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Abstract Temperature drifts, tool deterioration, unknown
vibrations, as well as spindle play are major effects which
decrease the achievable precision of CNC lathes and lead
to shape deviations of the processed workpieces. Since cur-
rently no measurement system exists for precise, in situ,
3D shape monitoring, much effort is required to simulate
and compensate these effects. In this article, we propose
an optical measurement principle for first part quality man-
ufacturing. The absolute shape, meaning the diameter and
surface profile, of the workpiece is determined from its tan-
gential velocity and the surface distance. In order to allow
keyhole access, both measurands are determined simulta-
neously with a single sensor. Measurements inside a metal
working lathe show that the standard uncertainty for the
absolute shape measurement is below 1 pm. The mea-
surement uncertainty is nearly independent of the lateral
surface velocity and roughness. The in situ measurements
are compared to measurements with a tactile coordinate
measurement machine for reference.
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1 Introduction
1.1 State-of-the-art

The achievable precision of computerized numerically con-
trolled (CNC) lathes is currently limited by temperature
drifts, tool wear, spindle vibration, and axle play [1-3].
These disturbances can be compensated in part, for instance
by employing temperature compensation and a compensa-
tion of tool wear by respective measurements or predictions
[4-10]. However, in order to guarantee deviations from the
desired shape below 1 pum, shape measurements are still
required.

The most versatile and precise tool for this purpose is
a tactile coordinate measurement machine (CMM), which
can be regarded as a gold standard. However, the testing
with a CMM is very slow compared to the production time,
because it is not performed in situ, but in separate machines
meaning the specimen has to be reclamped. Furthermore,
the probing process itself is time consuming due to its tactile
nature and for avoiding scratches on the surface of the speci-
men. Thus, only few samples can be measured with a CMM.
By conducting tactile measurement inside the lathe [11],
the possible sample size can be increased, but the required
measurement time still exceeds the production time.

Non-contact measurement techniques such as optical
techniques offer higher measurement rates and could there-
fore allow a hundred percent process monitoring, which is
necessary for first part quality manufacturing. Shadow pro-
jection for instance can scan the absolute three-dimensional
shape of a shaft in just a few seconds [12] and was already
successfully applied in a metal working lathe. However, it is
unable to resolve concave profiles and too bulky to easily fit
into a lathe, since sending and detection unit of the system
are on opposite sides of the specimen.
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Thus, optical techniques with keyhole access are
required, such as triangulation, chromatic confocal sens-
ing, absolute distance interferometry, or fringe projection
[13-16]. All of these techniques can achieve sub-micron
precision as well as sufficiently high measurement rates of
several kHz for surface profile measurements at stationary
and smooth objects. Some of these techniques have already
been employed at non moving objects for close to machine
measurements [17] and even for in situ measurements [18].

However, all of these techniques suffer from the speckle
effect, especially at moving rough surfaces which increases
the achievable measurement uncertainty. Furthermore, none
of these techniques is able to measure the absolute shape,
i.e., the angle resolved radius of the workpiece, since exact
knowledge of the distance from the sensor to the rotational
axis is necessary additionally to the measured distance
between sensor and surface. Otherwise, tumbling, vibra-
tions, eccentricity, and drifts of the rotational axis-sensor
distance lead to measurement errors.

The measurement errors can be avoided by using multi-
ple optical distance sensors around the specimen [19, 20].
This requires multiple optical accesses, however. As an
alternative with keyhole access capability, the laser Doppler
distance sensor with phase evaluation (P-LDD sensor) can
be employed. The P-LDD sensor offers a lateral velocity
measurement in addition to the axial distance measurement
[21-24]. This enables the simultaneous measurement of
the mean radius and the deviation from the mean radius
of the rotating workpiece. As a result, an absolute shape
measurement with a single sensor is possible. While the P-
LDD sensor principle has been tested successfully in the
laboratory, its applicability for fast and precise, 3D shape
monitoring in situ in CNC lathes has to be investigated.

