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1. INTRODUCTION AND GENERAL REMARKS. 

It was not an easy job to perform a "technology audit" on the ROAD Robot. 
From the start of our investigation in the beginning of July 1984, we have 
missed vary badly a clear and operational set of "technical specifications" 
of the robot. Also the lack of having a - even simple - manual how to 
operate the system, has cost us a lot of time and effort in order to do the 
specific tests. During the tests it became clear to us that the ROAD Robot 
is a laboratory prototype of a conceptual idea rather than an operational 
element ready for use in a flexible manufacturing system. 

The foregoing is the reason that the part ·operational tests· (Chapter 4) 
has been carried out in a very limited way. Section 4.1 shows some numerical 
values about repeatibility and overshoot, while section 4.2 gives some 
comments on operational aspects such as "programming" of the ROAD Robot. 
Moreover, Chapter 5 shows - in chronological order - some of the failure 
events, which the projectteam has faced during the tests. 

Chapter 2 gives a fairly complete view on the static and dynamic behaviour 
of the mechanical construction. It can be summarized by the following: the 
ROAD Robot is - with respect to comparable systems - of a very flexible 
construction. It has several "weak" elements in it, which have to be 
"redesigned". The robot has its main natural frequencies below 20 Hz, which 
makes it not suitable for accurate operations such as "assembly". Moreover, 
the dynamic properties of the ROAD Robot are highly dependable on the load. 
Finally, the static behaviour shows a large amount of backlash and 
hysteresis. 

The servo's are delt with in Chapter 3. The idea of using a desk top 
personal computer for commanding the servo's is refreshing and carried out 
in a professional way. However, there is some doubt whether the limited 
capacity of the Apple is used for the most important things as far as 
controlling is concerned. 

In conclusion, we can say that the ROAD Robot designed by software people is 
more the first elaboration of a good idea rather than a prototype of a 
robot. 
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2. MECHANICAL CONSTRUCTION. 

2.1. Dynamic behaviour. 

In order to obtain an impression of the dynamic behaviour of a construction, 
"Modal Analysis· techniques can be applied succesfully. In this experimental 
technique a known force is exciting the construction, the response to this 
force is measured in various points, and in the three main directions. 
Normally the response will be measured with an accelerometer. With a two 
channel signal analyser (HP5423A) the force-(input} and acceleration
(output) signals are transferred from the time-domain into the frequency 
domain by Fast Fourier Transform (FFT) techniques. As a result, a transfer 
function in the frequency-domain between input-and output can be calculated. 
Typical trans fer functions for the ROAD-robot are shown in Fig. 2.1. For a 
number of frequency-ranges a high(er) flexibility is shown, these are the 
resonances of the structure. For the different resonances the frequency and 
the damping are characteristic for the whole structure. Only the amplitude 
at the resonance frequency will be different for every point and direction. 
Composing these amplitudes into displacements results in a mode of the 
structure, representing the typical movement of the structure at a 
resonance-frequency. 

In order to obtain sufficient information about the dynamic movement of the 
robot as a whole, the transferfunctions of a great number of nodes on the 
robot have to be measured in three directions. In Fig. 2.2. model 1 of the 
ROAD-robot is shown, together with the structure points (nodes). The 
position chosen makes it possible to study the bending behaviour'of the 
upper- and fore-arm, as well as the (rotational) stiffness of the drive and 
joint of waist, shoulder and elbow. Fig. 2.3 shows model 2 of the ROAD
robot, in a position at wich especially the torsional stiffness of the 
upper-arm can be studied. For the models E is the point of excitation. 
Excitation has been performed by means of an electro-mechanical shaker (see 
Fig. 2.4), exciting point E in a direction under equal angles with the x, y 
and z axes. Due to backlash in the wrist-construction, the working point W 
could not be used as the excitation point. One has to notice that the 
displacements of the modes will be considerable smaller when exciting point 
E. 
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2.1.1. Model Analysis of the ROAD-robot model 1. 

