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auryna Šiaudinytė a,⇑, Vladas Juška a,b, Vytautas Dumbrava b, Darijus Pagodinas b, Domantas Bručas a,
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a Vilnius Gediminas Technical University, Institute of Geodesy, Sauletekio al. 12, LT-10223 Vilnius, Lithuania
b Kaunas University of Technology, Dept. of Electronics Engineering, K. Donelaicio g. 73, LT-44249 Vilnius, Lithuania 
c City Graduate School, City University of London, Northampton Square, London EC1V0HB, United Kingdom
Keywords:
Encoder disc
Non-contact roughness measurement 
method
Surface parameter determination 
Optical disc
CD reading head
a b s t r a c t

Non-contact surface measurement methods as well as roughness parameter determination methods are
analyzed in the paper. While most of the modern non-contact surface inspection methods require
advanced instrumentation and a big budget, this study looks into a novel approach to non-contact enco-
der disc roughness measurements by using the proposed system attached to the rotary table with an
implemented optical disc pick up head and the reference angle encoder. Application of a conventional
optical disc laser reading system resulted in a cost effective and compact solution for a non-
destructive angle encoder disc surface inspection. Assets and shortcomings as well as detailed analysis
of the measurement procedure are explained in the paper. The experimental setup and the measurement
results are presented within this article.
1. Introduction

The evaluation of surface roughness is a very important proce-
dure in the field of optics and precision instrumentation, and is
very valuable in other areas of engineering and medicine. Surface
roughness is one of the main quality inspection features which
are essential to know when the mechanical treatment of various
components in industry or in the laboratory is performed [1–3].
A knowledge of surface parameters is relevant not only when the
better operation of many automatic mechanical systems is consid-
ered, but also for a specific purpose such as using object surface
scanning as a measurement technique.

All surface roughness measurement methods may be classified
in two main groups – contact based and non-contact based meth-
ods. Sometimes the combination of both types is used for measure-
ments [1,3]. One of the contact methods that has been regularly
used for many years is the mechanical stylus method. However,
it has a number of disadvantages such as limited lateral accuracy
(which is restricted by the radius of the nib), typically exceeding
2–5 lm [4]. The other major disadvantage is that the mechanical
contact required may be a cause of a surface scratching and for
valuable objects this is unacceptable. Further, this familiar method
has low measurement speed and is difficult to automate. Achieving
higher accuracy measurement with the contact method is limited
by the noise generated by the measuring system. In spite of this,
there are methods [5,6] which use generated noise to determine
the roughness. Noise evaluation is thus important and often used
in non-contact methods for surface measurement. This paper
focuses on the non-contact optical methods in order to avoid many
problems highlighted in the contact approach.

Optical methods are more often used due to their higher speed.
The main optical methods are: profilometry, interferometry,
atomic force microscopy, method of optical correlation, microwave
[7] and laser speckle methods [5,8]. Some of optical methods are
suitable for inspection of the smallest silicon components of
micro-electro-mechanical systems [9]. White light optical interfer-
ometry [9,10] is often the key component in precision measure-
ments due to its relatively small uncertainty and ease of use.
These methods have long been reported as reliable, precise, fast
and do not require any special preparation for the surface mea-
surement to be made. However, the instrumentation itself often
is expensive and this can be a drawback. The optical methods used
together with the online measurement techniques are able to
ensure roughness measurement in the range of 0.025–1.6 lm.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2019.107299&domain=pdf
https://doi.org/10.1016/j.measurement.2019.107299
mailto:lauryna.siaudinyte@vgtu.lt
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http://www.sciencedirect.com/science/journal/02632241
http://www.elsevier.com/locate/measurement
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Fig. 1. Surface roughness parameters of the profile.

Fig. 2. The schematic view of the optical focusing system.
Such methods are more stable in comparison to the contact-based
stylus method and minimize the potential for damage [11]. The use
of interference microscope for surface roughness measurements
helps to increase the accuracy of up to 0.02 nm [12].

The former research revealed that CD and DVD pick up heads
can be implemented in other measuring systems as a cost saving
solution. Some approaches deal with the application fields such
as accelerometry, profilometry and linear measurements [13–15].
Latest research suggests that CD and DVD pick up heads have a
lot of potential for the instrumentation development in biochem-
istry and biosensing [16,17]. However, it was not applied for the
determination of an angle encoder disc surface quality
measurements.

