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Abstract

Planar guideways are crucial elements in precision planar positioning systems with

two or even three DOF which are prevalent in semiconductor industry [1]. As

guidance systems those high precision planar positioning systems mainly apply

aerostatic guideways. It is often desired to operate positioning systems in the

environment of a technical vacuum which demands elaborate solutions of air

extraction systems for the aerostatic guideways [2]. These devices are cumbersome

and have an influence on the motion path which is not negligible. Planar ball

guideways offer an attractive alternative solution eliminating the mentioned

disadvantages. Since air is not longer necessary, the guideway is applicable under

atmospheric pressure and under technical vacuum conditions as well.

The central problem concerning the design of ball guideways is the determination of

the percentage contact area which describes the ratio (further on called “contact

ratio”) of the number of balls under stress to the total number of balls. The contact

ratio defines properties like stiffness and load capacity of the guideway. A high

stiffness is necessary for high precision positioning systems [3].

Currently the knowledge about the contact ratio in planar guides is based on

assumptions which in turn are based on theoretical and experimental expertise about

ball bearings. Utilizable scientific results are not available. Therefore the guideway

properties are determined by experiment. There is a necessity to calculate the

influences of the contact ratio on the decisive properties during the conceptual design

stage of guiding systems in order to reduce development time.

The measurement procedure and the experimental setup will be presented as well as

the influence of the number of balls of guideway on the contact ratio. The aim of

these investigations is to define dependent and independent influence quantities on

the contact ratio.
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1 Introduction

In a planar guideway system, geometrical deviations of all shapes are responsible for

the resulting contact ratio (figure 1). The sum of all manufacturing deviations is the

resulting geometrical error that causes in a contact ratio of less than 100%.

Figure 1: contact ratio: manufacturing deviations cause the loss of contact between a

percentage of the balls and the runner

The contact ratio is crucial for the determination of the maximal acceptable payload

and the dimensions of the guideway.

For the first time the influences of geometrical deviations of all elements, ball

geometry, normal force and material strength on the contact ratio were analyzed.

Furthermore all investigations are discussed concerning vacuum suitable ball

guideways. The variation parameters that affect the contact ratio are manufacturing

deviations, deformations in point contact, deformations of the structure, the ball

diameter, the number of balls, the spacing between the balls, etc. The main influence

quantity, however, is the number of balls, because the contact ratio starts with 100%

for three balls and decreases with an increasing number of balls. The measurement

starts with three balls to determine the measurement deviations for a known contact

ratio of 100%.

2 Measurement procedure

Out of a systematic comparison of measurement procedures to investigate the contact

ratio one was selected that determines the contact ratio from a measurement of the

stiffness of the guideway. A force F in z-direction applied to the runner causes a

displacement in z-direction z (figure 2).

Figure 2: structure of measurement procedure
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The contact ratio is defined by

n
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with the number of balls n and number of balls in contact with the runner nc.

Since there are only point contacts in planar ball guideways, the Hertzian theory is

used to determine the maximum load on the guideway from the maximum acceptable

von-Mises stress v of the material to avoid plastic deformation in the guideway

elements (eq. 2) [4], [5]. E* is the combined Young’s modulus with the Young’s

modules E1, E2 and Poisson's ratios 1 , 2 for each element. The range of v is

limited by the allowable stress of the applied materials.
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The contact ratio is calculated from the measurement data using
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with load F, additional load F , measurement value z and ball diameter d.

The contact ratio will increase with larger forces F, because the indention depth of the

balls will compensate part of the shape deviations (broken line in figure 3).

a) Stiffness b) Slope of the line of stiffness

Figure 3: The approach of the two guidance faces Δz is dependent on the normal force F for

different contact ratios. The broken line exemplifies an increasing contact ratio.
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The value of z has to be larger than the uncertainty of the measurement of z but

small enough to acquire sufficient data points to reliably determine an accurate

contact ratio for different parts of the stiffness curve (figure 3).

The randomly distributed geometrical deviations on the functional surfaces cause

random contact ratios depending on the lateral position of the guideway. The

differences in the stiffness of individual balls can lead to a tilt of the runner which

makes it necessary to measure it.

3 Conclusions

A measurement rig has been developed that allows the measurement of the stiffness

and thus the contact ratio of a planar ball guideway under the independent variation

of several influence quantities. It allows the variation of the number of balls, the ball

diameter and the load independently.

In future work the existing uncertainties of the contact ratio have to be investigated,

for example the influence of manufacturing deviations.
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