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INTRODUCTION

‘ Computer controlled robots oﬁ'er a number of srgmﬁcant advantages in manufac- :
. turrng and assembly tasks. These include consrstent product rehablllty and the abrl-."'b
| ity to work in harsh envrronments The programmable nature of robotic automatlon
'allows the possrblhty of applylng them to a. number of tasks. In partlcular, srgmﬁcant
savmgs ca.n be expected in batch productlon, 1f robots’ ca - be applled to produce -
'_numbers of products successfully without plant re—toollng Unfortunately, desplte_
consrderable progress made in robot. programmrng [Lozano-Perez 83] [Paul 81} [Ahmad
84] [Gruver et al. 84] [Bonner & Shin 82| and in sensing [Gonzalez & Safabakhsh 82]

[Fu 82] [Hall et al. 82|, [Goto et al. 80] [lezmger & Dletrrch 86), [Harmon 84,

kinematics and control strategles [Whitney 85] {Luh" 83] ILee 82] a number’ of prob-

lems still remain unsolved before en-mass applications take place In fact, in current-_»_' ‘
applrcatxons, the specialized tooling for manufacturlng a particular product may make -

up as much as 80% of the productlon line cost. In such a productlon llne the robot is
often used only as‘a programmable parts transfer device.. .- : o

‘ Improvrng robots ablhty to sense and adapt to drﬂ'erent products or envrronments n
SO as to handle a larger varlety of products without retooling is essentlal Ttis Just as
important. to be able to program them easily and quickly, w1thout requlrlng the user
‘to have a detailed understandlng of complex robot programmrng languages and con- -
_ trol schemes such as RCCL [Hayward & Paul 84], VAL-II [Shrmano et-al., 84], AML

'[Taylor et al., 83], SRIL-90 [Ahmad 84] or AL [\/Ithaba & Goldman 79). Currently' o

there are a number of Computer Aided Design (CAD) packages avallable which sim-
plify the robot programming problem Such packages: allow the automatlon system
o deszgner to srmulate the assembly workcell which 1 may consist of various machrnes and L
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robots. The designer can then pick the motlon sequences the robot has to execute m"
order to achieve the desired assembly task. This is done by viewing the rnot1ons ona-
graphlcal screen from different viewing angles to check for collisions and to ensure the

relative positioning is correct, much the same way as it is done in on-line teach pla.y- o

back methods (see Figure 1). Off-line robot programmmg on CAD statlons does not-
always lead to successful results due to two rea.sons ‘ '

(i)  The robot mechamsm is 1nherently inaccurate due to 1ncorrect k1nerna.t1c models
programmed in their control system [Wu 83] [Hayati 83} [Ahmad 81] [Wl__ntney et
al. 84] :

(ii) = The a.ssernbly Workcell rnodel represented in the controller is not accurate Asa
- result parts and tools are not exa.ctly located and their exact p031t1on may vary.
This causes a predefined kinematic motion sequence progra.m to fail, as it can-

not deal with p031t10na.l uncertaxmmes '

Sensors to detect real-time errors in the part and tool pos1t1ons are obv1ously
required with tailored sensor-based motion strategies to ensure. assembly accomphsh—
ment. In this chapter we deal with how sensors are used to successfully ensure assem-
bly task accomplishment. We illustrate the use of various sensors by going through.
an actual assembly of an oil pump. Additionally we illustrate a number of motion
strategies» which have been developed to deal with assembly errors. Initia.lly, we dis-
cuss a number of sensors found in typical robotic assembly systems in Section 1. In
Section 2 we discuss how and when sensors are to be used during an assembly opera-
tion. Issues relating to sensing and robust assembly systems are discussed very briefly
in Section 3. Section 4 details a sensor-based robot assembly to 1llustrate practlcal

apphca.mons
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Figure 1: On—liﬁe Teach Pleyback Metﬁode :

.Section 1: Types Of Sensors Utilized In
Robotic Applications .

- There are fundamentally two types of sensors. There are those that rely on
mechanical contact via the robot structure to the sensors or directly with the sensor
and its environment, such as force and touch sensors. Other sensors do not require
- contact with the environment such non-contactmg sensors would include vision, opti-
cal and ultra-sonic ranging sensors. Thermal sensors may also be of non-contacting
type. The mode of use of these sensors is also different. For example, force or tactile
data would not reveal useful information about an object ,uhtil a contact is made.
Similarly ranging or visual feature identification cannot be carried out if the view is
obscured or is out of the ranging distance. These issues are further discussed in the
Section 2. A brief description of some commonly found sensors and the physics of
their operatlons is now presented ' ’
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Contacting Sensors

Contacting sensors may mclude a force sensmg structure, a mechamcal lumt
- switeh, a linear potentiometer, a linear voltage differential transformer (LVDT) ‘a tac-
tile sensor, etc. We however limit our discussion to a force sensing structure, an optl-
cal touch sensor array and a linear potentiometer. Fi igure 2 1llustra.tes a force sensmg
structure which was developed by DFVLR of West Germany ‘[erzmger‘& Dietrich 86].

