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Abstract

Nowadays use of freeform surfaces in optical systems for various purposes — from mobile displays to
space optics — becomes increasingly popular. This design solution makes it possible to create a system with
a minimum number of components, low weight, and high image quality. However, as the surfaces become
more complex, problems arise with their control. Aim of the study was to develop an algorithm for inspect-
ing such surfaces using a coordinate measuring machine and to formulate technical requirements for the
measurement process. An analysis of the advantages of freeform optical surfaces is presented. It is noted that
due to lack of symmetry and variable profile height, classical measurement methods are not applicable for
such parts. The inspection algorithm using a coordinate measuring machine involves two main approaches:
high-performance "fast scanning" to assess overall deviations from the nominal value, and more accurate
but time-consuming sectional scanning which allows obtaining detailed quantitative data on the surface pro-
file. The paper is mainly focused to the measurement algorithm and process requirements: preliminary tem-
perature adaptation of equipment, mandatory calibration of probes using a ceramic reference ball, and soft-
ware-controlled limitation of tool movements to protect polished surfaces. The proposed algorithm, based on
the use of CAD-models, makes it possible to achieve the required accuracy of monitoring complex surfaces
on standard shop-floor equipment, despite significant time costs compared to aspherical surfaces’ measuring.

Keywords: freeform surfaces, surface quality control, control and measuring machine, measurement
algorithm
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AJropuT™M U3MepeHHs reOMeTPUYECKUX IapaMeTPoB
ONTHYECKUX NMOBepxHocTel freeform ¢ ucnoib30BaHuEeM
KOOPJAUHATHO-U3MEPUTEJIbHOM MAIIUHBI
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B HacTosiee BpeMsi cTaHOBHUTCS BCE OoJiee MOMYJISIPHBIM IPUMEHEHHE B ONITUYECKUX CUCTEMax pas-
JMYHOTO Ha3zHaueHHs noBepxHocTel freeform (cBoOOAHOM (OPMBI) — OT MOOMIIBHBIX JHUCILIEEB 10 KOCMU-
YEeCKOH ONTUKHU. ITO KOHCTPYKTOPCKOE PEIIEHHE TTO3BOJISIET NPUOIM3UTHCS K MEUTE: CO31aTh CUCTEMY C MH-
HUMaJIbHBIM YHCJIOM KOMIIOHEHTOB, MaJIbIM BECOM M BBICOKHUM KauecTBOM M300paskeHus. OIHAKO ¢ yCI0XK-
HEHHMEM MOBEPXHOCTEH BO3ZHUKAIOT POOJIEMBI ¢ MX KOHTpoJieM. Llenbio nccnenoBanus sBisiach pa3padoTKa
aNropuT™Ma M3MEpeHHs TaKUX IMOBEPXHOCTEH C HMCHOJIb30BAHHMEM KOOPAMHATHO-U3MEPUTENBHBIX MAIIWH
u GopMyIUpoOBaHHE TEXHHUYECKHX TpeOOBaHMH K mpoueccy maMepeHuid. [lpuBenéH ananus npeuMyiiecTs
ontudeckux nosepxHocrer freeform. OTmeuaercs, 9YTo U3-3a OTCYTCTBHS CUMMETPUHU M MEPEMEHHON BbI-
COTBI IPOQHIIS KIIACCHYECKHUE METOIbI M3MEPEHUH /ISl TAKUX JAeTalleil HeNPUMEHUMBI. AJITOPUTM KOHTPOJIS
Ha KOOPAMHATHO-U3MEPUTENFHON MallMHE MPEATNoaracT 1Ba OCHOBHBIX MMOJX0/Aa: BEICOKOIIPOU3BOIUTEb-
HOE «OBICTPOE CKAHUPOBAHUEY JUISI OLIEHKU OOLIMX OTKJIOHEHH OT HOMUHAJA U 0oJiee TOYHOE, HO TPYAOEM-
KO€ CKaHMPOBaHHE TI0 CEYCHUSIM, TI03BOJISIONIEE MOTYYUTh AeTallbHbIe KOJIMYECTBEHHBIE JaHHBIE O poduIie
noBepxHocTH. OCHOBHOE BHMMaHUE B padoTe yAEJICHO alrOpUTMY NPOBEICHHS U3MEpEHHN M TPpeOOBaHH-
AM K IpOIecCy: MpelBapuTeIbHON TeMIepaTypHOl aganTanuu o00pyJoBaHMsl, 00s3aTeNbHON KaTuOpOBKe
LIYIOB 10 KEPAMUUECKOMY 3TAIOHHOMY IIapy U MPOTPaMMHOMY OIPaHUYCHUIO MEPEeMEIICHUI HHCTPYMEHTa
JUTSL 3alIMTHI TTOJTMPOBAHHBIX MOBEpXHOCTEH. IIpeanoKeHHbI anropuT™, OCHOBAHHBIA Ha HMCIONb30BAaHUN
CAD-Mopnene, mo3BoJsieT AOCTUYb TPeOYEeMOH TOUHOCTH KOHTPOJIS CJIOXKHBIX TIOBEPXHOCTEH Ha CTaHAAPT-
HOM 3aBOJICKOM 000pYZOBaHNUH, HECMOTPS Ha 3HAYUTEIbHBIE BPEMEHHBIE 3aTPaThl 10 CPABHEHHIO C H3MEpe-
HUEM acepHUECKHX MMOBEPXHOCTEH.

