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Executive Summary:

This paper will describe a specific custom linear 2-axis precision stage. The purpose of the paper is to provide the reader with an overview of typical precision stage design considerations while also showing an example of custom requirements and a novel solution to stage design. Finally, this paper will present the reader with possible design improvements gleaned from the experience with this stage.

Introduction:

There are a multitude of linear two-axis stages available off-the-shelf and in various configurations and with varying degrees of precision. However, some applications require specialized stage designs to achieve the required performance or meet specific design challenges unique to a particular system. In this case, the stage is being used in an analytical surface contact profiler used in the semi-conductor industry to profile silicon wafer surfaces as well as a variety of other surface profiling applications. The main stage requirement is an extremely low profile so that the stage will fit into the surrounding instrument system. The stage assembly presented here is different than typical 2 –axis stages in that, most off-the shelf 2-axis stages consist simply of two linear stages stacked one on top of the other and orthogonally. 

The system requirements for this stage design were as follows:

· 10 μm bi-directional repeatability

· 10 μm accuracy

· Tight orthogonality between motion axes

· Extremely low profile

Overview of stage assembly:

The stage design presented here has the orthogonal directions integrated into the design. The stage is automated and has two stepper motors driving linear precision leadscrews. The stage is in open-loop mode without feedback from a linear encoder. However, the stepper motors do have a rotary encoder on the shaft. The stages are guided on precision linear roller bearings mounted to the stage raceways. The stage ways consist of an upper raceway, a lower raceway, and a center raceway. The center race has the two orthogonal directions built-in. The upper and lower races provide mounting surfaces to other systems. The upper and lower races are coupled to the leadscrew via a custom designed nut mount.  
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Figure 1: Stage assembly

Figure 2. Lower stage assembly, dust over screw shown clear blue.

Bearing Race ways  

The bearing races were designed to minimize height of the stage top surface.  The bearing plates contain precision raceways that are ground for high precision. Tolerance requirements for the bearing races are 0.0002 inch flatness, straightness, and parallelism. Figure 3 shows the upper raceway which is identical functionally to the lower race way. Figure 4 is the Cross-shaped center raceway. The upper and lowe raceways mount to the top side and bottom-side of the center raceway.
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Figure 3: Top side and bottom-side of upper or lower raceway.


Figure 4: Center bearing raceway.

Roller Bearings

180 mm long linear roller bearings 4mm in diameter were used for this stage design. Roller bearings were chosen because they are very stiff and can withstand greater loading than ball bearing designs. They can also produce smoother, more precise motion. The drawback is the high price of the bearings themselves, and the greater race tolerances required for their mountings. Union Tool is the manufacturer specified due to low production costs for this roller. Schneeberger also makes an acceptable bearing that can be a direct drop in replacement at greater cost. Figure 5 shows a typical roller bearing with rollers and cage exposed.
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Figure 5: Linear roller guide bearing shown with two guide rails, rollers, and a cage.

The roller bearings are pre-loaded with a series of setscrews along one side. Pre-load is set according to a combination of manufacturers' recommendations for force and assembler's experience with the feel of a correctly pre-loaded stage.  The force applied by the setscrews is determined by relating the torque applied to the screws and the screws parameters by well known equations for typical screws. These are referenced in Appendix A.
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Figure 6. Preload setscrews (exploded)

Drivetrain, Leadscrew and Anti-backlash nut

Each axis stage drivetrain consists of a stepper motor coupled to a Kerk Motion brand ¼ diameter leadscrews with lead of .05". The leadscrews are Teflon coated and have a run-out tolerance of .002"/in of travel. The leadscrew nut is an anti-backlash type that uses two opposing threads with spring compression to achieve high linear backlash stiffness. The lead screw is mounted at the far ends with standard radial bearings. At the screw end nearest the motor and coupler, a radial bearing and pre-load retainer provide tight, preload in both directions of motion. Figure 7 shows the drive train and Figure 8 shows a typical Kerk Leadscrew and nut assembly.
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Figure 7: Assembly drive train. Screws and carriage interface part not shown for clarity.

