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Abstract

A diffractive optical element (DOE) based sensor was applied to investigate
optical surface quality of two different commercial laser print papers before
and after printing of red, green and blue colour ink. The DOE sensor
provides simultaneously information on both reflected and transmitted light,
whereas a spectrophotometer, which was applied as a corroborative method,
yields non-simultaneous information about the total reflection and
transmission from the samples. The DOE sensor images were analysed and
information concerning the local anisotropy of the paper was obtained. The
border between a colour print and non-print was also investigated using the
DOE sensor and a microdensitometer. It is proposed that the DOE sensor
provides better resolution of the border than the microdensitometer.
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1. Introduction

Traditionally paper is subject to mechanical testing which
includes strength and roughness of paper. Various mechanical
testing methods are defined in TAPPI standards. An interesting
new technique for the assessment of the elastic properties of
paper is based on laser ultrasonics [1]. There are various
optical properties such as colour, opacity, brightness and gloss
that are important in paper making and affect the final paper
quality. The surface roughness of paper affects the reflectance
and scattering of light from the paper surface and thus has a
contribution for example to the quality of print on a paper [2].
For example, the gloss of paper strongly depends on the
surface smoothness or roughness of the paper. In practice,
parameters given by Kubelka-Munk theory [3, 4] specify
the optical material and scattering properties of the paper.
Light propagation in paper is typically a multiple-scattering
phenomenon due to the complex nature of paper structure.
Advanced light scattering models of paper require knowledge
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of the optical constants of the scattering particles such as
fibres, fines and fillers, their aspect ratios and also particle
package density. This complexity of parameters leads to the
growing need for sophisticated tools capable of measuring
accurate information on paper quality. Also, the anisotropy
introduced by the papermaking process between the machine
direction (MD) and cross-machine direction (CD) has its own
influence on the optical spectra and on the spatial distribution
of the scattered light intensity on the detection plane 5, 6].

As concerns the detection of print quality of paper
various optical methods have been introduced for quality
inspection. These include the traditional Chapman method [7],
which involves determination of the contact area between
paper and printing surface without ink, dynamic smoothness
measurements of papers and print unevenness by laser
beam reflection and microdensitometer [8] and confocal
laser scanning microscopy [9]. Investigation of gloss and
colour of paper prints has been also an important topic of
research [10,11].
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Our ideas on measurement of paper and print quality
are based on the use of machine vision and intelligent
optical sensors. In this paper we apply a diffractive optical
element (DOE) sensor to the investigation of laser-light
interaction with commercial paper before and after laser
printing with colour ink. The DOE sensor has already been
successfully used in the observation of optical surface quality
of paper [12], print quality of black ink [13] and sensing of the
surface quality of coated paper [14]. Also, it has been observed
to be effective in other areas of material inspection [15, 16].
When ink has been printed onto a paper surface, the optical
properties of the paper usually change on the area of the
ink [17]. Using the image data provided by the DOE sensor,
we detect the anisotropy of the surface roughness and also
the specular reflection and transmission of the laser light from
the print area. Here we measure also the spectral reflectance
and transmittance of paper samples using a spectrophotometer
(with an integrating sphere), and specify the three used laser
print colours (red, green and blue). Finally we investigate
the borders of the ink prints with the aim of determining the
resolution of the DOE sensor when a microdensitometer is
used as a corroberative method.

2. Theory of the DOE sensor

The imaging properties of the DOE sensor obey the laws
of hologram imagery [18, 19]. The perfect reconstructing
wavefront that diffracts from the present DOE forms a 4 x 4
light spot matrix in its focal plane as shown in figure 1. Using
the theory of DOE sensors [20], we calculated the maximum
radius of the deviation (SD) for a single spot in the image
plane as shown in figure 2, when the diameter of the beam
waist at the back surface of paper is evaluated at values of 0.2
and 1 mm. The optimization of the imaging properties can be
performed following the procedure described in detail in our
earlier work [21]. Thus, it is possible to avoid the overlapping
of the intensity distributions of individual light spots in the
DOE image.

The DOE, which was calculated by using the Rayleigh—
Sommerfield diffraction integral [22], was an on-axis binary
amplitude hologram and its transmission was adjusted to 50%.
It consisted of a square array of 4 x 4 equispaced points as
objects. The size of the DOE aperture was 4 mm x 4 mm
and the focal length was 100 mm, while the distance between
nearest adjacent spots in the focal plane was 125 um, when
the mean distance variable of reconstruction R, was at infinity.
High quality of the DOE was ensured by the use of an electron
beam writer in the fabrication process of the present element.