From a number of trans fer functions the following resonance frequencies were 
extracted: 

FREQUENCY DAMPING 

MODE NO. Hz % 

1 6.64 2.43 
2 7.16 2.19 
3 9.78 1. 47 
4 25.75 2.73 
5 27.35 1.06 
6 41.23 2.88 

In the Figs. 2.5 - 2.10 the modes for model 1 have been worked out. In each 
figure the undeformed structure is drawn by a dashed line, the movement is 
shown by the solid line. In order to measure the amplitude from the figures, 
scaled axes are drawn in each figure. 

Discussion of the modes: 

Mode 1 (Fig. 2.5). 
Rotational displacement due to the waist-drive or waist-joint. Rotation 
around the shoulder-axis and bending of the upper- and fore-arm in z
direction. Extraordinary displacements of the wrist in y-direction. 

Mode 2 (Fig. 2.6). 
Rotational displacement around the waist-axis, although smaller than in the 
case of mode 1. Bending of the fore-arm around the y-axis, movement in 
contra-phase with the comparable movement of mode 1. 

Mode 3 (Fig. 2.1). 
Pure bending of the upper-arm in z-direction, extraordinary movements of the 
wrist in z-direction. 

The modes 4, 5 and 6 have much smaller amplitudes than the modes 1, 2 and 3. 
The scaled axis is 50 ~m/N instead of 250 ~m/N. 
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Mode 4 (Fig. 2.8). 
Rotations of the elbow around the y-axis as well as around the z-axis. Also, 
a bending of the diaphragm between the upper and the lower part of the 
column is visible. 

Mode 5 and Mode 6 (Fig. 2.9 and 2.10). 
These modes show some small local displacements of minor interest. 

2.1.2. Modal Analysis of the RAOD-robot model 2. 

In this position especially the torsional stiffness of the upper-arm can be 
studied, therefore the number of nodes measured on the fore-arm has been 
decreased. To measure the robot in this position, due to instabilities, the 
drive of the elbow had to be mechanically fixed. This was done with a bolt 
through the pully. For this model the following modes can be analyzed. 

FREQUENCY DAMPING 

~ODE NO. Rz \ 

1 8.78 2.10 
2 9.62 1.86 
3 16.42 0.82 
4 19.30 1.43 
5 44.27 1.43 

In the figures 2.11 - 2.16 the modes for model 2 are worked out in the same 
way as has been done for model 1. 

Discussion of the modes: 

Mode 1 (Fig. 2.11). 
Rotation around the y-axis of the shoulder and bending of the upper-arm and 
the fore-arm. Torsion of the upper-arm. 

Mode 2 (Fig. 2.12). 
Extreme torsion of the upper-arm. Rotation of the elbow. 

Mode 3 (Fig. 2.13). 
This mode is of minor interest. 
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Mode 4 (Fig. 2.14). 
Rotation around the shoulder-axis. Significant rotation around the elbow
axis. 

Mode 5 (Fig. 2.15). 
Also this mode is of minor interest. 

2.1.3. Conclusions. 

From the Modal Analysis of the two models the following conclusions can be 
drawn: 

Compared with results known from measurements on other robots the 
flexibility of the RAOD-robot is very high (0,25 mm/N) at low resonance 
frequencies. 

In order of importance the following weak points can be extracted from the 
measurements: 
1. wrist construction. 
2. torsional stiffness of the upper-arm. 
3. rotational stiffness of the waist-drive or -joint. 
4. rotational stiffness of the elbow-drive ()I -joint. 
5. rotational stiffness of the shoulder-drive or -joint. 

