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Abstract

®

CrossMark

The novel approach for holistic screw thread calibrations developed by the
Physikalisch-Technische Bundesanstalt was published in 2019. A significant achievement has
been made in order to meet increasing demands in manufacturing processes and quality
assurance, particularly when workpieces with complex geometries are under inspection. This
article deals with the verification of the previously presented three-dimensional calibration
procedure for screw threads. Screw thread pitch diameters, the lead and flank angles are
compared to those determined by the standardized method based on line-like, rather
two-dimensional measurements and evaluation. In order to provide a reliable basis for the
verification, one thread gauge was calibrated under laboratory conditions for precision
metrology. Additionally, calibrations were conducted by three alternating operators on three
different coordinate measuring machines to investigate the influence by user and machine. The
resulting normalized errors |E, | of screw thread determinants under test and reference values are
significantly smaller than 0.5 which indicates a high level of agreement.

Keywords: screw thread metrology, coordinate measuring technology, 3D evaluation algorithm,

local screw thread determinants, verification

(Some figures may appear in colour only in the online journal)

1. Introduction

Screw threads are frequently used machine elements within
highly developed mechanical applications. Principal functions
of screw threads are to fasten, connect, seal or centre parts. Due
to increasing requirements on function and reliability, manu-
facturing tolerances are constantly decreasing. In accordance
with current standards [1-3] and calibration guidelines [4-7],
the evaluation of screw thread determinants is carried out by
gathering 2D coordinates in two defined axial sections. Fol-
lowing the conventional procedure, fundamental form devi-
ations cannot be figured out due to the limited number of
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gathered points. For example, roundness deviations cannot
be detected and, harmonic form deviations caused by tool
vibrations cannot be measured at all. Furthermore, the results
require a high degree of interpretation. For instance, pitch dia-
meters which are smaller than nominal values can be caused
either by concave flanks or by a stylus ball diameter which is
smaller than the optimum sized one. Therefore, the complex
geometry of screw threads is insufficiently evaluated regard-
ing its functionality and requirements for quality assurance.
Hence, the calibration strategy needed to be adapted.

There is also an imbalance between the available meas-
uring systems and the standardized measuring strategy.
While measuring systems enable increasingly precise res-
ults [8, 9], the accuracy of metrology according to current
calibration guidelines still depends on the operator and sys-
tematic errors [10-12]. Effort has been made to include
novel technologies for enhanced screw thread metrology. For
instance, an approach to perform screw thread calibrations
by means of optical measurements on coordinate measuring

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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machines (CMMs) is suggested [13]; a charge-coupled device
camera system for fast inspections of internal screw threads in
industrial applications is proposed [14] and a method for the
inspection of screw thread determinants obtained from com-
puted tomography measurements is developed [15]. However,
a variety of custom-made systems and commercial CMMs is
used for screw thread metrology [16], where two trends can
be identified. On the one hand, optical methods are rather per-
formed with the aim of fast calibrations and a few with con-
sideration of an area-based measuring strategy but without
achieving the accuracy that can be obtained by tactile prob-
ing [17]. On the other hand, tactile methods are used on high-
precision CMMs but only for 2D inspections [18] according
to the current calibration guideline [4].

The developments presented in [19] were carried out under
consideration of central aspects of the ‘Manufacturing Met-
rology Roadmap 2020’ published by the German VDI/VDE
Society for Measurement and Automatic Control (GMA) in
2011 [20, 21]. In particular, a reduced time effort of inspec-
tions is aimed for. Another goal is an increased accuracy and
flexibility. Regarding these requirements, the Physikalisch-
Technische Bundesanstalt (PTB) has developed a calibration
procedure for screw threads based on a mathematical 3D
model of the screw thread geometry [19].

A detailed description of the theoretical fundamentals of the
calibration procedure investigated here is published in [19]. An
explicit description for the determination of local pitch diamet-
ers is given in [22].