Frgure 2: DFLVR Force Torque Sensor

When a force is apphed at a poxnt on the sensing structure, the elementa.l ‘members of

this structure will deform much like a ‘spring, except the. structure is designed to

behave hke a six dimensional spring.: This deformation is small but can be measured -
by optical or electromechamcal techniques, such as with strain gauges. . The sensor
may employ n-strain gauge elements with R’“‘1 output vector € - (61, ,én) A force

sensor whlch is deformed by» a vector x E RS"I, would output a force fe RBXL If K]

s R ma.trlx representmg the structural stiffness in the elastlc reglon of operatron,
then: ‘

~

£=[K]x

If [C] is a Rs’m matrlx wh1ch transforms n—straxn gauge sensor readmgs to deformatxon

X, then:
= K] [C] ¢

a_.ésuming; a linear relatiohship exists between the strain gauge deformation’ and the
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applied force. Most commercla.lly available force sensing structures W111 process ‘the
_signals from the strain gauge element reading to a force signal in a user deﬁned coor-
dinate frame. Force sensors employing capacitive measurement techmques ha.ve also
been developed [Sinden & Boie 86]. o

A linear potentiometer may be used to measure dlsplacement or a force (xf com-
bined W1th a comphant structure) A possible use is shown in Flgure 3. .

. Fxgure 3
‘A use of a linear potentlometer to obtam surface
shape. The method is SImple and lengthy, but it Works

The linear dlspla.cement x between the contact point and the pre- programmed pa.th of‘

the robot end effector is used to obtain the shape of the surface.

. An optlcal touch sensor is shown in the Figure 4, it is reported by Bege m [Bege :
84]. _
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.acryhc plate
— Iamp for hght in the"-fv‘ |
- acrylicplate - . ..

- lenstofocusimage

- CCDimaging arrayIC.

‘.Figure 4: An Optical Tactile Senser

‘A number of other tactile array sensors have been constructed based on various
technologies [Ra.lbert & Tanner 82] [Hillis 82]. The underlying physics on which this
device functions are as follows: when there are no objects placed on the elastic mem-
brane total internal refraction is experienced by the light waves in the acrylic plate,
‘hence the image formed by the lens on the CCD array is black. Once an object is
placed on the elastic membrane, the light in the acrylic plate is diffracted by the
“higher refractive index of the touching membrane. The diffracted rays travel through
the acrylic plate and are focused by a lens onto the CCD array.. The advantage of

this sensing scheme is that the actual contact between the sensor surface and the

environment is minimal. Also, existing image processing techmques may now be utll- e
ized to analyze the i 1mage formed on the CCD array. o ' ‘

Nonconta(:tz'ng Sensors

\Ioncontactmg sensors include optical, acoustic ranging, vision and magnetlc sen-
sors. Vision sensing is explained in greater detall in other chapters of thls text In

thls section we briefly explain acoustic ranging. ‘
“An ultrasomc ranging system relies on the fact that sound at a constant tem—
'perature and pressure will travel at a constant speed. Also, if an ultrasonic wave-

front strikes an obstacle, depending on the acoustic impedance of the' object’s surface ‘
part of- the wave energy will be retransmltted in the form of an echo. The }tlmer :
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between transmlssmn of the ultrasomc pulse and the time for the echo to ret:urn to a
receiver Whlch is usually located close to the transmitter, can be used to calculate the.
distance to the object (see Figure 5).

Figure 5
- An ultrasonic ranging system.

If vV, is the velocxty of sound, and T is the period of tlme between pulse transmission
and receptlon, then range R is given as:

2—VT
2 v

A pract1ca1 ultrasomc rangmg system would have to employ vanous pulsmg frequen-’
~ cies to deal with noise and temperature or pressure variations. For more detailed
description on an ultrasonic system refer to [Polaroid 82]. ‘Methods of determining
surface information specifically from ultrasonic data is discussed i in Brown [Brown 85]
[Brown 86]. .

»Sectioh 2: How And When To Use Sensors
In Robot Assembly Progra.ms

. As mentioned in the mtroductlon kmematlcally programmed robot programs can
fail if parts become slightly displaced from their preprogrammed paths; or if other
uncerta1nt1es arise.

Con31der an assembly, such as the oil pump shown in Figure 11 wh1ch consists of -
two gears enclosed in the oil pump casing. This task consists of manlpulatlng the -
gears from their initial position and inserting them into their respective bearing hous-
ings. In order for this assembly to be successful, it is necessary that the trajectory of
the gear shaft follow a predefined path relative to the bearing housing.  This is not.
necessarily a unique sequence. If there is a deviation from the set of possible paths -
‘the assembly sequence may fail. It is therefore necessary to utilize sensing to

indirectly and directly verify the relative motion sequence. Indirect operatxons would
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1nclude obtaining the correct position and orientation of the gear shaft and. the 011
. pump casing prior to grasping the parts, obtaining the posmon of the pump casing

before the gear insertion. Direct measurements would include measuring the relative = -

orientation of the gear shaft with respect to the bearlng housing (located on the pump
casing) during the insertion process. In these instances the sensmg opera.tlon is bexng
“used to verify and calibrate manlpulatlon operations.