The aim of this work is to develop and investigate an effective
angle encoder disc surface roughness optical measurement
method designed using a conventional optical disc laser reading
head as one of its application fields. The method offers a number
of advantages: a simplified structure, non-contact measurement
principles and it is a low cost method since the optical head is
widely used and commercially available. Further in this paper
we present the design and main working principles of the pro-
posed system followed by the experimental approach in which
the surface roughness parameters and defects of the samples
are determined. Results as well as their numerical characteristics
are presented and analyzed throughout the paper. The generaliza-
tion and summing up are presented in conclusions at the end of
this article.

2. The design of the roughness measuring system

It is often needed to measure roughness of both large surface
fragments and smaller segments simultaneously. Most of the eval-
uation methods used for surface quality monitoring do not allow
the visualization of the measurement result in three-dimensional
space. However, some of the methods, such as visual or contact
methods do actually enable representation of such information in
three-dimensional space. The use of a laser interferometer allows
to measure the desired characteristics of the surface, but unfortu-
nately the price of such instruments is significant, thereby limiting
their use [10,18].

A novel rotary measuring system was designed in order to
detect defects of the grating shape as well as to determine uneven-
ness and roughness of the encoder disc and its coating. The grating
shape defects can occur due to mechanical damage and dirt.
Unevenness of coating thickness is especially relevant in high res-
olution discs because it creates a spatial distortion of a grating
width and causes an error in angular position setting. The rough-
ness of a grating surface diminishes the possibility of small defect
detection.

There are alternative video methods which fully solve only the
first task and are muchmore complicated in terms of hardware and
software. It can be stated that the method being used in this
research visualizes the disc surface in the X–Z planes. Y-
coordinate is obtained by changing CD head position in radial
direction.

Fig. 1 shows a theoretical representation of roughness and
parameters Ra (arithmetic mean) and Rq (root mean square).

The main integral parameter Ra, the arithmetic average of the
absolute values, is expressed in the following equation [19,20]:

Ra ¼ 1
N

XN
i¼1

Zij j ð1Þ

where N – number of realizations, Zi - i-th measurement amplitude.
Another parameter, the mean square deviation value Rq, can be

calculated using the classical equation:
Rq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

Zið Þ2

N

s
ð2Þ

Determination of these parameters enables us to evaluate the
roughness of the metalized grating of the encoder disc.
2.1. Operating principle

During the measurements, the high frequency component could
provide us with the information about surface’s roughness,
scratches or shape and contrast of the grating. Fig. 2 shows the
structural scheme of a typical CD laser head unit. After crossing
¼ k plate the beam was directed to the beam splitter and the mea-
sured surface, from which it reflected with a 180� polarization
angle shift. Then the reflected beam passed through the cylindrical
lens to the photodiode matrix (Fig. 2) [13].

In the setup, the laser beam was diffracted into 3 beams and
collimated. The central beam had the highest intensity of 50% of
light. Intensity of the side beams was 25%. The matrix consisted
of 6 sectors of which 4 were used for the detection of the central
beam and 2 for the detection of the side beams. The aperture of
the reflected beam depends on the reflection point. Therefore,
the purpose of the cylindrical lens was to change the aperture of
the beams which pass to the detector. In case of the cylindrical lens
absence, the aperture would always have the circular shape. Possi-
ble beam apertures and measurement signals are shown in Fig. 3.

Focused beam had a circular aperture as shown in Fig. 3b. When
the beam is out of the focus, the aperture can change to Fig. 3(a and
c). The operation points of focus error signal (FES) and correspond-
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Fig. 3. Possible photodiode matrix aperture and measurement signals.
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Fig. 4. Structure of the measuring system.
ing focusing apertures are shown in Fig. 3. Hence, beam aperture
changes from different detection signals that are proportional to
the distance from the focusing point. There are two types of signals
which can be used for data evaluation: focus error signal (FES) and
radio frequency (RF) signal data (Fig. 3e). Signals from photodiode
matrix zone are formed according to (3) and (4) equations:

FES ¼ ðSA þ SCÞ � ðSB þ SDÞ ð3Þ

where SA; SB; SC ; SD – photodiode matrix zone signals.
RF signal is obtained according to Eq. (4):

RF ¼ SA þ SB þ SC þ SD ð4Þ
It is clear from Eq. (3) that if the laser beam is in focus, then the

FES signal is equal to 0. RF signal data consists of the sum of pho-
todiode matrix zone signals. In the structure of a typical system the
FES signal with the small zone of the linear change was chosen
(Fig. 3d). In this measurement system we have chosen the RF sig-
nal, which has significantly bigger amplitude and wider linear
change zone with respect to FES signal case (Fig. 3e). Such means
let us enhance the range of roughness measurement and increase
the speed of the surface visualization. The experimental results
are presented further in this paper.