Karwuesble ciioBa: noBepxHocTH freeform, KOHTpOJIb KauecTBa MOBEPXHOCTEH, KOHTPOJILHO-U3MEPUTEIb-
Has MallyuHa, aJTOPUTM U3MEepeHUi
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Introduction

Currently, the use of freeform surfaces in op-
tical systems is becoming increasingly popular.
This design solution allows creating systems
with a minimum number of components, low weight,
and high image quality.

Systems containing parts with freeform surfaces
are in demand in mobile displays (including smart
glasses), space remote sensing of the Earth, medical
endoscopy, automotive lidars, etc. [1-4].

Unlike traditional spherical (one radius of cur-
vature), aspherical (axial symmetry, variable cur-
vature), anamorphic (different image scale in two
perpendicular directions) and diffractive (contain
micro-relief for wavefront control) surfaces, free-

form surfaces have neither axes of rotation nor trans-
lational symmetry (Figure 1) [5, 6]. Their shape can
be arbitrary, described by high-order polynomials or
even by a set of points.

This feature of freeform surfaces gives the de-
signer complete freedom, but creates three main
problems:

1. Calculation of the surface shape is labor-in-
tensive and takes a lot of time;

2. Manufacturing requires special methods,
e. g., diamond turning on CNC machines or injec-
tion molding, since the standard grinding-polishing
method is insufficient to obtain the required shape;

3. Inspection becomes more difficult due to the
complexity of implementing reference surfaces.

Types of
surfaces

T

- Contain micro-relief for
wavefront control

complex equation directions

T ] | | o]
~ Have no axes of symmetry — May or may not have - Different image scale in - Axial symmetry — Axial symmetry
— Described by a axial symmetry two perpendicular — Variable curvature — One radius of curvature

according to the
equation

Figure 1 — Comparison of optical surface types

Therefore, it can be confidently stated that the
manufacturing technology of systems with this type
of surfaces requires special knowledge in design,
manufacturing and inspection [7].

As already noted, as freeform structures become
more complex, it becomes increasingly difficult to
control the final shape of a part with the same accura-
cy as for traditional optical parts (flat and spherical).
A specific feature of controlling freeform surfaces
is that they have variable height over the entire sur-
face (from a peak to a valley). This makes it impos-
sible to use classical measurement methods, creates
problems in manufacturing a reference comparison

surface, and greatly complicates the inspection pro-
cedure.

The aim of the work was to develop an algo-
rithm for inspecting such surfaces using coordinate
measuring machines and to formulate technical re-
quirements for the measurement process.

In this work an algorithm is understood as a
set of interrelated elements: equipment preparation,
measurement algorithm, scanning modes, data pro-
cessing, technical requirements and accuracy analy-
sis. It is the integrated approach that considers the
specificity of freeform surfaces and allows obtaining
reproducible and reliable results.
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Methods for controlling freeform surfaces

Based on the works [8, 9], inspection of free-
form surfaces is carried out by mechanical methods
using profilographs-profilometers and CMMs, as
well as by optical methods, namely the interferomet-
ric method using computer-generated holograms.

The creation of synthesized holograms is a
complex and time-consuming task. A synthesized
hologram for controlling freeform surfaces is more
complex in design, represents a composite hologram
and requires special calculation methods, as well as
manufacturing and certification. Nevertheless, in-
spection with their help provides high accuracy and
allows controlling the entire surface of the part.

Surface topography is controlled by mechanical
methods using a sensor that moves along the surface
along a given trajectory. 3D and 2D models of the
controlled surface are created based on the obtained
surface profile values after performing the corre-
sponding calculations. The mechanical method is
labor-intensive, does not allow controlling the entire
surface and is inferior to the optical one in accuracy.
However, for its implementation it is sufficient to use
the equipment available at the enterprise — profilo-
graphs-profilometers or a CMM, into the CAD soft-
ware of which the calculated profile of the freeform
surface can be loaded.