2.1.4. Sensitivity of the flexibility and resonance frequencies to a load. 

From the results of the Modal Analysis, high flexibility and low resonance
frequencies, it is to be expected that the RAOD-robot is sensitive for a 
change of a load on the tool-mounting-plate of the wrist. To study this 
phenomenon the shaker was mounted on the tool-mounting-plate (point W of the 
Figs. 2.2 and 2.3). Also the accelerometer was mounted at this position. 
With an extra fixture mass could be added as a load on the tool-mounting
plate. The results of the measurements for model 1 are shown in Table 2.1 
and the figures 2.16 - 2.20. For the three main directions the 
trasferfunctions are drawn in every figure: 
1 1 F xf 
2-- - --2 Fyf 
3- - - -3 Fzf 

As can be expected the displacements in x-direction are of minor importance. 
For the y-direction the flexibility stays about the same (500 ~m/N)t but the 
resonance frequency lowers considerably from 5.96 to 3.75 Hz. 

In the z-direction the flexibility is strongly dependent of the load (200 -
400 ~m/N) and the resonance frequency goes from 8.56 to 5.09 Hz. 
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For model 2 the same measurements are carried out, the results, which are 
not different from those of model 1, are shown in Table 2.2 and the figures 
2.21 - 2.25. 

Conclusion: 
The dynamic behaviour of the ROAD-robot is strongly dependent of the load, 
especially the resonance frequencies. 

2,2. Static behaviour. 
For a correct programmability of a robot, the static stiffness is important. 
To measure this stiffness a load was mounted on the fixture attached to the 
tool-mounting-plate. In Fig. 2.26 the displacements of the wrist are shown 
for a horizontal stretched arm. In this case it was necessary to fix the 
drive of the elbow, with a non fixed elbow-drive the range of the measuring 
device (35 mm) was not sufficient. From Fig. 2.26 a hysteresis and backlash 
is demonstrated very clearly. Also the displacements underneath the elbow 
was measured for the same loading cases. From Fig. 2.27 it is also clear 
that the drive of the shoulder has a respectable hysteresis, but a smaller 
backlash. Both measurements were carried out two times: 
0-- . -- . --0 first round. 
*- - - --* second round. 

It was not possible to do the same kind of measurements for the waist, but 
the backlash in y-direction at the wrist could be measured. This backlash 
was amounting to 5 mm. 

Conclusion: 

The hysteresis and backlash for the robot as a whole is unsatisfactory in y
as well as in z-direction. 
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3. THE JOINT SERVQS. 

3.1. Introduction. 

The ROAD robot has five joints, each of them is equiped with independent 
servomotor and controller. The servo's are commanded by a master computer: a 
desk top personal computer Apple. The most important properties of the 
servo's are speed and accuracy. Speed for following the demanded setpoints 
and accuracy to keep ultimately obtained position as much as possible 
constant with varying disturbances (change of the load of the robot, etc.). 

Two types of measurements were carried out to determine the quality of the 
servo. The first, further called measurement type 1, is the application of a 
static force and then a sudden removal of this load: this gives an 
impression of the speed and of the accuracy. The second type is a software 
step, viz. a variation of the demanded setpoint by the master computer. This 
measurement also gives an indication of the speed. 

These measurements are carried out only on joints 1, 2 and 3 (waist, 
shoulder and elbow respectively). 

3.2. Description of the measuring set-up. 

For both types of measurements the angular position of the servomotor axes 
have to be measured. An analogue voltage is derived from the pulses supplied 
by the incremental shaft encoder. 

Phase. 2. 

~_quadrant~F~W~O~~~~::~ up/dow n 
pul!.e. 
ee.l'1e.ral:or R V [) c.o unl:e. ..... 

c..om paral: or So 

Fig. 3.1. Measurement of the angular position. 

DAc 
output 
O_\oV 

An additional circuit (see Fig. 3.1) uses the two sinusoidal signals from 
the shaft encoder. These signals are 90° out of fase to each other. Since 
the DAC has a width of only 8 bit a limited angular displacement can be 
measured, so wrap around will often occur. The pulse generator is of the 4-
quadrant resolution type. Since the pulse generator in the joint controller 
is of the 2-quadrant type, 256 pulses of the DAC (~ 10 V full scale) is 
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equivalent with 128 pulses of the ROAD. Since the shaft encoders delivers 
400 pulses per revolution, and the reduction rate of the ELBOW joint is 
160:1, 1 volt of the DAC corresponds with: 

~ x 400 x tWx 160 x 1000 = 0.628 mrad 

This corresponds for the elbow joint with a relative displacement of the 
wrist-joint of: 0.47 mm/Volt (= 7501608.628). 