The structure of the measurement system is shown in Fig. 4. The
amplifier was connected to the conventional CD laser head (wave-
length k = 780 nm) unit. In this arrangement, the laser head signals
were fed into the signal amplifier. These signals then became a
subject of an additional signal processing and were forwarded to
the Central Processing Unit (CPU), from which they reached the
computer (PC) for display via an interface. The focus error signal
(FES) used for forming and focusing with the coil control units
was obtained from the amplified signal. The scanning component
used in the system had the electric gear unit replaced by a piezo-
ceramic gear, in order to diminish the vibrations and reduce the
error. This additional channel was narrowband (<300 Hz) and thus
the surface roughness measurement signal had no influence on it.
In addition, the PC was used to control a piezoelectric motor
through the piezoelectric motor drive.

The amplified RF signal from the laser head output was sent to
the measurement and control unit (MCU) for a further processing.
The amplified RF signal was observed using a digital oscilloscope.
MCU analyzes the signal obtained and detects the defects in a grat-
ing shape. This task was handled by a customized algorithm, which
estimated 10 reference points throughout the grating period signal
T, then compared them with the reference item and made a
decision.

Surface scanning device was mounted on a precision rotary
platform with a piezoelectric actuator and aerostatic suspension.
These solutions resulted in a smooth rotation and low vibration
level. The measurement distance was 1.5 mm. Angular position
was monitored using an encoder RON 905, made by Dr. Johannes
Heidenhain GmbH [21].
3. Experimental approach and the results

The experiment of this research provided us with an analysis of
the results obtained using a low cost optical disc laser head as an
approach to obtaining data of surface roughness and unevenness
measurement. The main task of this work was to evaluate the
roughness of the angle encoder disc surface and therefore, before
testing the disc, the system was tested by using two ceramic refer-
ence plates with several surface fractions, typically of 0.3–6 lm
each.

3.1. Calibration using reference plates and roughness calibration unit

Surface scanning has been performed using a precision rotary
platform with a piezoelectric actuator and aerostatic suspension.
The solutions resulting from such work have allowed a smooth
rotation and low undesired vibration level in these measurements.
Angular position was monitored using previously mentioned refer-
ence encoder [21].

Primary calibration of the measuring system was carried out in
both static and dynamic modes. Two different calibration plates
were attached to the rotary platform. Both of them with known
thickness which differ from the reference plate by 8 ± 0.4 mm. Rel-
ative uncertainty of the calibration plate is 5%. Static calibration
procedure is analogous to previously described and shown in
Fig. 4. However, instead of the disc with the grating, the optical cal-
ibration plates were used for this part of the experiment.



The difference between obtained realization average values,
divided by a known difference in thickness (8 mm), provided a
value of the pursued static calibration coefficient (Kst) [mV/lm].

Kst ¼
�V1 � �V2

8
ð5Þ

where �V1 and �V2 were arithmetic means of the calibration plate
measurement results. For the experiment the broadband data chan-
nel was used. The signal was amplified and processed by a simple
home-made circuit. In this case it was important to determine the
calibration coefficients which described the sensitivity of the mea-
suring system in order to transform the signal voltage fluctuations
into the distance displacement.

Fig. 5 represents the results obtained from the measurements of
two plates. The Y-axis shows the output signal voltage and the X
axis represents the measurement points obtained using an oscillo-
scope Tektronix TDS3014B. The results have shown that there were
overall 10 000 reference points. Looking at this closely, in the first
plate, one scratch with a 9.2 lm depth is visible. An average of the
difference in thickness gives the calibration coefficient, Kst = 40.9
mV/lm.

