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Abstract: This paper presents a test environment enabling the study of factors affecting 
on the success of a robotic precision assembly work cycle. The developed 
testing environment measures forces and torques occurring during the 
assembly, and uses a system based on machine vision to measure the 
repeatability of work picce positioning. The testing environment is capable of 
producing exactly known artificial positioning errors in four degrees-of- 
freedom to simulate errors in work-piece positioning accuracy. The testing 
environment also measures the total duration of the robot work cycle as well 
as the durations of all essential phases of the work cycle. The testing 
environment is best suited for light assembly operations and has measurement 
ranges of *36 N and *0.5 Nm and the vision system has a field-of-view of 6 
mm. 

The latter part of this paper presents the results of the research done in order to 
find out how some selected factors affect the assembly forces of robotic 
assembly. These factors include work piece and process parameters such as 
work piece material and design (chamferedistraight), positioning tolerances, 
and robot insertion motion speed. 
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1. INTRODUCTION 

Assembly is widely accepted as the most time-consuming part of 
manufacturing process for industrial goods, and especially in electronics 
production (Rampersad 1994, Lane & Stranahan 1986, Myrup Andreasen et 
a1 1988). 

The productivity of assembly processes and assembly equipment should 
be maximized in order to provide companies with the best possible return for 
their investments. The productivity of assembly equipment can be 
maximized by minimizing assembly work cycle durations and assembly 
equipment down time. In order to minimize work cycle durations and 
equipment down time, it is necessary to know what are the causes of faults 
or errors during assembly - or in other words the factors that affect the 
success of a precision assembly work cycle. Table 1 summarizes some of 
these factors that can be divided into four main groups: factors dealing with 
part, with equipment, with environment, and with the assembly task itself. 
Factors dealing with the equipment are further divided into three groups of 
factors dealing with robot, with gripper, and with feeder. Most of them were 
found in previous researches such as Rampersaad (1994), Linderstram 
(1995), and Rathmill (1985), but some result from the discussions at our 
laboratory. 

Table I. Possible factors affecting the success of an assembly work cycle 
I Factor 
I The shape, size, symmetry, geometry and weight (also affects the 

Part 

Robot 

Environment 

Task 

hole) 
(Electrical) interference 
Temperature 
Assembly direction, manner of approach, stability of the (base)part 
Type of assembly, cycle time, needed positional accuracy, number 
of different components 
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2. TEST ENVIRONMENT 

Other 

In order to study the effects of various factors on the success of a 
precision assembly work cycle, a novel test environment was developed. The 
developed test environment is portable, compact in size, and it was designed 
to be easily applicable to practical cases without major modifications to 
assembly equipment. It can measure work piece positioning repeatability, 
forces and torques acting. The forces and moments acting during the 
insertion phase of the work cycle are measured with a 6 degree-of-freedom 
force and torque sensor having a measurement range of A36 N and 10.5 Nm 
and resolution of 2.0*10A-3 N and 2.5*10A-5 Nm (Ati 2005). The FIT-sensor 
is located directly under the assembly location. Both the FIT-sensor and 
assembly location are assembled on top of precision stages enabling XY 
movements and rotation and tilt adjustments of the assembly location thus 
enabling accurately know positioning errors to be made to the assembly 
location during the insertion of the work piece. Figure 1 shows the test 
environment and a small scara-type robot (Mitsubishi RP-1H) used in the 
tests. 

In Figure 1 the robot is in the starting position directly above the 
assembly location. From there, the robot moves above the pick-up location 
on the left in Figure 1, moves down, grasps the part, moves first up and then 
back to the starting position. From there starts the actual downward insertion 
movement during which the forces and torques are measured and recorded. 
After inserting the part, the robot opens the gripper and moves up back to the 
starting position. Finally, the work piece positioning repeatability is 
measured with a machine vision based system. 

Figure 2 shows the system used to measure work piece positioning 
repeatability. It consists of a standard machine vision sensor (Cogaex In- 
Sight 2000), a partially telecentric lens (Edmund Optics), three prisms, and a 
purpose-design stand. In the system, a right-angle prism (prism 1) divides 
the camera image vertically into two equally sized parts. The left-hand side 
of the image turns 90° to left in the image-dividing prism 1, and the right- 
hand side continues directly. Two more right-angle prisms bend the two 

Collisions, impact while extracting part at pick-up, impact when 
starting insertion 
Active control; force and/or vision 
Remote center con~pliance units (RCC-unit) 
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Figure 1.  The test environment and a small scara-type robot. 

Y prism 2 target 

Camera + 
....................................... 0 
prism 1 prism 3 

separate optical paths 
towards the center of 
the testing environ- 
ment and the work 
object. 