However, only in certain instances will the sensor giire useful information. An
example of this is that vision will only provide useful information if the view is not
obscured and the measurable features are in range. Slmlarly, the force sensors can
only give useful information if the robot tools are in contact with the environment.
Likewise, the tactile sensor will provide useable da.ta. if the part is in contact with the
touch sensor. The sensing instance has to be in a correct geometrlc context in order
for the sensing operation to be useful. ThlS implies the viewpoint has to be appropri-
ately selected, as well as the sensing instance has to be as close as possxble in time to .
the related motion sequence : :

Which Senser to Use v

In a predeﬁned robot assembly system the questlons are relat1vely easy to
answer. ‘A robot motion sequence can be broken down into transfer operations, con-
tact operatlons such as grasplng, insertions and other mating operations.

The type of sensor to utilize for an assembly sequence verification can be approx-
1ma.tely ‘determined from the type of manipulation operation. An example of this is
~during the termlnatlon phase of an insertion process, the force sensor will monitor 2
sharp change in f as the peg makes contact with the bottom of the hole. It would
therefore be appropriate to utilize a force sensor to monitor the termination phase of
the insertion. However, visual information may also be used to verify the insertion if
the peg is visible. The posltlon of the joints may also be used to verify the 1nsert10n ’

However, the rate at Whlch visual information must be processed may not be
“economically fea.sxble Similarly, the backlash and compha.nce present in the robot
drlve train may not allow accurate measurement of the peg's position if the _]omt sen-
sors are mounted on the motors instead of on the actua.l robot joints. l

f is the force peg expenences along the 3 dlrectxon, the dn-ectlon along whlch the am :
of the peg. a.nd the axis of the hole comcxdes at the end of the insertion process 5 o
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Utzlz.ang Multiple Sensors for Updatzng Object Posztzon Informatzon

A number of sensors may be used to obtain- 1nforma.tlon about an-object’s posi-

tion Methods of combining data from different sensors is currently under investiga- ; _

tion. [Henderson & Shilerat 84] [Durrant Whyte 86] [Stevenson ‘86]. Figure 6 below o
1Ilustrates this concept - ‘

Sensor #1 ——»4 and software — / . “otobject
o : # s3 LT - :
‘Sensdr#z—_-v[ X2 : ' v .
Sensor#:i———bL #3 L o . U AR
. . "~ -Torohot-
%,_/ L ~ /v | N\ ~— J T orogam
sensors " individual sensor’ , muiti-sensor information .
procassing hardware & : procéssing and
software -+ decision making

,‘ Figure 6:‘_‘ Method of Multvip‘le'

- Sensor Utilization.

/

In such a system a number . of questlons must be answered by the mecha.nlsm’
which combines the sensory data. These include: '

(i)  the correctness of the geometric context:

(a) view pomt, is the data originating from the ‘sensor viewing the des1red
object surface, edge or other useable features.

(b) -sensing instance, will the data from this sensing process ‘be useful for'
immediate mampulatlon sequence? : ‘

(ii) statistics of the sensors being used. How error prone is the extracted da.ta from
a pa.rtlcula.r sensor? Lo

A number of researchers approach these problem from a statlstlcal [Durrant Whyte
86] or a numerical standpoint [Stevenson 86] A hierarchial conceptua.l servo has also
been discussed as a method of interfacing sensors to a manlpulatlon-sequence [Kent &
Albus 84|, such a system must address the Iabovefunda.ment_al questions directly or
indirectly in its sensor-fusion process. Grimson [Grimson 86] developed an a.lgori'thm,
to recognize and locate an object utilizing minimal set of sensory data. He also con-
siders the determination of the optimal viewpoint, these viewpoints w1ll require the
minimum number of sensed points to uniquely identify the obJects position and orien-
tatlon \

Position; implies position and orientation.
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Section’ 3: Robust Sensor-Based A.sSerrxbly-.Systems

The obJectlve of research in ‘the area of robust, sensor-based robot assembly sys- |

tems is to develop a formal theory for programmmg and plannmg of“sensor-based -
robot assembly systems.  These systems must be able to guarantee Tobustness even
though assembly parts position, sensing actions, and robot operation may have uncer--
tainty associated with them. Addltlonally, events which disturb the preplanned pro- -
gram can be expected. These include dropplng of a part during a transfer, and unex-
pected collision with the environment or. with another mampulator Other distur-
bances would include machine fallures A system which is capable of dealing with all
aspects of assembly plannlng with uncertainty and is able to guarantee real—tlrne'_
operations, arch1tecturally has three components (see Flgure 7). '

(i) Off-line planning and code generation mechanlsm,
(ii) Intelligent machines which execute the code that is generated
(iii) - On-line system monitor Whlch ensures the assembly system performs the

~ scheduled tasks desplte errors that may occur.

