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1. Introduction

The robotics technology is over twenty-five years old, but is still
experiencing many different growing pains of which we are addressing
mainly the pose error (or in other words position and orientation error)
measurement methods in this paper.

Pose error measurements (both static and continuous path) are
increasingly important since every robot has its own fingerprint, which
must be taken into consideration when designing unmanned cells for
precision work and when generating robot programs off-line in an
integrated CAD/CAM (or CIM, Computer Integrated Manufacturing) system
environment. (Figures 1 and 2).

In this paper we are discussing well known methods and new approaches
with many examples. We do believe that future robotic workcell design
systems,simulation systems as well as the FMSs (Flexible Manufacturing
Systems) will require the knowledge of each robot's pose error, partly
for off-line simulation and programming, as well as for real-time
recalibration purposes.

Keeping these major and difficult research and developement tasks to be
solved and currently under research in mind, let us give a brief survey of
different robot test methods as well as discuss some new research
results too.

Various types of performance test methods have been utilized since the
inception of the industrial robot. Performance testing has many forms
from verifying the design goals by the manufacturer to the determination
of the best robot for a particular application. Each type of testing is
related to the various phases whilst a robot model passes through its
useful life.

Three distinct phases of development usually occur during design:

The ALPHA PHASE, representing the fabrication and the test of a
prototype robot which was designed based on goals
set forth by the design engineers in the form of
functional and design specifications. Testing
during this phase includes the verification of the
design specifications and the determination of the
system integrity. The final output of this phase is
a proposed specification and a prototype robot.
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Figure 1. The architecture of a CIM (Computer Integrated
Manufacturing) data processing network, in which robot test data must
be used both at off-line cell design and programming levels (indicated
as CAM), as well as in the real-time controlled manufacturing system
(FAS) level.



The BETA PHASE consists of either preproduction or initial
production units which are sent to specific
customers on consignment. The beta sites are
carefully selected to represent typical applications
of the particular robot being evaluated. Both the
robot manufacturers and the beta site customers
use this phase to determine whether certain
features should be incorporated or eliminated. The
output of this phase is the specification of the
robot.

The PRODUCTION phase consists of the actual robots manufactured
in quantities. Tests conducted during this phase
are designed to determine whether or not the robot
meets its specifications, and how it performs in a
particular application.

The tests performed in each of these phases may be similar or even
identical depending on the performance parameters to be measured. The
type of information which can be obtained is often limited by the test
equipment. [ Ref. 1].

At the very beginning of the short history of robots many of the test
techniques used for the measurement of robots were adopted from the
"NC world". Numerically controlled (NC) machine tools were used to
quantify robot performance but it was quickly determined that
performance parameters of robots were quite different in particular in
the case of non-cartesian type robots. One major advantage of machine
tools is the ability to fix the work by means of rigid fixtures onto the
table of the machine tool. The machine tool then has control over the
environment of the process.

The majority of current industrial robots, on the other hand, are spatial
mechanisms which perform tasks on parts (or work) located somewhers
in space. Since the robot designer does not know where these parts will
be located by the robot users, the performance of the robot is in general
not optimized for any particular area, or location.

The . other important difference is that whereas some machine tool
testing techniques are designed to measure the parts made and to
monitor the machine, robot testing techniques must determine the
performance for all parts of the entire work envelope, regardless of the
actual application.
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This criteria places severe constraints on the test equipment because
not only is the three dimensional position of the robot is required but
this position must be of sufficient accuracy to be meaningful.
Considering the fact that most current industrial robots have work
envelopes larger than one cubic meter, to be able to monitor a one cubic
meter volume at a resolution of an order of approximately ten times

greater than that rated for a typical robot exceeds the capabilities of
most currently available test equipment.

2. Robot Measurement Concepts

Since often performance parameters such as repeatability, accuracy and
resolution are confused, let us define each of them:

REPEAT/ BILITY is defined as the closeness of agreement of repeated
position movements, under the same conditions, to the
same location [Ref. 3]. (Note that "Jocation” means a
truely three dimensional position [x,y, 2] and an
orientation vector [O, A, T].)

ACCURACY is the degree to which the actual location corresponds
to the desired or commanded location.

RESOLUTION is a measure of the smallest possible increment of
change in the variable output of a device.

Resolution is determined by the position feedback devices (e.g., optical
encoders) internal to the robot mechanism. Resolution varies depending
on robot position. (In the case of articulated robots for example it is
usually best at the innermost points and worst at the outermost points.

Both repeatability and accuracy are dependent on the resolution of the
robot since the robot control must use the position information from the
feedback devices to determine whether it is at the commanded, taught
location (in the case of static repeatability and static accuracy) or
travelling along the desired trajectory (in the case of kinematic
repeatability and kinematic accuracy). Resolution is rarely specified by
the robot manufacturers since it varies depending on the position of the
robot and is usually of no consequence to the user. The resolution
determines parameters such as repeatability and accuracy which are
used to determine whether or not a robot will be able to perform well in
a particular application.



