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Abstract: Currently most plastic lenses and optical surfaces are still inspected directly by eyes by in-
spectors. In this paper, a Total Internal Reflection (TIR) illumination based dark-field inspection is
analyzed and designed to enhance the visibility and contrast of the defects on the two surfaces of and
inside the plastic lenses, and a lens inspection prototype is developed. Some trial testings have been
conducted with the prototype, and the testing results are compared with those obtained from manual
inspection directly operated by inspectors. The TIL dark-field inspection technique and feasibility to
detect the popular defects of plastic ophthalmic lenses are verified and evaluated.
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1 Introduction

Nowadays plastic lenses' and other high preci-
sion surfaces, are still mostly checked by human
eye. There are very few available in the market
to replace visual inspection. For in-situ defect
inspection of plastic ophthalmic lens, consider-
ing the range of possible defects and the loca-
tions, lens curvatures, contamination on the
lens surfaces and also the cleanliness status, it is
even more difficult to achieve automated machine
inspection with comparable performance, such
as rejection ratio, classification and speed. One
of the key issues comes from the fact that in the
bright field images, the contamination from the
air of the environment is mixed with defects,
and it is very difficult to distinguish them
through image processing. In manual inspec-
tion, operators can easily check and verify the
suspected by cleaning the corresponding area.
However, such manual inspections need a
lot of manpower, which has been becoming more
and more expensive. Moreover the results from
manual inspection are subjective, and are there-
fore not uniform. There has been a lot of re-
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search work done in some research labs“*' and

companies in to this automotive inspection are-
a1, Among this research and development
work, a special optical spatial filtering technolo-
gy'? is proposed and examined in a prototype,
and some integrated technologies combining vi-
sion and image processing, and some combining

laser scattering and statistics analysist®®

were
proposed and investigated. But they could not
used for in-situ testing, and therefore are diffi-
cult to evaluate objectively compared with manu-
al visual inspection. Moreover, the inspection
system based on normal bright and dark-field
lighting all suffer from the same difficulty in dis-
tinguishing defects from dust. If an inspection
machine ignores such an issue and is used under

normal air-conditioning (in fact most lens and

mirrors are manufactured in such condition) in-
stead of high-class clean room, the image-based
inspection result will treat the dust and contami-
nation as defects, and give very high rejection
rate and low yield. Such an in-situ inspection
system will be difficult to use in real applications
and receive acceptance {rom industry.

In the paper, a total internal reflection illu-
mination technique is proposed to suppress the
effect of dust and contamination on the lenses.
TIR based optical defect inspection system is
prototyped and investigated experimentally for
detecting the typical defects inside the lens and
on the two lens surfaces of the lenses, such as
dots, scratches, lints, bubbles, cracks, inclu-
sions etc. It is also evaluated and compared with
manual visual inspection by an experienced in-

spector.

2

Analysis of contaminations and

possible lighting techniques

Through studying the plastic injection process
and analyzing the physical properties, the com-
mon features of defects and contaminations are
as follows:

(1) They are both foreign particles /small
objects on the plastic lenses;

(2) There is no significant difference in the
physical features, such as possible size and
shape;

(3) Both defects will scatter under normal
dark-field lighting.

The different visibility under various illumi-
nation modes of these two particles will be ad-
dressed further in section III. For ease of analy-
sis of the different scattering condition, we cate-
gorize the contamination into two types based on
the distance to the physical surface of the lens:

(1) Type 1. the contamination is floating on
the lens surface; and its distance from the sur-

face is greater than 200 nm (Type I Contamina-
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tion).

(2) Type II. the contamination is stuck/
smeared/ in very close contact on the surfaces of
plastic lens; and the distance from the surface is
less than 200 nm (Type II Contamination).

There are many different illumination tech-
niques for defect inspection. For the inspection
of plastic lenses, the following three potential il-
lumination techniques are described in detail:

A. Bright-field lighting as shown in Fig. 1
has the features as follows;

% Direct illumination method, where the
light source, image sensor (such as CCD) and
the lens sample are placed in line;

% Images show as a bright background ws.
dark defects;

% All contamination and defects are visi-
ble;

% The contrast and visibility of defects are

relatively low.

