because the SIR-1 has
four parallel joints, and premultiplying by 45, A3? and A7? provides

no useful information.
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The solution developed further is 2 combination of an algebraic and

' geometric solution.

Assume
n. or ar P:
48 ny o, ¢ Py
o=
n. 0. a. P,
0 0 0 1
CO,n, + S6in, Cbi0, + Sbi0, Tbia, + S6ia, CO P+ S6,P,
ATV48 = T o Bl _P.: = 4;
Celﬂy - SGITI;_- CGloy - 5910;- CGlay - 5910-;- CGIPy - 591P=
0 0 0 1
From above we can identify : ‘
Co,P,— S6,P. =9 = 6, = Atan2(P,, P,) (4.19)
595 = —59172;- + Cany; 095 = —5910; + CGIOV
= 0y = Atan2(~56;n; + Céyn,, —56,10; + CH,0,) (4.20) 5

Clany = a;; Sz = Chra, + Sbya,

6231 = Atan2(Cba- + Shay, a.) (4.21)

Premultiplying by 477, A7 or A7! won't vield any useful equations.
To find 6,, 5, 6, the fdllowing approach is used: From figure 4.4 we
get: ~ _

W? = P? 4 P? +‘Pj (4.22)

- 59
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+  Figure 4.4: Links 2 and 3 of the arm
W? = a2 + a? + 2a.a; cc;s é (4.23)
: 03 =7 -8 => cosfz =cos ¢ (4.24)
Combining the three equation 4.17, 4.18 and 4.19 we get
P2+ P2+ P? = a3 + a3 + 2aa3 cos b, (4.25)

which leads to
P2+ P+ P?—al—d}
20.2(13

sinfy = /1 — cos? 8

in the case of SIR-1 the elbow is always up which leads to : sin 63 =

v/1 — cos? 63 Then we have :
63 = Atan2(1/1 — cos? 63, cos 65) (+.27)

60
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Also, from figure 4.3 we have =8, =¥ + o .

o = Atan2(P;,\/P} + P})  and P = Atan2(A4, B)

with A = azsinf; and B = azcosf; + a; then

L}
8, = Atan2(P.,\/P? + Pj) — Atan2(azsinf;,a; + azcosf3) (4.28)
J
8, is obtained by :

By = O3y ~ 62 — 63 (4-29)

The complete inverse kinematic solution for the SIR-1 arm is ob-
tained. This solution assumes the followving quantities to be numeri-
cally known:F;, P,.', Tz, Oz, Oy, Gz, @y, @;. The first three values déﬁne '
the hand frame position with respect to the base frame, their numer-
ical values are given by the user. The rest of the quantities define the
orientation of the hand frame with respect to the base frame. Their
numerical values are obtained indirectly through the orientation an-

gles given by the user. The next section shows how these quantities

are obtained.

4.5.3 Hand Orientation

The orientation of the hand is given by the rotation part of Ay
which is :

Ry = n, 0, ay



One usual way of describing the orientation of the hand frame with re-
spect to the base frame is represented by the Roll, Pitch, Yow (RPY)
angles [27). We start with frame H coincident with frame B. First
rotate H about Xy by an angle v, then rotate abo;zt Yy by an angle

B and then rotate about Zg by an angle a. .

The final expression of the rotation is :

Rppy = Rot(Zy,a)Rot(Y 8)Rot(Xz,7) (4.30)

Ca =-Sa 0 C8 0 S8 1 0 0
Rppy = | Sa Ca 0O 0 1 0 0 Cy -8~
0 o0 1/\=ss0cs)lo sy cy

C3Ca CaSBSy— SaCy CaSBCy+ SySa
Rppy = | CBSa $vSBSa+ CyCa 'SBCySa — SvCa
-S5 CpBSy CBCH
For the case of SIR-1 , with 5 degrees of freedom, v =0 :
CBCa —-Se SfCa
Rppy = | CBSa Ca 585«
=58 0 CpB
Given « and 3, the roll and pitch angles; The orientation of the hand
can be calculated.

The inverse problem is straight forward. Assume the orientation of

the hand is known by the rotation matrix Ry « and 8 can be identified

’
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a = Atan2(-o;,0,) ' . (4.31)

8 = Atan2(-n.a;) (4.32)

%6 Implementation of the Kinematic Model
l The time required to perform kinematic calculation can be im-
portant. When implementing the kinematic model of the SIR-1 robot
arm, some techniques have been used to minimize the time. By fac-
toring the equations, it is possible to reduce the number of multiplica-
tions and additions. By creating local variables it is possible to avoid -
calculating common terms over and over again. The calculation of
the transcendental functions (i.e. sine and cosine) is very time con-
sum_{ng. Using an SO‘S’T math coprocessor reduces the time required

% calculate a sine or cosine.

Figure 4.5 shows a block diagram of the kinematic model implementa-
tion of the SIR-1 robot arm. This imple-:t;%on has 3 levels above

the robot system hardware:

1/0O - This level converts the data to a format that can be accepted’
by the robot controller and sends it to the controller. It also
receives the data from the controller and converts it to data
that can be manipulated by the rest of the program. The source

code of the program can be found in Appendix E.
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Robot 'utilitz.,r - This level includes the implementation of the com-
mand set and the kinematic.model of the SIR-1 robot arm. It
also reports any errors occurred during the calculation or from
the I/O port. The source code of this level can be found in

Appendix C.

-

User - This levei can be designed by any user wishing to use the
- SIR-1 robot.” In Appendix D, we included two such programs:
The first one tz;.kes as parameters the cartesian coordinates of

a given 'point and moves the robot to that point. The second .
program controls the opening of the gripper. These programs

can be conceived as separate modules and linked together when

needed.
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|
T ™ User Program

Error  le———  Math computation ,
5 : Robot utility
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l Initialization
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RECEIVE ~ SEND
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Controller

il

ROBOT
ARM

Hardware

Figure 4.5: Block diagram of the implémentation of the SIR-1 robot arm

kinernatic model



parts mating. Some of these limiting conditions are as follows:

Chapter 5

Force Coﬁtrbl: Analysis,

Implementation and: -

"Performance

r

5.1 Introductilon '

b

In the previous chapter the position control of the robot system was

discussed. For an ideal robot arm and an ideal control system, a position

control would be enough for a robot arm to accomplish simple parts. fit- ‘

ting tasks. However, because of many imiting conditions, it is extremely
difficult to employ a position control robot in a delicate operation such as

L
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¢ The working environment is highly unpredictable.
"o The required high relative positional accuracy of the parts.

e The actual mechanical error in the robot.

"

e The robot control error (e.g. due to quantizatién, modeling, etc.)

Therefore an alternative control mechanism using a compliance device

should be used to compensate for these positioning errors.

In this chapter an active fqree control algorithm is presented. This
algorithm is conceived for the pcg-iﬁ-hole operation because it is by far tLe
*most used type of operation in mechanical assembly. E\."en though only
active force control is discussed, a passive compliance exists due to the
imperfectlmgcha.nica.l construction of the robot arm. While this mechanical
limitation is considered as a major disadvantage for the positioning control,
it is an advantage when-dealing with force control. The analysis of this

built-in passive compliance is not within_the scope of this work.

As mentioned in the previous chapter a force/torque sensor is located
at the fixture. Force servoing is performed at the Cartesian level which

eliminates the nced for computing the Jacobian.

-
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Figure 5.1: positional errors (a) lateral error, (b) angular error.
Ty

5.2 Types of errors and their consequences

Prior to insertion, two positional errors may occur, 2 lateral error and
an angular error. A small lateral error will'result in an angular error, see
figure 5.1. A large lateral error will prevent the peg from ehtering the hole.
The angular error is considered to be small so that the peg can slide in the

-

hole during one point contact.

The critical phase, during the insertioﬁ raotion, is the occurrence of |
two points contact. At this stage two unwanted phenomena rmay occur:
either wedging or jamming (defined in section 3.3.1). Equation (3.3) and
(3.4) can be used to prevent jamming. Wedging can be a severe problem
that once it occurs, any attempt to proceed the insertion will cause dam-
age to the parss or to the robot arm. Figure 5.2 shows the forces during

wedging; the two contact forces f1 and f2 point directly toward each other
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Figure 5.2: forces during wedging [17].

[17]. Wedging can then be detected when Fz becomes very large while the
lateral forces are zero. The only remedy for wedging is to pull the peg out
and to try again. Jamming is a consequence of the relation between the
insertic;n forces and the frictional forces. It can be corrected by changing

the direction of the applied forces.

5.3 Active Force Control -

5.3.1 Force Reading
e

From the instruction set of the ASTEK FS%B‘G-A (2ppendix B) we
have developed and implemented a "C” prograzﬁ library having the two
following functions:

?

~a
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1) interface between the sensor and the computer.

i1) interface between the computer and the programmer.

For real time consideration the interface between the sensor and the
computer is implemented using the $6/SS assembler. The interface between
the computer and the programmer is implemented in C language. The
listing of the library programs can be found in a;ppendix E&F. AnA/D .
converter is used to read the analog output of the sensor. The three forces
and three moments can be accessed from a C program by Fx, Fy, Fz, Mx,

My and Mz. The forces are in [N] and the moments are in [N.M].