- Measurement type 1. 
A static force of F = 150 N was applied to the robot resulting in a moment 
at the elbow of T = F * 1 = 100 Nm (1 = 0.67 m taken). The angular 
displacement was recorded after a sudden removal of the applied force 
(cutting of the connection-wire to the mass of approx. 15 kg). The angular 
displacement signal was recorded on a HP5423 signal analyser. (See Fig. 
3.2. ) 

.0.67 m 

Fig. 3.2. Measuring set-up. 

- Measuring type 2. 

c..u t'c \ng devtc.e 

+ F:. , 50 N 

1-----!IIo! H P 5 Lt 2:3 A 

With this measurement a so called software step was applied to the joint 
controller. This is carried out via the APPLE master by transmitting 
databytes to the joint under test with the aid of special software 
(supplied by PA dd. 840904, APPLE-S051 communication test software). 
Again, as output, the angular displacement was measured and fed to the 
HP5423A. The magnitude of the step was chosen in such a way that no wrap 
around of the DAC output signal occurred. This type of measurements was 
carried out for the waist and the shoulder with different gain settings. 
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3.3. Results of the measurements. 

- Measurement type 1. 
The measurements were carried out with the elbow joint-servo. The results 
are plotted by the HP5423A, see Figs. 3.3 and 3.4. From these plots one 
can observe: 
1. The static stiffness of the elbow joint is 0.013 mrad/Nm. 
2. The response time to a disturbance is approximately 60 ms (from 90% to 

10% of the obtained step). 
3. After the step response the output of the DAC can vary very much. This 

is caused by an interference signal at one, or sometimes both signals 
leads of the shaft encoder. The used additional circuit is more 
sensitive than the equipment circuit in the joint controller. However, 
the interference signal is always present and is perhaps the cause of 
unexpected drift of the robot. The interference signal was detected 
with the aid of an oscilloscope. 

- Measurement type 2. 
In figures 3.5 to 3.8 the results of the measurements with software steps 
are given. The measurements were carried out for the waist joint (Figs. 
3.5 to 3.7) and the shoulder (Fig. 3.10). With the waist joint the gain 
factor was varied. For comparison reason the results for three different 
gain factors were plotted in one diagram (Fig. 3.5). The magnitude of the 
steps were chosen differently in order to have roughly equal outputs from 
the DAC with varying gain. From this figure one can observe that a gain 
setting of 50000 is the optimum value (also used by PAl. From Fig. 3.6 the 
influence of changing the load of the servo by varying the mass of inertia 
can be observed. The influence of the load is also clear with the shoulder 
servo (vibration in the step, Fig. 3.8). The response time for the waist 
and the shoulder are 170 ms and 120 ms respectively (shoulder gain factor 
40000). 

3.4. Discussion of the results. 

In order to have a complete opinion about all joint servo's all these 
servo's have to be measured. However, due to several reasons this was not 
possible (see chapter 1). Moreover, the servo characteristics of the twist 
and the bend joint are somewhat less important than these of the waist, 
shoulder or elbow. Therefore, we concentrated the measurements on the last 
mentioned joints. 

Important properties are the static stiffness and the step response 
characteristics: response time, overshoot etc. We measured the step 
response, however during normal operation a step never occurs since the 
speed is programmed for a certain acceleration and de-acceleration (see 
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technical description PAl. But the step response gives a good impression 
about the quality of the servo. 

A static load of 150 N impressed on the elbow gives an angular displacement 
which corresponds to a lineair displacement of the wrist of 0.94 mm 
(additionally a mechanical displacement occurs). However not only the elbow 
but also the shoulder will give a displacement in the same order (depending 
on the positions of the limits of the robot). This displacement can be 
reduced by increasing the gain factor. 