CSG DESCRIPTION OF " MODEL OF ASSEMELY
ASSEMBLY 7 ENVIRONMENT:

R e O . ROBOTS, SENSORS,

MACHINES, FIXTURES, -

... ALGORITHMS -
PLANNING | ‘
: MECHANISM
Oft-ine 4 BRI - Path planning .
system ‘ S - Grasp planning

- Sensor selection
and sensing strategy
selec_tion

~_  RoBoT
‘Asseusu/

. SYSTEM PROGRAM
. ( : _REAL-TIME Error- ON-LINE SYSTEM
ASSEMBLY SYSTEM: Recovery MONITOR
ROBOTS SENSORS, Control
‘ MACHINES <‘: - Local planning
On-iine ) AND FIXTURES - schemes :
system - Monitoring
Lo - Intelligent real-time i > system
control schemes Assembly :
. including compliant Task Execution
motion contro Information

Figure 7: Assembly Planning,
Execntion Monitoring SYstem

The pla.nmng mccha.msm deals with the path planmng of the manlpulator and
that of the machines in the assembly environment, given the solid geometric
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description of the object it is to assemble. It also decides the sensing operations
which are essential to add robustness to the assembly operations. Motion strategies
which deal with uncertainty are also selected by the planner. The set of grasping
positions for the assembly components must also be calculated by the grasp planner.

The  assembly system, which ' consists of various sensors, robots and other
machines, must be able to respond and synchronize to the prlmltlve actlons specxﬁed
by the planner. ' '

The on-line system monitor receives mforma.twn on the assembly from the plan-
ning mechamsm, and the execution 1nformatlon from the assembly system com-
ponents. From the two sets of information, it can decide Whether an assembly system

error has occurred. If so, it can take over and provide error-recovery ‘

- There has been considerable research effort in the area of robot path planmng,
grasping, error recovery and assembly planning. We only briefly dlSCllSS prev1ous
effort i in the area assembly planning systems.

Past Research In Assembly Pla,nmng

Lozano-Pérez [Lozano—Perez 76], Taylor [Taylor 76], Brooks [Brooks 82] have
considered assembly planning systems Lozano—Perez [Lozano—Perez 76] considers an
assembly planning process to be a three stage effort. In the first stage, a general plan
interms of class of operations to be performed i is developed For example, object A is
to be placed on object B. In the second phase, the grasp ‘planning and robot path
planmng is carried out. In the third stage sensing is incorporated to deal with uncer-
tainity.

Taylor [Taylor 76] considered each operation to possess a certam set of precondi-

tions and to achieve a certain set of postconditions. The task of the planner is then -

to satisfy these conditions subjects to the constraints 1mposed by the geometry of the
task. '

Brooks [Brooks 82| developed a symbolic error analy31s package This package is
able to propagate errors through a motion sequence and is used to check generated
plans. These plans are checked interms of whether they satisfy the required error
constraints. If these constraints are not satisfied plans can be altered by 1ntroduc1ng
new operations so as to Guarantee satisfaction. ‘
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Section 4: A Practical Implementation of
A Sensor-Based Robot Assembly System _

In order to gain an understanding of the task involved. in the design of a practl-
cal sensor-based robot assembly program ut1hz1ng currently avallable 1ndustr1al equip-
ment, we document an experiment performed in our robot laboratory class.  This
experiment is performed by first year graduate students and senlors in the School of
Electrical Engineering at Purdue University. This experlment is a part of a labora-
tory class entitled “Real-time Robot Control Laboratory The sensor-based robot:
‘assembly experiment is used as a base to -educate research students in the area of
automated sensor-based robot assembly systems. This experlment 1nvolves the assem- .
bly of an oil pump, the assembly sequence is manually generated and programmed It
‘s 1nterest1ng to note that the oil pump assembly is not’ drﬂicult to perform manually
It is, however, not possnble to perform this assembly rehably (everytlme) with
kinematic programming techniques that are quxte commonly used in pick and’ place
1ndustr1al operations. The reasons for th1s have been stated earher and are rexterated
here, they are: ' R ‘

(i). parts have manufacturing tolerance [Requicha & Chan 86]

(ii) parts are not exactly located due to 1naccuracy in the assembly set-up or 1nac-
curate cahbratlon of the assembly enwronments, and ’

(iii) robots are not accurate in absolute programmed mode [Ahmad 87] [Whltney et
al. 84|, they 1ntroduce errors into the assembly operatlons g

In order to make assembly systems robust, sensing must be used before and after
an assembly action to: verify its completion. At this point, a general'theory to plan
assembly operations which guarantees robustness does not exist. The patterns of

information which are received at each stage of assembly must be manually gen-

erated, verified and programmed, even though these information patterns are derlved ,
from geometric propertles of the assembly components. ‘ ’