The forces and torques are measured at the sensor frame. Slinr:e the
sensor is located at the fixture and away from the wrist a.- ch;mge of frame
is needed. This frame change is needed to get the equivalent forces and
torques at the wrist level. Let (Fz¢, Fye, Fze, Mze, Mye, Mz.) be the forces
' at the sensor frame and (Fxgl, Fys, Fzs,Mzs,Mys, Mzg) be the equivalént
forces at the wrist along the sensor frame and not the base frame, see Figure
5.3. Let (X,Y,Z) be the éista.nce between the origin of the sensor and the

origin of wrist frame. We have then the matrix transform:

(Fzs\ [ 1 0 0000\ Fzc )

X Eys 0. 1 0000 |{ Fy
Fzs | | 0 0 1000|| Fx
Mzs | | 0 =z ¥ 10 0|| Mz
Mys Z 0 X010 My, {
\Mzs ) \-=¥ X.0 00 1)\ Mz
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Fz5 Fzp

Fys /Fya

Ya ~
Fzd“sensor
Xy

Figure 5.3: Force reading

This transformation, describéd above, is performed by the inboard micro-
processor. This procedure involves the communication of X,Y and Z to the

sensor. As the peg slides in the hole the value of Z has to be updated.

The next step is to have the forces with respect to the base frame.

Let R be the rotation part of T, defined as a matrix:

T1i1 Ty T3
B
'Rs =] T2 T2 Ta2

T3 T2z Tas

-

Let Fg be the force vector at the wrist along the base frame and Fs the

force vector at the wrist along the sensor frame, see Figure 5.3. We have



then:

( Fzpg \ (rn T r;, 0 0 O \ ( Fms \
"Fyg re t22 ;2 00 0 F yg
F:zxg __ T TR T o 0 0O . Fzs
Mzg | | 0 0 0 ry ra ra || Mas
Myg 0 0 0 ryp 70 ra Mys

\.M:s} \ 0 0 0 Tiz To3 7"33} \M:s)

- For practical consideration, the sensor and the part are located such that :

-1 0 0
RE=}| 0 -1 0
0 0 1

- The sensor is factory calibrated. A reset bias command (RB) is provided
to zero the sensor reading. If the RB is given before the peg touches the
hole the reading will be that of the reaction forces and not of the fixture

lc;ading.

5.3.2 Fine motion

- Once the peg is in contact with the hole, even a _sma.ll move in the
wrong direction will result in large contact forces. It is essential to provide
the robot arm with a fine motion control before attempting to implement
aﬁy force control strategy. The idea behind the fine motion control, used

in this work, can be defined by the following criteria:
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Table 5.1: Look-up table for fine motion

h Joint | 1| 2| 3] 4|35 ] Cartesian
. direction
Xaxds |-AX |0 (-3|1| 0|0} -0.3mm
AX |03 |-1|0|0| 03mm
Y-axis | ~AY [ 1 |0 |0 [0 |0} -1.0mm
AY |-1/0]|0}]0|0| 1.0mm
Zeaxas | —AZ {0 |-11-5(010| -0.5mm
AZ |01 (5,00 05mm
Pitch | -AS1 0|0 |0|1]0]| -01s
T Ag 0|0 |[0{-1|0 0.18°
Roll [-Aa |0 ][]0 0|01 -0.18°
A |0 |0§0|0]|-1 0.18°

e The motion of the end-effector is divided into three translations along

the Cartesian axes and 2 rotations.

e The end-effector will perform only one translation or one rotation at

£

a time and not a combination of the two. -

e The size of the tz;z;.nslation or the rotation is to be the minimum

possible value (ex:-:lmple 0.3 mm x-dir).

To minimize the computing time the different fine motions are translated
-from Cartesian to joints values. A look-up table is constructed by sim-

ulating the arm kinematics around the sensor position, see table 5.1. In
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this way the inverse kinematics is not computed during the force control
process. The joints-values are obtained by moving in one direction %y 10
mm for 2 translation and 10° for a rotation, while keeping the rest of the
directions constants. The equivalent joints values are then divided by their

greatest common divider.

5.3.3 Force Algorithm

A
A S

Figure 5.4 shows a simplified flowchart of the force control algonthm.

During the peg-in-hole insertion the following threshold values are
used by this algorithm Fzthl, Fzth?, Fxth, Fyth, Mxth, Myth.
Fzthl, Fxth, Fyth, Mxth, and Myth are the force values used to detect
jammingf_‘or an excessive built up of forces.
Fzth? is the force level below which a.fter.a lateral correction the insertion
is restarted.

7
A first version of the insertion algorithm consists of the following

steps:

' 1. Move the peg in Z+ direction until a threshold force (Fzthl) is obtained

or the desired position is reached;
2. If desired position is reached then stop;
3. If Fz becomes bigger than Fzthl then a two point contact has occurred,

4



move Z+ dir

T

yes

correct lateral
errors

0 (Fp < Fif > ¥ES

Figure 5.4: Force control flowchart

and the result is a jamming. Go to step 4;

4. The lateral forces and torques are read, and a move in the appropriate

direction to minimize the lateral force is initiated;
5. Step 3 is repeated until Fz becomes less than Fzth2;

6. The process starts over again by going to step 1;

When implemented, this algorithm suffered from two major problems:

¢ Because the jamming situation is solved by trial-and-error this process
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sometimes takes an enormous amount of time before it is resolved.

This isenainly due to the relatively large moves of the end-effector.

e Even more frequently than jamming, The wedging may occur. This
.situation is characterized by a large value of Fz and small values of
thr lateral forces. In the wedging case the program is trapped in an
infinite loop. This does not come as a surprise if we consider equation
32 (8 < %), 62 being the allowable angular error to avoid wedging.
For C=0.001 and g = 0.5, 8> should be less than 0.22°. It is hard to

meet this cond;'tion with the robot arm used irn this work.

To correct these problems some changes have to be made. When detected,
both problems are treated in the same way and they are refered to as
wedging. There wese no changes in the previous algorithm from step 1 to
" step 3; from step 4 on, the changes are as follows:

.F ‘
4. Step 3 is repeated until lateral forces become small or-fhe maximum

number of repetition is reached.
5. If Fz becomes less than Fzth2, go to step 1. | =

6. If lateral forces are small or maximum repetition reached and Fz is

larger than Fzthl, then correct the wedging.

7. Goto step 1.

-

The detailed Sowchart of the new algorithm described above is illustrated

in figure 5.5. Figure 5.6 shows the corresponding pseudo c6de. The listing
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of the computer program is-given in appendix G. The force threshold values
are computed using equation 3.3 and 3.4. The lateral correction includes 4

motions, 2 translations and 2 rotations. The first translation is along the

_x-axis and the second is along the y-axis. The first rotation is around the

x-axis and the second is around the y-axis. Initially, these 4 corrections
were done separately, which sometimes resulted in the following dilemma:
a correction of the force along one axis will result in a reaction torque
around the orthogonal axis. The correction of the torque will result in a
reaction force along the orthogonal axis. To solve this problem the following

strategies were successfully implemented:

e First, the reaction forces (Fx and Fy) are corrected, then the reaction
torques (Mx and My). In this way, any torques resulting from the

force correction will be taken into account.

e Due to the angular correction, a force tends to arise. This is overcome

by the simultaneous torque and force correction.
—

Since a correction along (around) a given axis does not result in an error
along (around) the orthogonal axis, a further shortcut can be obtained by

correcting the two forces or two torquesgimultaneously.

The wedging situation is corrected in a natural way by mmitating a
human worker performing “the same task. This solution is based on two

steps: 1

/
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1. The peg is moved along a direction opposite to the insertion direction.

2. The -peg is rotated by a small angle back and forth to simulate a

- shaking movement.

These two steps are 'repe.at,ed until Fz becomes small. If, during this pro-
cess, the peg leaves the hole, the insertion operation is aborted, and the
assistance of the operator is needed. However, this situation is unlikely to

occur.
L 4
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Insert
BEGIN
Z, Zd :actual and desired position;
num-rep :number of repetition;
max :maximum number of repetition;
WHILE Z<Zd DO |
WHILE Fz<FzthlandZ<Zd DO
move (dir(+2});
I¥ Z>7d THEN
stop; -
rum-rep=0;
WHILE Fz > Fzth2 and repeat < max DO
IF Fx >Fxthor/and Fy > Fyth THEN
correct lateral error;
IF  Mx > Mxth or/and My > Myth THEN
correct angular error;
“--Fnum-rep;
IF repeat = max or Fx=Fy=0 and Fz > Fzth2 THEN
correct the jamming;

END

Figure 5.6: Insert operation
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5.4 Results and Discussion

J

5.4.1 Set-up

T? test the algorithm proposed in this chapter a simple sct-up is used.
The ﬁ.\:'ture is a rigid table on which the sensor is fixed. The part with the
bole is fixed on top of the sensor. “The peg and the hole are tightly fit (Fig.
5.7). -
Two peg-in-hole operation having different clerences are perforrhed. The
dimensions corresponding to these operation are as follow: h

_operation 1:

D = 25.460 mm

d = 25.410 mm
1 =45 mm
C = 0.001

operation 2: .

