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ARTICLE INFO ABSTRACT

Keywords: Achieving ultra-high precision in manufacturing relies on accurate measurement systems, especially for geom-
Measuring machine etries like cylindricity, which are fundamental components for precision engineering. However, current com-
mercial cylindricity measuring machines struggle to provide the required ultra-high precision or comprehensive
error analysis. This work develops an ultra-high precision cylindricity measuring machine (NanoCyl) for cylin-
dricity profile extraction and accurate defect assessment with nanometre uncertainty. The NanoCyl incorporate
the dissociated metrology structure and strict adherence to the Abbe principle, ensuring unparalleled accuracy by
minimising external and internal disturbances. With in-situ calibration of capacitive probes and advanced data
processing, the NanoCyl maintains traceability to the SI metre to ensure the high-precision performance. Error
separation techniques (EST) are integrated into the NanoCyl to further eliminate the machine axis errors and
optimise the measurement uncertainty. The NanoCyl can evaluate the three main components of cylindricity, as
defined by ISO 12180-1: cross-section deviations through EST, median line deviations from harmonic signal
analysis, and radial deviations using synchronised measurements from opposite probes. Experimental validation
demonstrates the NanoCyl’s capability to achieve a standard measurement uncertainty within a few tens of
nanometres. These findings highlight its potential for significantly improving the accuracy of cylindricity mea-
surements, ensuring better quality control in high-precision manufacturing.

Ultra-high precision
Traceability
Data processing

1. Introduction modelled features (1), followed by a coarse measurement (3), is initially
performed. The following step is an iterative process starting with a

Cylindrical features are essential components used in most me- multi-axis computer numerical control (CNC) diamond turning (4). The
chanical devices such as rolling bearings, machine tool spindles, engine resulting features are measured in-line using tactile or optical in-situ
pistons and shafts, manometers, piston-cylinder assemblies, etc. Form measuring devices (5) and analysed through validated data
errors of cylindrical features can significantly influence both the per- post-processing software (6). The detected deviations are corrected in an
formance and lifetime of mechanical devices. To achieve sub- iterative machining process followed by accurate offline measurements
micrometre form error and nanometre roughness, precision machining (7). The iterative machining process is performed until the desired shape
is usually combined with in-situ and offline ultra-high accuracy tolerance (8) is reached and surface texture sufficiently approached. The
metrology and robust traceable software in an iterative manufacturing traceability of the coarse (3), in-situ (5) and offline measuring in-
process chain as specified in Fig. 1 [1-5]. Pre-manufacturing (milling, struments (7) achievable with an ultra-high precision measuring in-
grinding, etc.) (2) of canonical and complex axisymmetric CAD strument (9) combined with advanced robust software (10) is a critical
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Fig. 1. Iterative process chain for ultra-accurate manufacturing.
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Fig. 2. Elements of cylindricity deviations as defined in ISO 12180-1 [6].

requirement in the iterative process chain to optimise the number of
iteration for rapid tolerance achievement.

According to ISO 12180-1 [6], cylindricity deviations are attributed
to three simple independent elements: (1) cross-section deviations, (2)
radial deviations and (3) median line deviations as illustrated in Fig. 2.
In basic applications the cylindrical part (CP) median line deviations and
radial deviations are assumed to be low compared to cross-section de-
viations. When an ultra-high accuracy measurement of the cylindricity
error is required, both radial and CP median line deviations are esti-
mated from the measurements of sets of opposite generatrixes. The
cylindricity deviations are then calculated by combining the obtained
median line deviations with the cross-section deviations. Although this
method of approximating the cylindricity deviations is described in the
ISO 12180-1 [6], practical difficulties remain in accurately identifying
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the various elements of cylindricity deviations with commercial
cylindricity-measuring machines used in industrial inspection labora-
tories [3].

As reported by the Bureau International des Poids et Mesures (BIPM),
most published calibration and measurement capabilities (CMCs) in
cylindricity assessment using commercial machines have uncertainties
higher than 200 nm for medium scale CPs of a few hundred millimetres
diameter and length. In the case of large CPs, the best achievable un-
certainty is in the order of a micrometre [7-9].

The ultra-high precision measuring machine, NanoCyl, designed for
calibrating CPs and piston-cylinder assemblies with low uncertainty, is
detailed in Section 2. The strategy for analysing the measurement data is
presented in Section 3, with the cylindricity measurement results and
their associated uncertainty discussed in Sections 4 and 5, respectively.
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Fig. 3. Established traceability for cylindricity measurements for piston-
cylinder assemblies and material CP transfer standards.