1.2 Aim and outline of the paper

The aim of this paper is to apply a P-LDD sensor for in
situ, three-dimensional (3D), absolute shape measurements
in a CNC lathe and to characterize the achievable measure-
ment uncertainty. The measurement approach is based on

Fig. 1 Schematic of
measurement principle. The
tangential velocity v and the
surface distance z of the rotating
workpiece are measured

a simultaneous measurement of the distance of the surface
as well as the tangential velocity of the specimen with a
single sensor, which is described in Section 2. The prin-
ciple and setup of the P-LDD sensor, which is capable to
perform these simultaneous measurements, is subsequently
explained in Section 3. In order to fit the sensor into the
lathe, it was miniaturized for the first time. Experimen-
tal results regarding the influence of the micro and macro
geometry of the workpiece toward the achievable measure-
ment uncertainty are presented in Section 4. Finally, the
absolute three-dimensional shape measurement in a CNC
lathe is presented in Section 5, thereby validating and
characterizing the capabilities of the P-LDD sensor system.

2 Approach for absolute shape measurement
with keyhole access

The absolute 3D shape of a workpiece can be described by
its radius r («, Z) in cylindrical coordinates, with the rotation
angle « and the height Z, cf. Fig. 1. An indirect measurement
of the shape has to be performed, because it is not possible
to measure the radius directly with keyhole access. For this
purpose, the shape is described as

r(e,z) = R+ Ar(w, 2), (1)

with the radius of the Gaussian cylinder

1 2 pl o
Ie=m\/0 /()r(a,z)dzda, (2)

subsequently named mean radius and the deviations
Ar(e, 7) from R. As a result, the shape measurement can
be accomplished by measuring the mean radius R and the
radius deviations Ar (o, 7).

For measurements of Ar(a, z), subsequently named sur-
face profile, optical distance sensors are well equipped,
since they offer distance uncertainties below 1 um. The out-
put of the distance sensor is the distance z between the
sensor and the surface of the object, cf. Fig. 1. When the
distance measurement is continuously performed during the
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rotation of the object, the surface profile results from n
distance measurements to

Ar(a,2) =7 —z(0, 7)) = —Az 3)

with Z = % Y 7, z(e, Z), under the assumption of negligi-
ble eccentricity of the workpiece in respect to the rotational
axis. For absolute shape measurements, the sole measure-
ment of Ar(w,Z) requires a known distance X between
sensor and rotational axis, cf. Fig. 1. Otherwise, any uncer-
tainty in the alignment between sensor and rotational axis,
for instance due to thermal drifts, directly increases the
uncertainty of the mean radius measurement.

Therefore, a novel approach for the absolute shape mea-
surement is proposed, which does not require the distance x
to be known. By measuring the tangential surface velocity
v(a, Z), R results to

R=— “
1)

with V = }l > i v(a, Z). Employing a simultaneous mea-

surement of the lateral velocity v and the axial position z

the shape measurement is thus obtained according to the

Egs. 1, 3, 4 by

r(e,z) = g — Az(a, 7). 5)

As a result, the novel approach for the shape measure-
ment is independent of sensor and axle misalignment in
X-direction. Note that this approach requires the angular
velocity of the workpiece to be known (which is the case for
CNC lathes, typically), in order to calculate R. Furthermore,
Z has to be known, to calculate the 3D shape.

3 Sensor principle and setup
3.1 Sensor principle

The measurement principle of the laser Doppler distance
sensor with phase evaluation (P-LDD sensor) allows for the
simultaneous measurement of lateral velocity and position
of moving and optically rough surfaces. The measurement
principle of the P-LDD sensor is based on laser surface
velocimetry (LSV) [25]. An LSV uses an interference fringe
pattern formed in the intersection of two coherent laser
beams and measures the velocity component perpendicu-
lar to the fringe system. In order to calculate the velocity,
the measured Doppler frequency of the scattered light sig-
nal of an object fp and the calibrated fringe spacing d are
evaluated by

v=fp-d(2). (©)