In this paper, the verification of the novel 3D screw thread
calibration method is presented. In order to validate the new
procedure, the consistency of 3D and 2D measuring results is
investigated. Regarding a reasonable comparison, one screw
thread gauge is calibrated with both methods under laboratory
conditions for high precision measurements. In addition, the
user influence of the novel 3D method is analysed. Therefore,
measurements are conducted on three CMMs by three operat-
ors. Based on the 3D screw thread calibration method invest-
igated in the following, novel and improved metrological ser-
vices for screw thread standards will be offered and performed
by the PTB in the future.

Section 2 gives a brief introduction into the 2D standard-
ized thread calibration method. Section 3 introduces the key
aspects of the 3D approach for holistic screw thread calibra-
tions. Section 4 deals with the enhanced verification of the 3D
approach. An outlook and the conclusion is given in section 5.

2. 2D calibration method

The conventional 2D approach for determining the gauge pitch
diameter of parallel screw thread measuring machines with
mechanical probing using 1D, 2D or 3D CMMs is given in
the EURAMET cg-10 Calibration Guide [4].

It is recommended to determine the pitch diameter d, fol-
lowing the three-wire method by means of measurements
along two specified axial sections A —B and C — D, which
are arranged perpendicular to each other, as illustrated in the

top view of a screw thread shown in figure 1(a). Figure 1(b)
shows the side view A —B of a cylindrical external screw
thread with asymmetrical profile. The pitch diameter d, is
determined based on measurements in at least three differ-
ent transverse sections. In these planes, tactile probing in two-
point-contact with calibrated spherical or cylindrical geometry
elements is carried out to determine the indicated value m,
as shown in figure 1(c). From the centre coordinates of each
triplet (R1, R2 and L2) measured in one axial section along
one screw thread, the indicated value m is easily calculated.
The optimum diameter of the stylus ball dp depends on the
nominal screw thread geometry. Assuming that dp, the pitch
P and the screw thread angle o are known, the pitch dia-
meter d, of an external screw thread with symmetrical flank
angles 8 =~ = «/2 can be calculated knowing the indicated
value m:

dp P «
—_— t —
o (2

dz:misin(%) 2

)-Ar+a )

where A; denotes a rake correction term and A, considers
contact forces during the probing process. The calibration
guideline [4] does not give any recommendation for the
inspection of the lead of helix Ph, the pitch P, the screw thread
angle « and the flank angles 3 and . However, for single-start
screw threads, the lead of helix Ph and the pitch P are equal and
result from distances in the direction of the z-axis measured
by consecutive two-point-contact probing in one axial section.
The probing is illustrated with stylus spheres L1 and L2 on
the left hand side and with R1 and R2 on the right hand side
in figure 1(c). P should be determined in both axial sections
A —B and C —D. The determination of the flank angles «,
B and -y is usually conducted by contour measurements with
pointed tip styli in the direction of the screw thread axis in both
axial sections.

3. 3D calibration method

This section gives a brief overview of the applied 3D screw
thread calibration method. A detailed description of the pro-
cedure is given in [19, 23]. The applied calibration applies
to parallel or tapered internal and external multi-start screw
threads. However, this article deals with cylindrical single-
start external screw threads. Holistic inspections by tactile
probing on commercial CMMs are proposed to quantify all
thread determinants from one measured point cloud in one ref-
erence coordinate system. Herein, following aspects are taken
into account:

(a) Definition of a geometrical ideal form element of a screw
thread.

(b) Concept of an area-based measurement strategy.

(c) Holistic evaluation of the measured point cloud.

(d) Estimation of uncertainties by means of the Monte Carlo
Method.
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Figure 1. Technical drawing of a cylindrical external screw thread with asymmetrical profile to demonstrate the 2D measuring strategy

according to the calibration guideline EURAMET cg-10. (a) Top view with axial sections of inspection A — B and C — D. (b) Side view
with the minimum number of specified planes for inspection. (c) Axial section with all screw thread determinants. The spanned triangle
between points R1, R2 and L2 illustrates the three-wire method for the determination of pitch diameter d».

