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Abstract. An optical method based on laser scattering and optical triangulation for
measurement of surface roughness and micro-displacement measurement is proposed. The
technique allows evaluation of surface roughness and micro-displacement of a specimen
using just one device. The principle of the method and the basic instrumentation design are
described and the validity of the principle is demonstrated by experimental evaluations.
Results show that, for specimens with surface roughne#&sgsn(the range 0.005-0 pm,
displacements in the range300 «m can be readily measured.

Keywords: surface roughness, light scattering, micro-displacement, optical triangulation,
non-contact measurement

1. Introduction 2. Integrated measurement

The importance of accurate measurement of surface roughdn precision engineering measurement, surface roughness
ness and micro-displacement in engineering applications canand micro-displacement measurements, which are based
rarely be overemphasized. In recent years many techniqueon light scattering and optical triangulation techniques
for measuring the surface roughness and micro-displacementespectively, are often conducted using separate apparatus.
have been developed [1-9]. Most of the reported works em- However, these two optical methods involve three similar
ploy techniques that evaluate surface roughness and microprocedures, namely emission, delivery through an optical
displacement separately. However, with the demand on qual-path and detection of light. As shown in figureaj,(
ity and the miniaturization in the precision industry, accurate when a beam of laser is directed onto a rough surface, the
multi-parameter evaluation is often required. For instance, scattered light band would emerge with a reflection pattern
the design and manufacture of engine cylinders for vehicles and light intensity distribution according to rough surface
are never complete without measurement and specificationscattering theory [10]. Optical triangulation as shown in
of key parameters such as the surface roughness and microfigure 1) indicates that the displacemeid) of the object
displacement of the cylinder bore and piston including the can be determined by detecting the displacemermf the
determination of the relative diameter and roundness. Usingimaged laser beam spot on an electro-optical detector [11].
various devices, measurements can be obtained separatelylhe image patterns that are recorded on the electro-optical
However, the separate measuring procedures usually involvedetector include the scattered light band and the specularly
complicated set-ups and are time consuming. reflected light beam, which are used for roughness and micro-
This paper describes an optical technique for measuring displacement measurement respectively. These two image
the surface roughness and micro-displacement of a specimerpatterns have different light intensity distributions. The
by using an integrated set-up. The method is based onscattered light band is reflected over an area with scattered
laser scattering and optical triangulation and the results showangle from—x/2 to 7/2 [12]. However, the specularly
that simultaneous measurement of the surface roughness antgflected light beam is similar to a laser beam with a

micro-displacement of a component can readily be carried Gaussian distribution and, depending upon the magnification
out. of the optical set-up, is distributed over a small area. The
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Figure 1. (a) Light scattering from a surface with roughness.
(b) Optical triangulation for measurement of micro-displacement.

simultaneous measurement of surface roughness and microFigure 2. A schematic diagram of the optical path for
displacement would necessitate an optical set-up to direct atriangulation.

laser beam onto a specimen surface and subsequently record

the light scattering band and the specularly reflected light

beam. A linear photodiode would be suitable for recording P = I,-/ Do ©)

the light intensity distributions. =

wherei is the diode array number of a linear photodiode array
detector,P; is the normalized scattered light intensity at the
ith diode, I; is the intensity signal level of thah diode,i

is the mean intensity value of the diode array anid an
optical constant based on the geometrical-optical parameter.
Itis important to acquire as much scattered light as possible.
The relationship between scattered light and surface This can be achieved_ by using an optical lens with as small
roughness has been studied widely [13-15]. As shown &1 F number as possible.

in figure 1@), when a collimated laser is directed on a

rough surface, light is scattered on two sides of the specular3.2. Micro-displacement measurement based on optical
direction. For smooth surface corresponding to a small triangulation

R, value, the intensity of the specularly reflected beam
would be higher with relatively less scattered light. A
direct calculation of the standard roughness value from the
scattered light intensity distribution is difficult since precise
knowledge of the electromagnetic boundary condition is
required. The parametric method is an effective way of
determining the surface roughness indirectly [16]. In this
paper, we utilize a characteristic val# developed by
Brodmann and Gerstorfer [17] that has a direct correlation
to the surface roughness parameRgr The scattered light tand = d/f (4)
intensity distributions, can be described by

3. Principles of the methods

3.1. Surface roughness measurement based on light
scattering

As shown in figure 2, a collimated laser beam at a distance
d from the optical axis is directed through lens 1 at point A
on a test surface placed at the focal plane of lens 1. The light
beam reflected from point A passes through lenses 1 and 2
and falls on point Aon the photodetector which is located at
the focal plane of lens 2. The light beam displacemegiain

the detector corresponds to a deflectiaof the test surface.
Using the geometrical relation, we obtain

whered is the incidence angle of the laser afids the focal

S, = K2 Xn:(i _2P, (1) length of lens 1. When t_he test sqrface_ is d_isplaced from
~ plane 1 to plane 2 by a distandgpoint A is shifted to A
with its corresponding image at;fon the detector. From
n geometry, the distancéA; can be written as
i=YiP (2)
i=1 AA, = 25tand 5)
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Figure 3. The optical set-up.

The displacemeni\ on the detector corresponding to the wherel; and I, are the laser beam intensities detected by

displacementi A; can be obtained as two photodiodes of the photodiode arral; is a constant
related to the amplification of the processing circuit. Using
A =BAA; (6) equation (8) the micro-displacementan be determined.
whereg = f»/f1 represents the total magnification of lens 1
and lens 2. On combining equations (4)—(6), we have 4. The optical arrangement
A= j:2d7ﬂ8 @ The optical arrangement is shown in figure 3. A laser
f beam emitted from a laser diode (power 3 mW, wavelength

A = 780 nm) is collimated by a graded-index fibre. The
collimated beam emerging from the fibre passes through a
polarizer whose axis of polarization is in thédirection.