@)

Probes’ carriage structure

Supporting frame

Fig. 4. Architecture of the primary NanoCyl applying the Precision Design
Principles [15]: (1) XY translation table, (2) linear guidance, (3) metrology
frame, (4) reference probes, (5) measuring probes, (6) cylindrical part, (7)
automated tilt/centre table, (8) rotary indexing table, (9) encoders, (10) brake,
(11) rotary table, (12) laser interferometers, (13) reflective mirror, (14) refer-
ence cylinder, (15) piezoelectric actuators.

2. Design of the ultra-high cylindricity measuring machine
(NanoCyl)

NanoCyl design is based on a rigorous application of precision design
principles (PDPs), such as the use of a metrology frame, which aim at
minimising interferences for minimal measurement uncertainties [10,
11]. The traceability of NanoCyl to the SI definition of the metre unit is
achieved by means of calibrated laser interferometers. Its purpose is to
provide:

e Metrological traceability of material transfer standards used in the
qualification of industrial roundness machines (Fig. 3),

e Ultra-high accuracy calibration of cylindrical features in extremely
demanding fields such as high surface quality of piston-cylinder as-

semblies integrated into primary manometric balances for pressure
metrology.

The architecture of the NanoCyl, illustrated in Fig. 4, applies the
dissociated metrology technique (DMT), by using two distinct frames: a
metrology frame and a structural frame. The metrology frame includes

120
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Table 1
Technical characteristics of the sensors.

Capacitive sensor model

MCC10 (Fogale)
Measurement Range 500 um
Resolution 0.1 nm
Non-linearity error < 0.05%
Sensitive Surface Diameter 10 mm

Laser interferometer
Frequency stability
Thermal drift coefficient

RLE20 (Renishaw)
< +1 ppb (1 min)

< 50 nm/°C
Non-linearity error: < £1nm
Electrical noise < 0.2 nm RMS

XY translation Structural
table (1) frame (16)
Linear Pneumatic

guidance (2) isolators (17)

Metrolo

frame (3g)y ?fél)lators

Reference

cylinder (8) Rotary guide
(ball bearing

Laser spindle) (19)

assembly (12)

CNC Acquisition

Fig. 5. Architecture of the primary NanoCyl applying the PDPs [15]: (1) XY
translation table, (2) linear guidance, (3) metrology frame, (4) reference
probes, (5) measuring probes, (6) CP, (7) automated tilt/centre table, (8) rotary
indexing table, (9) encoders, (10) brake, (11) rotary table, (12) laser in-

terferometers, (13) reflective mirror, (14) reference cylinder, (15) piezoelec-
tric actuators.

the CP (6) and the reference cylinder (14) mounted on the rotary table
(11) driven by a precision ball-bearings spindle. Isostatic linkages
(flexible blades) are used for fixing the rotary table on the ball-bearings
spindle. Similarly, isostatic linkages are also used for fixing the reference
cylinder on the rotary table. It leads to exact-constraint connections and
thermally isolate the reference cylinder from heat sources such as fric-
tion in rotary and linear motion stages. The vertical positioning of the
probes’ carriage structure (with reference (4) and measuring (5)
capacitive probes) is carried out with three synchronised linear stages
(2) using a computer numerical control (CNC) under the control of linear
optical encoders with micrometric accuracy. Two angular encoders (9)
are embedded in the rotary table allowing a precise acquisition (reso-
lution of 0.02°) of the angular positions of the CP and of the reference
cylinder. The rotary indexing table (8) and the brake (10) are used when
applying any error separation technique (reversal and/or multi-step
[12-14]) requesting angular shifting of the CP with respect to the
reference cylinder. An additional high-precision tilt/centre mechanism
(7) is fixed on the rotary table to perform accurate alignment of the CP

axis with the rotational axis of the NanoCyl. It provides four degrees of
freedom (x- and y-translation as well as x- and y-rotation) using only

flexible blades.