Due to aberrations and slightly distorted wave fronts,
the fringe spacing is not constant along the measurement

volume. This effect restricts the relative velocity measure-
ment uncertainty of a LSV fundamentally to 0.1 % <
oy/v < 1 % [26], because the surface position and accord-
ingly the exact fringe spacing are unknown. The P-LDD
sensor overcomes this limitation by superposing two mutu-
ally tilted interference fringe patterns and evaluating the
two scattered light signals, which allows for an additional
position measurement [21]. The fringe systems exhibit a
position dependent, mutual phase shift, which leads to a
phase difference ¢ in the scattered light signals

(@) =2z-5(2) (7
with the slope

2tan ¥/2cos ¥ /2 tan ¥
~ 2
d(z) d(z)

of the phase shift depending on the tilting angle y» between
the fringe patterns. Thus, evaluating the phase shift ¢(z)
in addition to the Doppler frequencies allows for a dis-
tance measurement simultaneous to the velocity measure-
ment. Furthermore, the velocity measurement uncertainty is
decreased, because it is not limited by the fringe spacing
uncertainty anymore. Note that the approximation in Eq. 8
is valid only for small tilting angles. Furthermore, the tilt
of the fringe systems with respect to the measurement axis
has to be considered for the velocity measurement perpen-
dicular to the measurement axis. In Fig. 2, the tilted fringe
patterns and the resulting scattered light signals are depicted
schematically.

An error propagation of Eq. 7 shows, that in order to
achieve a low distance uncertainty o, = s(z) ! - 0y, a steep
slope s(z) of the calibration function is required. However,
the phase evaluation leads to an ambiguous calibration func-
tion ¢(z), because the unambiguous phase range is limited
to —m < ¢(z) < m. Hence, the required steep calibration
function hinders a large measurement range for the distance
measurement. In order to increase the measurement range,
a third fringe system with a slightly different tilting angle
is superposed, which results in an additional, unambiguous
calibration function to resolve the ambiguity issue [27]. In
Fig. 3, the three fringe patterns and the resulting calibration
functions ¢12(z), ¢31(z) are depicted schematically.

s(z) =2m ®

3.2 Sensor setup

In order to be able to fit the sensor into a lathe, a compact
design was developed. By using fiber-coupled laser diodes
and photo detectors, the sensor head (size 10 x 10 x 5 cm’ )
was realized in an all passive manner. Furthermore, the sen-
sor head uses Invar as base plate material, in order to reduce
the thermal elongations and misalignment of the optical
components. The three laser diodes are temperature stabi-
lized, to reduce thermal wavelength drifts as well. The laser
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Fig. 2 Two mutually tilted

interference fringe systems of a

P-LDD sensor (left), and

scattered light signals from a X
particle (right). The velocity is

Vv time

2 v

coded in the frequency fp, the
position in the phase difference
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light with the wavelengths A1 = 638 nm, A, = 658 nm,
and A3 = 685 nm is coupled into one single mode fiber.
The trichromatic light is collimated and split spatially by
a blazed transmission diffraction grating, with the grating
constant g = 4 um. A narrow band stop filter (NF) then
blocks the +1. diffraction order (DO) from XA, and a nar-
row band pass filter (BP) blocks the —1. DO from A and
A3. The remaining +1. and 0. DO are superposed by a Kep-
lerian telescope (fi = f» = 40 mm). As a result, three
interference fringe systems with d ~ 4 um, a lateral diam-
eter 2 - wyg ~ 50 um, and an axial dimension /, & 600 um
are formed in the intersection of the laser beams, cf. Fig. 3.

The tilt Y15 &~ 9.32° between the fringe systems with
the wavelengths A1, Ay results from superposing different
diffraction orders, whereas ¥3; ~ 0.35° is due to the slight
wavelength difference between A3 and Aj. As a result, a
steep calibration function with the slope s12(z) & 15°/um
and and unambiguous calibration function with the slope
531(z) & 0.55°/um are formed (Fig. 4).