D = 25.460 mm
o~ d = 25.427 mm

1 =45 mm

C = 0.001

D is the diameter of the hole, d is the diameter of the peg, I is the length of
the peg and C is the Elea.r;:t:t;ce ratio. The two clearance ratios used thrc:')ugh
this experirpents are comparable to those used in precise mechanical assem-
bly. It has been repbrted that problems occurs only at the beginning of

»
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the insertion operation. This fact was also observed during this experi-
a\ment. For this reason the insertion depth is limited to 20 mm. After 20
mm of insertion the operation will resume normally without any significant

problems.

5.4.2 Performance Analysis /

Y

hl

Two types of results are analyzed, the time history of the contact
forces and the evolution of Fz with depth. It should be noted that two
different experiments using the same parts will yield two different results.
However, all results will have a common overall behavior. From this be-
havior one can recognize tize different steps of the algorithm.



™ _
Shown in-Figure 5.8 are the time histories of the measured contact
forces during a typical insertion)'operé.tion. These results correspond to a

clearance ratio of 0.002.

Contact between the peg and the hole is made when Fz drops (att
< 0.25 sec ) As the threshold force is not reached, the insertion operation
proceeds until around t = 10 sec where there is a build up of force. After
a lateral correction along the x-axis and an angular correction around the
x-axis, the operation is resumed. For a tighter fit the build up of forces
is more frequent which slows down the operation. This fact can be seen
in Figure 5.9 which represents the history of the forces when the clearance

ratio 1s 0.001.

No major changes in magnitude of Fy and Mx can be seen. This
‘is due to the accidental passive compliance built in the robot arm. An
inspection of the 5 joints of the arm reveals that joint 1 (base joint) and
joint 5 (roll joint) have an important backlash, the rest of the joints are -
much stiffer. These two joints have an important effect on the arm move
in the y-direction (joint 1) and rotation around the x-axis (joint 5). This
fact proves again the advantage of having a passive compliance in assembly

A )

tasks.

All the insertion steps can be seen from the time history graphs. How-
ever the wedging situation is not clearly seen from these graphs, plotting
Fz versus the depth gives useful information about the wedging situation.

From Figure 5.10, at depth around 2.5, 7.8, 12.5, and 17.5 sec, the effect
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. of the wedging correction is shown. The behavior of the éraph at these
points is due to the fact that when the wedging.occurs the peg is pulled
in the Z+ direction until Fz beconies small enough to proceed with inser-
tion. Figure 5.11 shows the case for an opcratioln where no wedging has
occurred.Jn Figure 5.12 the initial errors are large, as a result, a severe
wedgin-g has occurred. This wedging has occurred around a depth of 2.5
mm. After a few trial the wedging situation was solved and the insertion
was resumed with no further wedging. Due to the poor stifness of the robot
arm a relativelly large error occurs prior to the mating phase. This resulted
in an aproximate figure of 15% of failure rate. Once the peg is correctly

positioned the insertion phase is sucessfully carried out.
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Chapter 6 - o | .

Interac;fion of the Assembling

Processor with the Rest of the

-

System

-

As mentioned in chapter 2, the assembling processor is a distinct func-
tional unit carrying out the task decomposition function and the object as-
sembly sub-task. The interface signals are shown in Figure 6.1. Also, shown
in Figure 6.1 are the physical object flow and the interaction of forces which
occurs during the mating phase. After accepting an assignment as specified
by the current task level instruction, the assembling processor issues t%xe
REQ(OBJINAME) signal requesting the delivery of the current object E:y

{
_the object presentation system which will deliver the requested object 2d
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using its positiongl sensors dvill provide the absolute position, POSOBJ, of
this object. This bos-—i_tj’onal information is transmitted to the assembling
processor as the parameter of the GNT(POSOBJ) granting signal. Upon
receiving this signal, the assembling processor will be able to grasp the ob-
Ject delivered b'y object presentation system. After grg.sping the object, the
assembling processor will carry out the "orientation & relative positioning”
and the ”ﬁating” phases of the assembly task. The ROBSTATE commu-
nicatiqn line insures the synchronization between the task scheduler and

assembling processor. This synchronization line take one of the following

. states:

e ASMFREE, which indicates that the assembling processor is free to

accept a task from the-task scheduler.

e ASMBUSY, which indicates that the assembling processor is cur-
rentl? busy executing an assembly task and is not able to accept a

-new task. .

.

@&‘R‘;‘.IL, which indicates th'g.t the assembling processor has failed

\In capfying out an assembly task. Being aware of this situation the
/ }Lask scheduler will reschedul the task. The assembling processor will
consider that a task has failed if the robot does not grasp the object

‘present at the end of the conveyor belt.

o MATFAIL, which indicates that the assembling processor failed to

mate the object within a given amount of time, TOUT.
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<OPERUERB> <OBJNAME> <CONTCTREL> {<MODIF>] [CCONSTR>]
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REQ (0BJNAME)

|_FORCE/TORQUE SENSOR

4

Interaction-
forces &
torques

FORCE STRATE INFURMATION

CONTROL FLOLY

mmmm 0BJECT FLOW

FIHTURE

Figure 6.1: Interface of the assembling processor
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Petri Net Model .

In order to allows for a further performance evaluation of whole robotic
assembly system *_.‘.-'e have opted for a Petri net m:odeling. The control of
our assembly station is mainly concerned with the control signal fiow and
;‘esourée maﬁagement. As a consequence, the Petrl nets are particularly
well suited for modeling. Petri net models are suitable to perform general

validations such as liveness, boudedness, and absence of deadlocks, as well

-as to discover specific properties in the form of invariants. An important

extension to Petri nets is the possibility of representing the time involved
in the events which are modelled. Timed Petri nets have been used for
the performance evaluation of concurrent systems such as communication
protocols and multiprocessor computer systems. More recently, Petri nets

are used for the modeling of manufacturing system with promising results

s].

The functional specification of our statié\n is represented by the gen-
eralized stochastic Petri net sub-model given in Figure 6.1. Such stochastic
Petr1 net is obtained by associating an exponentially distributed firing time
with each transition of a Petri net. The generalized stochastic Petri nets
mncludes both timed and immediaﬁeﬁsitions. They are isomorphic to
continuous time Markov chain, thus allowing the performance evaluation
of the model to be carried out by classical probabilistic analysis. The
didfram is fairly self—explanatory; howevef some cominents are necessary.

This model uses three types of transitions: immediate (boldline), determin-
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"Figure 6.2: Petri nets modeling

istically timed (cross-hatched box), and stochasticaliy timed (empty box).
Tracking and grasping and mating are considered herein as being stochas-
tic':aly timed transitions. If the object arrives at the end of the conveyor
and the robot fails to grasp i;:, the ROBSTATE communication line is then
set to OBJFAIL indicating this failure to the TASK SCHEDULER. If the
object mating does not succeed in the time allotted, TOUT, this is also
considered a failure and ROBSTATE is set to the MATFAIL value.
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Chaptefr 7
Conclusions

) This work is part of a robotic assembling system conceived as a test.
bed for further research in task-level robotic programming language. The
a{cbjtecture of th::\;bbotic assembly system was implemented according to
the structure of the task planner. Two distizict sub-tasks can be identified:
7part fetching”, and "part assembling”. Cc->rre5ponding to this partition the
hardware architecture has two main distinct functional units: The "object

presentation system” and the "assembling processor”.

The object of this thesis was the development of the special func-

" »tional unit executizig the "part assembling” sub-task using "off the shelf”

components, force sensor, robot arm, personal computer.

While the main goal of this work was the development of 2 functional
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umt as part of a bigger system, it was necessary to implement position and
force control algorithms for the specific off-the-shelf equipment presently

used.

Bascd on'the i:or\\'ard and inverse kinematics model of the SIR-1 robot,
a pos?tion control\g.lgoritlxm is irriialenicnted. This position control is a
point-to-point type of control. The precision obtained is £imm. No fur-
ther improvement can be achieved witBout changing the mechanical and
electrical characteristics of the arm. The accuracy obtained is limited by

many factors such as the arm drive system (dc¢ servo-motors and the optical

encoders), the power transmission system, ctc.

Using the ASTEK FS6-120A-100 force and torque sensor in the feed-
back loop, a closed loop force control algorithm is designed and imple-
mented. This active force control is a cartesian based control and it is
based on the following idea: the rol;ot moves in a direction to minimize the

reaction forces. The peg-in-hole operation was used as it was necessary to

implement position This choice is justified by the frequent use of this task

in assembly of manufacturing goods.