The probes’ carriage structure (3) is equipped with four reflective

mirrors (13) made of Zerodur® material on which four laser
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Fig. 6. Calibration of Capacitive Probes using laser interferometers [15].

interferometers (12) are aligned. They are necessary for achieving in-
situ calibration of both the reference (4) and the measuring probes (5)
while respecting the Abbe principle [16]. Once the measuring or refer-
ence probes have been aligned along the Abbe axis, passing through two
opposite laser interferometers, the calibration is carried out by trans-
lating the probes’ carriage structure (3) with an XY translation Table 1.
The latter uses two perpendicular piezoelectric actuators (15) and four
flexible blades to perform linear motions over an 80 um range. Each
probe reading is compared to the displacement recorded by the two laser
interferometers. The wavelength calibration of the lasers allows the
measurements to be traceable to the fundamental SI definition of the
metre unit. The in-situ calibration of the sensitive probes of the NanoCyl
drastically reduces the effects of positioning errors, form shape of the CP
and relative orientation [17].

One advantage of the application of the DMT is the possibility to
design the high-precision NanoCyl with axial symmetry (Fig. 4 and
Fig. 5), where the form of the CP is compared to that of the reference
cylinder. All mechanical parts are made of aluminium. The metrology
performance of the NanoCyl is not limited by the motion errors of the
ball bearing spindle and the mechanical linear guidance as for classical
measurement machines. Only the performances of both the measuring
probes (Cp,) and the reference probes (C,) in particular their random
errors and non-linearities [15], are critical. Random errors are mitigated
with spatial and temporal redundancies by aligning eight capacitive

Residual errors vs. the displacement: step-by-step mode

CIRP Journal of Manufacturing Science and Technology 59 (2025) 118-126

probes on the reference cylinder and four capacitive probes on the CP as
well as by multiplying the number of measurements. Furthermore, the
application of the DMT leads to reducing the NanoCyl sensitivity to in-
ternal and external disturbances since the metrology frame is dissociated
from the structural frame through isostatic mechanical linkages [11] (e.
g., flexible blade). The detailed specifications of the sensors are listed in
Table 1.

The architecture of the NanoCyl is symmetric along the z-axis, which
provides a flexibility in the selection of materials. Therefore, 95 % of
mechanical parts are made of aluminium material to cope with the
adopted dissociated metrology technique (DMT). Aluminium presents a
high thermal expansion coefficient, and also a high diffusivity parameter
that leads to correct measurements by investigating opposite capacitive
probes.

3. In-situ calibration of capacitive probes

Measurement uncertainty in ultra-high precision instruments often
arise from errors in probe positioning, alignment and non-linearity.
Since the cylindricity measurement target an accuracy few tens of
nanometres, in-situ calibration of the capacitive probes with regards to
the reference cylinder and cylindrical part is adopted for the NanoCyl,
while minimising established errors.

The calibration process begins with the pre-alignment of two oppo-
site capacitive probes to two laser interferometers positioned along the
same horizontal reference measurement axis (Fig. 6), while respecting
the Abbe principal with a positioning error less than 20 um. Once the
two capacitive probes are pre-aligned, in-situ calibration is performed at
the probe’s operating range. This approach is central to the NanoCyl
system, as it allows for the correction of non-linearity errors directly in
the system. Zerodur mirrors, known for their excellent thermal stability
(@zerodur = 0.01 x 107 K1), are clumped on the XY carriage structure
made of aluminium (dajuminium =~ 0.01 x 10°% kK H alongside the
capacitive probes. Even if the expansion coefficients are not similar, the
impact of the smooth variation of the temperature in the controlled
metrology room (20 °C) of < 0.3° on the calibration range of < 100 um
is negligible (<0.5 nm).

The piezoelectric actuators integrated in the XY translation Table 1
control the displacements with an ultra-high precision. The laser in-
terferometers are aligned with the Zerodur mirrors and positioned
opposite the capacitive probes, ensuring that the displacements
measured by the lasers directly correspond to the displacements
perceived by the capacitive probes.

Laser interferometers serve as reference standards for displacement
measurements. These provide high-accuracy measurements traceable to
the SI metre definition. During the in-situ calibration, the displacement
detected by the capacitive sensors (in volts) is compared with the

Distribution

*

I

Residual errors (nm)

=]
Residual errors (nm)

L
0 10 20 30 40

50
Displacement measured by four laser interferometers (um)

800 6 12 18 24°
Number of points

60

Fig. 7. Step by step calibration of one capacitive probe, third-order polynomial fitting model.
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Fig. 8. Schematic diagram of the processing strategy.

displacement measured by the laser interferometers (in nanometres).
Both systems operate synchronously to capture displacement data,
ensuring accurate alignment between the measurements. This reduces
discrepancies caused by misalignments or environmental factors that
might affect the probes during calibration.