3.1 Geometrically ideal form element of a screw thread and
the pitch diameter

The geometrically ideal form element of a screw thread is
parametrised as presented in [19] and consists of two stand-
ard screw surfaces §; with j =1, 2:

Xj u; - cos(v;)
Si(u,vipjrsp) =\ v | = u; - sin(v;y) - (@)
Zj Vi Pjt T Ui Pp

S;(uj,vj,pj1,pj2) is expressed in Cartesian coordinates and
parameterized in cylindrical coordinates with radii u; and polar
angles v;, where p;; and p;, denote geometry parameters from
which the pitch of single flanks:

Pz =2m-pj, 3
and the flank angles:

B = arctan(p12), %)

and

~ = arctan(px), )

can be derived. All screw thread determinants are based on
equations (2)—(5) and a translational degree of freedom 7
that corresponds to intersections along the z-axis of the screw
thread. Then the pitch diameter d,(z) is obtained by

P11 — P21
P11 P22 — P12 P2
Z_Pu 72 — P21 (21 |P11)). ©6)
P11 P22 — P12 - P21

dz(z)Z-(

3.2. Area-based measuring strategy

Area-based measuring is performed on bridge-type CMMs
with an integrated rotary table (RT) in single-contact scan-
ning mode. The proposed 3D measuring strategy enables a
high degree of automation. To perform a 3D calibration, the
following steps are required:
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(a) Determination of the workpiece coordinate system.

(b) Calculation of a nominal point cloud on the basis of the pre-
viously defined form element in parameter representation
(equation (2)), taking into account the coordinates meas-
ured in step 1 and the nominal screw thread parameters.

(c) Characterization of the RT-axis position and orientation.

(d) Helix scans on both screw thread flanks in single flank con-
tact on different radii for an independent area-based acquis-
ition of both screw thread flanks in one common reference
coordinate system.

(e) Reversal method to eliminate the influence caused by RT-
axis deviations by means of Donaldson’s method [24] using
one probe for each of the two redundant measurements.

(d) Traceability to the SI-unit is ensured by means of substitu-
tion artefacts or measurement standards.

3.3. Evaluation of measured point clouds

The evaluation of measured point clouds is performed by an
algorithm developed by PTB using the approaches of [25]
and [26]. In the first step, two nominal form elements S;
with j=1,2 representing flank 1 and flank 2 (equation (2)),
are adapted by changing the geometry parameters (pj1, pj2)
and location parameters (fz;) of the surfaces iteratively for
the determination of the best-fitted form element into the
actual point cloud. Residuals that occur between form ele-
ments and measured point clouds provide information about
form deviations. The pitch diameter is calculated simultan-
eously with equation (6) and is marked with the index /s, since
it depends on the best-fitting form element resulting from the
least squares optimization.

In the second step of the evaluation, the influence of form
deviations on the required true pitch diameter is quantitatively
ascertained by determining local pitch diameters, which are
called with the index loc. Local pitch diameters are calculated
directly from the actual point cloud by iteratively searching
in all measured axial sections for pairwise opposite teeth and
grooves of equal length in the direction of the rotation axis.
According to the radial coordinates of the pairwise determ-
ined segments, local pitch diameters can be assigned to each
axial section [23, 27]. Local pitch diameters refer to a shorter
reference length than those which are determined in the first
evaluation step by means of the ideal form element. They are
able to represent the screw thread shape in a more flexible
way, which can lead to a more precise reproduction of the
true shape, depending on the manufacturing quality. The larger
shape deviations are, the larger is the benefit of the additional
information about local pitch diameters. Furthermore, the best
comparability is given to conventionally derived diameters
with the 2D calibration method; which does not mean that
the local diameters are generally preferable to least-squares
results.

3.4. Comparison to the 2D method

The individual process steps of the 2D and 3D thread calibra-
tion are compared figure 2 by means of a flowchart. In order to
keep it concise, the individual process steps are organised by

building three groups: preparation, data acquisition and eval-
uation. The 3D thread calibration procedure, which is shown
on the right side, requires more steps than the 2D method to
prepare the measurement itself. In contrast to the 2D method,
which requires the gauge to be rotated and re-clamped sev-
eral times by hand, the data are gathered in one step without
changing the reference system. Subsequently, the joint evalu-
ation of the point cloud is carried out, from which all thread
determinants are derived. The 2D evaluation uses individual
measurements and gathered coordinate pairs are evaluated to
determine one single thread determinant at a time.