From this work the following major conclusion can be drawn:

o The partition of the robotics assembly system in functional units fol-
lowing the main partition lines of the task planner leads to a reduced

complexity of the interface between the different parts of the system.
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e Once the interfacing of the two functional units were defined, the
design effort was concentrated on the problems related to that unit
only. In our case the design of the ASSEMBLING PRO CESSOR unit
has focused on the integration of the three "off the shelf” components:
robot system, force/torque sensor, and a personal computer acting as
the local unit for the assembling processor. This intcgration is done

_ by programs solving components intercommunication problems and
implementing the position and force control algorithms required by
the execution of the "object assembling” subtask. A parallel rn:i_v
be drawn between this approach and the m.icroprggra.mming used
in the development of computer system. Conscquently, it becomes
possible to extrapolate the classical microprogramming techniqucs

for the design of our assembling processor.

e The C programming language adds to the control system mam ad-
vantages such as portability and speed of execution. The use of high
level language %or the control of the assembling processor provides
flexibility and makes it open for further integration within the struc-

-tured assembly cell.
%
The experiments that we carried out to validate the functional concept lead
to the following conclusions regarding the performance of the assombling

' Processor:

-

¢ An active control method utilizing a sensor-based fcedback system

can handle the positioning error during the mating phase.
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e The accidental passive compliance feature found in the robot arm

seems to bring some contributions to the success of the mating phase

but represents a drawback for the object orientation aad positioning

phase.

As far as precision between the parts to be assembled is considered
the results obtained are satisfactory. Parts having a clearance of up

to 0.001 can be assembled.

A relatively long insertion time is required due to the search motion
time and, mainly, the limitation of the robot arm used in this work,

Some of this limitation are:

— the 5 degrees of freedom are insufficient for complete positioning

and orientation of the robot.

— The low accuracy and repeatability of the arm result in substan-
tial positioning errors which are translated into the Jamming of

parts and the wedging situation.

— While only point-to-point control can be achieved, the nature

of the assembly task requires a more sophisticated path control

method.

Future wcﬁ'includes the integration of the "assembling processer”
into the rest of the robotic assembly cell. This assembly cell will

represent the test Bed for the task level programming.

While recognizing the limitation of this work, it is hoped that future

researchers have been provided wi,th more practical understanding of
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¢ this complex research issue.

99

/
x



References and Bibliography

N

(1] J.F. Laszcz, Product design for robotic and automatic assembly, Proc.

Robots 8 conference, Detoit, june 1984,
L

[2] R.H. Taylor.and D.D. Grossman, An integrated System Architecture,

Proc. of IEEE, vol.71, No. 7, pp. 842-856, july 1983.
\
(3] A.C. Sanderson and G. Perry, Sensor-based robotic assembly systems:

Research and application in electronic manufacturi'ng, Proc. of IEEE,

vol.71, No. 7, pp. 857-871, july 1983.

[4] E. Petriu, T. Goguen and B. Karoui,” Multi-sensor robotic trackin§ and

grasping, ISA-DIGICON’ST, Montreal, octol;ér 1987.

[3] T.L. Perez, Robot programming, Proc. of iEEE, vol. 71, No. 7 pp.
821-841, july 1983.

[6] R.C. Gonzalez, et al, Robotics: Control, Sensing, Vision, and Intelli-
sence, McGraw-Hill, Inc, Newyork 1987.

100 -



Yo
(7] E. Petriu, B. Karoui, et al, fistributed Robotic-assembly Architecture
for a task-level programming language, to be presented at MAPL sym-

posium on manufacturing application language, June 1988.

[8] G. Bruno and P. Biglia, Performance Evaluation and-validation of
tool handling in flexible manufacturing systems using Petri nets, 1985

International workshop on timed Petri nets, Torino, Italy.
[9] SIR-1 user manuel, Scien-tech Intraco Automation (Pte) Ltd.

[10] T.L. Perez, Compliance in robot manipulation, Artificial Inteligence,
op. 5-12, 25(1985). -

[11] B. Shimano and B. Roth, On force sensing z'nfon'nafion and its use in

conirolling manipulators, Proc. 9th international symposium on indus-

tial robot, pp. 119-128, Washington,D.C 1979.

-~

[12] P.C. Watson and S.H. Drake, Pedestral and wrist force sensors for

1

automatic assembly, Proc. of the Sth internptional symposium on in-

dustrial robot, pp. 501-511, september 1975.

[13] G. Piller, A compact siz-degree-of-freedom force sensor for assembly
robot, Proc. of the 12th International symposium on industrial robots,

Paris, pp. 121-129, June 1982.

(14] FS6-120A 6-axis force/torque sensor software manuel, Astek engineer-

ing Inc, ‘;a.terto'.vn, MA, 1986.

(15] J.L. New‘ﬁns and D.E. Whitney, Computer-controlled assembly, Scien-

tific American, pp. 62-74, february 1978.
hY

" 101



[16] B. Karoui and E. Petriu, Contréle de forces en assemblage avec bras

de robot industriel, 55° congrés de VACFAS, Ottawa, mai 1987.
. ‘ LS

[17] D.E. Whitney, Compl;antly Supported Rigid Parts, Journal of Dynamic

System, Measurement and Control, March 1982.

[1S] D.E. Whitney and J.L. Nevins, What 1s the remote centre compliance

(RCC) and what can it do #, Proc. 9th symposium on industrial robots,
SME, Dearborn, MI, march 1976.

[19] T. Kasvand, The state of robotics - A brief description, National re-

search council report.
%

]

[20] D.E. Whitney, Historicel Perspective and State of the Art XRobot
Force Control, The international journal of Robotics Research. Vol.6,
No.1, Spring 1987.

[21] H. Asada and H. Yamamoto, Torque feedback control of MIT direct-
drive robot, Proc. of the 14th international symposium on industrial

robot, pp. $63-670, Gothc\nburg, Swgdcn, october 1984.

[22] R. Paul and B.E. Shimano, Compliance and Control, The 1976 joint

‘automatic control conference, pp. 694-699, Albuquerque, NM, Decem-
ber 1976.

102



¢

(23] J.K. Salisbury, Active Stiffness Control of a {l_{ anipulator in Cartesian .
Coordinates, Proc. 19th IEEE conference on decision and control, pp.
95-100, 1980.

24] M.T. Mason, Automatic planning of fine motion: correctness and com-
. g
pleteness, IEEE international conference on robotics, Atlanta, march

1984. ¢

[25] M.T. Mason, Compliant Motion, in Robot Motion, Bradly et al (Eds), |

MIT Press, pp. 305-3522, Cambridge, MA, 1983.

[26] M.T. Mason, Compliance and force control for controlled manipulators,
IEEE transaction on system, man, and cybernetic, vol. SMC-11, No.6,

pp- 418-432, june 1981.

27 J.J. Craig, Introduction to robotics mechanics & control, Addison-

Wesley publishing company, Inc. USA, 1986.

(28] M.H. Raibert and J.J. Craig, Hybrid Position/Force Control of ma--
nipulator, ASME journal’of Dynamic, System, Measurement, Vol.102,

Pp- 126-133, June 1981.

[29] M.R. Cutkosky amd P.K. Wright, Active control of compliant wrist in
menufecturing tasks, Proc. 14th International symposium on industrial

robot, pp. 517-528, Sweden, october 1984,

{30] T.L. Defazio, et al, The instrumented remote center compliance, The

industial robot, pp. 238-242, december 1984.

103



[31]

[33]

[34]

[36]

[37]

[38]

/\

- —

M.R. Cutkosky and P.IX. Wright, Position sensing wrist for industrial
manipulators, Proc. of the 12th International sympeosium on industrial

robots, pp. 427-438, Paris, June 1982.

H.V. Brussel and J. Simons, Automatic assemdly by active force feed-
back accommodation, Proc. the §th international symposium on indus-

trial robots, pp. 181-193, Stuttgart, west germany, 1978.

Richard P. Paul, Robot Manipulators: Mathematics, Programming,
and Control, The MIT Press, Cambridge, Massachusetts, 1981.

Wesley E. Snyder, Industrial Robots: Computer Interfacing and Con-
trol, Prentice-Hall, Englewood Cliffs, New Jersey, 1985.

Chi-Haur wu and R. Paul, Resolved Motion Force Control of Robot
Manipulator, IEEE Transaction on System, Man and Cybernetics, Vol.

SMC-12,No3, pp. 266-275, June 1982.

D. Hill and R.J Vaccaro, Cartesian Control of a robotic manipulator

with joint complience, Robotica (1987) ‘gol.«:’J, pp-207-215.

Stepien T.M. et al, Control of Tool/Workpiece contact force with ap-
plication to robotic deburring, Proc. IEEE conf. on Robotics and Au-
tomation, pp. 670-679, St. louis, 1985.

R.k Roberts, et al, The Effect of Force Sensor Stiffness on the Control
of Robot mantpulators, Proc. IEEE conf. on Robotices and automation,

pp. 269-274, St. louis, 1985.

104



i

B39]

[49]

[41]

[42]

[43]

[44]

[43]

Tatsuo Goto, et al, Conirol algorithm for precision insert operation
robots, IEEE Transaction on system, man and cybernetics, vol.SMC-

10. No 1, pp. 19-25, January 1980.

-—

) F
R.M. Inigo and R.M. Kossey, Closed-loop conirol of ¢ manipulator arm
using @ wrist force sensor, IEEE transaction on industrial electronics,

Vol. IE-34, No.3, pp. 371-37S, August 1987,

H.S. Cho, et al, Robotic assembly: ¢ synthesizing overview Robotica
(1987), volume 5, pp. 153-165.