One significant advantage of the in-situ calibration is its ability to
correct sensor non-linearity, which arises from non-uniform electric
fields, particularly when the probe’s target surface is not flat. In-situ
calibration corrects these non-linearities, thereby improving measure-
ment accuracy. The result is that any positioning and alignment errors
are reduced to the calibration uncertainty, as characterised by the re-
siduals of the calibration process (Fig. 7). The residual errors observed
during the calibration process confirm the precision and reliability of the
methodology. In the step-by-step calibration approach, errors were
confined to & 2 nm over an 80 pm travel range using a third-order
polynomial fitting model. It demonstrates the method’s effectiveness
in addressing systematic deviations. Similarly, continuous calibration
yielded comparable residual errors, particularly when averaging over
100 data points, proving its robustness for real-time operational
calibration.

4. Analysis of DMT measurement datasets

The process for extracting synchronous components and estimating
cylindricity parameters follows a structured approach to refine the raw
measurement data and correct for various errors. The process begins
with pre-processing the raw data to separate synchronous and asyn-
chronous components, addressing errors such as thermal drifts and vi-
brations. Next, the revisited reversal technique is applied to isolate the
form errors of the reference cylinder and the measuring system (CP).
Following this, median line deviations are calculated to align circularity
profiles relative to the reference cylinder, isolating cross-sectional er-
rors. Radial deviations are then determined by analysing measurements
at specific points, while accounting for probe errors. Finally, cylindricity
parameters are estimated through filtering, surface fitting, and calcu-
lating peak-to-valley deviations.

Each step in this process builds upon the previous one, ensuring a
thorough and accurate analysis. The subsections that follow provide a
detailed breakdown of each step in the analysis process, outlining the
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form error

Rotated reference

Reference cylinder cylinder
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Fig. 9. Revisiting reversal error separation technique. MY’ and M in the
above text.

methodologies and calculations involved.
4.1. Extraction of the DMT synchronous components

Pre-processing the raw data is a prerequisite for extracting the syn-
chronous repeatable components, defined in [18]. The synchronous/a-
synchronous separation is carried out on the DMT signalMPMT(9)
resulting from the arithmetic combination of MiCp (0) and M (6)
roundness measurements for the CP and reference cylinder, respectively
(Fig. 8). Assume that all capacitive probing systems are perfect, the
application of the DMT leads to the suppression of the motion errors of
the rotary table including both systematic and random errors. The DMT
signal MPMT(9) contains components related to the CP form error,
reference cylinder form error, eccentricity, thermal drifts, vibrations,
frictions, etc.

Since the capacitive probes are calibrated in-situ, the nonlinear re-
siduals errors are estimated below 5 nm and randomly distributed [15].
Thermal drifts, vibrations and frictions are asynchronous, while eccen-
tricity corresponds to the first order of the DMT synchronous dataset.
The synchronous/asynchronous separation allows the reduction of
random and uncontrolled error effects on the measurements. The further
challenge consists in separating the CP form errors from that of the
reference cylinder, both combined in the DMT synchronous dataset, by
applying a revisited reversal separation technique.

4.2. Revisiting reversal error separation technique for cross-section

The revisited reversal technique is inspired by the Donaldson
reversal [11,16,18], applied on the DMT synchronous data (Fig. 8). The
first step consists of performing simultaneous measurements of the CP
Mgp (0) and reference cylinder MS () over a complete revolution
(Fig. 9). The second step consists of carrying out an angular shift of the
CP of 180° relative to the rotary table and reference cylinder from the
initial position using the rotary indexing table. Then, additional simul-
taneous measurements of the CP M5 (6) and the reference cylinder
MG (9) are carried out over 360° of the rotary table. The synchronous
radial error motions of the spindle are inversed by reversing the CP and

exploiting the opposite measuring probes, as the NanoCyl is symmetric.
_Cp‘Cr,DMT
1
surements data MiCp CrDMT (), p(6) and r(6) be the roundness of the CP
and reference cylinder, and Bx,(6) the synchronous spindle error mo-
tions along the x-axis. In the absence of eccentricity errors (filtered with
the first harmonic), the problem could be solved as follows:

Let m, (6) be the synchronous components of the raw mea-

my? (6) = p(6,2) + By, (6.2) ¢
my"(6) = r(0,2) + Bx, (6,2) @)
mg""(0) = m{" () — m{' (6) = p(6,2) — 1(6,2) ©)
my’ (0) = p(6,2) — By, (0.2) @
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Fig. 10. Opposite probes for radial deviations detection.

mg'(0) = r(0,2) + B, (0,2) (5)
miAe (0) = m(0) + m$'(0) = p(6,2) +1(0,2) ®)
p(0) = 5 (mET(0) + BT (0)) @
r(0) = 5 (m2%7(0) - mE"(0)) ®

The adopted revisited reversal error separation technique is applied
at each cross-section and combined with a temporal repetition of the
recordings over N, cycles. The DMT synchronous components m”7(6)
are estimated by arithmetic average of the N, cycles at each angular
measurement location [14]. The measurement protocol is repeated at
multiple vertical positions to cover the entire length of the CP.

4.3. Median line deviations

The median line deviations of the CP are calculated using the first
harmonic of the DMT synchronous signal, which results in aligning the
circularity profiles in the coordinate system of the reference cylinder. By
referencing the position of each circularity profile to the first profile, we
obtain their relative positions within the reference cylinder frame. This
relative positioning is necessary, as it isolates only the cross-sectional
circularity profiles in the reference coordinate system, focusing on
their spatial alignment rather than absolute positioning, which helps
identify median line deviations effectively.

4.4. Radial deviations

The radial deviations are calculated with at least four generatrixes at
cardinal points (0°, 180° and 90°, 270°) when using opposite probes. In
addition to the CP local form deviations §(6,z), the probes recordings
(Egs. (9 and 10)) include radial deviations r4(6,2), median line de-
viations Iy, probes vertical error motions a’ and CP alignment errors

a’® (Fig. 10).

Mcpy(z) = 14(6,2) +8(6,2) — a* —lp, — a)? 9

0.2
a,
The arithmetic average of these two opposite measurements along
the generatrix at 0, Mcp,(z) and Mcp,,4,(2), respectively, leads to the
suppression of the median line deviations, the probes’ vertical error

Mcpy,150(2) =  1a(0,2) +9(0 + 180,2) + a’* + I, + (10)
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Fig. 11. Implemented strategy for evaluating the cylindricity, including the
extraction and combination of the three elements (cross-section deviations,
median line and radial deviations).

motions and the CP alignment errors. The resulting linear arithmetic
calculation (Eq. (11)) could be split into low integer harmonics (radial
deviations r4(6,2)) and high integer harmonic (residual form errors). A
best estimate of the radial deviations could be achieved through several
measurements performed in different generatrixes planes, and combined
with harmonic FFT filtering. Alternatively, the residual local form errors
can be attenuated by averaging over several recordings at different
angular locations.

9(0,2) + 8(0 + 180, 2)
2

Mcpy(2) + Mcpg.,159(2)
2

:rd(evz) + an

4.5. Cylindricity parameters estimation

The NanoCyl allows extracting numerous cross-sectional profiles and
identifying their relative locations (median line) in the reference co-
ordinates system. The radial deviations are determined through several
parallel scanning of the generatrixes with opposite probes. The imple-
mented strategy consists of four steps as shown in Fig. 11. First, the
extraction step, defined above, identifies the three simple elements of
the cylindricity. The extracted surface results from the combination of
the identified elements. In step 2, the cylindrical surface is obtained by
filtering the extracted surface using an appropriate filter (FFT, Gaussian
or spline filters), and validated least squares fitting or Chebyshev best-fit
based on Small Displacement Torsor methods ([19]) is applied in step 3.
In the final step 4, local deviations are estimated and the cylindricity
parameters are calculated while computing the peak-to-valley
deviations.

5. Experiment and discussion

The experiment aims at calibrating a high quality cylinder of
300 mm diameter inside a cleanroom where the temperature and hu-
midity are controlled to 20 °C & 0.3 °C and 50 =+ 5 %, respectively. The
measurement protocol was applied according to the following five steps.
(i) Each measuring and reference capacitive probe is in-situ calibrated,
with two opposite laser interferometers, to residual non-linearity errors
below 5 nm. (ii) The centring and tilting of the CP-axis along the rota-
tional axis of the NanoCyl is performed by the automated tilt/centre
table. (iii) A set of nine cross-sectional profiles of the CP are obtained by
applying the revisited reversal error separation technique. For each
circularity profile and angular position of the cylinder, the recording is
repeated for N, =6 cycles. (iv) the CP median line deviations are
calculated from the first harmonic of the DMT signal including the
cylinder and reference probes recordings. (v) The radial deviations ry4(z)
are evaluated by a set of 32 generatrixes measurements, performed with
opposite probes, each consecutively repeated over three iterations.
Furthermore, the whole measurement protocol is repeated four times.