Among all the proposed methods for controlling
freeform surfaces, an algorithm implemented on a
coordinate measuring machine has been developed
and substantiated in this work.

Information about the coordinate measuring
machine

Coordinate measuring machines are designed to
measure the geometric dimensions of parts of com-
plex shape, deviations of shape and position of part
surfaces.

The CMM measuring probe consists of a head
with a measuring stylus and a sensitive element.

The functionality of the measuring head largely
determines the functionality of the CMM, the classes
of surfaces and the number of product parameters
available for monitoring.

The measuring stylus provides primary mea-
surement information on the basis of which the di-
mensions of the part are determined. This informa-
tion can be obtained either as the actual coordinates
of points on the surface under test or as deviations

of these coordinates from those specified in a certain
direction.

The specific accuracy characteristics achieved
within the framework of the proposed algorithm de-
pend on the CMM model and the type of measuring
probe — they are discussed below.

Developed algorithm using a coordinate
measuring machine

The developed algorithm is based on known
approaches to controlling aspherical surfaces using
CMMs, which involve comparing a cloud of mea-
sured points with a CAD model and analyzing devia-
tions along sections [7, 10, 11]. However, unlike axi-
symmetric aspherical parts, the control of freeform
surfaces is associated with a number of additional
difficulties due to the lack of any symmetry. This re-
quired the following key modifications:

1. Change in scanning strategy: introduction of
a two-stage procedure (“fast scanning” for general
assessment and “sectional scanning” for precision
control) instead of a single mode, which allows opti-
mizing measurement time and accuracy.

2. Tightening of requirements: increase in the
density of measuring points and the number of con-
trol sections for correct description of complex to-
pology, as well as development of special require-
ments considering the fragility and high cleanliness
of polished optical surfaces (e.g., a software “safety
cube” and strict temperature stabilization).

Preparation for measurements and algorithm

Before any actions, the CMM operator receives
a task to perform the necessary work. The task usu-
ally contains the name of the part, its description,
previous data on its control (if it was carried out),
controlled parameters of the part, accuracy and char-
acteristics of the room in which the control is to be
carried out. In addition to the task, the part draw-
ings must be attached, which indicate all controlled
parameters and their tolerances, as well as its 3D
model. After receiving the necessary documentation,
measurements are carried out in accordance with the
algorithm shown in Figure 2.

Scanning modes and data processing

The first measurement method (fast scanning)
consists of contact scanning of the surface using a
grid containing a small number of points. The meth-
od is applicable only if a CAD model is available,

190



Tpubopwvr u memoowl usmepeHul
2026.T. 17. Ne 2. C. 187-195
K.V. Aleshkevich et al.

Devices and Methods of Measurements
2026,17(2):187-195
K.V. Aleshkevich et al.

since it defines the ideal (calculated, nominal) sur-
face shape. After scanning, the values of the maxi-
mum and minimum deviations from the nominal
value are displayed on the monitor. As the measure-

l Turn on CMM l

Attach the controlled part to the
measuring table

(

)

[ Upload a CAD model to the software J

Set a reference point (make
a reference)

( )

( Calibrate the measuring head )—(

( Split models by cross-section

\
y,

ments are performed, a drawing of the measured
surface is superimposed on the ideal model, where
deviations from the required profile are highlighted
in a certain color.

Send to reject

Is the part
suitable?

Make a conclusion about the
shelf life of the part based on
the maximum and minimum

deviation

i

Perform a quick scan of the
entire surface

[ Perform a cross-sectional scan J

(Create table with measured values

)

Make a conclusion about
the shelf life of the part

)

Is the part
suitable?

| Send to reject | [

Send the finished part to the
warehouse

)

Figure 2 — Algorithm for the shape of freeform surfaces’ measuring using coordinate measuring machine

This method is visual and productive, but it does
not provide high accuracy and allows only obtain-
ing the maximum and minimum deviations from the
specified surface profile.

The second measurement method is more la-
bor-intensive and requires dividing the measured
surface into sections and scanning them with a given
number of points. As a result of the measurements,
the coordinates of the measured points relative to the
reference point are displayed on the monitor.

After obtaining the array of coordinates of the
measured points, they are compared with the CAD
model. The deviation at each point is calculated
as the shortest distance to the nominal surface.
An example of such a model with control sections
and visualization of deviations is shown in Fig-
ure 3 (blue color shows local deviations from the
nominal shape). The permissible deviation limits
are specified in the design documentation for the
part. The control result is considered positive if all

191



Tpubopul u memoowt usmeperutl
2026. T. 17. Ne 2. C. 187-195
K.V. Aleshkevich et al.