J. Spaa, et al, Sensory controlled robot assembly and inspection: Hard-
ware configuration, Proc. of the 14th symposium on industrial robots,

pp. 231-240, Cothenburg, Sweden, october 1984,

B. Roth, et al, On The theory of single and multiple insertions in
. e
industrial assembly, Proc. of the 10th international symposium on in-

dustriel robots, pp. 543-338, Milan, march 1980.

M.P. Hennesey, Compliant part mating and minimum energy chanfer
13th international symposium on industriel robots, pp. 79-92, Chicago,

april 1983,

R.N. Stauffer, Robot in electronics assembly Robotics today, pp. 61-67,
december 1984.



[

. [46] E.I Wood, Robot in mechanical assembly Robotics today, pp. 53-55,

december 1985. -
: . ™
[47] D.E. Whitney, Force feedback control of manipulator fine motions jour-

nal of dynamic systems, measurement, and control, june 1977.

~

[48]‘ J.P. Merlet, A control law for the insertion of a flexible, cylindrical peg
using a robot, Proc. of the 3rd international conference on robot vision

and sensory controls, pp. 453-460, Cambridge, November 1983,

[49] J.Berger, et al, Robotic application in the assembly operations, Proc.
of the 12th international symposium on industrial robots, pp. 427-438,

Paris, june 1982.

(50] A Arnstrém and P. Grondahl A flezible automatic assembly wzth au-
tomatic set-up, Proc. of the 14th international symposium on 1ndustnal

robot, pp. 397-406, Gothenburg, S\'»jedcn, october 1984.

[51] H.J. Warnecke, et al, Programmable assembly cell for automotive parts

and units, Proc. '83 ICAR Internaticnal Conference on f-\dvanceg.f/

Robotics, pp. 29-37, Japan, september 1983.

[52] T.L. De Fazio and D.E. Whitney, Simplified Gen.ration fo all Mechan-
ical Assembly Sequences, IEEE journal of robotics and avtomation,

Vol.RA-3, No.6, December 1987.

(53] M. Kasai, et al, Trainable assembly system with an active sensory table
possessing siz azes, 11th international symposium on industrial robot,

Tokyo, Japan, october 1981.

106

1S



o

[54] A.J. Critchlow, Introduction to Robotics, Macmillan Publishing Com-
pany, New York, 1985. '

[55] J.L. Peterson, Petri Net Theory and Modeling of Systems, Prentice-
Hall Inc, Englewood Cliffs, N.J. 1981. |

107

'/‘\ L S



Appendix A—

SIR-1 Comm:;md Set .

-

SIR-1 has a set of host mode commands, these commands are sent from the
host computer to the SIR-1 controller through the RS-232C serial terface.
This enable the user to write their own programs to control the robot. The
following are the set of these commands:

i- MOVE command

syntax: M b, s, e, P, ¥, g, X, ¥ <cr>
b, s, e, p, T, §, X, y represent the parameters for the
joint motors, they are steps numbers.
This command can activate the following:
-move the motor(s) a specified number of steps;
-output a patern through the output port x & y.
It is not necessary to move all.the 8 motors simu-
ltaneously. -

2- SPEED command

>
Syntax: £ b, s, e, p, T, g, X, § <cr>
b, s, e, p, T, g, X, ¥ represent the parameters for the
joint motors, they are speed numbers which range from 0

to 7. :
Sir allows every motor to have its own moving speed.
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3-'PAUSE command

Syantax: P t <cr>

t is a number from 0 to 32767. This command cause the
robot to pause for a 0.ixt seconds.

4- BEQOME command

Syntax: H <cx>
This command is used to bring the SIR-1 to its soft-
home position. .

S5- TEACH command

Syntax: T <cr>
This command is used to activate the teach pendant
during programming on the heost computer.

6— READ command

Syntax: R B, S, E, P, R, G, X, ¥ <ecr>

. B, S, E, P, R, G, X, Y represent the parameters for the
joint motors, their occurence is random. This command is
used to examine the absolute position of various axes.

\
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Appendix B

\Eiéi‘: of the sensor commands

QUTPUT

M

EDO-X Y <cr> Enable output

ASCII output (default)

Resolved forces and moments {(default)
LPF - BIAS

LPF
BIAS.

g
wunu
W

Y

Packed output

Forces and Moments “(default)
Forces only

Moments only

v rdrd
mn i
WK

Analog qutput

Zero volls (default)
1-6_Mx-Mz

Fx-Mz sequence

11-16 LPF 1-6
17 LPF sequence

21 240 hz square wave, full scale
22 1 hz square wave, full scale
23 1 hz triangle, full scale

‘24 Small sawtooth .
25 + full scale, DC

T U I T (L I |

vded rd rg rg v g O
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Y = 26 - full scale, DC

X=4, 12-byte format.
BIAS <
RB <er> Reset Bias
FRAME
CF X Y <cr> Change Frame
X=1-3 (X,Y,2)
Y=0-_500mm

DF <cr> Disply Frame
RF <cr>» Reset Frame
LIMITS

CL <cr> Change limits

1 -6 (Fx-Mz)
New Value

nn

X
X
Y
DL <cr> Display limits

RL <cx> HReset limits

IL <cr> Inhibit limits

PASSBAND
CP X <cxr> Change Passband
X =1 240 hz (bypass
X =2 120 hz ’
X=3 60hz
X =4 30#z
.x =5 15 hz

DP <cr> Display Passband
TERESHOLD

CT X <cr> Change Threshold
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.

X T 0 - 4095 New threshold
DT <er> -Display Threshold
RT <cr> Reset Threshold
IT <;r> Inhibit Threshold
RATE

CR

0

M~JOhupW- H
o
[s,]
o
o

> Change Rate
38400 baud
19200 baud
9600 baud
baud
2400 baud
1200 baud
600 baud
~300 baud

PAPAbdbdbd pepdd P

TuMN AW A

DR <cr> Display Rate



Appendix C

SIR-1 Utility Library

/=
: SIR.H LIBRARY

* This library contains all the functions needed to operate the
.* the robot. Two sets of function can be found. The first set
is

* a collection of function that implement the robot commands set
* and the second are the function that implement the forward and
:/inverse kinematics of the sir-1 robot arm.

#define home send(H,com2);cari_ret(com2)

/* Global variables */
int =*=ptrp; /* number of steps of each motor. */
double *pointl; /* cartesian coordinates (forward solu.) */
double *point2; /* angular coordinate (forward solution) */
double angle(5]; /* values of the angles (inverse solu.) */

/* .
* This function initialize the communiction between the robot
* contreller and the computer

*/

void open_comi()

int ch;
cominit2();
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send (escape,com2) ;

cari_ret{com2);

if (read com(com2) <= 0)

{printf("Set the robot controller to the host mode & try again
\n"); °

abort () ;}

printf ("TRE SIR-1 ROBOT IS SE’I‘\n")

*
* Function to convert a string of cartacter to an integer
*/
int near car_int(char ch[l)
int posit;
char *iptr’
iptr=ch;
posit=atoi(iptr);
return{posit);

¥

-

* This function converts an integer to a strlng of carracter
* it return a pointer to the string
*/

char near *inpt_car(int valu)

char *iptr,string(7];
iptr=string;
ltoa(valu,iptr,10);
return(iptr);

T

* This function counts the number of carracter in an integer
i

o _

int near count(int wvalue)

»

int max;
if(value<10 &% value>0) max=0;
else if((value<iQ0 && value>0) |l {(value>-10 && value<0)) max=1;

glse if ({value<1000 Z& value >0) ||{(value>-100 %& value<())
max=2;

glse if((value<10000 && value<0)[[(value>=-1000 £& value<0))
max=3; )

else max=4;
return(max) ;

/* '
= Thi: function returns the present reading of the optical encoders.
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* The different values are contained in a pointer called PTRP.
*/

void near act_posit()

int i,j,stepl7];
char ch,ch1[7],ch2[7],ch3[7],cha[7],ch5(7],ch6(7],ch7[7],ch8([7],chs[4];
ptrp=step; .

send(R,com2) ; send(space,com2); <
send(’B’ ,com?) ;send(comma,com?);
send(’S’,com?2) ;send(comma, com2);
send{’E’,com2) ;send(comma,com?2) ;
send(’P’,com?2) ;send(comma,com2) ;
send{’R’,com2) ;send (comma,com?2) ;
send (’G”,com2) ;cari_ret(com2) ;
ch=check();
if(ch==77?)

printf ("%c\n",ch);
3=0;

else

ch1f{0]=ch;
j=1;

for(i=j;i<=6;i++) chi[i]l=check();

for(i=0;3i<=6;i++) ch2[il=check();

for(i=0;i<=6;i++) ch3[i]=check(); e
for(i=0;i<=6;i++) ch4[i]l=check(); .
for(i=0;i<=6;i++) chS5[il=check();

for(i=Q;i<=6;i++)} ch6[il=check();
step[0]=car_int{chi);step[1]=car_int(ch2);
step[2]=car_int(ch3);step[3]=car_int(ch4);
step[4)=car_int(chS5);step[5]=car_int(ch6);

/*
*  BASE : stepl0]
*  SHOULDER : step[1]
- =  ELBOW : step(2] :
* - WRIST PITCH : step(3] ~
*  WRIST ROLL : step[4)]
*  GRIPPER : step[5]
*/
¥
/* ' |
* This function return the present position of the robot arm.