The scattered light is forwarded by two mirrors (M1, M»)
and through the respective filters. As a result, the light with

Fig. 3 Three mutually tilted interference fringe systems of a P-LDDS
(top), and resulting calibration functions. The unambiguous calibra-
tion function 31, which results from the fringe systems 3 and 1, offers
an absolute distance measurement with higher distance uncertainty,
while the steep calibration function ¢;2, which results from the fringe
systems 1 and 2, offers a low distance uncertainty

@ Springer
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the wavelength A, is focussed into the upper multimode
fiber A. The scattered light with the wavelengths A; and A3
is focussed into the lower multimode fiber B and divided
by wavelength in a separate fiber coupled unit. Three fiber
coupled avalanche photo diodes are employed to detect the
three scattered light signals.

The electronic output signals of the detectors are finally
digitized using a digitizer board and analyzed on a computer
using MATLAB. The Doppler frequencies are calculated
using the discrete Fourier transformation and the phase dif-
ference using the cross-correlation function from the time
series of the aquired signals. The velocity and distance
are then calculated employing the calibration functions
Egs. 6, 7.

In order to calculate the Doppler frequency fp and phase
difference ¢, a time series has to be recorded and analyzed.
During the length of this time series, the surface is moving.
Therefore, the lateral resolution in the direction of the move-
ment will decrease. Since the standard uncertainty of the
Doppler frequency depends on the length of the observed
surface [28], time series from constant surface lengths of
1 mm are analyzed. For this purpose, the length of the time
series is calculated from the estimated circumferential sur-
face velocity using a priori knowledge of the workpiece
velocity and the sampling frequency of the digitizer board.
This ensures a constant uncertainty. Thus, a constant lateral
resolution along the circumference of 1 mm is achieved,
while the lateral resolution along the height remains
50 wm, due to the lateral diameter of the measurement
volume.

4 Experimental setup and results
4.1 Experimental setup

In order to characterize the sensor performance and capa-
bilities with respect to in situ lathe monitoring, experiments
were performed in two different CNC lathes, in an Index
G200 as well as in a CD402. For testing, shafts with dif-
ferent roughness, shapes, and diameters were manufactured
and the shape of the resulting workpiece was measured with
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Fig. 4 All passive,
interferometric sensor head. The
trichromatic light is introduced
via the sending fiber. Grating
and Keplerian telescope
generate the three fringe
systems. The mirrors M, M»
forward the scattered light into

the detection fibers .
sending

fiber

the P-LDD sensor. For reference measurements, a tactile
coordinate measurement machine ULM 600 was employed.

In the Index G200, the P-LDD sensor is mounted onto
the tool revolver, see Fig. 5 (top). This allows to position,
the sensor freely using the same program employed for
the specimen manufacturing. In the CD402 the sensor is

J( -~ ‘ |

workpiece

Fig. 5 Sensor mounted in different lathes. Top: the sensor head is
mounted onto the tool revolver, which allows for a free positioning.
Bottom: the sensor head is mounted opposite of the tool revolver, so
that simultaneous cutting and measuring are possible in principle. The
optical fibers for sending and receiving are fed through the chippings
conveyor

detecting
fiber A

w/

detecting :___ N
fiber B @ Dl

mounted on a tool holder opposite of the tool revolver, cf.
Fig. 5 (bottom). This allows for an in-process monitoring in
principle, since cutting and sensing can be performed simul-
taneously from opposite sides. In this first test, the sensor is
detached during manufacturing in order to protect the sensor
from chippings, lubricants, and coolants. After reattaching
the sensor, it is calibrated, in order to compensate for pos-
sible misalignment of the optical components. During the
measurement, the spindle is rotating with 25 and 30 Hz,
respectively. For scanning, the feed velocity is set to 36 to
1000 mm/min.