Devices and Methods of Measurements
2026,17(2):187-195
K.V. Aleshkevich et al.

measured deviations do not exceed the established
tolerances.

Figure 3 — CAD model of a freeform surface with refer-
ence sections

It is also possible to visualize the obtained val-
ues. The image of the measured points is superim-
posed on the model. However, unlike the first meth-
od, the second method does not create a “portrait”
of the entire surface shape, but shows the shape in
sections.

This method is accurate and allows presenting
measurement results in both quantitative and quali-
tative form, but it takes a lot of time. Especially for
freeform surfaces, the measurement time increases
many times over, since a larger number of points
are required to be measured than for aspherical sur-
faces.

Accuracy factors and recommendations for mode
selection

The accuracy of these methods is influenced by
a number of factors [11].

1. Measuring probe errors. For example, for the
VAST XT measuring probe of the ACCURA II coor-
dinate measuring machine, the linear measurement
error is 1.6 um, the probing deviation is 1.7 pm, the
scanning probing deviation is 2.5 pm, and the form
measurement error is 1.7 um.

It should be noted that when measuring free-
form surfaces, one of the influencing factors on the
measurement error is the tip radius when measuring
with large local slopes. To minimize the influence of
this factor, it is recommended to use styli with a ball
diameter of no more than 0.5-1 mm. In the case of
particularly steep areas (>45°), software correction
of the tip radius should be applied.

2. Volumetric  length measurement error
(MPEp). Unlike the local probe error, this param-
eter considers the geometric deviations of the CMM
guides and the errors of the reading scales along

the X, Y, Z axes. For the modification
used, the permissible absolute error limit is
MPE[ = 1.6 + L/333 pm, where L is the measured
length in mm.

3. Effect of scanning discreteness. The approxi-
mation error of the shape between sections is esti-
mated at 0.2—0.5 um depending on the surface cur-
vature.

4. Influence of the external environment and
thermal compensation. Despite the presence of a
built-in automatic temperature expansion correction
system, the accuracy of the method is guaranteed if
the temperature gradient does not exceed 1 °C/h.

5. Algorithmic component. The use of certified
Calypso software (version 5.x) eliminates subjective
errors in point cloud processing and ensures repro-
ducibility of results when compared with the CAD
model.

6. Dynamic characteristics. The granite base of
the machine on anti-vibration supports minimizes
the influence of workshop vibrations on the stability
of the scanning process.

Thus, the accuracy capabilities of the al-
gorithm are determined by the combina-
tion of characteristics of the measuring system
"frame-drive-scales-probe-software", which makes
it possible to measure complex-shaped parts with
micron accuracy.

The choice of measurement mode is determined
by the requirements for the part. Fast scanning is rec-
ommended for preliminary sorting or control of large
batches, when it is sufficient to estimate the maxi-
mum deviations. Sectional scanning is mandatory
for the final control of critical optical parts, as well
as when it is necessary to construct a map of shape
deviations.

Advantages of the developed algorithm

The proposed algorithm has the following ad-
vantages.

- High accuracy. Sectional scanning allows
recording shape deviations at the micron level,
which meets the requirements for most optical
surfaces.

- Economic affordability. Standard factory co-
ordinate measuring machines are used, which elimi-
nates the need to manufacture expensive synthesized
holograms for each new part.

- Measurement safety. The software ‘“safety
cube” prevents accidental damage to polished sur-
faces during automatic movement of the probe.
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Limitations of the algorithm

The limitations of the proposed algorithm re-
lated to the accuracy of controlling freeform optical
surfaces should be noted.

- Discrete nature of measurements. The algo-
rithm is based on scanning along individual sections,
not over the entire area. Local deviations between
sections may remain undetected.

- Influence of the coordinate measuring ma-
chine error and surface geometry. When control-
ling the shape in areas with local inclination angles
greater than 30°, the deviation measurement error
may increase by 0.5—1 um due to projection effects
(non-collinearity of the measurement direction and
the normal to the surface).

- Sensitivity to external conditions and CAD
model. The requirement of a temperature gradient of
no more than 1 °C/h is critical for parts made of ma-
terials with a high coefficient of thermal expansion
(polymers, some IR crystals). In addition, the algo-
rithm requires a high-precision CAD description of
the surface: the model error (rounding of polynomial
coefficients, discretization) can reach 0.1-0.3 pm.

- Surface cleanliness. The contact method is
sensitive to contamination — scratches, residues of
polishing paste or dust cause false coordinate spikes.
The surface must be cleaned before measurements.