4. Verification of the novel 3D calibration method

In order to verify the novel 3D calibration method of
screw threads, the consistency of 3D and 2D inspec-
tion results is investigated. Regarding to create a reason-
able basis for comparison, one metric external single-start
screw thread gauge M64 x 6 (figure 3) is calibrated with
both methods under laboratory conditions for high preci-
sion metrology measurements. In addition to the compar-
ability analysis of 3D and 2D calibration results, the influ-
ence caused by operator and machine is investigated for the
3D calibration method. Therefore, measurements were per-
formed by three operators on three different CMMs. The
CMMs are manufactured by Zeiss (UPMC 850, Prismo
Ultra and Xenos) and are equipped with a VAST Gold
probe and RT. The maximal permissible errors in three
dimensions are MPEypmc gso = 0.7pum+0.17 x L x 107,
MPEpsismo ulra = 0.6 um +0.2 x L x 107 and MPExenos =
0.2+03x L x 107° with L in wm. Selected parameters
for the 3D measuring procedure correspond to specifications
given in [19] and are listed in table 1. Basic information of the
2D measurement is summarized in table 2. The stylus diameter
is larger than the recommended one dp = 3.2030 mm which
is simultaneously touching both flanks at the nominal pitch
diameter according to [4]. In the following, gathered raw data
of both inspection methods are presented first. Afterwards,
determined pitch diameters, the lead and flank angles obtained
by 2D and 3D calibrations are compared to each other. Finally,
the normalized errors considering both methods are presented.

4.1 Raw data

A gathered 3D point cloud is shown in figure 4 in combina-
tion with measured coordinates obtained by the standardized
inspection. The point cloud of the 3D dataset is represented
by greyish dots. Stylus sphere positions of the 2D calibra-
tion are illustrated true to scale as ruby coloured globes in
two axial sections A —B and C — D. Even the measured 3D
point cloud already gives an insight into the thread geometry,
as both screw thread flanks are sufficiently well mapped due
to 2 x 40 800 measured points (factor 2 is caused by reverse
measuring). Radial and angular grid parameters are 0.5 mm
and 1.67 mrad, respectively. Due to the high angular sampling
rate, the 3D method enables the resolution of periodic form
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3D Thread Calibration
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self-centered A- B
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flank contact, +X
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m Single points, B
self-centered C-D,
\ 4 v
Singleé)'Oh:tS’ A-B o Helix scan, single-
z-coordinates flank contact, -X
Single points, C-D
z-coordinates
[s]
Scanning, A-B
x- and z-coord.
Scanning, C-D [sj [Pj
x- and z-coord.
Evaluation
v v A 4
x- and z- /AR X-, y- and z-
coordinates, A-B =d22p @ coordinates
v [ C-D
x- and z- @
coordinates, A-B @
4
.C R—
x- and z- @ N
coordinates, C-D
.| z-coordinates, @ [
A-B

z-coordinates, @
. D,
C_D

@ — Cal. CMM s reference sphere with reference stylus — RT calibration — Correction reversal method
@ — Rotate and re-clamp — Workpiece coodinate system E — Substitution measurement @ — Probe calibration

Figure 2. Flowchart to compare the 2D and 3D thread calibration steps.

deviations of up to approximately 190 oscillations per revolu-
tion. With the 2D method, however, only a maximum of
one oscillation per revolution is resolvable. Compared to the
2D measuring method, the increased resolution capability

represents a considerable advantage. Small scaled periodic
form deviations can be caused by the manufacturing process,
e.g. when grinding, milling or turning, if for instance tool
or workpiece axes are not supported in a sufficiently stable
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Figure 3. Screw thread gauge used for the verification of the novel
3D inspection method.

manner and large static friction occurs. A further advantage is
the separate probing of the two screw thread flanks. By meas-
uring in single-point contact, form deviations are assigned to
one single flank. The knowledge of where form deviations are
exactly located enables the possibility to identify the reasons
for their occurrence and the adjustment of the manufacturing
process accordingly.