Figure 8: Kerk Leadscrew and anti-backlash nut

(http://www.kerkmotion.com/products/lead-screw/zbx-series.asp)

Stepper Drive Motors

IMS brand smart MDI 17 stepper motors were used in this stage design. These stepper motors feature integrated driver and controller with RS-425 bus communication to host PC.  It is settable for up to 51,200 steps per revolution, and can include a rotary encoder. This is really only useful for detecting missing steps, since linear position errors have many causes downstream in the drive chain. These motors have been found to be easy to use and interface to the automation system. They perform as well as similar non-integrated motors and they don't require external drivers and controllers. Figure 9 shows a typical NEMA 17 IMS stepper motor.
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Figure 9: IMS MDS17 Stepper motor.

(http://www.imshome.com/Product%20Datasheets/MDI17Plus.pdf)

Bellows drive coupling

The drive coupler was chosen to couple the motor shaft axis with the lead screw. A bellows type coupling was chosen because it provides very high rotational stiffness and low wind-up. Wind-up occurs when the motor shaft first starts turning and the load is accelerated. The torsional acceleration causes torsional deflection in the system that results in a small amount of positional error. The bellows coupling is also optimized to handle angular misalignments between shafts. Figure 10 shows a typical bellows coupling.
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Figure 10: Bellows Coupling

(https://sdp-si.com/eStore/Direct.asp?GroupID=92)

Nut to carriage interface

The Kerk leadscrew nut is interfaced to the moveable part of the stage by means of an interfacing part. The part is designed so that it can be optimally adjusted to match the alignment of the stage motion. The stage motion is governed by the precision of the guide rails and the stage raceways are toleranced with respect to the leadscrew axis very tightly so that the nut will not bind during stage motion. The interface part allows adjustment in all directions, and can be locked in place once the alignment has been achieved. One drawback of this design is that tolerances must be kept extremely tight in order to ensure any misalignment between the stage raceways and the leadscrew will not cause the nut to bind. Figure 11 shows the carriage interface part and lead screw assembly. the nut is shown exploded from the the interface part. Notice the interface ahs a tab that acts as limit switch flag.
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Figure 11: Nut and carriage interface part shown exploded.

Stage Precision Testing

The final stage prototype was tested for linearity, bi-directional repeatability and accuracy in the lab.  A distance measuring interferometer (DMI) was used to perform these measurements to micron accuracy. Testing involved setting the stage up in an actual system and isolating the system and the DMI from vibration on an isolation table. Several tests were conducted including a stasis test to isolate ambient thermal effects, and repeatability tests to determine if hysteresis in large. Hysteresis results from variations in position when the stage is moving in opposite directions and is typically related to backlash in the drive system.

Conclusion:

In conclusion, the design of the precision stage discussed in this report is novel in that it has a unique dual axis with a very low profile. The stage design incorporates typical stage components and can achieve typical stage performance. The stage was tested using a DMI and performed within specs. One main design improvement is recommended based on experience derived from this stage. It is recommended that the leadscrew carriage interface part to moveable part of stage be flexure based. This will allow the tolerance between the stage ways and the leadscrew axis to be loosened. The flexure mounting would allow compliance for misalignment in all directions except along the axis of motion.

Appendix A

Union Tool recommended torque and pre-load calculations:

EQ. 1 is called the Torque/Tension equation as follows:

T = torque

F = tensile (or thrust) force of screw

D = diameter of screw

k = nut factor (accounts for screw pitch, friction, etc in screw threads) = .1 to .2 for standard screws

n = number of pre-load screws on the rail

x = preload coefficient = 0.1 for heavy preload = 10% of static load rating for rollers

C0 =  roller static load rating

z = number of roller bearings on the rail.

EQ.1   
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For a linear rail with several preload screws, this equation becomes :

EQ.2   
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(torque applied to each screw to achieve total force on rail)

Union Tool provides the following equation for recommended preload on each roller:

EQ.3
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Combining to find required torque on each set screw to achieve recommended preload

EQ.4   
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