4.2 Measurement uncertainty
4.2.1 Theoretical measurement uncertainty

Due to the high number of measurements with the P-LDD
sensor (10 workpieces with over 100,000 measurement
points each), a complete comparison with the measurements
from a CMM is not feasible. Instead, first the standard devi-
ation for the radius measurements o, is calculated from
the relative standard deviations for the velocity measure-
ment o, /v and the standard deviations for the distance
measurement o. For this purpose, any noise or deviation
in the measured distances or velocities are regarded as
measurement uncertainties. This means that the workpieces
under test are assumed to be perfectly shaped. An error
propagation of Eq. 5 then yields

ith o R ©)
, with op = ——

vV VN
and with the total number of measurements N and the num-
ber of repeating measurements of the same surface segment
M. For a scanning measurement with constant feed velocity,
no surface segment is measured more then once (M = 1).
Thus, o, cannot be reduced by averaging. It can be seen that

o = 01%+

§ |Nq|\)
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Fig. 6 Standard deviation of

position and velocity in

E
dependency of the surface = 05F :
bN -

roughness R, and material

A Brass O Aluminium|:

o, directly increases o, cf. Eq. 9. Furthermore, it can be
seen that o increases with increasing R and o, /v and can
be reduced by averaging. In order to quantify the measure-
ment uncertainty, the influence of the micro geometry and
the shape of the object are investigated next.

4.2.2 Micro geometry

Since the measurement with the P-LDD sensor depends on
the speckle effect [29], the influence of the surface rough-
ness toward the measurement uncertainty is investigated
first. For this purpose, cylindrical probes with different
roughness profiles are manufactured, by using different
materials and by varying the feed velocities vfeeq between
2 and 2000 mm/min during production. This leads to an
average roughness 100 nm < R, < 10 um.

In Fig. 6, the standard deviation o, for the position mea-
surement and the relative standard deviation o, /v of the
velocity measurement in dependency of the surface rough-
ness R, are shown. Standard deviations of o, ~ 200 nm
and o, /v & 0.3 % are achieved for 100 nm < R, < | um.
While the signal-to-noise-ratio (SNR) increases slightly
(from 3 to 10 dB), due to an increase of the back scattered
light at rough surfaces, both deviations also increase slightly
for R, > 1 um. This increase in the standard deviations is
assumed to be caused by increasing deviations of the shape

Fig.7 Specimen with varying
cone angle y. The sensor is

moved with a constant distance
to the surface of the workpiece

R, lum]

of the workpiece. Regarding the standard uncertainty of the
shape, with R = 20 mm and N = 100,000, o, = 300 nm
results for R, < 1 pum increasing to o, =~ 700 nm for
R, = 10 pum, cf. Eq. 9. Thus, the requirement for shape
uncertainties below 1 wm is fulfilled even at rough surfaces.

Note that the different material (brass and aluminum)
have no influence toward the measurement uncertainty.
Note also that the measurements were performed with feed
the velocity 1 mm/s (depicted in Fig. 6) and 17 mm/s,
but that the feed velocity shows no influence toward o, /v
and o;. Hence, the sensor performs well on optically rough
surfaces in contrast to conventional laser optical distance
sensors and is well suited for different materials and allows
high scanning speeds.

4.2.3 Macro geometry

The influence of the surface macro geometry is investigated
regarding two important aspects. Firstly, optical distance
sensors are known to have difficulties measuring tilted sur-
faces. Secondly, the shape uncertainty is influenced by the
diameter of the work piece, cf. Eq. 9. Thus, the influence of
a surface tilt as well as the mean diameter of the surface is
investigated.

In order to investigate the influence of tilted surfaces, a
specimen with a varying cone angle y = arctan(d R/d?) is

and measures perpendicularly to
the rotational axis, resulting in a
tilt y between the sensor axis e,
and the surface normal

2 40

e~ .-

20

R120

10

-
o
o

10

140
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Fig. 8 Distance uncertainty

1.5

versus cone angle y. Each
distance uncertainty is acquired
from 100 consecutively

measured distances at the 1k S R
rotating specimen depicted in £
Fig. 7. The regression indicates =
. . . N
a quadratic increase of o with o) 05

increasing cone angle

measurement data
—— quadratic regression

measured first; the design drawing is depicted in Fig. 7. In
Fig. 8, the corresponding distance standard deviations are
presented. A steady increase of o, for an increasing |y | from
o,(y = 0) = 0.28 um to o (|y| = 25°) =~ 1 um is visi-
ble. A similar behavior is obtained for the relative velocity
uncertainty increasing from 0.3 to 0.8 %. With R = 20 mm
and N = 100,000, a standard deviation for the shape mea-
surement of o, = 1 pmresult for |y | = 25°, cf. Eq. 9. Thus,
the requirement for shape uncertainties below 1 um are not
fulfilled at highly tilted surfaces.

