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Abstract

We have been developing a measuring device to ascertain the motion accuracy of NC

machine tools using rotary encoders and link mechanisms (RELM). This device

consists of a base, two links, and three pivots. Each of the pivots has rotary encoders

to measure the angles of the links. At the end of the links there is a steel ball that

attaches to a magnetic tool cap held in the chuck of the NC machine. To measure the

position of the spindle, we read the angle of the encoders. The angles are substituted

into a transformation matrix, and the coordinates of the spindle are thus calculated.

Initially, there were some static mechanical errors that caused measurement

inaccuracies, so we examined the elements of the mechanical errors and their effect

on the path. In addition, we examined the displacement between the magnetic tool

cap and the steel ball while in motion, which caused measurement errors.

1 Background and structure of RELM device

1.1 Background

Fig. 1 Renishaw's ball bar Fig. 2 Heidenhain's grid encoder

There are various ways to measure NC machine tool geometry. For example,

Renishaw's Ball Bar and Heidenhain's Grid Encoder are commonly used to evaluate

static or dynamic accuracy. However, these methods have shortcomings in that the

ball bar (Fig. 1) can measure only a circular path, and the grid encoder (Fig. 2) can

measure only in the horizontal plane. We have been developing a new coordinate
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measuring device with rotary encoders and link mechanisms (RELM) to measure the

three-dimensional motion accuracy of NC machine tools. We aim to realize the

RELM device as a low cost, adaptable measurement system with accuracy of the

order of a few micrometres. Now the accuracy of RELM devise is about 5 to 10

micrometres so we need to find the causes of inaccuracy [1].

1.2 Structure of RELM device

(a) Front (b) Rear

Fig. 3 Structure of RELM device

Fig. 4 Actual vector diagram of RELM device

Figure 3 shows the structure of the RELM device. The device has two links and three

pivots. Each pivot has an incremental rotary encoder and the angle of each link is

measured. At the end of Link 2 there is a steel ball that is attached to a magnetic tool

cap held in the chuck of the NC machine. When the NC machine moves, the steel ball

is dragged along and the angle changes. Each recorded angle is substituted into a

transformation matrix and the coordinates of the spindle are calculated. However,
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there were some static mechanical errors that caused measurement error (Fig. 5). The

green path is the ideal path and the red path is the real path. These errors included

tilting of Pivot 1 (x0, y0), twisting of Pivot 2 (x1), divergence of Pivot 2 (Rx, Ry),

twisting of Link 1 (x3), and initial angular errors with the rotary encoders (1, 2,

3). Figure 4 shows an error-included actual vector diagram. To correct, or calibrate,

these errors, we use the least squares method. In this case, residuals between the

reference points on the model tool path and a point on the actual observed path should

be minimized (Fig. 6). The parameters that minimize the sum of the squared residuals

are called error parameters. In the last research, maximum error was 5 micrometres

(125mm square path). This result may include the NC machine’s error so we need the

reverse-engineering equations to divide the machine’s error.

Fig. 5 Comparison of paths Fig. 6 Calibration path

2 Current state of development

2.1 Reverse engineering solutions

We have solved the reverse-engineering equations for the link mechanism. These

equations lead to the ideal angles for the links on the path. The equations below are

the ideal coordination equations for the spindle. X,Y and Z refer to the Cartesian

coordination of the spindle, 1, 2 and 3 are the values of angles of Rotary Encoders

1, 2 and 3, and L1, L2 are the lengths of Links 1 and 2:

)sin(cossincos{cos 32122321  LLLX  (1)

)sin(cossincos{sin 32122321  LLLY  (2)

)sin(sincoscos 3212322  LLLZ  (3)
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The equations below are the reverse engineering equations of the link mechanisms:
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2.2 Study of the magnetic tool cap

Fig. 7 Displacement of steel ball Fig. 8 Measuring system

When making measurements, the friction between the tool cap and the steel ball may

cause some displacement (Fig. 7). We measured this displacement using capacitance-

type displacement gauges (Fig. 8). When the magnetic force was 8.5 (N) and the tool

speed was 100 mm/min, the displacement was less than 2 micrometres. The

maximum measurement error of 125 mm square path was 10 micrometres, thus the

kinetic error of the magnetic tool cap is not important.

3 Plans for future research

 Verify the calibration method using the reverse engineering solutions.

 Find the way to measure the errors of RELM device.
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