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Precision encoders
provide the path s

surface finishes demands

to perfect surfaces sy

t takes considerable time and effort

to manufacture “perfect” surfaces.

The mirrors on NASA’s James Webb

Space Telescope, with a surface area
of about 25 m? and finished to accuracies
of 25 nm, took nearly eight years to fabri-
cate and polish. Or in a more down-to-earth
example, 24 specialists polished the sculp-
ture “Cloud Gate” by artist Anish Kapoor
in Chicago’s Millennium Park for several
months as the final manufacturing step.
The gigantic stainless-steel “bean,” weighing
over 99 metric tons and measuring 10 x 20 x
13 m, features a near-perfect, seamless sur-
face that mirrors the Chicago skyline.

Flawless surfaces are similarly a frequent goal in the
machine-tool industry, particularly in moldmaking. Here,
however, economics play an important role. In today’s mar-
kets, parts with tight tolerances and high surface quality must
be produced quickly, and that presents a special challenge.
Manufacturing high-quality molds, for example, requires rap-
idly removing large volumes of material during roughing and
then precisely and painstakingly finishing the mold to a near-
perfect surface. Otherwise, the moldmaker faces additional
manufacturing steps — manual polishing, for instance — that
add production time and costs.

In such operations, the cutting machine’s structure and
mechanics, and the corresponding performance of the con-
trols, no doubt play important roles. But equally important
for optimal milling and finishing is the machine’s ability to
accurately measure motion parameters. To produce parts
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It took several months to polish the seamless surface of “Cloud

Gate,” a sculpture that mirrors the Chicago skyline.

with high-quality surfaces, it’s critically important that encod-
ers generate signals with extraordinarily small deviations
— within one signal period (interpolation error). Otherwise,
excessive interpolation errors lead to problems like periodi-
cally recurring irregularities on the workpiece surface, which
are particularly objectionable in moldmaking.

SURFACE DEFECTS STAND OUT

The human eye is sensitive to even the smallest structural
changes or defects on a surface. A pixel error on a computer
monitor, for example, even with a display of up to 5 million pix-
els, is immediately visible. The human eye is even more sensitive
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Position error within one signal period
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Position errors within one signal period are due to deviations between

the A and B periodic scanning signals.

to periodic surface faults. Test workpieces show that periodic
form errors as small as 0.2 pm are clearly visible. Particularly in
moldmaking, these form deviations, although they don't affect
accuracy, are undesirable and require expensive rework.
Surface errors on part surfaces appear as shadows or fluc-
tuations in contrast, and customers perceive them as defects.
They are due to fundamentally different causes: machine
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vibrations that disturb the machining process, or short-period
errors in the axis encoder. This discussion centers on the lat-
ter: surface errors caused by position errors within one signal
period — that is, interpolation errors.

ENCODER POSITION ERRORS

An encoder’s direct resolution is usually insufficient for
modern machine tools. Therefore, the encoder’s electronics
uses interpolation processes to subdivide the two periodic
analog (typically sinusoidal) scanning signals, termed A and
B. Interpolation that subdivides the signals by factors of 4,096
(12 bits) and greater are typical. This makes it possible to
start from measurements with relatively large graduation
periods and attain the measuring steps needed for controlling
machine tools. For example, Heidenhain LC 100 and LC 400
encoders offer measuring steps of 0.001 pm.

Interpolation processes operate faultlessly as long as the two
sinusoidal output signals are ideal. That is, they have exactly
the same shape, amplitude, and on-off ratio, and they are
phase-shifted to each other by exactly 90°. In the real world,
deviations generate errors that repeat themselves with each
period of the scanning signals. Controls engineers therefore
speak of errors within one signal period, or interpolation
error. Several factors determine the size of position errors
within one signal period:

« Size of the signal period

« Homogeneity and period definition of the graduation

« Quality of scanning filters

« Sensor characteristics

o The stability and dynamics during subsequent processing
of the analog signals.