Regarding the step function, the servo's seem to be well designed and well 
aligned. An increase of the gain factors introduces on occurrence of 
overshoot with the shoulder. However, as mentioned before, a step will never 
occur since the speed is programmed. This means that the gain factor can be 
increased in order to increase the static stiffness. 
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4. OPERATIONAL TESTS. 

4.1. Measurement of repeatability and overshoot. 

Method. 

The ROAD has been programmed in order to produce a vertical step of about 
150 mm. In the lower position an enforced delay followed to note down the 
position-value after the vibration of the robot-arm was damped. A cube of 20 
mm, fixed at the end of the load carrier (thread-bar), touched the measuring 
pin in the lower position (see Fig. 4.1). Four versions have been given to 
the program in order to make it adaptable for a 25, 50, 75 and 100% robot
velocity. The body of the measuring device has been attached to the fixed 
frame-work in order to measure the repeatability, for the overshoot 
measuring however the pin of the measuring device has been held by friction 
to memorise the end position. Measuring device: Heidenhain MT30 digital 
displacement pick-up. 

~-. =--. =-~=-j3 cub" 
-- -- --

\oacL corde. ... l L___ "n 
, I 

'-,---r 
... '.I 

I Sj:, pxed damp 

Ye pe..o\.ob\ \ \ l:'d 

Fig. 4.1. Measuring set-up. 

Measurements. 

1) Programming of ROAD. 

. 
I .!:. .. Ij~ slidil"t',9 c..lamp 

'1 

ove. ... s~ oo\: 

Caused by many failures, to be specified later on, much time has been 
lost to reach the starting point of actual measuring. 
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2) Measuring repeatability. 
A marginal drift appeared (see diagram 4.2). Because of this the results 
of the measuring have been treated uncommonly. Instead of considering the 
subsequent position sn' has been chosen for a consideration of the 
subsequent differential values (sn+1- sn)' 

Measurement 2 
31 
56 

30 0.12 mm 
53 0.07 mm 
81 0.14 mm 

max. drift 

1.424 mm 
0.666 mm 
1.101 mm 

After the measurement nr. 53 the robot was moving during 5 minutes 
without measuring. So there is an interruption in time in the diagram. 
For the whole period (13 minutes) the total drift was 2.752 mm. 

3) Measuring overshoot. 

program load (kg) 

overshoot 25 0 
overshoot 100 0 
overshoot 100 10 

overshoot (mm) 

o 
11. 5 
6.8 

Remark: The program "overshoot 100· has been run with the voltage 
regulator at 90%. 

Conclusion: 

1) The appeared drift makes it difficult to assess the repeatability. 
supposing that drift could be eliminated, repeatability of 0.31 mm (worst 
case, according to prutec specs) seems attainable. 

2) The overhoot-measurements seem to point out that the used decelleration
time has been chosen too short at least for full speed moving. 

4.2. Experiences with ROAD as an industrial robot in relation to other 
systems. 

* Starting action. 
To calibrate the robot it has to be brought by teachbox in a starting 
position. This includes a number of chances for mistakes. 
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* Programming. 
To program the robot it needs working in two rounds. In the first one 
geometrical information is brought into the memory. In the second velocity 
has to be chosen and also delays and linearity of the path can be 
programmed. 

* Running a program. 
At the execution of a program the timescale is absolutely fixed. 
a) Velocity can not be changed simply before or during the run. 
b) After interrupting the robotrun, the program can not be continued in a 

simple way. 

* Editing. 
The missing interruption-ability is strongly felt if editing is wanted. 
The procedure takes too much time and operating steps. 

* Safety. 
In a number of cases the run was stopped with reference to an error code, 
but it happened several times that the programmed positions went lost and 
free movements were performed. 

* Linear movement. 
If the robot is programmed to run from point A to B in linear motion, the 
calculating software does not warn the operator if the wanted path is 
intersecting the boundary of the working area. The developed path followed 
automatically the boundary (see Fig. 4.3). 

