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This ?aper deals with a robotic system in which the end-point is directly controlled. It consists 
of a remote guidance subsystem and a manipulator with an end-of-arm sensor subsystem. The guisance 
subsystem transmits and manipulates a laser beam in space, and the sensor detects the beam, sends the 
information to the robot controller, which, in turn, instructs the manipulator to follow the beam. The 
possible nodifications in the manipulator structure, electronic hardware, and controller software of 
such systems are discussed. 
structed, and the results of the experiments are reported in the paper. 

An experimental system consists of a SCAM-type flexible arm was con- 
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1. Introduction 

Most of the industrial robots today are programmed 
to do repetitive tasks, and only minor fraction are 
designed to adapt their motions to the changing envi- 
ronment [l]. Robots are capable to work in a changing 
environment only when they are equipped with sensors 
which allow the robot to update the programmed motions 
to the new situation. During the last decade an exten- 
sive efforts have been done to enhance the sensors 
capabilities and to improve their data processing. 
However, most of these works are directed toward the 
interaction between the robot and its environment, and 
only few works deal with the possible influence of the 
sensor integration on the robot structure itself. These 
latter works usually discuss the possible reduction of 
the manipulator rigidity by using a sensor to correct 
the arm deflections [2-41. 

employing an end-of-arm sensor and an appropriate guid- 
ance system, not only the structure of the arm can be 
changed, but the controller software can be modified to 
speed up the kinematic calculations by one order of 
magnitude. Utilizing the sensor, the motion c o n ~ o l  
algorithm can be simplified by approximations which do 
not affect the accuracy since the sensor detect and 
correct the deviation from the required target. A 
broader discussion about these modifications is pre- 
sented in the next section. To prove our claims we 
built an experimental system, the description of which 
is presented in Section 3. The experimental results 
are reported in Section 4. 

By contrast, in our work we have found that by 

2. The Sensor Effect on the Structure and Control 

end-effector sensing on the robot structure and its 
control. It is assumed that the sensor can detect the 
end-effector location and can guide it to the required 
location. The effects might be classified into three 
categories: manipulator, electronic hardware, and 
software. 

A typical payload-to-weight ratio of a robot arm is 
about 1:20. The need to reduce the manipulator weight 
in order to increase the payload-to-weight ratio has 
been mentioaed in several works c5-71, but in all these 
works it was assumed that the arm rigidity must not be 
affected. In conventional arms the actual positions 
are monitored at the joints and the high rigidity is 
required to accomplish the robot accuracy. However, 
when the end of the arm location is directly monitored 
by a sensor, the rigidity is less significant and the 
arm weight can be reduced. As a consequence, the 
structure becomes more flexible, but this does not pre- 
vent the positioning of the arm end at high accuracies. 

It has been shown by the authors, that in sensor 
guided robots the first joint encoder can be eliminated 
from the robot arm [a ] .  Moreover, the resolution of 
the other encoders can be reduced, since the precise 
location of the end-effector is no longer determined by 
the encoders. Eliminating and using inexpensive encod- 
ers, reduce the cost of the a m .  

This section presents the possible effects of an 

Further cost reduction is achieved at the produc- 
tion stage. The arm manufacturing and assembly pro- 
cesses are done at present accurately since the compu- 
tation of the end-effector location is based on the 
dimensions of the links and the geometric configuration 
(e.g., a precise 90° between two links). All the 
geometric errors in the manipulator are usually accumu- 
lated and resulted in a limited robot accuracy. There- 
fore, the tolerances in the production and assembly of 
conventional robots must be high. When an end-of-arm 
sensor is used, the production tolerances can be 
reduced. The sensor is used to detect and correct 
deviations from the required path, and the end-effector 
location is no longer computed by the conventional 
kinematic algorithm, which strongly depends on the 
geometry. 

