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Abstract: The long term success of the robotics industry depends upon growth in non-automotive markets. This paper presents the recent efforts in developing force control enabled technologies for a new set of applications that include assembly, polishing, deburring and milling. For each process, a force control based solution was provided to address the specific problem inherent in that process, and verified through experimental results. 
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1. INTRODUCTION

Serving automotive industry primarily for forty years with focused applications like spot welding, arc welding, painting and material handling, robotics industry nowadays faces increased challenges internally and externally. Technology maturity in dominant applications has shifted the competition almost entirely on the cost. In the same time, the cyclical downturn of automobile industry continues to trouble the robot industry. According to a recent statistics released by Robotic Industries Association (RIA, 2006), new orders received by North American based robotics companies in the first half of 2006 fell 38% in total and 52% in automotive industry. But non-automotive robot sales, which accounted for 45% of the new orders as compared to 29% in the same period of 2005, declined only 5%. It is an undenying fact that the long-term success or survival of robot industry depends on the growth of non-automotive industries. Having truly taking that into heart, robot manufacturers started to put higher priorities on the development of new technologies and new applications for general industries. Intelligent sensor based technologies, especially force and vision based, are the primary focus. This paper presents the development of force control technologies for assembly and machining applications. According to the same report from RIA, these two applications have seen 33% growth in new orders when most other application areas showed declines for the first half of 2006.

2. PROBLEM STATEMENT
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Force control is certainly not a new topic, as research community started this area more than 30 years ago. One important reason for this late technology adoption is that no killer applications were identified to clearly justify the unique benefits of force control technologies in terms of productivity, quality and cost. In an effort towards solving this problem, this paper studied four different applications having the potential to utilize the force control technologies. The focus here is to address the application specific challenges. An introduction of general robot force control concepts such as hybrid position/force control can be found in (Siciliano & Villani, 1997).
3. FORCE CONTROLLED ASSEMBLY
Assembly is traditionally manual work, as it requires the dexterity and intelligence only human can deliver in the past. However, manual assembly operations often cause repetitive stress injury as well as lower product quality and efficiency. With its built-in compliant behaviour, a force-controlled robot is well positioned for automated assembly. What is still missing is a suitable programming method/concept that is simple enough for an average robotic technician to grasp but general enough to cover a broad range of applications. Aimed for powertrain assembly applications where part location uncertainties are often much larger than the assembly tolerance (figure 1), two programming concepts were introduced: attraction force and search motion (Zhang et al., 2004). Take the classical peg-in-hole as example, search motion is chosen as a spiral path in order to find where the hole is. Once the search motion brings the peg in alignment with the hole, the attraction force, which is active all the time during search motion, would act just like gravity force automatically pulling the peg down into the hole. So a typical assembler program could look as simple as this:
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Figure 1. Powertrain assembly Applications
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      Set attraction force;

      Set search motion parameter;

      Set destination;

      Move to start point;

      Activate force control;

      If contact, Activate Search;

     Continue Search until 

         destination reached;

     Deactivate force control;

     Retract;

Figure 2. Example of assembly program

4. FORCE CONTROLLED GRINDING/POLISHING

Grinding/polishing is a mechanical process designed to remove a very thin and even layer of materials on the part contour (figure 3). It requires very accurate path programming as well as frequent path compensation for the tool wear if a position-controlled robot is used (Wang et al., 2003). Field practice already proved the difficulty in grinding/polishing complex shaped workpiece like a turbine blade or a faucet.

Figure 3. Requirement of polishing (left) and deburring (right)

If a force controlled robot is employed instead, one could define a hybrid position/force control scheme such that only path normal direction is subject to a constant force or pressure control. There are several benefits of this solution. First of all, the dimensional change due to the tool wear is automatically compensated. Secondly, the accuracy requirement on the programmed path is relaxed since the guaranteed contact from the force control loop will compensate the program error. This is clearly demonstrated by figure 4, where a turbine blade is grinded by a flexible belt grinder under the position and force control with the same path. As can be seen from the measured force signals, under the position control the blade is not even in contact with the belt, while force control can correct this error by maintaining a constant contact force. 
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Figure 4. Blade grinding under position/force control

5. FORCE CONTROLLED DEBURRING

In deburring/heavy grinding processes, maximum material removal rates (MRR) are even more important than precision and surface finish for process efficiency. MRR is a measurement of how fast material is removed from a workpiece; it can be calculated by multiplying the cross-sectional area (width of cut w times depth of cut d) with the linear feed speed of the tool f as 
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Figure 5. Experimental Results of varied cut depth

 Conventionally, feed speed is kept constant in spite of the variation of depth of cut and width of cut during foundry part pre-machining process. Since most foundry parts have irregular shapes and uneven depth of cut, this will introduce a dramatic change of MRR, which would result in a very conservative selection of machining parameters to avoid tool breakage and spindle stall. The concept of MRR control is to dynamically adjust the feed speed to keep MRR constant during the whole machining process. As a result, a much faster feed speed, instead of a conservative feed speed based on maximal depth of cut and width of cut position, could be adopted (Zhang et al., 2005). Figure 5 shows the results of one MRR control implementation where measured forces are used as indication of MRR. 

6. FORCE CONTROLLED MILLING

Field tests using industrial robots for heavy machining such as milling often found that a perfect robot program without considering contact and deformation fails to produce the desired path once the robot starts to execute the machining task. In order to achieve higher dimensional accuracy in robotic machining, the deformation due to the interactive force must be accurately estimated and compensated in real time. A constant joint stiffness model is found to be very effective but simple enough for the identification and real time implementation (Zhang et al., 2005, Pan et al., 2006). A least square algorithm is applied for the identification of the stiffness model. 

Figure 6 shows the test result of a surface milling. The surface accuracy was improved from 0.9mm to 0.3mm, which is below the 0.5mm target accuracy for pre-machining application.


Figure 6. Results of deformation compensation

7. CONCLUSIONS AND FURTHER RESEARCH
In this paper, four different force control technologies were presented to address the specific problems inherent in assembly, grinding/polishing, deburring and milling respectively. Practical experiments were conducted in the lab and the field to validate the concept and design methodology. The benefits of force control technologies are clearly demonstrated through increased robot dexterity, simplified robot programming, great reduction of cycle time, and improved surface accuracy. These results outline a promising and practical use of industrial robots for a new set of applications that is not possible at present.
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