Small encoder position errors are amplified when milling
inclined workpieces. A 200-nm interpolation error on an

inclined plane can produce sizeable effects.

Z axis

200 nm

Signal period

X axis
200 nm n x signal period
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EFFECTS OF POSITION ERRORS

Today’s moldmaking industry demands workpieces with
increasingly complex geometries. As a result, five-axis
machining using combinations of all axis movements is
now commonplace. Often, however, if an inclined or curved
machining surface is manufactured by simultaneously inter-
polating encoder signals for more than one NC axis, the
interpolation error translates directly

Workpiece surfaces have a flawless appearance when
interpolation error amplitude is less than 100 nm. Starting
with an interpolation error amplitude of approximately 200
nm, the effects on milling become visible. Greater interpola-
tion errors result in optically disturbing form deviations. A
wavelength of 0.5 to 5 mm is especially easy for human eyes
to detect.

to the workpiece.

This becomes especially apparent
when machining an inclined surface
with a small slope angle. The inter-
polation error of the Z-axis encoder
projects onto the inclined surface and
becomes visible, often as a wave pattern
on the workpiece.

Because of the inclination, an n-fold
enlargement of the signal period
appears in the tool path. That is, while
the Z axis moves by only one signal
period, the X axis moves n times more.
A wave appears on the inclined work-
piece surface with a wavelength that
corresponds to the n-fold signal period
of the Z-axis encoder.

Because all sorts of inclined surfaces
are manufactured when machining
free-form surfaces, there will always be
the corresponding amplification of the
signal period.
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This graph shows RMS values of interpo-
lation errors for a series of measurements
on 1,000 Model LC 183 encoders. The RMS
value of the interpolation error for 85% of the
tested encoders was less than 12 nm. Newer
models like the LC 115 have even lower RMS
deviations.
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LF 185 incremental

linear encoders have a

signal period of 4 pm,

maximum positioning

HEIDENHAIN

error per signal period

of £40 nm, and mea- o
suring lengths of up to
3,040 mm.

MACHINING EXAMPLE

Consider three workpieces manufactured by multipass
milling with a 12-mm ball-nose cutter. Each process used a
different encoder with a different interpolation error. The
results on surface finish are readily apparent, as shown in the
accompanying images.

An encoder with a very small interpolation error (<100 nm)
was used for the first workpiece, a Heidenhain LC 100 Series
linear encoder. The workpiece surface appears perfect. Encod-
ers with larger interpolation error present a different picture.
Because the feed axes follow a higher interpolation error, a con-
spicuous wave pattern appears on the workpiece surface.

The second image shows the result of milling when the
encoder has an interpolation error of 200 nm. A wave shape
is clearly visible. The last image shows a part manufactured
using an encoder with a 500-nm interpolation error. The
workpiece surface has a prominent wave shape.

PRECISION ENCODERS

Encoders with very small interpolation errors are neces-
sary to mill workpiece surfaces without visible wave patterns.
Heidenhain LC 100, LC 400, and LF linear encoders, for
instance, offer the requisite accuracy as well as the durability
needed in machining environments. The basis of their high
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signal quality is an extremely precise Diadur measuring grid
and highly accurate single-field scanning.

The Diadur process generates precision graduations com-
posed of an extremely thin layer of chromium on a glass or
glass-ceramic substrate. They form a grating with line widths
0f 0.25 to 10 um, depending on the model, and are a key fac-
tor in the accuracy of these encoders.

The graduations consist of lines

This is the basis for encoders with extremely high preci-
sion and a small position error within one signal period. For
example, the maximum interpolation error of the LC family
linear encoders is significantly less than 100 nm. &l

RESOURCES:
Heidenhain Corp., www.heidenhain.com

and gaps at defined intervals with lit-
tle deviation, forming structures with
high edge definition. These gradua-
tions resist mechanical and chemi-
cal influences in addition to vibration
and shock. Furthermore, they have a
defined thermal behavior.

These machined surfaces were generated

on a milling machine using encoders with
interpolation errors of <100, 200, and 500 nm.
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