The obtained cross-section circularity profiles and harmonics are
shown in Fig. 12. The circularity profiles are harmonic filtered in the



R. Bennoune et al.

CIRP Journal of Manufacturing Science and Technology 59 (2025) 118-126

08 08 o8 *
go,s Eo.s go‘s
S Z=5mm S Z=10 mm ) Z=45mm
= 0.4 204- 204-
o . E. . E- .
5 02 <02 <02
ol e e® ee0ecccns 0 e e? eceeccccss 0 e et T etecccnns
0 5 10 15 0 5 10 15 0 5 10 15
upr upr upr
90 90
gum
N
180 0 180 O ceesescsccsescrccsssescsscsesssessessssssecsessssssesssee > 180 Z=45mm 0
270 270 |
————— 50 ————————————
= [ CYLt (um) © / 4 ) CYLt (um) 50 CYLt (um)
"”“ Mean  2.196 {i { | Mean  0.260 40 , Mean 0339
g% std  0.015 g% i A ! std 0016 g ) Std  0.001
E ‘ E \ \ £ \
N 20 ‘ > N 20 ) } \ N2 { )
10 ¢ W { 10 X X
| s 5 ; ‘ '
8 ) » ) il o
o Cross section deviations— 2 05 ~—-..__Median line deviations .-~ 0 Radial deviations " g5 1
0 0 agi st 05 L
- 2 05 o8 ~, 05
Y(um) 5.4 X(pum) Y(um) X(m) Y(um) X(jum)
ISO reconstruction of cylindricity deviations f
50
1), Test  CYLt(um)
40 I
Jv A 2.554
~30- 2.610
E 30
E 20 2.549
2.519
10 2.558
0l 0.033
5 NG B
o 1 [ R
e e 2
0 G 3
= 2
Y(um) S5 4 X(pm)
Fig. 12. Cylindricity calibration of the selected high-quality CP including the three simple elements with respect to ISO 12180.
deviation, Std, of about 33 nm.
Table 2

Minimum zone circle (MZC) roundness error of cross section circular profiles, its
standard deviation (Std) and relative standard deviation (RSD).

Z (mm) MZC (um) Std (nm) RSD (%)
5 1.892 12.1 0.6
10 1.951 14.3 0.7
15 2.034 4.5 0.2
20 2.093 20.1 1.0
25 2.150 5.8 0.3
30 2.130 15.1 0.7
35 2.068 23.5 1.1
40 2.136 13.2 0.6
45 2.144 21.4 1.0

range [20] undulations per revolution (upr). The Peak-to-valley devia-
tion is determined with the validated Chebyshev best-fit algorithm [17].
The corresponding minimum zone circle (MZC) given in Table 2 shows a
maximum relative standard deviation (RSD) of 1.1 %. The extracted
cylindrical surface is reconstructed by combining the filtered
cross-section circularity profiles, median line and radial deviations. The
results, illustrated in Fig. 12, stand for the surface of cylindricity. The
obtained mean cylindricity, CYLt, is equal to 2.558 pum, with a standard
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6. Error budget and uncertainty estimation

The standard measurement uncertainty depends on the NanoCyl
(probes misalignments, CP eccentricity and tilt errors, etc.), environ-
mental conditions (thermal, hygrometry and pressure variations in the
cleanroom), measurement process (error separation technique, number
N, cycles, etc.) and data processing (extraction, filtering, association and
cylindricity parameters identification (Fig. 11). The probes angular and
linear location errors estimated at ~100 urad and 100 um, respectively,
result from manufacturing and assembly of the machine. The corre-
sponding constant effect is minimised by in-situ calibration below 5 nm
(non-linearity residuals).

The first order harmonic effect caused by the CP tilt and eccentricity
(~10 prad and 1.8 um) is suppressed by calculation, whereas the
resulting ovality on the second order is estimated at 0.75 nm. Further-
more, the residual second order effect of the spindle tilt and radial error
motion perpendicular to the measurement axis is evaluated at 0.015 nm
and 0.33 nm respectively.