The beam is then divided into two beams by beamsplitter 1
(reflection factor 30%). One of the beams is reflected by a

where the ‘+" and =’ signs correspond to displacements
towards or away from the optical axis respectively.
Equation (7) indicates that there is a linear relationship
between the deflectiord) and the light beam displacement

(A) on the photodiode array located at the focal plane of \ ’ 8 } .
lens 2. Since the photodiode array has a relatively large 9nt-angle prism placed at a distant&om the optical axis

pixel size, there is a limitation on determinigaccurately. of Ieﬁs 1_ anq is direct_ed 6_1“6/2 plate, which allows IaS(_er
To locate the centre of the light beam on the detector, two Polarization in they-direction. The laser beam emerging
separate photodiodes in the photodiode array are used. ATOM thex/2 plate passes through beamsplitter 2 and lens 1

change in signal of the photodiodes would indicate a changeand i; directed at an incidence anglento the test surface.
in displacement of the test surface. The output sighal The light beam reflected off the test surface passes through

from the photodiode array is given by lens 1, lens 2, beamsplitter 2, analyser 1 and finally onto the
photodiode array located at the focal plane of lens 2. It should
Sy =K L—1 ®) be noted that only light beams polarized in thelirection
L+ can pass through analyser 1. This arrangement ensures that
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one obtains a good signal-to-noise ratio for measurement of
the displacement. Ra (um)
For surface roughness measurement, the beam polarized
in the X-direction emerges from beamsplitter 1, passes Figure 5. The relation ofS, versusr, .
through beamsplitter 2 and is directed at the test surface along
the optical axis of lens 1. The scattered light field from the 0121
test surface with a scattered anglés captured by lens 1. .
It is then directed at analyser 2 after being reflected from 2 0084
beamsplitter 2. Since analyser 2 has its axis of polarization 2 '
in the X-direction, only scattered light with direction of o
polarization in theX-direction can pass through analyser 2 0.04
before being recorded by the photodiode array. From the
intensity of the scattered light, th§, value related to the
surface roughness can be calculated. 0 r r "
It should be noted that each analyser in the optical set- 0 0.04 0.08 0.12
up can be rotated along its optical axis separately. This
would allow adaptation of the analysers to changes in the R (Hm), x

polarization of the incoming laser beam resulting from the )
reflection/scattering from the test specimen. The recorded Figure 6. A comparison of results of the present methejignd
- . .the stylus profilometer method .

signals are processed using a computer connected to a multi-
channel switching box, an amplifier and an analogue-to-
digital converter. In the signal processing, the background
noise introduced by the laser speckle from the optical
components in the set-up is separated from the real signal
by subtraction of the initial recorded readings from the final
readings. The experimental set-up is shown in figure 4.

For the flat ground surfaces witk, in the range 0.1-Lm,
thes, versusrR, relation is non-linear and the rate of increase
of S, decreases aR, increases. This indicates that the
sensitivity of the method decreases as the roughness value
increases. Note that, due to differences among machining
processes, the specimens with = 0.1 um have different
S, values [4, 12]. Hence, using the corresponding relations of
5. Results and discussion S, versusk, as described in (i) and (ii), the roughness values
R, of lapped and flat ground specimens can be determined.
In total 16 specimens with lapped and flat ground surfaces Figure 6 shows a comparison of the results obtained
were tested. The surface roughnesg®g 6f the specimens  with the proposed technique)(and the conventional stylus
that were in the range 0.005+1m were also measured profilometer methody) on lapped surfaces with roughnesses
separately using a conventional stylus profilometer. (R,) in the range 0.005-0 um. It can be seen that there is
The scattered light intensity distribution, which is excellent agreement between them and the relation (using
expressed by, using equation (1), is correlated to the surface the least squares method) is given py= 1.06x with a

roughnessk, as shown in figure 5. The relationship §f correlation coefficient of 0.999.
versusR, for R, in the ranges 0.005-0.1 and 0.1xh may The relationship of, versus the micro-displacemeht
be fitted using the following empirical equations: obtained from equations (7) and (8) is showninfigure 7. ltcan

be seen that there is alinear relationship betwseands for

values of§ inthe ranget300um. ForR, > 0.1 um, thereis
~0.999 (for 0005um < R, < 0.1 um); and o arelatively lower rate of increase §f with §. This indicates

(ii) S, = 16.76In(R,)+91432withacorrelation coefficient 5t the sensitivity of the method decreases as the roughness

of 0.988 (for 01 um < R, < 1 pum). value increases. For roughnessesRyf < 0.1 um, the

It can be seen that, for the lapped surfaces, there is a linearelationship ofS, versuss may be fitted using the following

relation between the scattered light intensity distributipn empirical equation:

and the surface roughnegs (in the range 0.005-0 um). (iif) SA = 3.375 with a correlation coefficient of 0.999.

(i) S, =98504R, +0.478 with a correlation coefficient of
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Figure 7. The relation ofS, versuss.

6. Concluding remarks

(5]

We have developed a new method for integrated measurement[©]
of surface roughness and micro-displacement using a
single optical set-up. Since surface roughness and micro- [7]
displacement measurements involve similar procedures such

as light scattering and triangulation, they are combined in
a compact optical set-up using the same light source and 8

recording medium. Using the proposed technique, these two [9]
parameters can be determined simultaneously. Results show

that the relationships of, versusR, and S, versuss are

(10]

linear. Using the proposed technique, micro-displacements

of upto+300um can be determined. However, its sensitivity

decreases with increasing in surface roughness. The resultéll]
suggest that the proposed technique is suitable for integrated
measurement of surface roughness and micro-displacementi12]

using a single apparatus.
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