- Time consumption. 20-90 minutes per part de-
pending on the size and scanning density limit the
application of the algorithm in large-scale produc-
tion, but are acceptable for one-off and small-batch
production.

- Equipment requirements. The declared ac-
curacy is achievable only on coordinate measuring
machines of a class not lower than 2 um (e. g., AC-
CURA 1I with VAST XT probe); the use of less ac-
curate machines does not guarantee correct control
of optical surfaces.

Technical requirements for the algorithm

When controlling freeform optical surfaces
using a CMM, the following requirements are im-
posed.

1. The coordinate measuring machine must be
switched on 30 minutes before the start of measure-
ments to ensure that the working area of the machine
adapts to the ambient temperature.

2. The probe holder and the probe itself must be
installed in the machine at least 15 minutes before

the start of measurements, since heating from the
hands can affect the properties of the components.

3. It is necessary to perform coordinate referenc-
ing (find the reference point). It corresponds to the
machine zero point and is located in the upper left
corner of the measuring range (point 1 in Figure 4).
Before starting measurements, the reference point
must be determined.

Y
-Z

_—
T

¥

a b

Figure 4 — Reference point: @ — location of the reference
point in the measurement area; b — location of the refer-
ence point on thr coordinate measuring machine

4. Before starting measurements, each measur-
ing stylus used for measurements must be calibrated
in accordance with the calibration standard, setting it
to the reference point.

A high-precision ball is used as a calibration
standard (Figure 5). The ball is made of ceramic ma-
terial and has a diameter of 30 mm. The ball is at-
tached to the calibration ball holder.

Figure 5 — Calibration ball with pin

The pin of the calibration ball can be screwed to
the holder in different positions. The holder allows
the installation of several calibration balls.

5. It is necessary to limit the movement of the
measuring head stylus, since uncontrolled move-
ment can damage the polished working surfaces of
the part. This is an important part when controlling
the working surfaces of optical parts.

For this purpose, a so-called "safety cube" is
created. It defines the limits of probe movement be-
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yond which it cannot go. This ensures that the probe
is safely retracted.

The size of the "safety cube" is determined by
the size of the part being measured (it passes along
its edges). The safe probe withdrawal zones are de-
fined by the corner points (10 mm from the edge of
the part) (points (1) and (2) in Figure 6).

Figure 6 — Security cube

6. Measurements of freeform surfaces (as well
as aspherical surfaces) are performed only using a
CAD model (measurements of such surfaces are per-
formed along sections). It is also used for coordinate
referencing, creating a "safety cube" and dividing the
controlled surface into sections.

7. Tolerances for deviation of the surface shape
from the nominal value are specified in the design
documentation for the specific part. The algorithm
does not impose restrictions on their numerical val-
ues within the accuracy capabilities of the CMM
used.

After performing the specified preparatory op-
erations, the measurement algorithm according to
Figure 2 is implemented.

The given numerical requirements (warm-up
time, probe diameter, temperature gradient) are sub-
stantiated by the results of preliminary experiments
at the enterprise and guarantee repeatability of mea-
surements.

Conclusion

An algorithm for controlling freeform surfaces
using a coordinate measuring machine has been de-
veloped. A generalized step-by-step algorithm for
controlling freeform surfaces on a coordinate mea-
suring machine is proposed, including stages from
CAD model alignment to quantitative analysis of
deviations along sections. The algorithm includes
a comparison of two measurement modes — "fast

scanning" for visual assessment and "sectional
scanning'for obtaining high-precision data. A set of
technical requirements (mandatory 30-minute tem-
perature stabilization, calibration of probes using a
ceramic reference ball, etc.) is formulated.

Scientific novelty:

-a two-stage algorithm for controlling free-
form surfaces on a coordinate measuring machine,
combining fast scanning for rejection and precision
sectional scanning for quantitative evaluation, is pro-
posed for the first time;

- a "safety cube" — a software limitation of the
working area that prevents damage to polished sur-
faces (no analogues found in the literature) — has
been developed and formalised;

- quantitative requirements for temperature
stabilisation (30 min) and probe adaptation time
(15 min), as well as for the probe diameter (0.5-
1 mm) to minimise errors on steep areas, have been
established.

The algorithm is intended for use in high-tech
industries producing compact optical systems: from
medical endoscopes and wearable electronics (smart
glasses) to space remote sensing systems and lidars.

Further development of the algorithm may
be associated with automatic adaptive assignment
of the section density depending on the local curva-
ture of the surface, as well as with the integration
of non-contact optical sensors for preliminary topog-
raphy assessment.
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