The environmental perturbations are reduced by the DMT applica-
tion and the temperature regulation. In particular the thermal drift effect
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Fig. 13. Schematic of the symmetric configuration of the NanoCyl measuring
elements (sensors and carriage structure). The expanded components are rep-
resented is red colour. RC=Reference Cylinder.

Table 3
Summary of the standard measurement uncertainty estimation (a is the value
of the given error, e. the estimated standard measurement uncertainty).

Error components a. [prad, e
pm| [nm]
CPs Tangential spindle error motion
By 10 0.33
y 100 0.02
Tilt & Centring
Eccentricity 2 0.75
Tilt 100 0.02
Indexing errors 350 0.5
Probe Calibration residuals 0.005 5
Environment Thermal drift 0.001 1
Data Synchronous/asynchronous 0.047 33.4
processing separation (N, = 6)
Standard measurement uncertainty u 33.8

is alleviated by the symmetrical architecture of the metrology frame
(Fig. 13). Its estimation under the assumption of axisymmetric expan-
sion is obtained with Eq. (12). The given result is in order of ~1 nm and
~16 nm for a probe measurement range of 115um and 2.2 mm
respectively.

Ap.r = 5;1 — O%r = anrdP-’éT 12)

J,, are the radial
expansion of the probe carriage stage; a,, are the thermal expansion
coefficients of the cylinders, d,, are the probes measuring range and 5T
is the thermal gradient uniformly distributed in the measuring volume.

The errors related to the measurement process derive from the spe-
cific operations required during the extraction of cylindricity elements.
In particular, imperfect CP repositioning with indexing error estimated
at 0.02° when applying the revisited reversal, influences the measure-
ment with an effect evaluated at 0.5 nm. The influence of the main error
sources is summarised in Table 3. The combined standard measurement
uncertainty is estimated to 33.8 nm. Data processing appears to be the
main contributor. In particular, the repeatability of the DMT synchro-
nous data sets are evaluated to ~ 47 nm for N. = 6. This leads to
standard deviations for cross-section, radial and median line deviations
estimated at ~15 nm, 1 nm and 16 nm, respectively.

Where 6, are the radial expansion of the cylinders,
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Table 4
Evolution of the standard measurement uncertainty with respect to the number
of repeated cycles and probe measuring range.

N, DMT Synchronous Std (nm) u (nm)
dor
112 pm 2.15 mm
4 57.8 41.2 44.2
6 47.3 33.8 37.4
8 35.3 25.5 30.1
10 9.9 8.7 18.2

Additional experiments were conducted with a larger number of
cycles. The results show a more precise separation of DMT synchronous
from asynchronous. In particular, for N, = 10, the DMT synchronous Std
is reduced to 9.9 nm (Table 4). It leads to a better identification of both
the cross-section and the median line deviations with a combined
standard measurement uncertainty of 8.7 nm (U (k =2) =17.4 nm)
under similar measurement conditions. These results demonstrate the
capability to perform cylindricity evaluations of CPs with an achievable
standard measurement uncertainty of few tens of nanometres.

7. Conclusion

Ultra-high accuracy cylindricity measurement is investigated in
accordance with ISO 12180-1. The developed protocol uses the archi-
tecture of the ultra-high precision NanoCyl cylindricity-measuring ma-
chine, rigorously applying Precision Design Principles (PDPs). It
employs a birdcage extraction strategy for the cylindrical surface and
identifies the three components of cylindricity deviations step-by-step.
Cross-section deviations are isolated through a revisited reversal error
separation technique, while median line deviations are evaluated using
the first harmonic of the DMT synchronous data. Radial deviations are
derived from multiple measurements along parallel generatrixes using
opposite capacitive probes. After combining these elements, the cylin-
drical surface is filtered, and local and global cylindricity parameters are
calculated based on an associated reference feature. Results demonstrate
the capability to achieve cylindricity assessments with a standard
measurement uncertainty of a few tens of nanometres, meeting the
stringent demands of advanced manufacturing.

Future work will focus on optimising NanoCyl’s spatial redundancy
to minimise measurement requirements and developing a hybrid digital
twin for uncertainty estimation, prediction, and optimisation. This
progress will support advanced manufacturing by enhancing accuracy in
high-precision applications and enabling more efficient process control
through reliable, nanometre-level quality assessments.
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