4.2. Pitch diameters

Pitch diameters of the M64 x 6 external screw thread gauge
determined by the 2D and 3D approach on three CMMs
(UPMC 850, Prismo Ultra, Xenos) conducted by three oper-
ators (1, 2, 3) are shown in figure 4. In figure 5(a) 3D best-
fit pitch diameters d5 3,(z) derived by equation (6) with the
least squares method (index Is) are presented in dependence
of the z-coordinate aligned with the axis of rotation. The
z-coordinate is negative because of the definition of the work-
piece coordinate system. The origin is located on the top
side of the screw thread and the normal vector of the sur-
face points out of the workpiece as shown in figure 1(c).
The presented results are exceeded by the nominal pitch dia-
meter of dgomiml =60.103 mm. However, the four curves
show a high level of agreement over the entire range of the
z-coordinate. Pitch diameters decrease by about 3 pm with

Table 1. Overview of measuring parameters used for 3D screw
thread calibrations [19].

Parameter Value

Air temperature (20.0+0.2)°C

Stylus tip diameter (0.7815 £ 0.0013) mm
Material of stylus Diamond-coated steel
Contact force 50mN

Type of probing Single-point contact
z-coordinate of P¢ (—62.3359+0.9112) mm
Number of revolutions 9

Scanning speed 4mms~!

Sampling rate 2 1/mm

Number of measuring tracks 6
Number of measuring points ~80000

Table 2. Overview of measuring parameters used for the
conventional 2D calibration following [4].

Parameter Value

Air temperature (20.0+0.2)°C

Stylus diameter (3.6125 +£0.0001) mm
Material of stylus Diamond-coated steel
Contact force 200 mN

Type of probing Two-point contact
Measured gaps per section 9

increasing z-coordinate over the whole range, which corres-
ponds to a taper angle of 0.0034°, which is nominally 0.0°.
The influence of using different CMMs is determ-
ined from the pitch diameter curves d5 3(z) UPMC 1 and
d12573D(z) Prismo 1 by calculating the offsets and taking aver-
ages over the z-coordinate. Calibrations on two different
CMMs by the same operator cause a difference of 0.08 um for
determined pitch diameters. The operator influence is estim-
ated in the same way. The variation between dj 5, (z) Xenos 2
and d 51,(z) Xenos 3 is 0.04 um, which is half of the CMM
influence. The axes of figure 5(b) are scaled like in figure 5(a).
Figure 5(b) shows 3D local pitch diameters d¥’5;,(z) (dots) and
2D pitch diameters d; 5p(z) in axial sections A — B and C — D
(symbols), calculated with equation (1). The same taper occurs
as in figure 4(b), but the surface is shown in much more detail.
Figure 5(c) shows differences between mean values
dySp(z) — d5 3p(2) of pitch diameters (points) as well as those
calculated for 2D pitch diameters in sections A —B and

C—D dsp(z) —d555(z) (symbols). There is a nearly con-
stant offset over the whole range of the z-coordinate. An
explanation for this offset can be found by an interpretation
of shape deviations on the surface. Because of the local dia-
meters being smaller than the best-fit least squares diameters,
it is obvious that the surface close to the pitch diameters is con-
cavely shaped. Also, the 2D results support this interpretation.
2D measurements were performed in two-point contact, the
probe slipped towards the root diameter, resulting in a smaller
indicated value m than expected by an ideally shaped surface.
In addition, a higher probing force is used for the 2D method
than for the 3D method, so that the probe may be pressed
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Figure 4. Measured point cloud (greyish coloured dots) resulting from the 3D calibration method and measured positions of the stylus

sphere (true to size and ruby coloured) during a 2D calibration.

further into the workpiece in double-contact than necessary,
which would also lead to smaller pitch diameters.

Another remarkable inconsistency appears in figure 5(b).
2D results deviate linearly increasing from local 3D results
with increasing z-coordinates. The deviation is interpreted as
an effect caused by the re-clamping of the screw thread gauge
between measurements in section A — B and C — D, which
leads to a change of the reference system, when 2D calibra-
tions are performed. To re-clamp between two measurements
thus should be avoided.