The level of rapid fluctuations (the total noise), was measured
during a movement and is 0.0067 lm, illustrating the surface
roughness. The internal noise level of the measuring system was
determined to be 0.0084 mV. This means that the measurement
of features seen in the sample are almost four times larger than
the base signal level due to the noise.

High frequency component is proportional to the roughness of
the plate and the noise level. It can be determined effectively
through Allan variance [22] calculation:

Da ¼ 1
N � 1

XN
i¼1

Vi � Vi�1ð Þ2 ð6Þ

where Da – high frequency component; N – number of measure-
ments; Vi – i-th measurement value, respectively a total value of
the rapid fluctuation signal. When the platform is rotating, the
resulting dispersion of rapid fluctuations rr

rms and noise rn
rms can

be calculated as follows:

rrþn
rms ¼

ffiffiffiffiffiffi
Da

p
ð7Þ

Usually, after Allan filtration, the plate unevenness component
rt

rms is found. Transfer function module of the filter is:

HA jfð Þj j2 ¼ 2sin4 pTfð Þ
pTfð Þ2

ð8Þ
Fig. 5. Calibration using the reference plates.
where f – signal frequency, T – period of measurement. When T is
changing, it is possible to alter the range of the recorded
fluctuations.

After stopping the platform rotation, the noise component rn
rms

was measured. Table 1 shows the static calibration results of the
measuring system.

During the signal processing (filtering) the random components
rr

rms, rn
rms are significantly suppressed, and the influence of the

unevenness depends on the ratio of spatial wavelength of the
unevenness kt and the length lpl. In the worst case, when the ratio
is kt

lpl
¼ 2, the half wavelength fits in the whole length of the plate.

Then the random error component caused by the unevenness
reaches its highest value with the amplitude DZm ¼ 3rt

rms. The cal-
ibration error in this case was 0,7DZm, and the value of �3r was
equal to ±45 mm.

In order to determine the dynamic calibration coefficient, a sur-
face roughness standard plate OPTC50496 was chosen together
with a portable surface roughness instrument TR200. Fig. 6 gener-
ated by the oscilloscope, shows the obtained signal of the standard
roughness plate. The segments of the beginning and the end of the
plate as well as surface roughness areas are clearly visible in Fig. 6
together with the information about the duration of measurement
and the voltage.

Table 2 shows the measurement results obtained from the sta-
tistical summary of the dynamic treatment carried out as an out-
come of several successful implementations of a series of
measurements.

As RaREF (average roughness amplitude of the reference plate) is
1.6 mm, the value of the dynamic calibration coefficient can be
found as a ratio of average roughness amplitudes of the measured
surface and the reference plate. Since the average roughness ampli-
tude of the measured plate is RaMEAS = 0.041 lm, the dynamic cal-
ibration coefficient was determined Kdyn = 25.6 mV/lm.

As well as static calibration coefficient, dynamic calibration
coefficient depends on how enhanced the treatment process is.
Therefore, they are effective just for a certain realization of the
measurement device.

3.2. Experimental results of the angle encoder disc calibration

The effect of noise in surface roughness measurement is dis-
cussed in publications [6,23]. It is obvious that the result of the
averaging process is to mask the scratches, while the disparities
of the surface can be easily evaluated from the slower changing
view of the result. The distance between these features can
easily be calculated knowing the number of pixels between
them and the length of the section overall. In this case, it is four
micrometers for one reference point where this parameter
depends on the speed of rotation of the platform. If it reduces,
it is possible to obtain a higher resolution in the measurement,
which limits the minimum threshold value of the rotation speed.
Any rotation speed imbalance can distort the scale and such an
imbalance grows significantly when the platform rotation speed
is reduced. Therefore, a compromise between a resolution and
scale nonlinearity was sought and used in this work. In Fig. 7,
surface measurement results of a rotary encoder disc are
presented.
Table 1
Static calibration results.

Static calibration coefficient,
Kst

Noise
rn
rms

Fluctuations
rr
rms

Unevenness
rt
rms

40,9 0.19 0.24 0.22



Table 2
Statistical results of measurement.

Realization Average,
V

Average roughness
amplitude Ra, mm

Roughness
amplitude Rq, mm

1 1.178 0.041 0.049
2 1.180 0.041 0.051
3 1.179 0.040 0.050

Fig. 7. Disc grating surface measurement.

Fig. 8. Signal of the disc grating with defects.
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Fig. 9. The signals of both the reference encoder and the disc under test (lower
frequency).