*

POINT1 contains the cartesian position.
POINT2 contains the angular position.

*

*/
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void near position()-
{

int i,j,posit,stepl7];

deuble 01,02,03,04,05,X,Y,Z2,x,z,a2,a3,24,PI;

double ny,cy,ax,az,gamma,beta;

double coordinate([5],anglel5];

pointl=ceordinate;

pointZ=angle;

a2=204.0;23=250.0;24=0.0;PI=pi;

act_posit();

for(i=0;i<=2;i++) ‘
step[i]=+(ptrp+i);

O1=step[0]*0.24%PI/180; -

02=step[1]*0.03*2+PI1/360-PI1/2; d

03=step[2]*0.023%2+PI/360-02; .

04=step[3]*0.18+P1/180;

05=step[4]*0.9*PI/180;

ny=sin{01)*cos(02+03+04) *cos(05)+cos (01) *sin(05);

oy=-cos(02+03+04)*sin(05)*sin(01)+cos(01)*cos(05);

ax=cos(01)*sin(02+03+04);

az=cos{02+03+04) ;

X=cos(01)*(cos(02+03) *a3+cos(02)*a2);

Y=sin(01)*(cos(02+03)*a3+cos(02)*a2) ;

Z=-s5in(02+03)*a3-sin{(02) *a2;

gamma=atan2(ny,oy);

beta=atan2(ax,az);

coordinate[0]=X;

coordinate[1]=Y; .

coordinate[2]=Z;

coordinate[3]=gamma*180/PI;

coordinate[4]=beta*180/PI;

angle[0]=01; '

angle[1])=02+P1/2;

angle[2]=03+02;

angle[3]=04;.

angle(4]=05;

-

¥

/* :
* This function takes an integer and sended throught com2
*/

void near send_int(int value)

int j,max,inter;
char =*ptr,chr(5];
max=count{value) ;
pir=int_car(value);
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chr[0]=+ptr;chr[1]=*(ptr+1) ;chr[2]=*(ptr+2);
chr [3]=*(ptr+3) ;chr[4]=*(ptr+4); <
for(j=0;j<=max;j++)

inter=chr(j];
} send(inter,com2); .
> J
/* .
* This function controls the speed of the robot arm.
*/
void near speed(int speed)

{. .
int 21;
char *spee;
spee=int_car(speed)
send(’S? ,com2);
send(space,con2) ;
for ( i=0;i<=4;i++ )

send(*spee,com2) ; -
send (comma,com2) ;

send(*spee,com?2) ;
cari_ret(com2); ' p
}
\*
* This function takes a pointer that contains the number of steps
* for each joint and sends them to the robot controler. <.
*xf v
void near move(int *ptry) -
{ .
int i,positf6]; s
posit [0]=*ptry;posit[1]=+(ptry+1);posit{2]=*(ptry+2);
posit[3]==(ptry+3);posit[4]=*(ptry+4);posit[S]=*(ptry+5);
send(M,com2);
send (space,com2);
for(iz0;i<=5;i++)

£(posit[i] !=0)

send_int(posit[i]);

if(i<5) v
send (comma,com?);

cari_ret(com?2);



?,r’

void near move_joint(int *ptry)

{
int i,posit(6],*ptr;
ptr=posit;

posit[0]=*ptry;posit[1]=x(ptry+1);posit[2]=*(ptry+2);
posit [3]=*(ptry+3);posit[4l=*(ptry+4) ;posit[Si=*(ptxry+5);

for(i=0;i<=5;i++)
move(ptr) ;

¥

*
* This function makes the robot pause for an amount of time given

* by "time".
*/
vo%d near pause(int time)
send(P,com2);
send(space,com2) ;
send_int{time);
cari_ret(1l);

¥

* When one or more joint values are out of range, this function
* print a error message along with the corresponding joint.

case 1 :printf ("?BASE’\n");

:printf("’SHOULDER’\n");
:printf (" ELBOW’\n"); _
:printf ("’WRIST PITCH’\n");
:print£("’WRIST ROLL’\n");

*/
void near error(int ch)
if(ch <= 6 )
printf ("VALUE QUT OF RANGE ");
switch(ch)
{
o break;
case 2
break;
case 3
break;
case 4
* break;
case 5
break;
case 6

break;

:printf ("’ GRIPPER’\n");

}
printf£ ("CHECK YOUR ENTRIES\n");
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’ /*

;

*/.

S

* This function takes the controller return value after inmitialization
* and gives the status of the differenat moters. ;

void near diagnostic(int ch)

{

b

*

"printf("THE WORKING MOTORS ARE :\n");

if ( ch >= 128 )
{ printf (" Y motor\n"); ch=ch-128; }
if ( ch >= 64 )

{ printf(" X moter\n"); ch=ch-64; }
if ( ch »>= 32 )

{ printf(" GRIPPER\n"); ch=ch-32; }_
if ( ch »= 16 ) -

{ printf(" WRIST ROLL\n"); ch=ch-16; }
if ( ¢ch >= 8 )

{ printf(" WRIST PITCH\n")4 ch=ch-8; }
if ( ch »>= 4 )

{ print£(* - ELBOW\n"); ch=ch-4; }
if (ch >=2)

{ printf(" SHOULDER\n"); ch=ch-2; }
if ( ch>»>= 1)

{ printf(" BASE\n"); }

if (ch == 0 )
{ printf (* NOGNE\n"); }

-y
-

* Given the cartesian coordinates this function computes the
* different joints angles. The aﬁg%sg}are stored in an array

* called ANGLE[].

*/

(

void near comp_angle(double px, double py double pz,double Bi double

32)

double 22,23,a4,ax,ay,az,nx,ny,ox,oy,valul,valu2;
double 01,02,03,04,05,0123,PI,W[5];

PI=pi; -
a2=204.0;a3=250.0; N
ax=sin(B2)*cos(B1);

ay=sin(B1)*sin(32);

az=cos(B2);

nx=cos{B2)*cos(B1);

ny=sin{B1)*cos(B2);

ox=sin(B1);

oy=cos(B1);

Ol=atan2(py,px);
05=atan2(-nx*sin(01)+ny*cos(01),-sin(01)*ox+oy*cos(01));

~ 0123=atan2(ax*cos(01)+ay*sin(01),2z);
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vaiul=cos(01)*px+sin(01)*py;
valu2=(valul*valul+pz*pz-ad*a3-al*a2)/(2*a3*a?);
if(valu2==0)

03=PI/2; > )
else 03=atan2(sqrt(i-valu2*valu2),valu2);
02=-atan2((a3*cos(03)+a2)*pz-a3*sin(03)*valul, (a3*cos(Q3)+
a2)*valul+a3*sin(03)*pz);

04=0123-02-03;
position();
W[0]=*point2; W[1]=*(point2+1);

W[2)=*x(point2+2); W[3]=+(point2+3);
Wla]l==(point2+4); -
angle[0]=01-W[0];

angle[1]=02-W[1];

angle[2]=03-W[2];

angle[3]=04-W[3];

angle[41=05-W[4]; _ )

.

04
v
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— Appendix D

et

User Programs

/*

* This program position the robot in the cartesian space.
* It takes, as parameter,  the coordinate of the desired
* position. 0
* Y
#pragma inline
#include<dos.h>
#include<stdio.h>
#include<stdlib.h>
#include<math.h>
#1nclude”const . h"
#include"asm.h"
#include'sir.h"

main(argc,argv)
int argce;
char *argv(];
{

int i,j,n,posit[G],*point_pos,flagi,pos[?],grip;Bl,B2,cart[6];
double PI,BT1,RT2,arra(6],posi[5],ang[5],tenp;
PI=pi;
point_pos=posit;
if(arge < 6)
N printf("missing %d parameters\n",T-argc);
else if(arge >6)
printf('more parameters than needed\n");
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/*

' $lse

i for(i=1;i<=5;i++) cartli-1]=posi_value(argv[il);
open_coni();
for(n=0;n<=1;n++)

position();

for(i=0;i<=5;i++) pos[i)=x(ptrp+i);
for(j=0;j<=4;j++) arraljl=(doudble) cart[jl;
Bi=arra[3];B2=arra[4];temp=arra[2];
BT1=B1%PI/180;BT2=B2+PI1/180;

if (n==0) arra[2]i;(point1+2);

else if(n==1) arra[2]=temp+20.0;

else arra[2]=temp; '

comp_ang ra([0] ,arral1],arra{2] ,BT1,BT2);