3. Experiments and discussion

The paper sheets under investigation consisted of several
sheets from two different types of commercial laser print
paper with weight of 80 g m™~2. We measured the total
reflectance (R) and transmittance (7') of all paper samples in
the wavelength range 200—-850 nm by using a Perkin Elmer 118
spectrophotometer and SRS-99-020 white reflection standard.
The diameter of the circular aperture of the spectrophotometer
was 22 mm during the measurements. - The uniform quality
of each paper sample was verified by making measurements
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Figure 1. The setup of the DOE sensor. The wavefront (1) from a
laser propagates through the beam splitter (BS1) onto the surface of
the paper sample (S). The reflected and transmitted light
components are guided with beam splitters (BS1 and BS2) to the
DOE aperture in the hologram plane (x,~y; plane), which diffracts
the light components into the focal plane (x;—y; plane), where the
CCD camera is located.
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Figure 2. The maximum deviations of a single spot in the image
plane as a function of mean distance R, for diameters (1/¢?) of a
scattering pattern of 0.2 mm (full curve) and 1 mm (broken curve) at
the back surface of a 0.1 mm thick paper sample.

from several different locations before printing of ink. From
figure 3 one may observe that the total responses for reflectance
and transmittance measurements have a very high degree of
uniformity for the same type of paper sheet. Even between
two types of paper sheet the difference in spectral response is
relatively small. The only considerable difference is in the UV
region where the fluorescence from paper is generated [23].
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Figure 3. The mean reflectance R and transmittance T for paper samples of () type 1 and (b) type 2 (full curve). The standard deviation of
reflectance and transmittance of the 36 spectra as a function of wavelength A is represented around the mean responses (broken curve).
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Figure 4. The mean (a) reflectance R and (b) transmittance T as a function of wavelength A for paper samples printed with red, green and
blue colours for type 1 paper (full curve). The responses for type 2 paper are shown in (c) and (d), respectively (full curve). The standard
deviations of reflectance and transmittance of the 18 spectra are represented around the mean response value (broken curve).

The fluorescence is caused by optical brightness agents, which
are used in some papermaking processes [24].

Next, we printed red, green and blue ink on each
sample paper and specified the colours used in the RGB print
with spectrophotometer measurements. The square area of
print entirely covered the aperture of the spectrophotometer.
In figure 4 the reflectance and transmittance spectra for both
types of paper sample are shown. From figures 3 and 4 it is
easily seen that the reflectance spectrum between white paper
and paper printed with red ink are nearly the same in the
wavelength range 630-850 nm. The same observation can also
be made for the transmittance spectra. The fluorescence effect

at wavelengths smaller than 400 nm is greatly diminished by
printed ink.

Each sample was analysed by the DOE sensor shown in
figure 1. We used a 17 mW linearly polarized HeNe-laser
beam (A = 632.8 nm), which was incident on the surface
of the paper sample where the diameter of the beam waist
was approximately 1 mm. Both reflected and transmitted
wavefronts were simultaneously guided by beam splitters
(BS1 and BS2) to the DOE aperture. The DOE itself was
located 100 cm (= R.) from the paper sample. The reflected
and transmitted wavefronts were diffracted through the DOE
aperture and focused onto different locations on its focal plane
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where a CCD camera was located. In other words, images of
the reflected and transmitted light are captured on the chip of
the CCD, i.e. there is no objective lens. The scattering caused
by the paper sample will change the wavefront from that of the
perfect wavefront. The distortion of the wavefront results in
the deformation of the image of the 4 x 4 spot matrix in the focal
plane of the DOE. The deformed image patterns were analysed
by a personal computer. With this kind of setup, where the
DOE is used in off-axis reconstruction, the wavefronts are
diffracted into separate locations of the focal plane without
overlapping as we have shown in our earlier work [21].

We measured the paper samples before printing of colour
ink from several locations with the aid of a linear translation
stage controlled by a micrometer screw translation unit. The
DOE sensor images were analysed by determining the mean
intensity from a square area around each intensity peak in the
4 x 4 light spot matrix. The mean intensities of minima
between the intensity peaks were calculated from areas of
the same size.” The size was defined so that there was no
overlapping between minimum and maximum regions. We
determined the visibility of the light spots in x; and y; directions
of the image plane. ‘The visibility values V; were calculated
from the formula