Fig. 10. Piezoceramic actuator control signal.

Fig. 6. Signal of the standard roughness plate.
The disc grating is visible in Channel 1 diagram of Fig. 7. Chan-
nel 2 and Channel 3 of Fig. 7 show the traces of the envelope of the
disc which represent the thickness of the disparities.

Fig. 8 shows a real signal of the grating with some defects. The
first defect clearly indicates the mechanical damage to the grating
line (point 163), therefore, this disc must be discarded, the second
damage at point 175 indication can be caused by dirty surface.

A customized software was created for the automated detection
and classification of the grating defects. As a reference, for the
angular position determination, the signal of Heidenhain RON
905 encoder was used (Fig. 9).

In this case, the signal of the reference encoder is used to ana-
lyze the grating of the encoder disc under test as well as to deter-
mine the dynamic parameters of the rotary platform. Fig. 10 shows
a piezoceramic actuator control signal. It is obvious that the begin-
ning of the movement (the signal of the reference encoder) is
delayed due to the rotary platform inertia during switching on
and off.

Usually the surface roughness is estimated using an integral
parameter Ra. However, by using the system described in this
paper, it is possible to perform the surface profile evaluation,
which gives more information about the measured surface. A disc
surface profile with a mechanical damage has been chosen to carry
out the experiment.



Fig. 13. The results of the adhesive surface roughness measurement.
The surface defect depth exceeded measuring range of the
device (20 lm (Kst = 49 mV=lm½ �) as shown in Fig. 11. Scratch
width can be found easily because we know the angular frequency
x and rotation radius R.

Profile determination is very important for the surface coating
structure analysis and arrangement of different fraction particles.
A typical example for this is the moisture-repellent coating. The
results for the glass plate coated with a moisture repellent nano-
material grating are shown in Fig. 12. It is evident that the resulting
curve consists of both rapidly changing components and slow
fluctuations.

Slow fluctuations can indicate that the entire plate pattern has
some integral irregularities. The rapidly changing parameters are
better seen within a range of 100 lm as shown in Fig. 13 where
the shown instantaneous roughness peaks are up to 3 lm.

The results demonstrate that the proposed laser surface rough-
ness measurement method enables an effective measurement to
be made even within the range 0.5–1.0 lm. By knowing these
parameters, it is easier to control the consistency of the coating
of materials during the manufacturing process. The surface rough-
ness directly depends on the characteristics of these composite
materials and the proportions of their composition.

Fig. 14a) shows the actual experimental arrangement designed
according to the schematic view showed in Fig. 4. The surface scan-
ning device includes precision rotary platform with a piezoelectric
actuator and aerostatic suspension [24,16]. A laser scanning head,
Fig. 11. Disc surface profile with segments of mechanical damage.

Fig. 12. The results of the adhesive surface roughness measurement.

Fig.14. Surface laser scanning device.
primary photoreceiver and signal amplifiers were placed on the
top of the rotary platform. Fig. 14b) shows an overview of the com-
plete measurement unit.

4. Conclusions

The research undertaken has revealed that it is possible to per-
form an effective surface roughness evaluation, with a good
repeatability, using the optical disc laser reading head. The advan-
tage of such a device is that it can be used during the angle encoder



disc manufacturing process not only for surface quality control but
also, in combination with high-precision algorithms, similar as
described in [25] for the determination of the angular position of
the encoder grating. Furthermore, it can be used for the surface
parameter and imperfection analysis of other textured objects, as
the approach offers a rapid, often preliminary evaluation when this
is required. At the same time the laser measuring system might
also be used for surface coating structure analysis which is hardly
possible to achieve by using other instrumentation. To demon-
strate the efficacy of the device, a calibration procedure has been
described and the results of roughness measurements using the
proposed setup are presented in paper. Using proposed approach
the surface roughness can be measured within the range of 0.5–
20 lm. Since the device does not need a low speed focusing chan-
nel FES, the relatively high surface visualization speed can be
achieved and the surface parameter measurement range can be
increased. Moreover, the level of parasitic vibrations is low because
of the piezoceramic drive used for the system rotation. One of the
main advantages of the proposed setup is that the roughness of the
surface and the angular position of the disc grating can be mea-
sured simultaneously because of the reference angle encoder
implemented into the measuring system.
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