. posi[0]=Yangle[0]*180.0)/(PI*0.24);

posi[1]=(angle[1]*480.0)/(PI*0.03); :

posi[2]=(angle[2]*180.0)/(PI*0.02);

posi[3]=(angle[31%180.0)/(PI*0.18);

posi(4]=(angle[4]*180.0)/(PI*0.9); ‘

for(i=0;i<=4;i++) positlil=(int) (posi[i]+0.5);

posit [5]=0; .

if((posit[0]+pos[0])>600 || (posit[0]+pos[0])<-600)
{ error(1); flagi=0;}

if((posit[1]+pos[1]1)>1200 || (posit[1]+pos{11)<-910)
{ error(2); flagl=0;}

if((posit[2])+pos(2])>1270 || (posit[2]+pos[2])<-810)
{ error(3); flagi=0;}

if((posit[3]+pos3]1)>630 || (posit[3]+pos[3])<-280)
{ error(4); flagi=0;}

-

if ((posit[4]+pos[41)>490 || (posit[4]+pos[4])<-280)

{ error(5); flagl=0;}
if(flagl == 0)
abort();

else L. .
move_joint(point_pos);

position();

printf(“\n X= Jf Y= Yf Z= %f \n",*pointi,
#*(point1+1),*(pointi+2));

printf(''roll= Yf degrees pitch= Yf degrees
\n\n",*(point1+3) ,*(point1+4) );
exit(0); '
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%

* This program controls the opening of the griper.
* It takes the number of steps for the griper motor
* as a parameter.

*/
#pragma inline
#include<stdio.h>

#includedstdlib.h>

#include''const.h”

#include'asm.h"
#include'sir.h"

nain(argc,argv)

int arge;

char =argv[];
irt i,j,*res_p; ¢ \\\“
if(arge <2) printf(“missing the parameter of the gripef‘ﬂﬁs;
else if(argc >2) printf("extra parameters\n");
elie o Y
res_p=(int *) malloc(6*sizeof(int));
act_posit();
for(j=0;j<=5;++j)
x(res_p+j)=0;
*(res_p+5)=posi_value(argv[1])-*(ptrp+5);
move(res_p);

act_posit();
free(res_p);

exit(0);
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Appendix E

I/O Librairy

g

/%
* I/0.H

x
* This is the I/0 librairy. The code is written using the 86/88
* assembly language. This functions can be accessed by simple
* calls. Both the robot and the sensor programs are using this
* librairy. -
*f \
S
* . . . \\\
* This function sends a charracter specified by "message" to
* either one of the serial ports "comO". :

»

*/
void near send (int message,int com0)
{
asm nov dx,comQ
asm mov ax,message 3
asm mov ah,1
asm int 14h
1
IE
* This function initialize the R$-232 port (coml ) to pe
*/used for the sensor. '
*

void near cominitl()
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asm mov  al,10010011b /= 1200 baud,no parity,8 data bit
*/

asm mov dx,coml

asm mov ,

?sm int 14h -
/=

* This function initialize the RS-232 port ( com2 ) to be
* fused for the robot controller. -

*/
void near com1n1t2() - - )
asm nov al,11110011b /* 9600 baud,no parity,8 data bit _
*/
asm mov dx,com2
asm mov .
asm int 14h
¥ . N
/*

* This function checks the input line for a charracter. It returns
* the carracter found or set the flag to zero and return garbage.
*x/ \

int near check 1np() N

asm push ds
asm push dx
asm push =i i
asm mOv si1,dx
asm add si,si
asm mov dx,40h
asm mov . ds,dx
asm mov dx, [51] K
asm add dx,5
asm in al, ydx
asm test al,l .
asm jz exit
asm mov dx, [si] ,
asm in al,dx
exit: )
asm pop si
asm pop dx
asm pop ds

return(_AX);

~

/*
* This function sends a cariage-return to the serial port
* specified by "comO". .
*/ “
void near cari_ret(int com0) Y



I

send(13,comQ);
send(10,com0);

x
/* This function reads the serial port specified by “"com"
* and it returns the value read. If no value is present,
* at the port, then after some tries a2 -1 is returned.
*/ .
int near read_com{int com)
int i=0;
asm mov dx,com
a:’ i+t
if(i>=50)
return(~-1);
else

check_inp();
asm jz a
return(_ALY;

}
/*
* CONST.H

*
* This library contain some predefined constant used

" * by the different programs.

*
#define cr 13
#define 1f 10
#define A 65
#define E 69
#define O 79
#define R 82
#define B 66
#define I 73
#define C 67
#define F 70
#define D 68
#define L 76 7
#define P 80
#define T _84
#define H 72
#define M 77 ’

#define pi 3.14
#define zero 48
#define omne 49
#define two 50
#define three 51
#define four 52
#define five 53
#defins six 54
#define space 32

#define comma 44
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#define escape 27

#define coml 0
#define com2 1
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Appendix F

-

Sensor Library

SENSOR.H !

This is the interface library of the sensor. All the
commands of the sensor are implemented using the C
language. In addition to the command a set of function
to 'read the forces and the torques are implemented.

* O KRR

*/
I o
* This function implement the I0 command which is the
* inhibit output command. Once this function is used the
* sensor microprocessor stops sending the forces.
*/
void near inhibit_output()

int c¢h;
send(I,coml):
send (0, coml);
cari_ret(conl); ~
ch=’ 7;
while(ch !'= ’77)
ch=get_port();

* Thiz function resets the bias by sending the RB command
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* to the sensor microprocessor. This function has the effect
* of zeroing the reading of the sensor regardless of the

* sensor loading.

*/

void near reset_bias()

int ch;-
send(R,coml);
send(B,coml);
cari ret(coml)
ch=? ?
whlle(ch 1=273)
h=get_port();
¥
/*
* This is a counter that takes an integer and returns the
* number of charracters it contains.

x/
int near counter{(int value)
int max; )
max=0;
while(value !'= 0)

value=value/10;
++max;

return{max) ;

*
* This fungtion converts an array of charracters to an
* integer.

*x/ r
int near posi_valu(char ck([])
¢ int posit;
char =*iptr;
iptr=ch;
posit=atoi(iptr);
return{posit); :
} .
*

* This function takes an integer and sends it to the serial
* port "coml" where the sensor is connected.

*/

" void near send_in(int value)

int j,max,inter;
char *ptr,chrls];
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ptr=chr;
max=counter{value);
itoa(value,ptr,10);

chr[0)=*ptr;chri1]=+(ptr+1);chr[2]=*(ptr+2);

for(j=0;j<=max; j++)

inter=chr(jl; -
send(inter,coml);

}
}

4

*
* This function reads 2 voltage ranging from 5V to -5V

* through the analog/digital port and return this value

* to the calling program.

*/

float near forcel)

float f£1;

const K=2048;

int A0,A1,A2,A3;

int 1,3;

for(j=1;3j<3;j++)

Al=inportb(0x304); /=

for(j=1;3<3;j++)

AO=inportb(0x306); /%

for(j=1;j<3;j++)

A2=inpoxrtb(0x307); /*

A3=A0*16+A2/16; /*

fi=(float) (A3); = /*
) return((£f1-K)*5/K);/*

/[ *

read port 772 to start conversion */
read the MSB at adress 774 */

read the LSB at adress 775 x/
reconstruct the value */
convert to real value */
return the value in voltage */

* This function enable the output of the sensor. It takes

* two parameters x & y.

With x=3 the output is enabled for

* analog transmission. y takes values from 1 to 6: 1 for Fx
* 2 for Fy, 3 for Fz, 4 for Mx, 5 for My, and 6 for Mz.

*/
void' near enable_output(x,y)
int x,y;
int «ch;

send(E,coml);
send(0,coml) ;
send(space,coml);
send(x,coml);
send(space,conl);
send(y,coml);
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)

* cari_ret{coml);
ch=?"7;
while(ch !=777)
ch=get_port();
}
/>

*/This function returns the value of Fx in [NJ].
L3
float near Fx{) U

float ££;
enable_output(three,one);
ff=force();
inhibit_output(};
return(f£*20);

/*

* This function returns the value of Fy in [N].
x/ *
float near Fy()

float ff;

enable_output (three,two) ;
ff=force();
inhibit_output();
return(ff*20);

/>

* This functien.returns the value of Fz in [N].

*
float near Fz{)

~ float ££;
enable_output(three,three);
ff=force();
inhibit_output();
return(ff=20);

/* ' .
* This function returns the value of Mx in [N.M].

=/
float near Mx()

float f£f;
enable_output(three,four);
ff=force();
inhibit_output();

-
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return(ff=a);

/* *
* This function returns the value of My in [N.MJ].

*/ .
float near My()

{float £f;
enable_output(three,five);
ff=force(]};
inhibit_output();
return{ff*4) ;

/* !