The increase in the shape uncertainty is due to two
reasons, both resulting from measuring with the measure-
ment axis e, perpendicular to the rotational axis ez, which
leads to a tilt between the surface normal and ¢,. On the
one hand, the SNR decreases, since less scattered light is
detected by the sensor (SNR(y = 0) = 10 dB, SNR(]y| =
25°) = 0 dB). The SNR decrease leads to an increase of
the measurement uncertainty [27, 28]. On the other hand,
the distance of the surface varies within the width w of the
measurement volume. With 2w = 50 pum, these distance
variations amount up to dz/dz - w = £10 um. Due to the
speckle effect, the different distances are averaged with a
random weighting factor.

Both the decrease in SNR as well as the increase in the
distance variation for increasing y can be resolved by mea-
suring perpendicularly to the surface. This is possible in
general for lathe monitoring, since the approximate macro
geometry of the specimen is known a priori. We tested this
approach for a measurement of a truncated cone with a cone
angle y = 9°. As a result, the standard deviation of the
distance is reduced from o, = 0.5 to o, = 0.28 um, as
expected. If this approach is not feasible, because the sensor
cannot be tilted, or if the approach is not wanted, the SNR
can be increased, by increasing the laser power or numerical
aperture and distance variation can be reduced by reducing
2w.

Next to the cone angle, the influence of the mean radius
R toward the achievable standard deviation is investigated.
For this purpose, a step shaft with R = 2.5, 5, 10, 20 mm is

cone angle y[°]

manufactured and measured. The measurement takes place
at a constant rotational frequency of 25 Hz. The lateral res-
olution along the circumference of the specimen is set to a
1 mm, for comparability. Interestingly, neither o, ~ 300 nm
nor o, /v & 0.3 % show any significant dependency toward
R. This is important, since inserting o, /v =~ 0.3 % in Eq. 9
yields a constant relative uncertainty of the mean radius

og _3-1077

R JN '
meaning that the measurement uncertainty for R decreases
with decreasing R. Thus the og decreases from about
200 nm for R = 20 mm down to about 25 nm for R =
2.5 mm. As a result, for small radii, the standard shape
uncertainty is only limited by the standard deviation of the
distance measurement. Furthermore, the independence of o,
from v means, that the P-LDD sensor is well equipped for

shape measurements at fast rotating surfaces, for instance in
high speed cutting lathes.

(10)

40 mm 35mm
Fig. 9 Photograph of the workpiece. The traversing trajectory of the
P-LDD sensor is marked by the red dotted line. Please note that the
actual workpiece has a length of 100 mm; however, only the first
75 mm are depicted and are measured by the P-LDD sensor
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Table 1 Comparison between in situ measurements and reference
measurements

Measurand In situ Reference

Mean diameter 37.9469 mm 37.9429 mm

Conic shape deviation 0.1 um/mm  0.04 £ 0.05 um/mm
2nd order deviation from circle 0.6 um 0.3t0 0.8 um
Groove spacing 100 um 100 um

Groove height 1.2 um 1.1 pm

5 Three-dimensional shape measurements

Finally, the capabilities for in situ, absolute shape mea-
surements of the P-LDD sensor are investigated. For this
purpose, a workpiece is manufactured; the absolute shape
of the workpiece is measured with the P-LDD sensor in situ
and compared to ex situ measurements performed with a
CMM for reference. The workpiece under test consists of a
truncated cone (y = 9°, length 40 mm), which is followed
by a cylindrical profile (R = 19 mm, length 35 mm) with
two circumferential notches (width 3 mm, depths 80 wm,
and 200 um). A photo of the workpiece is depicted in
Fig. 9. The acquired measurement results are compared to
the reference measurements in Table 1.