The conformity of local pitch diameters dy,(z) derived
by 3D calibrations in relation to the results from the standard-
ized 2D method is examined by means of normalized errors
E, depending on the z-coordinate:

IZ‘JED (z) —daop(2)

\/ Usp + Usp

E,(z) =

@)

where the mean values d’zng(z) are locally considered over
the four 3D calibrations. The uncertainties are Usp = 1 um
and U,p =2 um, where the first value is estimated with
PTB’s virtual CMM tool conducting 2000 Monte Carlo simu-
lations. These has been empirically tested regarding the con-
vergence behaviour, which has shown that the results con-
verge after approximately 500 runs. The second value is
determined according to PTB’s standard procedure for 2D
screw thread gauge metrology with the GUM workbench
(www.metrodata.de). If 0 > |E,| > 1 applies to the normal-
ized error, then the results are considered consistent. The abso-
lute value of normalized errors dependent on the z-coordinate
according to equation (7) is shown in figure 6. Values refer-
ring to section A — B are marked as filled circles and those
referring to section C —D are drawn as filled squares. The
normalized error value is below 0.5 in the entire range. The
exact numerical values for both sections are listed in table 3
as a function of the z-coordinate. The small normalized errors
confirm the novel 3D calibration method on the example of
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Figure 5. Evaluation results of four independent 3D screw thread gauge measurements performed on three different CMMs by three
operators. (a) Best-fitting lines of the pitch diameter d» depending on the z-coordinate in alignment with the rotary axis of the screw thread
gauge. (b) Corresponding local pitch diameter determined from 3D inspections (point clouds) and one 2D calibration (symbols). (c)
Difference of pitch diameter mean values between 3D best-fit results shown in (a) and the local mean value respectively the 2D pitch
diameter both illustrated in (b). Results marked with UPMC 1 and Prismo 1 are already published in [19].

the determination of pitch diameters presented here. Also, the
influence of operator and CMM leads to 0.1 um each, which is
one order of magnitude smaller then the corresponding uncer-
tainty. The maximum value of |E,| = 0.5 and the accordance
shown in figure 5 indicate the potential to further reduction of
the measurement uncertainty in the future.

4.3. Lead and flank angles

In this section the local lead PS5 and local flank angles 35

and 'yéaDC are briefly compared to those obtained by means of
the standardized 2D calibration procedure. Figure 7 shows
the lead depending on the z-coordinate, which is in alignment

with the screw threads rotary axis. The four results obtained
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Figure 6. Normalized error |E,(z)| between d derived by one 2D calibration and mean values of four different 3D calibrations in section
A — B and C — D depending on the z-coordinate, which is in alignment with the rotary axis of the gauge.

Table 3. Normalized error |E,(z)| between d, derived by one 2D calibration and mean values of four different 3D calibrations depending
on the z-coordinate in section A — B and C — D. The uncertainties are U,p = 2 uwm and Usp = 1 um (coverage factor k =2 and level of

confidence 95%).
zin mm |E.(z)| A—B zin mm |E.(z)| C—D
—58.03 0.13 —56.53 0.08
—55.03 0.07 —53.53 0.03
—52.03 0.17 —50.53 0.05
—49.03 0.13 —47.53 0.22
—46.03 0.16 —44.53 0.35
—43.03 0.30 —41.53 0.42
—40.03 0.17 —38.53 0.44
—37.03 0.01 —35.53 0.33
—34.03 0.16 —32.53 0.33
—31.03 0.27 —29.53 0.41
—28.03 0.15 —26.53 0.44
—25.03 0.09 —23.53 0.42
—22.03 0.18 —20.53 0.43
—19.03 0.23 —17.53 0.44
—16.03 0.13 —14.53 0.18
50020 T T T T T T T T T
15k - P UPMC1 Py Xenos2 O PpA O PpC| |
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Figure 7. Evaluation results of the lead obtained by four independent 3D screw thread gauge measurements performed on three CMMs

(UPMC, Prismo and Xenos) by three operators (1, 2 and 3).