. Imax - Imin,j
Imax + Imin.j

4 M
where Inax is the mean of 16 intensity peak areas and Iy, j iS
the mean of the minimum areas between the intensity peaks
in the j direction. Here j denotes the image plane direction
x; or y;. From equation (1) it follows that the visibility value
varies in the range from zero to unity. The orientation of paper
samples was fixed so that the x; direction coincided with the CD
and the y; direction coincided with the MD. We observed that
the light spots in reflected and transmitted DOE sensor images
are more broadened in the MD. This leads to the growth of the
term Inmin,; in equation (1), which lowers the visibility value
in the MD. This difference between the MD and CD results
from the fact that the angular distribution of light is larger
in the direction of the paper machine. In papers there exists a
preferential fibre orientation in the MD [5,6]. The DOE sensor
is capable of sensing the difference between MD and CD, as
observed by Sorjonen et al [13]. The results of the DOE sensor
measurements before printing of ink are shown in table 1.
The next step was to examine the paper samples with
the DOE sensor after printing of colour ink. The same
DOE sensor setup was used as in figure 1 and measurements
were made from exactly the same sample locations as earlier.
The results are shown in table 2. First, we observe that
there exists hardly any change in the DOE sensor images
after printing of red ink. This is verified for both reflected
and transmitted images. Neither the mean intensity values
of peaks (/max) nor the visibility values in MD (Vmp) or
CD (Vcp) exhibit any significant difference. This is caused
by the negligible difference in reflectance and transmittance
between white paper and paper printed with red ink at
the used wavelength of 632.8 nm. This is in agreement
with the spectrophotometer measurements shown in figures 3
and 4. Also, the I, values for all print colours are
in good agreement with spectrophotometer reflectance and
transmittance measurements. This is also noticed from the
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correlation values R% = 0.970 and R% = 0.973 for type 1
paper, and for type 2 paper R,z? = 0.976 and RZ = 0.974.
However, the DOE sensor images from paper samples printed
with green and blue ink showed different kinds of distribution
in the image pattern. The visibility values have changed
drastically from the case before printing of ink. It seems that
the ink on the surface of the paper and the ink absorbed on
the paper influence the reflected and transmitted wavefronts
of light. As an example, in figure 5 are shown the reflected
and transmitted DOE sensor images and their intensity plots
in the MD and CD for a paper of type 1 printed with green
ink. The visibility values for the light spot images in MD
(Vmp) and CD (Vp) in figure 5 were calculated to be 0.18
and 0.27 for the reflected image and 0.13 and 0.20 for the
transmitted image, respectively. From figure 5 and the results
of table 2 we clearly see that the differences between Vyp
and Vp values are distinctively smaller than they were before
printing of green and blue ink. So, in this case the printed ink
smoothes the difference of spatial distribution between the MD
and CD.

Finally we focus our interest on the ink borders. For this
purpose the borders were scanned with a Joyce Loebl 3CS
double-beam microdensitometer. The width and height of the
rectangular aperture was 50 and 150 wm, respectively, and the
width of the aperture was set parallel to the scanning direction.
As an example, in figures 6(a)—(c) are the microdensitometer
scans made for type 1 paper sheet. Here it should be noted
that the transmittances are not directly comparable to the
spectrophotometer transmittances since the microdensitometer
uses a white-light transmission.

Furthermore, the DOE sensor was used for the inspection
of ink borders. The setup of the DOE sensor was the same as
shown in figure 1, except the laser beam was focused by a lens
(f = 200 mm) onto the surface of the paper. The diameter of
the focused beam waist incident on the surface of the paper
sample was calculated to be 160 4m at the 1/e? level. With this
setup DOE sensor images were grabbed at 100 um intervals
over the ink borders. The visibility values Vyyp and Vcp were
calculated from the image sets and the results are shown in
figures 6(d)—(i). Due to the distance of the scan intervals and
the width of the beam waist, the effect of the actual ink border
on the light scattering can be distinguished on two grabbed
images at maximum. Since the diameter of the beam waist
was now considerably narrower, the spot deviation in the image
plane is very small. Thus the overall visibility values are higher
than before the use of a focusing lens.

In the case of red ink, we are not able to distinguish the
ink border in either reflected or transmitted images. This was
expected from the earlier spectrophotometer measurements.
However, the green and blue ink borders are clearly seen
as the visibility values diminish considerably. This means
broadening of the intensity peaks in the 4 x 4 light spot image
in both x; and y; directions. If we examine the difference
in the visibility values between the MD and CD, we see that
there is only a distinguishable difference in reflected images.
Since the beam waist was focused to a much smaller area,
the difference is not seen in transmitted images. This may
be caused by the multiple scattering through the paper. In the
case of reflected images from green and blue ink, we see clearly
how the ink smoothes the difference in the spatial distribution



Design note

() (©)
150 150
50 100 100
100 50 50
150 0 0

50 100 150 ©0 50 100 150 O 50 100 150

(d) (e) ()
150 150
50 100 100

100

150

50

100

50 | ‘ I 50 ’ |
0 0

150

50 100 150

Figure 5. The 4 x 4 spot images obtained using the DOE sensor setup of figure 1 for a type 1 paper sample printed with green ink.
Reflected (a) and transmitted (d) images and their corresponding intensity plots (&) and (e) parallel to the MD and (c¢) and (f) parallel to the
CD. The numbers shown on the axes of the images and horizontal axes of plots are pixel numbers for distance, whereas numbers on the
vertical axes of plots are for intensity on an eight-bit grey scale.