Accuracy is a measure of how well a robot moves to the absolute
position and orientation of the desired location everytime it is
commanded to do so, whereas repeatability measures how well the robot
returns to the taught location time-after-time. (Note again, "location"
meaning a 3D position vector, x, y, z pointing from the robot base
coordinate system's origin to the tool-center-point frame and the
orientation of the tool, typically given by the so called Euler angles, O, A,
T.

To summarize, one could say that accuracy is a measure of the
theorstical loeation or path of the robot, whereas repeatability is a
measure of the relative placement of a location or a path.

3. Robot Measurement Principles

Most performance tests developed for industrial robots can be designed
to measure either Point-to-Point or Path behavior.

Point-to-Point  tests measure parameters such as quasi-static
repeatability, quasi-static accuracy or dynamic stability.

Path tests measure parameters such as kinematic repeatability or
kinematic accuracy ( Refs. [1] and [12). Each type of test places
different demands on the test equipment.

Let us summarize those general guidelines which are recommended when
testing industrial robots:

. The measurement equipment should have a resolution of at least
one order-of-magnitude greater than the value to be measured.
For example of a repeatability of 0.0254 millimeters (0.001
inch) is to be measured, then the test equipment should have a
resolution of at least 0.00254 millimeters (0.0001 inch).

. Non-contact gauging (e.g. analog distance sensors, laser
interferometers,proximity gauges, vision systems) is preferred
over contact gauges (e.g., LVDTs, dial indicators, etc.). Contact
gauges have a tendency to creep over time due to the contact
forces imparted from the robot during each measurement, as
well as they represent greater investment when interfaced to
computers for real-time data evaluation purposes.



. The robot mounting platform (e.g. mounting plate) should be rigid.
Any shift in the mounting platform will appear as a shift in the
robot.  Usually this shift due to the dynamic forces is

exacerbated when the robot is at full extention and carries full
load.

. Only one control parameter should be changed at a time for tests
with muitiple permutations. Performance parameters such as
repeatability are dependent on parameters such as speed,
settling time, robot temperature, payload and extension. If many
of thése parameters are changed at the same time then it
becomes difficult to determine which parameter causes any
degradation in performance.

. The test equipment should be time and temperature stable. Many
performance parameters are tested over prolonged periods of
time. It is essential that the test equipment remain stable
during the entire test period, thus frequent test equipnient
recalibration might be necessary.

. One must be careful when testing and programming the robot,
especially around singularity points thus safety rules must be
followed. (One of the most important of these is that the test
engineers should not be within the reach of the robot and
between the robot and any other object when the robot is
energized).

4. Robot Test Measurement Resuits

The results of each type of robot tests have different forms. The most
common form of data analysis technique used in industry is process
statistics. Control charts show the statistical behavior of performance
parameters such as repeatability by determining the average, range and
standard deviation of a sample location (Ref 5).

The following guidelines are generally used when evaluating process
control charts:

« A controlled process has both the average and range curves
appear as random patterns between the control limits.

« The presence of one or more points beyond the control limit is
evidence of instability.



. Runs (seven points in a row on one side of the average or
intervals in a row that are consistently increasing or decreasing)
indicate instability [Ref. 5.

The statistical formulas used for calculation of the average, range and
standard deviation are given below: [Ref. 6]

Average Placement of the Total Samples ()-('):

2 X

=
X =
1

Where X{ = Average of the Individual Sub-Groups
t = Number of Sub-Groups

Average Range of the Total Samples (R):
- R.
R = Z'{'T_L'

Where R{ = Range of the Individual Sub-Groups
1 = Number of Sub-Groups

Computed Trial Control Limits
- Average Placement

Upper Limit = X + AR
Lower Limit = X - Azﬁ
Where A, is a constant based upon the sample size.

- Range
Upper Limit = D4R
Where D, is a constant based upon the sample size.

NOTE: For sample sizes below seven, the lower range limit
is zero.



Estimate of Process Standard Deviation:

da X
D).
Where 02 is a constant based on the sample size.

Standard Deviation from Samples:
(including variations from out of control points)

&= NZ"? - (fo)zj

N(N-1)

NOTE: The resultant of the above formula is one sigma (&).

To determine the conventional +3 sigma, muitiply the
resultant of the above by +3.

5. An Overview of Robot Test Methods

Various robot test methods have been developed to determine the
performance of industrial robots. The methods presented in this section
illustrate basic principles which can be used to determine different
aspects of robot performance:

The IPA method (in Stuttgart) illustrates a generalized approach
to the measurement of both static positioning errors and
dynamic path parameters.

The method developed at Trent Polytechnic , Nottingham  and
the Mark Il version at the University of Michigan by the first
author of this paper describes a technique for the measurement
of position and orientation errors obtained during static
positioning and calculated statistically as three dimensional
error vectors, rather than scalar values.

The Ford RAACC method describes industrial techniques for the
certification of industrial robots using the Selspot vision
system.