In order to cope with various assembly errors, 'a number of practical cahbratlon
techniques and sensor-based motion strategies have been developed [Inoue 74], [lels
& Grossman 74|, [Goto et al. 80] [Mason & Sahsbury 85] [Brady et al. 82]. Some of
these practical strategles are demonstrated in the below oil pump assembly experl-
‘ment. This experlment is described in three subsectlons, the first subsectlon, Sectxon ‘

4.1, descrlbes the equlpment and experimental setup. The second subsection, Section

4. 2, detalls the sensing. and sensor based motion strategles employed to make the _
' ‘assembly robust  The thlrd subsectlon, Sectlon 4 3, prctorlally deplcts the assembly
sequence. ‘ : : ‘
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Section 4.1: Equipment and Assembly Description
The main purpose of this experiment was to examine the ‘practical use of
-different sensors in a complex ‘assembly task and to expose various problems involved
'in a real-tlme robot assembly. The task is to assemble an oil pump independent of
exact locatlon and orientation of parts by using a sensor guided manipulator. The
apparatus which was available for the 1mplementa.t1on was an IBM RS-1 robot and
GE Optomation vision system. ' ‘

Description of Erperimental Appdratu.S‘

Robot and Imbedded Sensors: The RS-1 robot is a six degree-of-freedom Ca.rtesua.n-

robot. This robot has three linear Jomts three rotary Jomted wr1st and a grlpper, see

‘ Flgure 8.

oanel (front of
. Mamiguiator}.

IR R W N [ T

Foll traver = | 7 Pitcn cravel [ Yaw traver ;‘I Gripper travel |
i A . Jig !
l S . Yow || Lo
Aoll - l S il a mbtot!f y T g
| motor | | f};-\_' T e,
i v . Phen Wizw . P KG""I
SRS ol Chd ; oA I “Gripoer |
o : imouw ] ﬂﬂ ! IL/ ;
. . ) ; e

Figure 8. Robot Joints [IBM 83]

The rdbot has 4 sixvstra.in. gauge force sensor built into the‘grippe}r Whic}_h‘fdetects' B
forces at the tips, sides, and perpendicular to the gripper surfaces. It is also equipped |



October 1986 . -14- . ©Shsheen Ahmad

with a part detector which consmts of an infra-red light ermttmg dlode (LED) and a
phototra.nsmtor located in the gripper. Once the part is in the grasp position between
the two fingers of the gripper, the infra-red beam is broken, indicating the presence of
a part. These sensors are shown in Figure 9. The RS-1- robot .is: programmed via
AML (A Manufacturing: Langua.ge) language to control the mampulator [Taylor et al.
83). : : ' :

"N ‘P‘hoio(ranslstor;
Figure 9. Strain Gauges and LED Part Deteétor [IBM 83|

Binary Image Processmg System ‘ :
A General Electric Optomatlon binary image processor is also used in thls assem-. -
- bly. The binary image processor can only provide information about the silhouette of
‘an object. A binary image is defined as a binary function which takes a value of zero .
or one over the entire imagé plane. The image of an object in the field of view is con- -
- verted to digital video da.ta,. This is thresholded to a binary representa.tlon before.
feature based recogmtwn is carried out. Up to four solid state CCD ‘cameras can be
- simultaneously processed by the Optomation system. The CCD cameras which are
used have a 256 x 256 matrix of photosensitive pixels. The camera used i in this exper-
iment is mounted on the robot and it moves ‘Wwith the arm in a horlzontal plane to
“monitor the assembly workspa.ce o ' L
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The Optomation system has a relatively fast processing time, but it is incapable
of distinguishing overlaps, shadows and images with nearly the same reflectivity as
the background. It is necessary that images which are presented to the Optomation
have a high obJect-to—background contrast. It can only provide planar 1nformat10n
about an obJect VPL (Visual Programming Language) language was used for settmg
up the image processing macro’s which the system executes.

The Optomation system is able to store up to 100 objects in its database by
using a built-in function, namely “QTY.ITEMS". The Optomation system is able to
compute image features such as the area and perimeter of an item in the field of view
by using built-in functions such as AREA(i) and PERIMETER(i), where ‘“‘i" is the
object index. The X and Y coordinates of the center of mass of an image in the cam-
era coordinates can also be determined by built-in  functions such as

“CENTROID.X(i)", “CENTROID.Y(i)".
Integration of the Automation Devices:

The vision system is set up to communicate with the RS-1 controller through a
parallel port. This allows .the RS-1 controller to obtain data processed by the vision’
system about the objects in the workspace, and then to generate the Ina.mpula.tor
movement accordingly. The Optomation is also connected to VAX 11/780 UNIX
machine through a serial port; this connection is only used to back up software. The
overall hardware configuration is summarized in Figure 10.
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Robot Workspaee |
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Figure 10. Work Station Configuration

