
© Carl Hanser Verlag, München. Der Nachdruck, auch auszugsweise, ist nicht gestattet und muss vom Verlag schriftlich genehmigt werden.

MESSEN UND PRÜFEN    Optische Sensoren
36

© Carl Hanser Verlag, München    QZ Jahrgang 59 (2014) 8

pr
ac

ti
ca

l t
ip There are a great many contact and 

non-contact sensors for measuring work-
piece surfaces. Depending on the mea-
surement task and the surface proper-
ties, a suitable sensor is selected. The 
greatest flexibility comes with different 
sensors in a single measuring machine.

For surface measurements, dimensions 
(distance, radius, angle), geometric toler-
ancing (position, flatness, roundness) and 
surface parameters (roughness) of regular 
geometric elements (planes, spheres, cyl-
inders) or free-form surfaces measuring 
points are captured.  Optical sensors work 
with non-contact, which means that even 
sensitive workpieces and small features 
can be measured. The measurement 
points are captured very quickly, or many 
points can even be captured at once. Appli-
cations include production inspection of 
various workpieces, such as injection mold-
ed parts, optical functional surfaces, flexi-
ble sheet metal parts, and components for 
micromechanics (implants, watches). 

Optical sensors can be distinguished 
on the basis of their measurement direc-
tion as lateral measurement sensors (mea-
suring orthogonally to the optical axis, such 
as image processing) and axial or distance 
sensors (measuring along the optical axis). 
Distance sensors are distinguished be-
tween pointwise and area measurement 
sensors (Figure 2). 

Pointwise distance measurement sensors
Distance measurment sensors capture 
measurement points individually on the 
workpiece surface. Suitable sensors are 
used for scanning during motion relative to 

the workpiece, capturing several hundred 
to thousands of points per second, even 
spread over large areas of the workpiece.

In the classical autofocus method, the 
distance between the workpiece surface 
and the sensor is determined by evaluating 
the contrast at various distances while 
moving the focal plane through the surface 
of the workpiece. The maximum contrast is 
found when the workpiece surface is direct-
ly in the focal plane. The sensitivity is influ-
enced by the depth of field of the objective 
(the range along the optical axis in which a 
sharp image is generated), which in turn is 
dependent on the numerical aperture 
(opening angle) of the objective.

Objectives with a high numerical aper-
ture have shallow depths of field and thus 
enable more precise measurements. With 
integrated grid projection, workpieces that 
have no surface structure under normal 
lighting can also be measured. Autofocus 
is used to measure individual points, such 
as to determine heights or the spatial loca-
tion of surfaces.

Distance sensors with triangulation 
project a light beam (typically a laser beam) 
at an angle to the optical axis onto the 
workpiece. The location of the measure-
ment point is determined from the location 
of the reflected beam on a camera, using 
the angular relationships (the triangle of 
the light source, surface point, and sen-
sor). The sensors commonly used in auto-
mation with projection angles of some 10 
degrees have relatively large measurement 
uncertainties, depending on the surface 
angle and structure. Sensors that use the 
Foucault principle (such as the Werth Laser 
Probe WLP) use the much smaller aperture 
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Comparison of distance sensors 

Figure 1. High-resolu-

tion area measure-

ment with 3D Patch: 

Meshed view of the 

measured surface 

(top), color-coded 

deviation plot to the 

CAD model (bottom)
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angle as the beam passes through the im-
aging optics and allow workpiece surface 
angles of up to 80°. If the sensor is inte-
grated in the beam path of an image pro-
cessing sensor, it is possible to switch be-
tween the two sensors and the laser prob-
ing can be observed without any mechani-
cal motion. Foucault sensors are used for 
contour and flatness measurements with 
precision in the micrometer range, such as 
on sealing surfaces or tools (cutting and 
clearance angles, edge radii). The advan-
tage relative to autofocus sensors is espe-
cially fast scanning.

The imaging error of optics known as 
chromatic aberration is deliberately exploit-
ed in chromatic focus sensors (such as the 
Werth Chromatic Focus Probe CFP). With 
special optics different colors of the light 
used for point illumination result in very dif-
ferent working distances. When white light 
is used, precise distance measurements 
are possible by determining which wave-
length is in focus on the workpiece sur-
face. This also allows high-precision mea-
surement of even highly reflective surfaces 
at less workpiece angle (limited by the nu-
merical aperture of the objective), such as 
on optical surfaces or for layer thickness 
measurements.
The advantage that distance sensors with 
the Foucault and chromatic principles have 
in common is the ability to scan measure-
ment points over large linear regions of the 
workpiece at a high frequency, such as for 
measuring straightness or radii.

Area distance measurement sensors
With area distance sensors several thou-
sand measurement points are typically re-
corded at once. This allows closed surface 
regions to be captured with a high point 
density. When the autofocus method is 
used for several groups of image points or 
for every image point of the camera in par-
allel, a simple and fast three-dimensional 
measurement is taken. Such focus varia-
tion methods (such as the Werth 3D-Patch), 
as well as the single point autofocus meth-
od, can be implemented at low cost using 
image processing sensor hardware that is 
generally already present. For example, fil-
lets on tool blades or the complete topog-
raphy of workpiece regions can be mea-
sured in this way. Special lighting and im-
age capturing methods (grid projection, 
variation of the amount of light captured) 
are used if the workpiece surface structure 
does not generate sufficient contrast or if 
great local variations in reflection are pres-
ent (flat or inclined surfaces). 

Under certain conditions, roughness 
parameters can also be determined. The 
comparability of measurement results to 
tactile measurements should, however, be 
verified and correlated experimentally us-
ing sample workpieces. 

Analyzing brightness progression while 
traveling vertically through the measure-
ment range when using confocal sensors 
(such as the Werth Nano Focus Probe NFP) 
provides complete independence from the 
surface contrast. Reflective surfaces and 

even roughness can be measured in this 
way. Severely angled surfaces can be mea-
sured only at a short working distance or 
with very specialized objectives (with high 
numerical aperture). The measurement de-
viations that can be achieved are in the 
range of tenths of micrometers. Typical ap-
plication examples include measuring the 
entire geometry of inserts for stamping 
tools or coin embossing punches. 

With suitable coordinate measuring 
machines, several regions captured with fo-
cus variation or confocal sensors can be 
combined with high precision and without 
using error-prone “stitching” methods 
(combining using surface features) and can 
be analyzed together.

For measurement tasks with low preci-
sion requirements, such as in car body ap-
plications, pattern projection methods can 
be used. The pattern projected on the 
workpiece is analyzed by triangulation. In 
classical fringe projection, the geometry of 
the pattern and the imaging beam path 
(magnification, imaging errors) affect the 
precision that can be achieved. Photogram-
metric sensors capture the workpiece sur-
face from different directions with two cam-
eras and are more robust with respect to 
brightness differences and surface de-
fects.

In cooperation with the coordinate mea-
suring machine manufacturer, the right opti-
cal distance sensor can be selected for 
many measurement tasks. Together with 
image processing and tactile sensors, the 
optimal multisensor coordinate measuring 
machine can be configured for the applica-
tion. q
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Figure 2. Overview of optical distance sensors. Pointwise distance measurement sensors: 

a) Autofocus, b) Triangulation, c) Chromatic methods. Area distance measurement sensors: 

d) Focus variation, e) Fringe projection, f) Photogrammetry
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