by 3D calibrations (dots) equally progress with an increas-
ing z-coordinate. Calculating the mean value over the four
curves leads to a maximum standard deviation of 0.2 um at z ~
—43.2 mm and a minimum of 0.003 um at z ~ —20.7 mm. If
the average is also calculated over the z-coordinate, the stand-
ard deviation is 0.05 um. In contrast to the standard deviations
mentioned above, this value corresponds less to a quality

criterion but rather to a kind of form deviation along the entire
measured thread axis. The scatter of the results is five times
larger than the associated uncertainty U = 0.01 um, because
form deviation is not yet taken into account. But it is intended
to consider this contribution soon. However, the comparison
to the 2D results shows good agreement between PiS(z) and
Pyp(z), with one exception at z &~ —52.1 mm. In the following
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Table 4. Averaged screw thread determinants obtained by 2D and 3D calibrations. 2D results are averaged over one line of inspection (A,
B, C or D) and 3D results are averaged over the entire range of the z-coordinate. In the two columns on the right side the standard deviation
o by averaging and the expanded uncertainty U is summarised.

Method P in mm o in pm U in pum
2D A 5.99999 0.30 1.0
B 6.00000 0.30
C 6.00001 0.40
D 6.00004 0.32
3D 5.99993 0.05 0.01
Method Bin° oin’ Uin’
2D A —29.95858 0.092 3.0
B —29.96575 0.072
C —29.95975 0.074
D —29.96625 0.067
3D —29.96829 0.004 0.144
Method v in° oin’ Uin'’
2D A 29.92751 0.082 3.0
B 29.92178 0.084
C 29.92625 0.087
D 2991811 0.081
3D 29.91260 0.004 0.196
0.5 T T I T I T L T T
0 © Pys. Pp ® Bvs. Bp A Al vys Ap
— 03r A I _
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Figure 8. Normalized error |E,| derived by one 2D calibration and mean values of four different 3D calibrations for the determination of

the pitch P and flank angles /3 and 7.

the results are averaged over the z-coordinate. The 3D res-
ults are also averaged over the four calibrations operated by
three users on the different CMMs. Averaged calibration res-
ults, the standard deviation o by averaging and the correspond-
ing expanded uncertainty U are listed in table 4. The uncer-
tainty is calculated with Monte-Carlo simulations as described
in [19]. Note that all standard deviations by averaging are in the
order or at least one order of magnitude smaller than the cor-
responding uncertainties. From the values in table 4, normal-
ized errors following equation (7) are calculated and shown
in figure 8. Again, normalized errors are clearly smaller than
one with |E,| < 0.3. |E,| of flank angle ~ is largest in line A
followed by line C. The other values are smaller than 0.2 as
for the flank angle 3 (filled squares). Normalized errors of the
lead P (filled circles) are even smaller |E,| < 0.1, which indic-
ates a high level of agreement between the 2D and 3D screw
thread calibration method. Another result that supports the
verification of the applied procedure. For a final conclusion,
the numbers identified in this section are briefly summarised.

The analysis of the local pitch diameters at the beginning of
this section has shown that the machine influence is 0.08 pm.
Changing the operator effects the pitch diameter even less and
amounts to a deviation of 0.04 um. When examining the lead,
the two influences were not separated, resulting in deviations
between 0.003 um and 0.2 um. Furthermore, the normalised
errors between 3D and 2D results were determined. The result
for the local pitch diameter is |E,| < 0.5, for the local flank
angles |E,| < 0.3 and the local lead |E,| < 0.1. All normal-
ized errors are significantly smaller than 1, which means a
high level of agreement between 2D and 3D results. There-
fore, the 3D screw thread calibration method is considered to
be confirmed.

5. Conclusion and outlook

A new 3D calibration method was verified with respect to
a standardized 2D procedure. The presented examples have
shown that the operator influence and the influence of different
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CMMs on the determined pitch diameter is in both cases
approximately 0.1 pm, which is within the uncertainty. Thus,
the new 3D procedure enables a high reproducibility of the
results.

From 2D and 3D calibrations, normalized errors were cal-
culated which are significantly smaller than 0.5, so the results
are considered as conformed.

Work is in progress to extend the metrology approach for
other helical parts such as worms and gears. In addition,
the evaluation method applied here is currently being integ-
rated into the TraCIM service by PTB for automated valida-
tion of metrology software [28, 29]. Individual 3D evaluation
algorithms for helical machine elements can be certified by the
TraCIM service in the near future.
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