(b)

(a)Sketch of the bright-field

lighting configuration

(b) A typical image by CCD

Fig.1 Schematic of bright-field lighting

B. Oblique dark-field lighting has the fol-
lowing features, and its principle and mechanics
are shown in Fig. 2;

% Dark background ws. bright defects;

% Enhances all defects, as well as contami-
nation;

* High sensitivity, but surface should be
very clear;

% Popular for available glass and lens in-
spection systems.

C. Total Internal Reflection (TIR) based
dark-field lighting as shown in Fig. 3 has the fol-

(a)Sketch of the lighting configuration

(b) Its principle image
Fig. 2 Schematic of oblique dark-field lighting

lowing features;

% Dark back ground wvs. bright defects;

X

Very high sensitivity for defects;

% Low sensitivity for contamination;

% Most contamination/dusts (Type 1) are
not illuminated;

% Only closely contacted (Type II) are
lighted.

(a)Sketch of the lighting configuration

(b) A principle CCD image
Fig. 3 Schematic of TIR dark-field lighting



2250 e RE LR 919 %
the image.

3 Analysis of scattering scenarios

of a plastic lens

When inspectors observe the images of lenses
obtained with machine vision technology, it is
found that defects and contaminations are diffi-
cult to distinguish. In the image, they are very
similar or even identical in many aspects.

A. Scattering scenarios under normal dark-
field lighting

Scenario 1: The lens to be tested has no de-
fects but has both types of contaminations. It is
found that both types of contaminations scatter

under normal dark-field lighting.
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Fig. 4 Scattering mechanism (left) and principle im-

age (right) of a lens with both types of con-

tamination

Scenario 2: Lens with defects and both

types of contamination

Fig.5 Scattering mechanism (left) and principle im-
age (right) of a lens with defects and both
types of contamination under normal oblique

dark-field lighting

As shown in Fig. 5, small particles— defects
and both types of contamination scatter under

normal dark-field lighting, and can be seen in

B. Scattering scenarios under TIR dark-
field lighting

Scenario 1; There is no defects and no type
II contamination with the lens, no scattering

happens.

Fig. 6 Under TIR dark-field lighting the scattering
mechanism (left) and principle image (right)
of a lens without defects and without type 11

contamination

Scenario 2: some defects and no contamina-

tion,only defects scatter.

Fig. 7 Under TIR dark-field lighting the mechanism

(left) and principle image (right) to be got by
CCD for a lens with some defects and without

contamination

Scenario 3: There are some defects and type
I contamination in and on the lens. Only defects
scatter light.

Most cases will be in scenario 2 and 3, espe-
cially under the following three conditions:

(1) the lenses have just been picked out
from their moulds;

(2) the lenses have been cleaned;

(3) the factory environment is very clean.

Scenario 4: some defects and both type con-
tamination,
and Contamination I

Defects scatter.
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Fig. 8 Under TIR dark-field lighting the scattering
mechanism (left) and principle image (right)
for a lens with some defects and type I con-

tamination

Fig. 9 Under TIR dark-field lighting the scattering
mechanism (left) and principle image (right)
for a lens with some defects and both types of

contamination

Cleaning for Contamination II is necessary. Be-
fore have a complete cleaning, many real lenses
such a scenario.

Scenario 5: many defects and both type con-

taminations

Fig. 10  Under TIR dark-field lighting the scattering
mechanism (left) and image (right) are ob-
served by CCD for a lens with many defects

and left both types of contamination

Defects and contamination all scatter. It is
because the scattering light from the defects
lights up the Type I contamination. It is a very

rare scenario. Cleaning for both types of con-

tamination is necessary. This case happens only

when there are many defects in a lens.