The utiliaation of the sensor affects also the con- 
troller software. It is known that one of the parame- 
ters that limits the robot performance (e.g., accuracy 
and response time), is the computation time required to 
transform the prescribed trajectory to motor commands. 
Extensive work has been done to reduce this time, since 
real-time control is essential. In conventional robots 
this computation must be done accurately since it 
affects directly the trajectory of the end-effector. 
However, when a sensor that detects the end-effector 
location is used, there is no need to derive this com- 
putation accurately because the sensor can detect and 
correct deviations from the required location. In this 
case an approximate, and hence faster, algorithm can be 
applied. This issue is described in detail in [8], 
where several approximations for the kinematic algo- 
rithm were introduced. 

When a guiding system is used to control the end- 
effector, it is possible to divide the robot controller 
software into two separate parts. The programming of 
the path and the corresponding instructions to the end- 
effector are performed with one general purpose con- 
troller regardless of the specific robot that is being 
guided. The second controller controls the manipulator 
joints. The instructions to the robot in our case are 
given by a beam of light manipulated in space. The 
robot serves just as a follower to the beam motions, 
and consequently its controller does not contain any 
programming language. The computations of the required 
joint motor speeds performed in this controller are 
simpler, and all together the robot itself (including 
the manipulator and its control) becomes a very inex- 
pensive unit. 

3. The Experimental System 

Based on the consequences of the previous discus- 
sion, an experimental end-effector guidance system was 
built. The system consists of a two degrees-of-freedom 
arm, a guidance system based on a manipulated laser 
beam, and an optical sensor attached to the arm end- 
effector. 

The required task program of the robot is pro- 
grammed in the guidance system controller, and trans- 
lated into laser beam motions. The sensor detects the 
motion of the beam and sends signals to the robot con- 
troller to track the beam motion. The description of 
the system is depicted in Pig. 1. 
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The arm is a modified SCARA-type HIRATA ARH-300 
robot. The second link of the HIRATA was replaced by a 
long (750 mm) and flexible link, and the original con- 
troller was replaced by a DEC LSI-11 microcomputer. 
The lowest natural frequency of the original arm was 
about 20 Hz, and that of the modified flexible link was 
about 6 Hz. 

robot controller is based on the resolved motion rate 
control scheme [9]. For the two degrees of freedom 
robot (see Fig. 2) the following equation has been used 

The motion control algorithm implemented in the 

where 8i is the i-th joint speed and Vx, Vy are the re- 
quired velocity components of the end-effector in the 
tool coordinate system. 

However, there might be a possibility that the 
detector loses the beam. In this case a conventional 
motion control (utilizing the joint's feedback) is 
applied and the motion toward the target is continued 
until the communication between the detector and the 
laser beam is re-established. The following equation 
is used in this case. 

(2) 

where C12 = cos (81+rZ), S12 = sin (01+r2), and VXw, 
Vwy are the required velocity of the end-effector in 
the world coordinate system. 

shown in Pig. 3. Since a sensor is attached to the 
robot end-effector, the velocity commands are resolved 
in the tool coordinate system, and E q .  (1) becomes 
independent of the first joint variable (S1 and 
C1 do not appear in Eq. 1). Therefore, with this 
algorithm, there is no need for the first joint 
encoder. Moreover, the second joint encoder need not 
to be accurate since the precise end-effector location 
is determined by the sensor and not by this encoder. 
In the present system an encoder of 512 pulses per rev- 
olution of the joint has been used, and fairly small 
look-up tables for the trigonometric functions have 
been implemented. This enables to speed up the computa- 
tion; by using Forth and Assembly languages a cycle 
time of 0.8 ms was achieved. 

A block diagram of the arm controller software is 

4. Experimental Results 

The results of the following experiments are 
reported below. 

1. The impulse response of the conventional arm 
arm and the flexible arm (with the end-effector guided 
system and the proposed control scheme). 

2. The arm deflection to a constant load on the 
original rigid arm and the flexible arm. 

3. Tracking the moving laser beam with the pro- 
posed system. 

4. Re-establishment of a contact with the laser 
beam. 

In all the experiments the deviation of the sensor from 
the required location was measured as function of time. 
In the first and second experiments the angle between 
the two links was approximately 90 degrees, and the 
motion was measured along the flexible axis of the sec- 
ond link. 