The National Bureau of Standards (USA) method employing laser
based instrumentation, and finally
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« The Chesapeake Laser Systems Method using split laser beams in
order to determine position errors.

6. The IPA-Stuttgart robot test method

In order to measure the characteristics within the complete workspace
of an industrial robot with sufficient accuracy, it is necessary to have
exact coordination between the robot and the measuring equipment. The
testbed must also be highly automated in order to reduce the amount of
time required -to determine the performance of the robot.

With these requirements in mind, IPA Stuttgart (Prof. Warnecke and his
research team) constructed a testbed consisting of a measuring platform
and a three-dimensional measuring device. (Note that the discussion on
this method in this paper is based on Ref. 7). The measuring device is
movable along three sides of the measuring platform. This device allows
for the measuring head to be positioned with an accuracy of 0.01 ‘mm
within the complete workspace. An adapter unit provides the interface
for mounting the measuring cube quickly to the robot's gripper. Three
acceleration sensors are mounted within the measuring cube to obtain
three-dimensional acceleration information. The velocity values are
obtained through the integration of the acceleration values.

The measuring head can be rotated about any of its three axes. Since the
measuring head is of cardanic construction, orientation of the path
sensor can be obtained for any position in space without changing the
intersection point of the sensor's axes in relation to the measuring
device. The proximity gauges aiso allow for three-dimensional
measurement of the oscillation of the gripper's end position. (Figure 3).

Potentiometers mounted at each revolute joint provide the angular
position of the measuring head. This information combined with the
position sensors on the measuring platform define the position of the
measuring head for any point in time. Once the measuring head has been
positioned, the proximity sensors provide three-dimensional
displacement information of the robot under test. A computer is used to
hold the measuring and the data evaluation time to a minimum [Ref. 7].

The original measuring apparatus was useful for the determination of
point-to-point information but the advent of continuous path controlled
robots required a different apparatus to be developed which could
measure both path accuracy and path repeatability parameters.

A measuring head was developed which incorporated two proximity
10



Figure 3. The geometry of the test apparatus designed and applied in
1977 by IPA-Stuttgart. This pioneer work employed a co-ordinate
measuring machine as an "objective, outside resource" for measuring the
accuracy of the robot.
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sensors. The measuring head was then attached to the gripper flange of
the robot under test. The measuring head is held at a fixed distance from
a calibrated measuring beam during programming. The distance from the
measuring beam is recorded as the robot moves along the beam during
programming. The robot is then run in automatic mode and a second path
is recorded. The test computer then compares the two paths and displays
the results. According to the designers of this test bed following a
nonlinear (e.g., circular) arc is not necessary since a straight line, placed
diagonal in space, requires the movement of all axes to maintain the
orientation of the measuring head. This simplifies the data acquisition
process considerably.

Many robots displayed a strong temperature drift during initial start of
the tests. To reduce the effect of the drift, the path tests were
conducted after the robot was in a stabilized condition. For tests where
the long term effects were of interest, the temperature drift
represented the largest problem to be overcome. In some cases
temperature sensors (e.g. thermocouplers) were used to indicate ‘the
temperature stability of the robot.

Tests of long duration were conducted in two phases. During the
start-up phase the measurements were conducted over short cycles
(approximately three minutes). After the robot had stabilized, the
measurements were conducted over longer time intervals (approximately
10 minutes). Conducting the tests in this manner allowed the warm-up
behavior of the robot to be adequately characterized.

7. The TEST-ROBOT Program

In general, manufacturing errors associated with each joint, arm or tool
together with the robot control system errors result in three
dimensional robot hand position and orientation errors. The TEST-ROBOT
computer program and the Mark | version of the test kit was developed
by the first author at Trent Polytechnic, Nottingham in 1983-84, to
measure the robot hand alignment errors and to characterize the
orientation capability of industrial robots [Ref. 8].

7.1 The Mark | Version of the TEST- ROBOT program

Figures 4 to 6 show the initial (i.e. Mark 1) test equipment which was
used to verify the concept. (Although the test equipment uses dial
indicators, non-contact displacement transducers are preferred and are
currentlyinstalled at The University of Michigan as the Mark Il version

12



Figure 4. The TEST-ROBOT apparatus (developed by the first author of
this text at Trent Polytechnic, Nottingham in 1983-84) employs nine dial
gauges and a test cube, held by the robot. The device and software are
capable of providing static three dimensional pose error measurement
results. (Adapted from Ref. 13).

13



)
! 5253 x BZpT

2 tont g
X tour ng
tost rig

Y tegt g

Robot orientation error vector

First load test-cube

Calculated (i.e. actual) orientation vector

test-cube orientation
vector P

xlm ng

Test-cube reference point

Test-cube position vecror/

-
Y tost rig

o
H
3

Figures 5 and 6 illustrate the way

the normal unit vectors are calculated TOST QR PTITIONUECTIR < TeR. 3@ 2 A
and used for pose error measurement S——— Log . AL -
in the TEST-ROBOT program (Mark | "

Version, Ref. 13). s AT b wectara are areen 1o the TEST B1E <

od relate to the FRECEFINED TEOT (LEE REEE

14



of this device.)