4 Analysis

From the detailed illustration of the possible
scattering scenario of the plastic lenses, we can
conclude that, for the most practical scenarios,
TIR dark-field lighting obviously offers more ad-
vantages for defect detection, and the obtained
images are less influenced by contamination.
The pros and cons of different illumination tech-

niques are summarized in Tab. 1.

Tab.1 Comparison of three possible illumination

techniques for defect inspection

Direct bright- Oblique dark- TIR dark-

F S
CAUTES  feld lighting field lighting field lighting
Bright back  Dark back Dark back
Image ground ws. ground d
round wvs.
appearance  gray/black vs. bright bg' hll d;] .
ri S
defects defects g crects
1
TE8C T Relatively low  high high
contrast
Sensitivity low high high
Contamination Big: easily All Only
to be detected Small; hard Contamination II
Lighti
s High Medium Low
efficiency
Lighti
1ehting Simple Complicated Complicated
Structure
Complexity low high high

After analyzing and comparing these three
lighting techniques, TIR dark-field illumination
technique is adopted because it can reduce the in-
fluence of surface contamination to the image.

VI. TIR dark-field lighting system and pro-
totype

Functionally, the inspection prototype con-
sists of three systems as shown in Fig. 11: i)
TIR dark-field lighting system; ii) a highly-sen-
sitive machine vision system; 1iii) mechanical
supporting system. TIR dark-field lighting sys-

tem comprises a light source, light and sample-
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Fig. 11 Lens defect inspection prototype

holding mechanics and a power supply as shown
in Fig. 11.

In order to detect the defects located in vari-
ous directions, a quadrangular light source is a-
dopted to achieve quasi-uniform surrounding il-
lumination. As shown in Fig. 12, from the lens
edge the light is coupled into the lens in two di-
rections perpendicular to each other and is reflec-
ted by and propagates within the two surfaces of
the lens. Therefore a total internal reflection
TIR mode dark-field illumination is generated.
The lighting intensity of the light source is ad-

justable for inspection of different lenses.

Fig. 12 Quadrangular TIR lighting system

5 TTesting results and discussions

After several lab testing sessions and in-plant
testing, we found that the developed TIR based
inspection system can greatly enhance the detec-

tion of most (around 90%) defects, such as in-

clusions, lint, bubble, dots, scratch, stain etc,
but is not sensitive to the smaller transparent in-
clusion defects (<C0. 25mm). Around 85% of
results agree well with human inspection. The
microscopy images of some defects are shown in
Fig. 13. At the same time, the inspection proto-
type can offer high sensitivity and repeatability

comparing with human eyes.

(@) A transparent defect (b) Around 290 pum in size

inside 375° lens

.1 1

around 1.4 mm in length

inside —50° lens

() Around 470 pm in length  d) Around 270 pm in 250°

inside 500° lens lens

Fig. 13 Microscope image of some transparent defects

In detail, through the comparison testing
we found that:

(1) Defects were obviously enhanced be-
cause of the dark background;

(2) Under reasonable cleaning ( without
Type II Contamination), all the defects can be
more easily detected;

(3) Some special metal-like defects which
were not found by inspectors were clearly
checked by the developed TIR system. This
means that those defects which were invisible to
human eyes were pointed out by the system, and
their existence was further proved with micro-

scope images as shown in Fig. 14.



LR

ZHAO Li-ping,et al. ; TIR illumination technology for defect inspection --- 2253

(4) Most contamination was not illuminat-

ed.

(a) Around 250 pm (b) Around 310 pm

(c¢) Around 290 pm

(d) Around 170 pm
Fig. 14 Microscope (20X) image of some metal-like defects

We also found some important issues:

(1) Some large dust particles and contami-
nation smeared on the surface (Type II contami-
nations) can be captured by the sensitive camer-
as

(2) It is possible to introduce some errors
while estimating the size, location and shape on-
ly through a single 2D image. That is because a
2D image provides a top view of the defects on-
ly. A 3-D image or 2 2-D images can tell not only
the size and shape of defects, but also can pro

vide more information of the location and posi -
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