4.1 The Impulse Response of the Arm The impulse 
response of the arm is shown in Figs. 4-6. In Fig. 4 
the original controller of the arm was used, which 
means that the joint variables are used as the feedback 
to the control loops. In this experiment the joint 
servo are locked and there is no change in the second 
joint angle when the end-effector vibrates about the 
steady-state location. However, when the end-effector 
control is used (Fig. S ) ,  this joint can move to sup- 
press the vibration since the feedback to the control 
loops is supplied by the end-effector sensor. The 
entire settling time of the motion cannot be computed 
in the first case since a steady-state error was meas- 

ured. Comparing the time required for the vibration 
amplitude to be less than 0.12 mn (0.005 inch), shows 
that 1.2 s are required for the conventional control 
and only 0.75 s for the end-effector control (although 
controlling a flexible arm). Moreover, the steady state 
error that appears in the first experiment, probably 
because of the backlash in the transmission, vanishes 
when end-effector control is used. Figure 6 shows the 
reference signal (motor speed command of joint 2) gen- 
erated by the robot controller, as a result of the 
impulse excitation. 

4.2 Response to a Constant Load The arm response to 
constant load applied at the end-effector is shown in 
Figs. 7-9. The load applied was 5N in the direction of 
the flexible axis of the second link. 
nal controller was used (Fig. 7) the joint angles 
remain constant, but the end-effector deviates from the 
original position (approximately 0.6 mm). The advan- 
tages of the proposed end-effector control is demon- 
strated in Fig. 8. In this experiment the angles are 
moved so that the torque applied by the joints cancels 
the deviation of the end-effector. Figure 9 depicts 
the reference signal generated by the arm controller 
resulting from the external load. 

4.3 Tracking the Moving Laser Beam The arm capability 
to track the moving laser beam was checked in this 
experiment. The beam starts to move from rest, and 
accelerates to a velocity of 0.1 m/s. The motor which 
manipulates the beam has a time constant of 0.01 s. 
Figure 10 shows the position error of the end-effector 
as well as the reference signal to joint 2. The error 
is developed to about 2 mm at the acceleration stage, 
and then decreases to about 0.5 mm during the motion at 
constant velocity. 

4.4 Re-establish a Contact with the Beam In case that 
the sensor loses the beam, the arm moves autonomously 
to the final location. Close to the final location the 
contact with the beam is re-established. The motion 
toward the final location is controlled by the conven- 
tional controller, but as soon as the contact with the 
beam is re-established the program branches to the end- 
effector control algorithm. Figure 11 shows the posi- 
tion error of the detector and the reference signal of 
angle 82. 
the conventional joint feedback control method. At 
point A the detector detects the beam and the end- 
effector control program takes over. 

when the origi- 

Till point A the arm moves autonomously using 

5. Conclusions 

In this work an end-effector guided arm was con- 
structed, and the possible changes in the arm structure 
and control were investigated. The arm was equipped 
with an optical sensor attached to the end-effector, 
and a guiding system that consists of a movable laser 
beam directed the sensor along the prescribed path. 
The following changes in the arm structure and control 
were made: The arm rigidity was reduced, the arm manu- 
facturing tolerances were increased, the first joint 
encoder was eliminated, and the resolution of the other 
encoder was very coarse. Despite all these changes the 
end-effector can be located within 0.1 from the 
required point. The changes in the controller software 
that enabled reduction of the computation cycle time 
(to 0.8 ms) were based on the following ideas: Since 
the signals of the required motion are provided by the 
end-effector sensor, the motion control algorithm is 
computed in the tool coordinate system, and therefore 
became simpler. Also, since the end-effector position 
is corrected by the sensor, the trigonometric function 
and the motion algorithm can be approximated and hence 
computed faster. 
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Fig. 3 Block diagram of the controller 
software 
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