The concept of this robot test method is very simple and is based on the
following considerations. The true position of the robot hand (i.e., tool)
can be defined by a vector 7 pointing to any known point of the test
component in the test-rig coordinate system (a point on the test cube is
often used for simplicity) and the robot hand orientation vectors defined
by ny4, Ay, ﬁ3 independent unit normal vectors which define the

orientation of the robot hand in the test-rig coordinate system. |If a
sufficient number of measurements are performed, then the evaluation of
a series of such measurements indicate the statistical average error of
the position and orientation of the robot hand [Ref. 8 and 13].

The core of the calculation method is based on the following
mathematical model:

Consider Face 1 on the test-cube. (See Figure 5 again). Having measured
the indicated points in the test-rig coordinatesystem, vectors P4, P,

and p5 can be defined from points P4, P5, and P53 on Face 1 of the

test-cube. ix ) X ) Xy
R'I"} Bl > Bt | s
Zz, zt Z‘S

The orientation of Face 1 can be determined by calculating the normal
(unit) vector (fi4) to the face.

The popq and popg vectors can be defined as:
R 7R % o

Both of these normal vectors lie in the plane of Face 1. A vector normal
to Face 1 will be pop3 X pop4, and since

PoPq = (X9 - Xg) ¥+ (Yq - ¥2) T + (29 - ZQ)T‘.
and
PoPg = (X3 - Xo) T+ (Y3 - ¥2) T + (23 - 20) K

then

PoP3 X Popy = s



= [{yg - ¥2)(2q - 25) - (v - Yo)(z3 - 22)] ¥ +
+ {(xq - x0)(23 - 25) - (g - X2)(2q - 2p)] [ +
+ [(xg - ¥o)(yq - ¥2) - (X4 - X2)(y3 - ¥o)l k

For simplicity, if

Cq = (y3 - ¥2)(29 - 29) - (yq - ¥o)(23 - 2)
Ca = (X1 - Xa)(z3 - 2p) - (X3 - X)(24 - 2)
Cg = (xg - x2)(yq - ¥2) - (X4 - x2)(y3 - ¥o)

then

where C4, Co and Cg contain only sensory feedback (i.e., measured) data
and are easily computed.

The unit normal to Face 1 is

i C,v+C F+cyk

! .
\‘—_C-IL + le- + C'S
The other two unit vectors 5 and i3 can be found independently on Face

2 and Face 3, after having measured points P4, Pg, Pg, P7, Pg and Pg.
respectively.

It is important to realize that by calculating and measuring any of the
above three normal vectors, the robot test-rig and test-cube
perpendicularity errors can also be detected. This redundant information
serves as a self-calibrating and diagnostic feature, since the test-cube
is correctly manufactured and fully measured for perpendicularity before
the robot alignment error measurements are performed. (Clearly this was
the reason for using nine dial indicators rather than six sensors in the
manually read test rig).

Having found T4, Ny and A normal unit vectors independently, the
orientation vector of the robot hand can be defined as:

ﬁ1+ﬁ2+ﬁa

16
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Assuming that T, 4 is the subsequent position of r, generally the

relative position error (i.e. relative to the coordinate system of the test
apparatus) of the robot (i.e., the position error between two subsequent
test-cube loading and unloading operations) can be calculated as:

By =Ty -7}

The absolute position and orientation error calculation is based on and is
relative to the first test-cube load position and orientation. In other
words, the first load (or set) position and orientation provides the base
data set(i.e., the baseline) for the repeatibility error calculations.

After a sufficient number of robot loading and unloading operations are
performed, a statistical analysis of the position and orientation errors
can be made. During the analysis, the measured as well as the calculated
data can also be displayed and/or printed using the computer program,
developed by the first author of this paper, Ref. 13]. (Figures 7 to 9)...

In this TEST-ROBOT program for user convenience and for
experimentation, the input data table can be edited (partially or fully,
i.e., for each test-cube face and/or measuring point) and the program can
be re-run as many times as desired. Since the device contains nine
contact gauges manual reading errors are automatically detected by the
program.

Several different industrial robots have been tested successfully with
the described method and software. Figure 10 shows an example of some
test data collected.

7.2 The Mark 1l version of the TEST-ROBOT program

The Mark Il version of this device and software, utilyzing six low cost
analog non-contact sensors, capable of measuring distance as accurately
as +-0.02 mm, is under installation at the University of Michigan. [Ref.
12].

Since this new device is using non-contact gauges, which are directly
interfaced via an A/D data logging card to an IBM/XT, there was no need
for automatic error detection as with the less expensive, but more time
consuming manually read contact gauges.

The other difference in the Mark |l version is that the roles have been
changed, i.e. the robot carries the sensory based "bell®, a special tool, and

19



places it above cubes layed out by the test engineer in the work area of
the robot. The software has been rewritten too, and a very efficient and
fast calculation method has been applied to evaluate the "three plus two
plus one " distance sensor data input received from the bell and when
calculating the orientation unit normal vectors.