*/This function returns the value of Mz in [N.M].
b 3
float near Mz()

float ff; .o
enable_output(three,six);

ff=forge();

inhibit_output();

return{ff=4);

/% ‘
* This function initialize the communicatien link between
* the sensor and the computer and resets the bias.
x/
void near open_com_link()
{.
int resul;
char ch;
cominiti();
cari_ret(coml);
if(read_com{coml) <= Q) 3
printf("turn on the sensor and try again\n");
abort();

resul=’ ?;
while(resul '= one )
- resul=read_com(coml);

while(zesul != two)
resul=read_com{coml) ;

wrile(resul != zero )
resul=get_port();

while(resul 1= &)
resul=get_port();
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printf("\nF S 6 - 1 2 0 A\n");
printf("FORCE SENSOR IS SET \n\n");

Y
4

. * . [
This function changes the frame of ‘the sensor in the
cartesian frame. x spgcifies the the axis: 1 for x-axis
2 for y-axis, and 3 for z-axis. y [mm] specifies the
displacement along the specified axis.
=/ '

~— void near change_frame(int x,int ¥y)
» ’ x
séhd(C,com1);
send(F,com1);
send(space,coml);
. send_in(x};

,-\isend(space,coml);
send_in(y);
cari_retfcoml);

* % K KR

/* :
* This function displays the present sensor frame.
*/

void near display_frame()

int i;

int <ch; ~

ch=0;
send(D,coml);
send(F,coml);
cari_ _ret(coml);
printf ("THE CURRENT LOCATIOX OF THE FRAME IS :\n");
putc(ch);
while(ch !'= *??)
ch=get_port();

h

* . . > - .
* This function resets the frame to the origin of
* the sensor.

*/

void near reset_frame()

send (R, comi)};
send(F,coml);
cari_ret(comi);

‘.

* This function allows any one of the 6 limit values to
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* be changed to a new value. For example, x=3 and y=200
* would change the Z force to 200 [NI].
=/
voi% near change_lggits(int x,y)
send(C,coml);
send(L,coml);
send(space,conl);
send_in(x);
send (space,coml);
send_in(y);
cari_ret(comi);

}
/* :

x This function displays the current settings of the
* 6 limit value. -
*

void display_limits()
{

int i;
char ch; s
_send(D,coml);

send(L,coml);

cari_ret(coml);

printf("THE CURRENT SETTINGS OF TEE 6 LIMIT VALUES ARE A\n");
for(i=1;1<100;i++)

ch=get_port();
printf("%c",ch);
¥
¥

/*
* This function resets the limit values to the default
»= values which are set at power-on.

*/

. . L 4
void near reset_limits()

send(R,coml);
send(L,coml);
cari_ret(coml);

¥

x
:/This function séts the limits to their maximum values

void near inhibit_limits() L

send(I,coml);
send(L,comi);

\\\?
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cari_ret(coml); : ) )

}

x ! -
* This function displays the current selection of
* the low pass filter.
=/
void display_passband()
{

int i;
char ch;
send(D,coml);

send(P coml);

cari ret(coml)

prlntf("THE CURRENT LPF SELECTION IS \n")
fo§(1—1 ;1€10;i4+4)

ch=get_poxrt();
printf ("/ec",ch);

} | | 4
/*x

= This function changes the setting of the low pass

* fllte . X c takes values rom 1t 5 whare:
* 240 hz), 2 -> (120 hz), 2 => (60 hz),
*/4 -> (30 hz), 5 =-> (15 hz). .
*

void near change_passband(int x)

send(C,coml);
send(P,coml);
send(space com1);
send_in(x); »
cari_ret(coml);

}
/*
* This function displays the current excess rate threshold.
*/
void display_threshold()
{

“int i;
char ch;
send(D,coml)};

send(T,coml);
cari_ret{coml);
prlntf("THE CURREHT SETTINGS QF THE EXCESS RATE THRESHULD
:\n");
for(1=1;1<10;l++)
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chi=get_port();
pridtf("ic”,ch);

)

/*
* This function changes the excess rate threshold ™
*/x is the new threshold and can varies from 0 to 4095.

v01% near change_threshold(int x)
send (C,coml);
send(T,coml);
send(space,coml);
send_in(x);
cari_ret(coml);

¥

*

* this function resets the excess rate threshoeld to the
* power-on default value.

*/

void near reset_threshold()

send (R, coml);
send(T,coml);
cari_ret{coml);

}
[*

* As soon as this function is executed the sensor will
* switch to 2 new rate indicated by x. x can be a value

* from 1 to 8 where 1 corre5pond to 38400 and 8 to 300 baud.
*/ >

void neaxr change_ rate(int x)

{
send(C,coml);
send(R,coml);
send(space,coml);
send_in{x);
-} cari_ret(coml); .. -

-
-
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Appendix G
Peg-In-Hole

.PEG_IN_HOLE

This is the code of the peg-in-hole program. The pe
assumed to be on top of the hole. The program will 1nsert
the peg, display the time taken by this operation and then
open the gripper and moves the end-effector away from the
hole. On success a ¢ is returned.

/

#pragma inline
#include<process.h>
#include<dos.h>
#include<stdioc.h>
#include<stdlib.h>
#1nclude<math k>
#include"const .h"

#include"asm h"
#1nc1ude"se§§g\ .h
#include"sir. RV

int #*resol_p[8]; /* The lookup table for the fine motion */

*®
* Initialize the lookup table.

LK B 2N R R N

*/
void getdata()

int 3,j;
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for(i=0;i<=T7;i++)

resol_p[1] (int *) malloc(6*31zeof(1nt))
for(i=0;i<=T;++1i)

for(j=0;j<=5;++j)

*(resol_plil+j)=0;
*(resol_p[0]+1)=3;*(resol_p[0]+2)=-
*xresol_pl[i]=1;
*(resol_pl2]+1)=-2;*(resol_p[2]+2)=-10;
*(resol_p[6]+1)=2;*(resol _p[6]+2)=10; <mg
*{resol_p[3]+3)= *(resol_p[4]+4) 1;
*(resol~p[7]+3)—-1
}

/*
* This function taXes care of the lateral correction.

*/

.veid correct(int *offs)

int =*p_step,stepl6],1,j; ‘
p_step=step;
for(i=0;i<=5;i++) stepli]=0;
for{i=0;i<=5;1i++)
for(j=0;j<=5;++j) -
step[il=stepli]l+(*x(offs+j)x(*(resol_pl[jl+i)));
move(p_step);

*

* This function performs two actions. It moves the end-effector
along —

* the Z-axis and rotate it about the x-axis. param is the variable
* that spec1f1es whlch action to perform.

*/

int resolv(int param,int Pz)

switch(param)
case ’2’: move(resol_p[2]);
break; )
case ’z’: move(resol_p[6]1);
break;
case ’R’: move(resol_p[4]);
break;
case ’r’: move(resol_p([7]);
break; '

default :printf("error in function resolv \n");

position();
* id(=(point1+2) <= Pz)
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{
i
return{-1); ~
else
return(l);
/=
* This is the main bodie of the program. It insert the peg in
the hole,

* report the time taken by the operation and then open the griper
* and moves the end-effector up.
*/

in()
m%ln

int j,i,m,n,pos(5],flag,pd,*corxr,cons(6];
double th,thr,arri[6];

flag=m=0;

pd=100;

thr=8.0;

th=2.0;

corr=cons; ,
cpen_com_link();

open_comi() ; P
change_frame(3,70);

display_frame();

getdata();

for(n=0;n<=5;++n) consfn]=0;n=0;
biostime(1,0);

while(flag == 0)

L
while((arr1[6]=Fz()) >= -thr && flag==0) .
if({resolv(’z’,pd)<=0)
flag=10;
i=j=0;
waile(i == 0)
if ((arr1[0]=Fx()) >= th) ]
. cons[0]=1;
if(arr1l0] <= -th)
cons[0]=-1;
if((arri(1]=Fy()) >= th)
cons[1]=1; .
if(arri[1] <= -th)
cons[1]=-1;
if(cons[1]==0 && cons[0]==0)
m=0;
else

correct(corr);
m=10;}
cons[0]=cons[1]=0;
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if ((arri[4]=My()) <= -2.0)
{cons[4]=1;
cons[0]=-1:}
if(arrif4] >= 2.0)
cons[4]=-1; . -
cons[0]=1;%} -
if((arr1f3]}=Mx{)) <= -2.0)
cons[3]=-1;
cons[1]=1;}
if%arriEs] »>= 2.0)
3]=1;

ifécons[S] % cons[4]==0)
m=0; -

else

correct(corr);
, m=10;}
- cons[3]=cons[4]=0;

++73;

if(Fz() >= -4)

1=10;

else if(j>=3 || m==0)
wvhile(Fz() <= -4 && j<=6)

{

resolv(’R’,pd); ’
resolv(’r’,pd);
resolv(’Z’,pd);
++3;

e
+J=0;1=10;

m=0;

¥

3 N
printf("\n TIME=Y%f sec\n",biostime(0,0)/18.2);
iffspawnl (P_WAIT,"c:\\turboc\\griper.exe","griper.exe","250" ,NULL) !=0)
abort();
*(resol_p[6]+1)=20;*(resol_p[6]+2)=100;
*(resol_p[2]+1)=-60;*(resol_p[2]+2)=-~300;
while(resolv(’Z’,130)<=0) )

£or(i=0;1<=7;i++) free(resol_p[i]);
exit(0);