This set-up enables 
measuring work piece 
positioning repeata- 
bility in five degrees- 
of-freedom: XYZ 
movements and 
rotations about X- and 
Y-axes. The horizontal 
field-of-view of this 
system is approxima- 
tely 6 mm in total thus 
giving field-of-view of 
3 mm per half-image. 
The measurements 
with this set-up have 
repeatability of less 
than 10 pm. (Prusi 

Target 
seen 
along 
X-axis 

Target 
seen 
along 
Y-axis 

Figure 2. The principle arrangement of the system used to measure work piece positioning 
repeatability and a resulting image. 
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Work cycle duration is measured on PC. In addition to the total work 
cycle duration, the test environment also measures and records the durations 
of selected phases of the work cycle. These phases are: 1) from the start of 
the robot work cycle to the moment robot has picked the part, 2) from the 
start to the moment the actual work piece insertion starts, and 3) the duration 
of the actual insertion. The moment when the robot has picked the part is 
detected with optical sensors assembled around the pick-up location. The 
start and the end of the insertion phase are detected from the FIT- 
measurements, namely the first moment when any of the six FIT- 
components exceeds a specified threshold and the moment when all of the 
six F/T-components are again below the threshold. 

Total robot work cycle duration 

/ 

Durationif ins;hon Time from start to the insertion start 

Time from start to pick up 

T \ 

Figure 3. Phases of a typical robot assembly work cycle. Figure shows also the phases of the 
work cycle whose durations are measured. 

The operation of the test environment is controlled with a purpose made 
software running on standard office-PC and Windows 2000. The software 
not only records the measured data but it also acts as an interface for the 
operator. With the software, the operator sets up the test parameters, 
monitors the measurements, and also analyses the measurement data. The 
measured data is saved in text-format and is therefore easy to import to other 
applications such as Microsoft Excel for more detailed analysis. 

A more detailed description of the testing environment can be found in 
(Prusi, 2003). 
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3. TESTS 

In order to validate the operation of the testing environment and to study 
the effects of some work piece and process parameters, a series of tests were 
run where the robot performed a simple peg-in-a-hole assembly operation. 
The peg-in-a-hole task is a rather artificial case but it was used because of its 
simplicity. However, the environment itself does not limit the product to be 
assembled and studied. From the performed test runs, we can study the 
effects of the following factors: 
* The design of the hole (chamfered / straight). 

The material of the plate where the hole is (aluminum / plastic). 
The design of the steel peg (rounded / straight). 
The effect of the use of an RCC-unit (remote center compliance) from 
CCMOP (CCMOP 2005) having compliance only in X and Y directions. 
Next we will present and discuss some findings from the performed tests. 

Figure 4 shows measured forces in the direction of the insertion movement 
(negative 2) during the insertion phase. In our tests, the insertion phase took 
approximately 150 ms. Forces were recorded at 10 ms intervals. As figure 4 
shows, without chamfers the insertion force has its maximum very early 
when the edge of the straight peg hits the top surface of the plate before the 
peg slides into the hole. On the other hand, with rounded peg and chamfered 
hole, the peg slides more easily into the hole and the maximum force occurs 
when the chamfer ends and the actual, quite tight hole starts. From there on, 
the forces are quite similar. 

f 

I Time 

Figure 4. Typical insertion forces with and without hole and peg chamfers. 

Figure 5 shows the effect of the rounding in the peg. The graphs show 
maximum forces measured with varying positioning error of the hole. The 
upper graph shows the forces when both the hole and the peg were straight 
whereas in the lower the peg was rounded. With straight peg and large 
positioning errors, the edge of the peg collides with the edge of the hole and 
does not slide into the hole. Therefore, only 0.20 mm error could be 
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measured. With the rounded peg, on the other hand, the rounding guides the 
peg into the hole and the deflection of the robot Z-axis allows even 1 mm 
positioning error. 

I NO pos err. 1 
I 

fi 0.10 mm pos err. 1 0.20 m m  pos err. I - --- - -- 

No pos. err. 1 
~ 0 . 1 0  mm pos. err. 

0.20 mm pos. err. 

0.40 mm pos. err. 

0.60 mm pos. err. 

Figure 5. Average maximum forces of tests run with varying positioning error in positive X- 
direction. In the upper graph, both the peg and the hole were straight whereas in the lover the 

peg was rounded and the hole straight. The lefimost cluster shows forces in negative X- 
direction and the rightmost in negative Z-direction (the direction of the insertion movement). 

In addition to forces, the test environment also measures the durations of 
selected phases of the work cycle (fig. 3). These measurements can be used 
to maximize the performance of the assembly equipment by minimizing the 
work cycle duration but still confirming that the forces do not exceed safe 
values. For example, we did some tests with different robot insertion motion 
speeds and found that in that case, 30% of maximum speed was the highest 
safe speed and with higher speeds, the initial impact forces were too high. 

4. CONCLUSIONS 

In this paper, we have presented a test environment for high-performance 
precision assembly. The test environment has proven to be a suitable tool for 
measuring and analyzing a typical robotic pick-and-place work cycle. It can 



100 Timo Prusi, Riku Heikkila, Juni Uusitulo, Reijo Tuokko 

be used to study the effects of various work piece and assembly process 
parameters. It could also be used to confirm the operation of real assembly 
equipment: are the assembly forces within safe limits, is the equipment as 
productive as possible or could some movements be faster without 
compromising the probability of the assembly task to succeed, etc. 

The performed tests show, for example, that the rounding and chamfer 
used do not necessarily reduce the force needed to insert the peg into the 
hole but they do reduce the initial contact force and therefore make the 
insertion more likely to succeed. 
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