Assembly C'omponenté:

Figure 11 shows the eight components of the oil pump assembly; The pump cas-
ing has two bearing housings which have to be mated with the gear shafts. The
pump casing lid is assembled such that the gear shafts are inserted into the bearings
located on the lid. Four bolts are used to fix the lid to the casing; these bolts and
bolt:holes are symmetrically located around the oil pump casing. :
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ﬁ , siot

bolts for

fixing It '
to the casl‘ -

ollpumpeasing

small gear shaft

larger gear shi
bearing housing [ger gear shaft

-bearing housing

Figure 11. Oil Pump Components

Layout of the Assembly Workstation

The pump casing is sécurely located by a fixture, the pump casings lid, the gears
and bolts are randomly located on a light box. Since the image processor is binary,
the lighting is an important factor in accurately locating the part features. Back
lighting created by the light box provides clear images and eliminates possible sha-
dows. This lighting strategy improves the accuracy of visual sensing and subsequently
enhances the manipulator’s precision. ) ’ '
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Coordinate Frames : The helght (Z coordlnate) of the table, hence, the Z-axis -
location of all the assembly components, are known. To locate a feature point such as
the centroids of the parts or sholes, the processor finds the X- and Y-coordlna.tes of the
feature points in the camera s coordinate frame. These positions are sent to the robot
controller where they are converted into the world coordinates. The world coordlnate
, frame, which is also -called box frame, is parallel with the robot wrist coordmates‘
when the erst roll, pitch and yaw rotatlonal angles have values of zero as shown in.
. Figure 12. '

camera
¥ . for monitor - -
-Tobot workspace

y

vTho box frame
The joints JX, JY, JZ, JP and JW have the vatue 0 0.
‘The joint JR is —45.0. .

Figure 12. World Frame [IBM 83] and Camera Location

The camera is mounted on the robot (see Figure 12), its coordxnate frame is
always at a fixed oﬁ'set in the X and Y direction from the robot’s X and Y cartesian
~ joints. Therefore, if the position of the X and Y joints of the robot is known in the
‘world frame, the relative position of the camera in the world frame can be determined
by one phys1cal measurement. Once this relationship is found, the conversion of coor-
dinates from the camera frame to the box frame is easlly carrled out by a scahng and

a transformatlon matrlx
Assembly Sequence

‘ The assembl)r sequence can be outhned in three general stages Flrst the gears'
are located and then placed into the gear housing. The lid is then mated w1th the two

gear shafts already in their respective bearmg housmgs Flnally, the four ‘bolts are : o
located and placed 1nto the four holes around the pump casxng Thxs sequence ls"‘ | SR
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summarized in Figure 13.

~ Sequence ~ Step 1 | Step 2 - Step3

Stage I Determine - Gross o Insé;t . gears
gear ' transfer = into pump
locations, = | motion .= housmg
grasp

Stage II Determine | Gross : Place lid on

lid  location | transfer ' purﬁp

and ‘ motion ' housing ,
orientation,
grasp

‘St‘age I “ Determine Gross - | Insert bolts
bolt location, transfer © | into - pump
grasp | motion - housing

Figure 13. Assembly Sequence

Section 4.2 : Practical Sensor-Based Motion’St:ra.te’gies~v

In this section we discuss a number of practical sensor-based motion strategles '
which were employed in the oil pump assembly, they are: B '

Move () until condztzon ()

‘ Thls motion - strategy relies on an event to occur in order to termlnate a motxon
The first parenthesis will usually contain a position goal which may be predefined, the
second'may contain a sensor or other conditional events. This strategy has often
been called 2 guarded move [Will & Grossman 75| [Brady et al. 82]. An example use _
of this strategy is during placement When there is uncertainty about the height of the
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,platform o , s A

» I an obJect s pos1t10n is not exactly known and 1t must be grasped thxs condl-
. tlonal movement can be used to accurately center the ; 0r1pper Assume that the max-
imum W1dth of the obJect is smaller than the max1mum openmg of the: grrpper :
Assume also, that an LED beam sensor is avallable on. the gripper and the helght of -
':the obJect and the table on wh1ch the obJect is placed on is known. A condltronal
move in X—d1rectron, with the gripper wide open until the LED sensor beam is broken,
‘allows the determrnatlon of a face of the box that bounds the obJect A second condi-
tional move in the Y-direction allows the. determination of the second face of the -
boundrng box Knowing the faces of the boundmg box, and if the or1entatlon of the
_part can be determ_lned from this mformatlon, an: accurate centered grasp can be
'found ' ‘ ' S : L

Servo {) whzle condztzon {)

Thls is a servo process The ﬁrst parenthe51s erl contain - an expressmn whrchf

Wlll be be updated to represent a position or a force ‘goal, Whlle the “second will