With this new device and software the robot error calculation sequence
and the test method are based on the same core concept as with the Mark
| version, i.e. that scalar data does not express true robot repeatibility
and accuracy errors, thus vectorial representation is necessary in the
form of x, y, x position vectors and Ny, Ny, N3 wrist orientation vectors

(which are then converted into Euler angles for real-time recalibration
purposes). (Figures 11 and 12). (Note that the measurement principles as
well as the calculation results are currently in preparation for
publication by the first author and his students and will be published
soon after this paper ([Ref. 12]).

To summarize, Figures 13 to 19 explain the core concept and provide a
sample run of the program too. The strength of this method is that it
provides static positioning repeatibility and accuracy data in the form of
vectors, by utilyzing a low cost device and IBM/PC based software. The
benefit of this method is that it is both applicable for off-line as well
as for real-time measurements (i.e. for real-time robot recalibration
purposes). On the other hand one should also mention that the vision
based systems, even if they are several times more expensive, provide
valuable dynamic measurement results, which are often very important,
in particular in the case of path accuracy tests.

Let us discuss the most famous of these vision system based methods,
the Ford RAAC method.

8. The Ford RAACC Robot Testing Method

The Ford Motor Company devised some tests after some discrepancies
were found between the actual performance and the specified
performance of the robots they had purchased. A group within the
Robotics and Automation Applications Consulting Center (RAACC) became
responsible for the certification of all robot models which were to be
purchased by the Ford Motor Company. The major premise for the
development of these tests was to use comparable test equipment and
test procedures on each robot to enabling the comparison of different
robots. The information is then disseminated to each Ford plant to allow
the application engineers to determine the best robot for the application

at hand. 20



Figure 11.  This figure illustrates the concept of the three dimensional
vector (rather than scalar) repeatibility and accuracy measurement and
error representation problems. As it can be seen Oy, (the origin of the

bell, held by the robot in the Mark Il version design) must be defined in

the world co-ordinate system only if accuracy is measured. For static
repeatibility tests, errors are expressed as position and orientation

vectors, relative to Oy, in the form of x;, y;, z; position and fi4 ;, fin 4,

ﬁ3,.-' orientation vectors. (Note that for error measurement purposes the
TEST-ROBOT program uses the normal unit vectors to express orientation
errors, which then are converted into O, A, T, making the data suitable

for the robot controller for example for real-time recalibration, or path
modification). 21



Position
Repeattbility

Sphere of mean distance
(The radius of this sphere
expresses the
repeatibility of the mean)

Orientation
Repeatibility

Figure 12.  Explanation of the way position and orientation repeatibility
is defined in the TEST-ROBOT program. (Note that for simplicity the x, y,
z position vectors are indicated as L; in the position repeatibility figure,

and the ﬁ1 i ﬁ2 i F1'3 i unit normal vectors converted into O, A, T are
shown as ti vectors in the Orientation repeatibility drawing. According

to the three dimensional error representation, as introduced in the
TEST-ROBOT program, the circles shown in the figure are spheres,
indicating the length of the mean error vector, as the result of a
statistical analysis involving all three dimensional measured data.
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Macro Flowchart
for Pose Error Measurements.

Initialization
System startup (Initialize all constants and variables).

v

Sampling specification
The user defines the sampling / measuring method.

v

Measurement (input)

Read sensory input data via A/D converter,
and transform it to Q (xyzOAT).

v

Determine errors

A_error := Measured xyzOAT - Ideal xyzOAT; for ACCURACY.
R_error := Measured length - First length; for REPEATIBILITY.

v

Stati stical analysis
Statistical analysis for ACCURACY and REPEAT I BILITY.

v

REPEATI BILITY MAPPING loop.

This is a loop for mapping repeatibility. The user can specify any
location (xyzOAT) and the software package will estimate the
repeatability based on the linear / B-spline interpolation.

v

ACCURACY MAPPING loop.

This is a loop for mapping ACCURACY. The user can specify any
location (xyzOAT) and the software package will estimate the local
error based on the linear / B-spline interpolation method.

Figure 13.  The macro flowchart of the TEST-ROBOT program (Mark I
version, Ref. 12).




Figure 14. The concept of calculating the Fi1 , o and ‘rT3 normal unit
vectors in the Ob co-ordinate system employing three-two-one distance
measuring sensors in the device.
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Determination of Position and Orientation (Pose) Errors

Input:  B,,P,, R,
_ Output: x,y,z of @,and M1, Tz, A,
Z“s
pGO
CStart ]
P, ') 2 6
sz 0p3 P, Get A, from §1,p2,p3
Vv=5,- R
y <%

The reference coordinate system Yes
is the sensor coordinate system
on the test frame of the gripper.