For the cutting process, the rotational frequency is set
to 30 Hz and the feed velocity to 100 um/revolution. For
the measurements, the rotational frequency is set to 30 Hz

Fig. 10 Measured velocity v

(as for the workpiece processing). The feed velocity for the
measurement is set to 20 m/revolution to achieve a dense
data map along the height of the workpiece. With a total
length of the workpiece of 75 mm, this results in a measure-
ment time of 125 s and N = 625,000 data points. Since the
maximum radius deviation of the workpiece at the truncated
cone is larger than the length of the measurement volume,
the P-LDD sensor is traversed along the zx-axis with a con-
stant distance toward the surface of the workpiece at the
cone, using a priori knowledge about the workpiece. At the
cylindrical profile as well as at the notches, the sensor is
transversed in Z-direction only.

In Fig. 10, the measured velocity (top) and distance
(bottom) are depicted. The conic expansion and cylindri-
cal profile are clearly visible from the measured velocities,
while the notches (and their convex profile, resulting from
the cutting tool shape) become apparent from the distance
measurement. For the distance measurement, a periodic
oscillation is detected. Performing a frequency analysis
shows that the oscillation frequency equals the rotational
frequency and that the amplitude of the oscillation decreases
from 10 um at z = 0 to 3 um at z = 75 mm. Further-
more, the oscillation frequency does not change when the
feed velocity is changed. Decreasing fro; reduces the oscil-
lation amplitude however. This leads to the assumption that
the oscillation originates from a tumbling of the workpiece
due to axle play and is therefore disregarded for the shape
measurement. Excluding the tumbling, a standard deviation

and distance z over the height z
of the workpiece

2000 i i i i i i
Z[mm)]
50 : " " " " " "
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Fig. 11 Shape resulting from the v and z measurements. Color coding
represents the measured distance and is used to highlight the measured
notches

for the distance measurement of o, = 0.28 um and a rel-
ative standard deviation for the velocity measurement of
oy/v = 0.3 % is achieved again, as expected. The stan-
dard uncertainty for the in situ, absolute shape measurement
or & 0.3 um results. By adding the traversing trajectory
of the sensor to the measured distances, Eq. 5 the absolute
shape of the workpiece results, which is depicted in Fig. 11.

This shows that the principle of an absolute shape mea-
surement by a simultaneous velocity and distance measure-
ment works. For reference of the absolute shape measure-
ment, the mean diameter D = 2R = 37.9469 mm of
the cylindrical part of the workpiece measured with the P-
LDD sensor is compared to measurements with a CMM
(ULM 600). For this purpose, two diameter measurements
are performed in two planes (at Z = 54 mm and at z =
82 mm) each, resulting in D = 37.9429 mm. Therefore,
a total deviation for the mean diameter of 4 um results.
This is a factor of 2.5 larger than the combined standard
uncertainty of both measurement systems, and needs fur-
ther investigation in the future. One major influence not
considered so far is the workpiece temperature, which was
neither controlled nor measured. For the investigated work-
piece (aluminum, D = 40 mm), a temperature difference
of 1 K results in a diameter difference of nearly 1 pm.
Thus, a temperature deviation of only 4 K would explain
the observed measurement deviation. Therefore, the work-
piece temperature during the in situ shape measurement is
a major concern for first part quality manufacturing, espe-
cially in dry-machining. Ideally, the temperature should be
controlled or at least measured and the resulting expansion
of the workpiece modeled, respectively.