Table 1. Intensities and visibilities of the DOE sensor images for paper samples before printing of ink. Here the results are mean values for
all samples. Iy is the mean value of the intensity peaks on an eight-bit grey scale, Vup and V¢p are visibility values in the MD and CD,
respectively. The subscripts 1 and 2 in reflected (R) and transmitted (T') modes denote the measurements made from two opposite sides of

the paper. The standard deviations are denoted by the A-term. .

Ry £ AR, Ry £ AR, T+ AT, £ AT

Paper #1

Tnax 78774894 75.174+:7.00 49.53+6.20 52.2616.16
Vep 0344+0.04 033+0.04 038X£0.05 038005
Vmp 0.19+006 0.20+0.06 022+0.07 0.23£006
Paper #2 .

Inax 78.64 +8.60 82.483+£874 50.14+7.16 50.73+6.62
Vep 034+0.06 0344004 038£005 038+0.05
Vmp 0.19+0.06 0.224+0.08 022+008 0.2140.07

Table 2. Intensities and visibilities of the DOE sensor images for paper samples after laser printing of red, green and blue ink. Here the
results are mean values for all samples. I is the mean value of intensity peaks on an eight-bit grey scale; Vump and Vp are visibility values
in the MD and CD, respectively. The subscripts 1 and 2 in reflected (R) and transmitted (7°) modes denote the measurements made for
paper types 1 and 2, respectively. The standard deviations are denoted by the A-term.

Ry £ AR, T £ AT, Ry £ AR, T, £ AT,
Red: Imax  79.91+£8.94 4731+5.15 79.29+£8.07 44.72+6.52
Vep 034+0.04 037+£0.04 033£005 0.341£0.06
Vup 0224006 021+£006 022+0.05 0.23+0.06
Green: Imax 25.01£3.03 1958+ 1.88 23.17+£246 18.85+1.77
Vep 0.254+0.05 020+0.04 022+£005 0.20=+0.03
Vup  0.18+005 0.134+0.04 0.18+£0.05 0.10+0.04
Blue: Ipax 7.40 £1.05 8964126 698+1.26 8.70+£0.99
Vep 0.26+0.04 0324007 025+0.05 0.34%0.05
Vup 0194006 0.23+006 0204006 0.19+0.06

of light scattering from the paper surface. The visibility values  sensor images are shown in their maximum variation range.

in the MD and CD are nearly the same.

In figure 6, the

We see that the DOE sensor is considerably more sensitive in

data obtained from microdensitometer scans and from DOE distinguishing the ink border.
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Figure 6. Microdensitometer scans for a type 1 paper sheet. The ink border of (a) red, (b) green and (c) blue colour as a function of
measuring distance d. In (d)—(f) are shown the corresponding visibility values of reflected DOE sensor images. The visibility values for
transmitted DOE sensor images are shown in (g)~(). The visibility values in the MD and CD are denoted by a star and an open circle,

respectively.
4. Conclusions

The DOE sensor was observed to be capable of sensing the
anisotropy of the print paper between the MD and CD. The
magnitude of anisotropy is possible to draw out from reflected
or transmitted wavefronts of laser light that scatter from paper.
It was also observed that the (R, G and B) colour print inks
had influence on the reflectance, transmittance and optical
anisotropy of the print paper. The intensity of the DOE
sensor images showed correlation to spectral reflectance and
transmittance of light from print paper as expected. The
visibility of the DOE images revealed higher values in the
CD. The visibility values of the images taken from the paper
sample with print ink indicated lower values than those taken
from the areas of paper without ink. Moreover, the difference
in visibility values between the MD and CD was significantly
smaller after printing of ink. This may indicate that the ink
will match the refractive index of print paper, affecting uniform
scattering of light from the structure of paper.

The aims of the use of the DOE sensor define most of
the adjustable parameters such as used laser light wavelength,
beam waist size and the distance of the element from a sample.
The optimization of these parameters helps us to find the best
solution for the inspection of a specific paper material property.
As a final conclusion we state that the phenomena revealed and
investigated by the present DOE sensor may help us to find
novel tools for classification of print quality of paper.
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