(Mp=N3 xN, F2=(A, xv)/norm(f | x V)
. 4
ﬂ3 =n1xn2 ﬁg t iy 4
Solve Q:
‘h’1.(b'1-6)=0
ﬁ'g-(ﬁ4-5)=0
ﬁa-(ﬁe-ﬁho

v

Output Q and T, 7, T,

Figure 15.  The algorithm for determining robot pose errors with the
TEST-ROBOT program (Mark Il version).
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Figqre 16.  The Vector analysis of the measured relative and the ideal
relative vectors, when measuring repeatibility errors with the
TEST-ROBOT program (Mark Il version).
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Firstly: rotate O arround z.

2" z'

A
y|
Secondly: rotate A arround the new y.

zl'

Finally, rotate T arround the new z again.

X" x''

In this case where
. A is almost zero,
2" 2 and0=-T:
the orientation of the
axis is almost the
same as the original.

Compare the two
coordinate systems (" and ' ).

yl!O

Figure 18. The comparison between employing the Euler angles and the
normal unit vectors for expressing the orientation error.
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Figure 19.  The calibration bed is required for testing and calibrating
the analog distance sensors in the test bell.
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Figure 20. The Ford RAACC center robot test bed setup (Ref. 6).

Figure 21.  Selspot cameras track the motion of a robot to evaluate
performance such as cycle, point-to-point control and continuous path
control.




Following the RAACC method, the robot under test is first put through a
cycling test which consists of movement of all axes from one end of
motion to the other at full rated speed and payload. This first test is
noninstrumented and is run continuously for 40 hours with any duty cycle
limitations strictly followed. The purpose of this test is to check for
infant mortality problems (e.g., under-sized fuses, boits not properly
tightened, etc.) and to get a feel for the integrity and reliability of the
robot system.

The first test apparatus developed by Ford consisted of a proximity
sensor system for the measurement of point-to-point behavior.

A test stand was constructed for placement of a test head (or nest -
RAACC term) in various strategic locations within the work envelope of
the robot under test. The test head consisted of three proximity sensors
mounted orthogonally to each other.

A target is mounted to the end of the robot and then moved into the test
head along a described path. (Figures 20 and 21).

The approach first taken by Ford was to measure the robot under various
conditions. The result was a series of tests consisting of three basic
motions (sweep, in/out, up/down) and eight permutations on the robot
condition (varying payload, reach and speed). (Figure 22).

One thousand continuous cycles were measured from a cold start. Then
process statistics were used to determine the average placement, range,
minimum reading, maximum reading, frequency distribution and standard
deviation (3 Sigma) of the data collected.

It became evident that there were too many permutations. Tests on each
robot took over a month to perform resulting in a lengthy backlog at the
RAACC Center.

As a solution, a minimum test requirement was adopted to check the
robot under worst case conditions (i.e., maximum reach, maximum speed,
maximum payload) for each of the three motions and to measure only the
major axes for gross positioning behavior.

The term Repeatable Placement Accuracy (RPA) was coined to describe:

Repeatable Placement Accuracy is defined as the envelope of
variance that the tool point was positioned after repeated cycles in
relation to the original taught position.
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This should not be confused with "repeatability" which is the
envelope of variance irrespective of original taught point (e.g., the

range of difference between the various locations of the tool point)
[Ref. 6]}.

Each of the test motions were designed to measure either a particular
axis or groups of axes to determine their contribution to RPA.

The sweep motion was designed to limit motion to the base rotation
axis on robots with rotary base axes or to the first linear axis of
cartesian type robots. Through experimentation it has been determined
that the base axis of robots which rotate about their base usually has the
most detrimental effect of RPA. For this type of robot, the base rotation
axis usually has the lowest resolution (when considering the full
extension of the robot) and the highest frictional loading.

The sweep test fixes all other axes and moves only the first axis. This
motion simulates many typical material handling applications where the
robot would pick up a part from one location (e.g., from a conveyor) and
place the part to another location (i.e., a pallet).

The in/out motion is limited to the upper arm, forearm, and wrist axes
(to maintain wrist posture) of articulated robots and to the second linear
axis of cartesian robots. This motion simulates tool loading applications.

Similarly, the up/down test is limited to the same upper arm, forearm
and wrist axes of articulated robots and to the third linear axis of
cartesian robots. This motion would simulate palletizing and part
insertion activities.

In addition to being capable of capturing the end points, the path of the
end-effector is measured too (by means of the same vision system) as it
approaches the measurement area. A strip-chart recorder is used to
measure any undershoot or overshoot which may result and to determine
when an output signal occurs in relation to the end point position (or
more precisely, location).

The effect of warm-up on RPA is also evaluated to determine the drift
tendencies of the robot. This allows the user to determine if exercise
programs are required in the actual applications to enable the robot to
maintain the required RPA.

The advent of the Aobot Check system from SELSPOT Inc. allowed Ford
to measure the path behavior dynamically of industrial robots being
33



XY Plane
Horizontal Motion
Perpendicular to Robot Centerline

YZ Plane
Vertical Motion
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Figure22. Ford RAACC tests. Typified test planes of motion.
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considered for purchase. Process applications (e.g., welding and sealant)
require information on the ability of the robot to follow straight lines,
arcs and negotiate corners. A test scheme was developed which
consisted of a series of rectangles and circles positioned within three
planes. Tracing each path at 10%, 50% and 100% speed allows the path
accuracy versus speed behaviors to be characterized. (Figures 23 to 28).