Next to the macro geometry, micro geometric shape devi-
ations can be measured with the P-LDD sensor. In Fig. 12,
the angle and height resolved distance is depicted for a
segment of the cylindrical profile. Several deviations to a
perfect cylinder become apparent. Firstly, a sinusoidal vari-
ation in the direction of the circumference with a mean

Fig. 12 Top: Measured surface 0
profile with the P-LDD sensor,
showing the ellipticity, grooves
from the cutting tool and conic
expansion of the workpiece.
Bottom: Reference measurement
performed with a nanofocus
usurf. Depicted is the mean
roughness profile from a

1.6 x 1.6 mm? surface segment

rotation angle o [rad]

o
z [pum]

z [pum]

45 45.2

45.8 46 46.2 46.4

Z[mm)]

45.4 456 46.6
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amplitude of 0.6 um is visible. This second-order deviation
from a perfect a circle or ellipticity was confirmed by three
shape measurement with a shapemeter MMQ3 F2P offering
ellipticities of 0.3 to 0.8 um.

Secondly, a conic expansion of the workpiece is visible
along z. This expansion amounts to 0.1 pm/mm. A two-
point reference measurement with the ULM 600 resulted in
an expansion of 0.04 & 0.05 um/mm. Thus, the results are
in good agreement.

Lastly, grooves with a spacing of 100 um and a mean
amplitude of 1.2 um spiraling around the workpiece can
be seen. Amplitude and spacing of the grooves are derived
by a spatial frequency analysis of the measured surfaces
profile. The grooves originate from the cutting tool, which
was fed with 100 um/revolution during the manufacturing
of the workpiece. Reference measurements with a con-
focal microscope (nanofocus psurf) at a segment show a
1.6 x 1.6 mm? surface segment very good agreement (mean
groove amplitude 1.1 um groove spacing 100 pm).

Concluding, the P-LDD sensor allows not only for a
measurement of the mean diameter but also for measuring
second (and even higher) order shape deviations from a per-
fect circle, conic expansions in the sub-micron range as well
as grooves originating from the cutting tool.

6 Conclusion and outlook

A new approach for in situ 3D shape monitoring for lathes
was presented. It is based on the evaluation of the axial
position and the lateral velocity of the workpiece surface,
making the shape measurement independent from the radial
distance between sensor and surface. As optical sensor,
the laser Doppler distance sensor with phase evaluation
(P-LDD) allows the simultaneous measurement of both
quantities and also offers keyhole access. The sensor allows
high measurement rates of several kHz, since it requires
only single point detectors and offers a velocity indepen-
dent measurement uncertainty. The sensor was applied in
a lathe for the first time and its performance regarding the
surface roughness (micro-geometry), surface tilt as well as
the workpiece diameter (macro-geometry) was investigated.
The in situ measurements were compared to ex situ mea-
surements with tactile coordinate measurement machines
for reference.

A standard uncertainty of 0.3 wm for the absolute shape
measurement inside of a lathe was achieved. Furthermore,
the sensor enables an in situ measurement of grooves
originating from deteriorated cutting tools as well as ellip-
ticities and higher order shape deviations in the micron
to sub-micron range. The measurement uncertainty of the
shape results from the standard deviation of the position

@ Springer

measurement, which is below 300 nm, and from the rela-
tive standard deviation of the velocity measurement, which
is 0.3 %. Both standard deviations are independent from the
surface roughness for R, < 1 um and independent from
the workpiece diameter. Increasing uncertainties at conic
workpieces can be reduced by aligning the P-LDD sensor
perpendicular to the workpiece surface employing a priori
knowledge of the workpiece. Reference measurements with
a tactile coordinate measurement machine show a deviation
from the in situ measurements of 4 wm, which is assumed
to be caused by temperature variations of the workpiece.
These temperature variations have be to considered in the
future, ideally by controlling or monitoring the workpiece
temperature during the in situ shape measurement.

As an outlook, a more robust sensor head design with
respect to thermal effects as well as an online signal pro-
cessing are currently setup for industrial application. The
online signal processing will provide the measurement data
in real-time to allow a direct control of the production pro-
cess. Furthermore, the influence of coolants on the surface
towards the measurement uncertainty is to be investigated,
in order to apply the sensor to near-dry machining as well.
Lastly, the lateral resolution has to be improved to enable
measurements at rotationally asymmetric workpieces.
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