' represent a logical or- a sensor directed condition. Examples of th1s strategy include
'force, posxtlon servorng, comphant motlons, visual servoing, and other sensor-dlrected

servo processes. Consider that an object is to be visually tracked, the gripper frame .-

is to be .aligned with the object frame Whrch is obtained from the v1310n processor B
This can be 1mplemented by the above sensor-based mot1on construct :

Insertzon.s and szral S’earchzng

A number of strategles are requlred to correctly perform an 1nsert10n

Approach from a Fz:z:ed Direction. This ensures that the d1rect10n in Whrch the" .
gear shaft (the peg) is to be moved is always the same [Goto et al. 80] [Inoue 74]. .
C’omplzant Motion. In order to complete the rnsertlon, the peg is. requlred to be: .
placed over the hole, planar XY motions are required to locate it, and a force along
the Z direction is required to maintain contact ‘with . the Xy plane Once the peg. is
located over the hole, forces i 1n the XY directions must be mmxmlzed to. prevent jam-
. m1ng of the peg. In this motion sequence, the force servoing is speclﬁed in the: ‘orthog-
~ onal directions to those in which position. servoing is desired [Mason 81]. .
: szral Searching. Durrng an 1nsertlon, if the hole is not located at the approach’
phase, a spiral- search is initiated to. locate it. Thxs search" may be decomposed 1nto
incremental movements in the X- and Y-drrectrons Each of these 1ncrements must be
smaller than the dlameter of the hole. ' Co o BT
 Conditions for Detectmg the Hole and the Termmatzon 0 f the Insertzon Phase If :
the hole is detected there Wlll be a momentarv change 1n the force along the Z-
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direction. This condltlon must be monitored and used to initiate the insertion phase.
At the completlon of the insertion phase, the force f will- agaln return to the
prespecified value and the position of the peg should ‘be at the bottom of the hole.
Once this occurs, the insertion phase is complete [Goto et al 80].

stual Search Strate gy:

Search : This strategy i is_used to loca.te the objects in the Workspace This rou-
tine is an example of “Move () until condition ()" movement which is executed while
the vision system is consta.ntly trying to locate the objects. Once a de31red object is
found in the ﬁeld of vision, the motlon is terminated. :

: The v1sua.l search algorithm can be translated to VPL Ianguage as follows
ITEMS = 0
- DO WHILE ITEMS = 0

ITEMS = QTY.ITEMS
'END WHILE
When a part is detected the variable QTY.ITEMS becomes non-zero at that stage :
-the while loop is exited. A message is then sent to the robot indicating that the part
is found. Upon receiving that message, the search motion is terminated.

Part Recognition: A challenglng problem in robot vision tasks is to identify each
component with the minimum number of features in a short period of time. For-
tunately in this assembly with adequate lighting simple binary features can be used to
distinguish between objects. Features of each component such as area, perlmeters, ‘
and number of holes are used to identify the presence of an object i in the Workspace
For example, screws have smaller area and circumference compared to gears, the lid -
has several holes which distinguish it from all others.

Recognition algorithm is implemented in vision software by adding conditional
statements inside the while loop in the search routine discussed above; for example,
the following modification may be used to distinguish the bolts from the gears based
on the area of the parts: ‘
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ITEMS =0
DO WHILE ITEMS =0

r’mml‘)‘~» o
IF QTY.ITEMS<>0 THEN
FOR I=1TO QTY.ITEMS DO | | . |
'IF AREA(D) > (smwmm AND AREA(I) < (SCREW AREA ‘vIAX); THEN ITEMS— QTY.ITEMS
NEXTI : |
ENDIF
. END WHILE

-~ The first if statement checks ‘the presence of parts, the second 1f sta.tement uses the

* feature of the pa.rt ‘namely the area, to 1dent1fy the screw. The ‘for Ioop is used to
index through all the 1tems in the field of view.

/
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- Calculating the Orzenta,tzon of An O1l Pump Lid from a 2D-Bma.ry Irrw,ge

In order to grasp a geometncally known ob_]ect correctly, the posltxon and the
orientation of the object has to be precisely deterxmned Symmetric 2D objects such
as the gears and bolts can be grasped once the binary image centroid is- computed.
The oil pump lid is c1rcular and has four bolt holes symmetrically located about its
circumference. Furthermore, it has two holes to locate the gearshaft and a slot is also
located on the lid (See Figure 14). ‘

Figure 14: Oil Pump Lid Featdres '

In order to determine the exact orxentatron of the lid, the followmg procedure 1is used::

(1) The posmon of the two holes to locate gear shafts are determmed as P; and
. Rz. ) : ’
(ii) A coordinate frame is located at P,, such that the unit vector ): is given as:
- Ez —:El
l =
By — By
The unit vectoriis determined as
f=ixk

where k = (0,0,1)t

(i) If the position of the slot in the established coordmate is in first: quadrant ‘then
the grasp p031t10n GOAL in this frame is given as:
GOAL = (x4, v,)"
Otherwise,