The path tests can be considered as a form of benchmark test. The goal
is to determine the relative performance along a predefined path. All
tests are conducted in a warm-start condition and at full payload. The
rectangular and circular motions are placed in the center portion of the
work envelope to allow the best performance available to be measured.
One series of tests (i.e., all three planes at all three speeds) is run using
precision points (i.e., aceleration/deceleration at each taught point) and
another series is run by utilizing the so called fly-by intermediate
points (i.e., for rough accuracy measurements).

For each plane, graphs of the position of the three measured speeds are
overlaid and measurements are taken to determine any degredation with
the increase in speed. (Figures 24 to 27).

The 10% speed run is used as a baseline from which the 50% and 100%
speed runs are measured. Graphs of the velocities are evaluated to
determine th performance around the taught points. Cycle times are
also measured and the average velocity for the entire motion is
determined.

As shown in Figures 23 to 28, the results from the Ford certification
tests provide the application engineer with valuable information
regarding the integrity and actual performance capability of industrial
robots. When properly designed, the tests can be used for the comparison
and subsequent selection of a robot for a particular application.

9. Laser Based Robot Test Methods Currently under Development

The approach taken for measuring performance by monitoring the spatial
position of the robot places stringent demands on the measurement
system. There are many types of equipment capable of measuring static
behavior (e.g. analog distance sensors, proximity sensors, LVDTs, vision
systems, etc.) but there are few systems available with the required
resolution or the measurement of dynamic behavior.

By far the largest problem for measuring dynamic properties is the
ability to measure the spatial position of the robot over a large volume
35



ROBQAT DYNAMIC POSITIONING POSITION
CHECK SELSPOT SYSTEMS LTD. (mm)
TROY, MICHIGAN USA PAGE:

DATE: 12-DEC-1986 08: 46: 23
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Figure 23.  Repeatibility test results using the Selspot vision system
(Note that the data was taken from a cold start. Also note the drift
measured).
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ROBOT BRIEF QOVERVIEW POSITION
CHECK SELSPOT SYSTEMS LTD. (mm)
TROY, MICHIGAN USA PAGE:

DATE: 12-MAR-13886 22: 29: 50

LABEL1: FORD RAACC TEST EXAMPLE : 6° X 12° HECTANGLE : FLYBY MODE : 10% SPEED
LABEL2 FORD RAACC TEST EXAMPLE : 6° X 42° RECTANGLE : FLYBY MODE : 50% SPEED
LABEL3: FORD RAACC TEST EXAMPLE : 6° X 12° RECTANGLE : FLYBY MODE : 100% SPEED
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Figure 24.  Robot path test employing the Selspot vision system. Note
the degradation of the path with increasing speed - linear interpolation
case. 37



ROBOT BRIEF OVERVIEW VELOCITY
CHECK SELSPOT SYSTEMS LTD. (mm/s)
TROY, MICHIGAN USA PAGE:

DATE: 12-MAR-1986 22: 29: 50

LABEL{: FORD RAACC TEST EXAMPLE : 6' X 12" RECTANGLE : FLYBY MOOE : 10% SPEED
LABELZ FORD RAACC TEST EXAMPLE : 6° X 12° RECTANGLE : FLYBY MODE : 50% SPEED
LABEL3: FORD RAACC TEST EXAMPLE : 6° X 12 RECTANGLE : FLYBY MOCE : 100% SPEED
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Figure 25. (Companion graph to Figure 24). Note the plateau in velocity
and the degradation of speed uniformity with increasing speed.
38



ROBOT BRIEF OVERVIEW POSITION

CHECK SELSPQOT SYSTEMS LTD. (mm)

TROY, MICHIGAN USA PAGE:

DATE: 17-APR-1986 10: 41: 31

LABEL1: FORD RAACC TEST EXAMPLE : 42° OIA CIRCLE : FLYBY MODE : 10% SPEED
LABEL2: FORD RAACC TEST EXAMPLE : 12" OIA CIRCLE : FLYBY MODE : 50% SPEED
LABEL3: FORD RAACC TEST EXAMPLE : 12° DIA CIRCLE : FLYBY MODE : 100% SPEED

10% SPEED

/

50% SPEED
/ \
/ 100% SPEED \

T
:

Figure 26. Ford RAACC path test, circular interpolation. (Note the
degradation in path with increasing spesed).
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ROBOT BRIEF OVERVIEW VELOCITY
CHECK SELSPOT SYSTEMS LTD. (mm/s)
TROY, MICHIGAN USA PAGE:

DATE: 17-APR-1986 10: 414: 31

LABEL1: FORD RAACC TEST EXAMPLE : 12" DIA CIARCLE : FLYBY MODE : 10% SPEED
LABELZ FORD RAACC TEST EXAMPLE : 12° DIA CIRCLE : FLYBY MODE : 50% SPEED
LABEL3: FORD RAACC TEST EXAMPLE : 12 DIA CIRCLE : FLYBY MODE : 100% SPEED
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Figure 27. Ford RAACC path test, circular interpolation. (Note the
plateau in velocity, indicating that the robot has reached its commanded
speed, and the degradation of the plateau with increase in velocity).
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(i.e., greater than one cubic meter) with the required resolution (i.e.,
better than 0.1 millimeter).