By measuring the accuracy in which a programmed path between two given 
points is reproduced, it becomes possible to estimate the operation of the 
routine "linear". Since in ROAD this routine is only implemented for one 
single point in the robotarm, i.e. the intersection of the "bend"-axis and 
the "twist"-axis, it was difficult and of less use to investigate this 
routine. In practice, a toolcenterpoint-routine was missing here. 

Fig. 4.3. 
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5. LIST OF FAILURE EVENTS DURING THE TEST PERIOD. 

The use of the ROAD has been characterized by failures. A number of them are 
given below. 

3-7-84 
4-7-84 

11-7-84 
12-7-84 

13-9-84 

14-9-84 

21-9-84 

27-9-84 

Amplifier of wrist-bend broke down. 
Robot does not start. A board of the Apple is electrically 
loose. 
Mr. Paterson repairs wrist-bend amplifier. 
"Loading" failed. Error 64 - Break in 610. After fixing a cable, 
restarted. Error 4 - Break in 610. 
Bend coordinate not in function at the ·calibration". 
Using "Teachbox". Error 4 - Break in 360. 
"Loading" program. Error 4 - Break in 610. 
"Calibration- failure, monitor presents: 
0304 A=24 X=FF Y=FF P=35 S=DC 
X 
9EQ 
"Calibration" elbow is paralysed. 
Road reacted no longer to the "teachbox·. 
Restarted ~ Error 68 break in 360. 
Restarted after moving slightly the Apple boards. 
Using "teachbox" the waist made suddenly a free move by which 
the arm knocked again the fixed frame. 
In the program "overshoot" the routine "linear" was initially 
used for the down going movement of the robot arm. At the first 
execution of the program, the robot has made a vertical downward 
overshoot of about 10 cm. Then, the step is changed in ·point to 
point" . 
Running a program with movement of 100\ velocity and 100% on the 
voltage regulator a crack came out of the amplifier case. The 
robot continued however its program. After a few minutes 
happened another crack even without loss of robot function. The 
experiments were continued at 90% of the regular scale. 
Running the program ·overshoot 100·, the path of the robot 
changed suddenly. Instead of the programmed motion it made 
several big swings in a vertical plane. Stopped via "quit". 
Running the program again, the ROAD stops after a new crack in 
the amplifier. The power dump is found to be burned out. 
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FYF FZF 

~AD FREQ. AMPL. FRE~ AMPL. 

N Hz llm/N Hz llm/N 

0 5.96 500 7.56 190 
50 5.06 403 7.35 226 

100 4.48 445 6.12 397 
150 4.05 475 5.51 411 
~OO 3.75 480 5.09 328 

table 2.1 

TAANS AI: 31 IA: 50 EXPAND 
500.00-r ________________ ~~----------------------~ 

Jl 

MAG 

0.0 
3.0000 HZ 

fig.2.16 No extra load 
10.000 
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fig.2.17 Extra load of 50 N 
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fig.2.18 Extra load of 100 N 
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fig.2.19 Extra load of 150 N 
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fig.2.20 Extra load of 200 N 



FYF FZF 

.L.OAD FREQ. AMPL. FREQ. AMPL. 

N Hz pm/N Hz pm/N 

0 7.67 232 9.51 98 
5 6.65 214 - -

10 5.78 456 7.19 155 
15 5.15 306 6.42 210 
20 4.60 322 5.82 283 

table 2.2 

TRANS RI; 1 fA: 50 EXPAND 
500.00~ __________________________________________ ~ 

P 

MAG 

0.0 
3.0000 HZ 

fig.2.21 No extra load 
12.000 
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fig.2.22 Extra load of 50 N 
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fi9.2.26 Vertical displacements of the wrist 

0.0 2.5 5. 0 7 . 5 10 . 0 12 . 5 15.0 17.5 20.0 
LOAD [N] E+Oi 

fi9.2.27 Vertical displacements of the elbow 
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fig.3.4 Step-response Elbow. g-aOOOO 
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fig.3.6 Software step-response Waist 
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