GOAL = (—xg, yg)t
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* This is shown in Figure 15. -

<

L Flgure 15 . BUREE
Two Orxentatlons of the 011 Pump L1d

Thls mformatlon is needed to posmon and orlentate the grlpper accurately prlorf
to plckmg up the lid. ' v - :

Sectlon 4.3: The Assembly Progra.rn '
Fzrst S’tage Gear Assembly :

~ Figure 16 1llustrates the sequence of motions the robot must execute in! order to
assemble the gear box. The robot initiates the assembly by sending a Inessage to the
Optomation to locate the gears. The approximate position of the light table hn whlch
the gears are placed on is known. A visual search is performed to exactly locate a
‘gear, the vision system constantly takes plctures and, based on the visual search stra-
tegies discussed in the above, it stops when a gear is found. The robot is then sig-
naled to grasp the gear, which it approaches to a known height with a guarded move.
The LED and force sensors are used to trlgger this conditional move. When the LED " _
or the force sensor is tripped, the robot will grasp the gear shaft and commence the
departure from the grasp position. : : . |

1
,J
I
i
|

The robot then moves the gear above a solid surface of a known height and
- checks the height of the gear in order to identify which gear has been grasped. _
' Because of the depth of the pump housing, the short gear cannot be inserted if the
'long one is already in place, therefore, the short gear has to be assembled first. ‘If the
robot initially picks the longer gear, it will put it in a known posutlon and pick up the
short one. The robot then approaches the pump housing. Before this transfer move-
ment is executed 1t w1ll rotate the part in order to Immmlze the part shppage durmg‘
gross motion. :

" To insert the short gear, the robot orients- the gripper to a certam pltch angle"e
and lowers the gear while the force sensors are momtored Once the gear hits the bot-

‘tom of the ; pump housing, the movement is stopped and the gear is inserted into the B
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bearlng housmg The second crear is 1nserted vertlcally, and 1f the two gears do not‘ -

‘mesh, the robot twists the longer gear until they mesh. ~The robot ver1ﬁes the gears
are in place’ by lowerlng the | gripper and mon1tor1ng the he1ght at Whlch the force sen-
~sor trlggers or the LED 'sensor beam is broken . o

Second Stage Lid Assembly

Flgure 17 deplcts the motlon sequence for the lld assembly The sequence is ini-
tiated by sending a message to Optomation 1nd1cat1ng that the lid i is to be located.
Once the hd is located, the robot tries to grasp it. If it is unsuccessful a splral search

is executed to locate the grasp position accurately

The robot then approaches the pump housmg, and ahgns the llds coordmate

: frame ‘with that of the pump housmg (thls coordinate frame is determmed by visual - '
measurements) It tilts the gripper to a speclﬁed pitch- angle and lowers the lid until

~contact is made utilizing a force guarded move. The robot ‘drags the lid along the Y-
coordlnate of the pump, the robot then opens the gripper shghtly and pulls along X-
axis of gripper until desired force is thresholded to. ensure both gear shafts are located
in the1r bearing housings. The gripper is then raised, and lowered ‘onto the lid, to
ensure the lid is mated with the pump housing and the gear shafts are 1nserted lnto :
the lids bearlng housings. -

Third Stage: Securing the Oil Pump de wtth Bolts

Figure 18 illustrates the sequence of motions 1nvolved in securlng the oil’ pump hd
‘with the four bolts. This sequence is initiated by the robot sending a message to the
: Optomatlon that the third stage in the assembly process is started. Optomatlon then
. locates the bolts in its visual area. The robot approaches the bolts with a guarded
move during which the LED and force sensors are monitored. The bolts are placed
symmetrically on the pump lid, which is located on top of the pump casing. The
pump coordinate frame was previously determined in the second assembly stage' ‘
Once the bolts are located in the bolt holes, the robot picks up an electric screwdrlver
and tlghtens each of the bolts : ; e : .
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| Figure 16(a): Gear Assembly - B
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Figure 16(b): Gea: Assembly
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Figure 16(c): Gear Assembly
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Summarj'r '

In this chapter we briefly discussed the major problems encountered in robot :
based assembly systems. Tt is eV1dent from current applications that ease of program-
-ming and the ability of the robot systems to deal with uncertalnty is essential for
robust and flexible assembly systems. Sensors are an essentlal component in detecting
- uncertainty.. However, information which is c>'enerated from the sensors can only be
utilized  when the geometric context is correct.  Multiple sensors may be used to
update an object’s position. Research in this area is currently in progress. Sensors

can also be used to. dlrectly coordinate the motion of the robot to deal with many

positional uncertainties. Some examples have been illustrated in this chapter '

We 1llustrated the use of simple commercrally available sensors in the assembly of
a diesel engine oil pump. This experiment shows that parts do not have to be pre-
cisely presented for a. rehable assembly operatlon, if sensmg and sensor-based motlon
’ strategles are utlhzed : : ' '
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