Many types of technologies have been investigated to provide this
resolution. For example, stereo vision systems have been used but their
resolution is dependent on the field-of-view of the lenses. As the
measurement volume increases, the resolution drops dramatically.

Probably the most promising technology is the use of laser
interferometry. Most interferometers can measure a linear distance in
the range of micro-inches. The use of interferometers for CNC machine
tool and coordinate measuring machine (CMM) calibration is well
established. Most interferometer systems have automatic temperature
and humidity compensation and their use is relatively straight forward.

Traditionally interferometers have been used for uniaxial measurements
only since light travels in a relatively straight line. The ability to
provide three-dimensional measurement of the robot tool-point requires
the laser to track the robot as it performs its motion. Much of the work
being performed in this area is in the development of an accurate
tracking system [Ref.1].

9.1 The National Bureau of Standards' laser method

A research group was formed in the National Bureau of Standards
(NBS-USA) for the measurement of industrial robot performance. The
basic function of this group is to devise methodologies, instruments and
standard test procedures for characterizing the accuracy, repeatability
and dynamic performance of robots [ Ref. 9].

The system developed by NBS uses the concept of one length and two
angles for the determination of three-dimensional position. (Figure 19).

In this method the idea is to continuously control the angles of
projection of a laser beam in order to that the beam will impinge on the
target mirror mounted to the robot wrist. The target mirror is also
angularly controlled and returns the measuring beam to the source. The
change in "length" of the beam is measured by interferometry and this
change in "length", when combined with the angular measurements, yields
the position of the robot wrist in spherical coordinates. The angular
orientation of the mirror on the robot wrist can also be used for
information regarding the wrist orientation.

Quadrature photodiodes are used to generate the information necessary
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to control the four angular servos (two on the tracking mirror and two on
the target mirror) [ Ref.1]. (Figure 29).

Using two tracking systems, one of them mounted on the robot wrist and
the other one on the lasergun, it can also provide information on the
wrist orientation. The angular output of the robot wrist tracking
mirrors can be used to determine the angular orientation of the robot
wrist.

Due to the small angles involved using this technique, a very accurate
angular positioning device must be developed to provide the needed
overall system resolution. This system, as well as the other laser
interferometer based systems currently under developemnt, require an
unobstructed line of sight to the target. Since a laser interferometer
determines position by counting the number of interference patters as
the target is moved along the laser beam, any obstruction in the path of
the light will result in a loss of counts and an error in the measurement.
(Vision systems have this problem to some extent too, but most are able
to recover and continue measuring when the light returns into the
field-of-view.)

9.2 The Chesapeake Laser Systems Robot Test Method

A system developed by Chesapeake Laser Systems is similar to the
system developed by NBS but differs in the approach taken for the
determination of position.

A laser beam is split into three distinct beams which are aimed at a
retroreflector mounted on the robot tool-point. Three interferometers
are used to obtain three length measurements. A triangulation scheme is
used then to determine the spatial position of the robot tool-point. The
three laser beams track the target retroflector by means of rotating
mirrors connected to a servo control system (Figure 30, [Ref. 10]).

It should be noted that the information of the angular orientation of the
tracking reflectors is unnecessary, since the three cartesian coordinates
of the target may be obtained solely from the three distance
measurements and the knowledge of the position of the tracking systems
[Ref.10].

Wrist orientation information could be obtained by the addition of three

more length measurements (i.e. by employing three more interferometers

and the associated equipment). All laser beams (as much as six) must

also be unobstructed in the Chesapeake system otherwise the system
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will not be able to provide position information.

It should be emphasized though that a sufficient access must be
available for just about every type of measurement system available.
Vision systems and laser tracking systems differ only that they are
usually located outside the work envelope and therefore require that the
robot itself must not block the line of sight to the measurement
equipment. In practice this does not usually present any significant
restrictions.

10. Conclusions

Firstly, the purpose of this discussion was to emphasize the importance
of truely three dimensional robot pose error testing when designing
cells for accurate work, when using off-line robot program generators
and when applying real-time error recovery and recalibration tools in
precision robot cells.

Secondly, we felt that it was important to orient the reader and discuss
some of the different equipment and robot test methodologies which
have been used and/or are currently under development for the
measurement of robot performance.

Finally let us emphasize that this discussion is not intended to describe
all types of equipment and measurement techniques currently available
for robot pose error measurements. The reader is encouraged to read
other sources of robot testing techniques [Refs. 9-12].
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