Gloss optical elementary representative surface
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Roughness measurements are of main importance in characterizing the optical properties of papers and
prints. However, there is a lack of knowledge concerning the surface size and the spacing of the measures
to be optically representative of the surface structure. Paper is a multiscale medium, and the roughness
parameters extracted from the three-dimensional (3D) surface mapping depend on both the size and the
step of discretization. Ray tracing, based on optical geometry, could be a tool to model the light reflection
on a paper surface. Ray-tracer software was therefore developed. A new optical device was used to mea-
sure paper surface topographies at various scales. Ray tracing simulations were then performed on the
3D mapping and compared to the scattering indicatrix obtained with a classical goniometer. Hence it was
possible to identify a magnification for various types of paper grades that is optically representative of the

specular gloss.
OCIS codes:

1. Introduction

Paper is a complex composite material. Its structure
and its surface greatly influence its runnability and
its printability [1,2]. The paper surface characteriza-
tion is crucial for understanding light reflection and
scattering that control the level of gloss [3-10]. The
paper surface topography can be described with dif-
ferent techniques, such as air leakage instruments,
stylus technique, or optical devices [11-14] including
scanning electron microscopy (SEM), atomic force
microscopy (AFM), confocal laser scanning micro-
scopy (CLSM), laser profilometer, interferometry,
and chromatic aberration. New optical devices based
on the focus variation technique allow a mapping of
the paper surface with a submicron precision [15] at
various scales. Paper is a multiscale medium, and
the roughness parameters extracted from the three-
dimensional (3D) mapping depend on both the
sample size and the spacing used during the mea-
surement. The aim of this paper is to relate the spec-
ular gloss of paper to a representative size of surface
measured and to predict the paper gloss from topo-
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graphical data. Using a focus variation device
(IFM from Alicona), the paper surface properties of
five paper samples at different magnifications (x5,
x10, x20, x50, and x100) were studied. Thus paper
topography was characterized with surface sizes
varying from 80um x80um with a spacing of
80nm to a size of 1.6 mm x 1.6 mm with a spacing
of 1.6 um. The technology on which the system is
based has recently been included into International
Organization for Standardization (ISO) standards
[16] classifying different methods for surface texture
extraction.

The reflected light is an electromagnetic radiation
operating in the visible spectrum, which interacts
with the surface of an object. The incident light
may be composed of several rays of different distrib-
uted wavelengths. In the case of visible light the elec-
tromagnetic radiation includes wavelengths between
380nm and 780nm. The interaction between light
and the media can be separated into the reflection
by the bulk and the reflection by the surface. The
bulk scattering is an interaction within the thickness
of the material that leads to diffused light [17-19].
The specular reflection is a surface interaction, re-
flecting light in an angle symmetric to the angle of
incidence (in the case of a smooth surface) in respect

10 October 2008 / Vol. 47, No. 29 / APPLIED OPTICS 5429



to the normal of the considered surface. Gloss is
defined by the American Society of Testing and
Materials (ASTM) as “the angular selectivity of re-
flectance involving surface reflected light, responsi-
ble for the degree to which reflected highlights or
images of objects may be seen as superimposed”
[20]. For paper and print media, the bulk scattering
is essential because it is responsible for the color ap-
pearance, as the incident spectrum may be modified
by absorption of some radiations. The specular reflec-
tion preserves the spectrum of the incident light.
Nevertheless, paper gloss is often associated with
high quality and therefore efforts are made to fulfill
customer demands [21]. Concerning the prints, the
level of gloss required depends on the application.
It can be seen as a distortion that may hide the in-
formation intended to be conveyed by the print [22].
The visual perception of gloss has been the object of
numerous studies [6,23,24]. For example, Hunter
[25] identified six different criteria related to the
visual perception of gloss; specular gloss, sheen, con-
trast gloss or luster, absence of bloom gloss, distinct-
ness of image gloss, and the surface uniformity
of gloss.

The factors affecting the gloss and the gloss unifor-
mity of an object are numerous. The illumination
conditions (light source and light intensity) are of
main importance as well as the detection conditions
(detector type and geometry of the system). The sam-
ple parameters (surface roughness and refractive in-
dex) are obviously crucial [5]. The two main surface
descriptors used in the literature are commonly the
root mean square (rms or S, in the case of a two-
dimensional (2D) surface) and the lateral correlation
(or correlation length denoted L.). The surface topo-
graphy, especially the angle between the normal of
the local microfacet and the incident direction, plays
a major role in the perception or measurement of
gloss [26]. The multiple scattering of light on the
surface has also to be taken into account to accu-
rately predict the gloss from topographical measure-
ment [26].

The scattering of electromagnetic waves on rough
surfaces is of main importance in various fields such
as optics astronomy and cosmetics. Nevertheless,
analytical solutions are limited to certain conditions.
In most of the models, height distribution is assumed
to follow a Gaussian curve [27]. However, this is not
the case for paper and print samples. Fractal distri-
bution may also be used [28]. Furthermore, most of
these models applied for a one-dimensional (1D) pro-
file. The main theories of light scattering on a rough
surface are based on the Kirchhoff approximation,
the integral method, the small perturbation method,
the small slope approximation, and the phase pertur-
bation theory [29]. A review of these models was re-
cently published by Hermansson [30]. The gloss level
is analytically associated with the “rms” of the sur-
face considered and either the correlation length or
the power spectrum of the surface roughness. Never-
theless, these models are unable to predict either the
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shadowing or masking effect or the multiple scatter-
ing, which can be extensive for large incident angles
and rough surfaces [13]. Another crucial point is
that paper is composed of different roughness scales
[31]. Hence the values of S, and L, may vary as a
function of the step of discretization and the surface
size of the sample.

Optical geometry through ray tracing could be a
tool to model light reflection on a paper surface.
The numerical technique of ray tracing is implemen-
ted by launching a large number of rays onto the sur-
face, and each ray is traced through its reflections on
the surface until it escapes [30]; Fresnel reflection is
applied to each local point of contact. The geometric
optics approximation to electromagnetic theory was
computed with Matlab. We assume that in case of
paper and paper coatings, the criteria based on the
correlation length, the rms, and the wavelength
are fulfilled [32,33]. Therefore the facet model is
acceptable [34—-36].

The main parameters of this virtual goniometer
can be modified, such as the goniometer geometry,
the intensity of the light, and the spatial positions
of both the receptor and the lamp. Then, ray
tracing simulations were performed on the three-
dimensional (3D) mapping and compared to the
scattering indicatrix obtained with a standard goni-
ometer. Hence it was possible to identify a magnifi-
cation for various types of paper grades, which is
optically representative of the specular gloss assum-
ing the Fresnel reflectance approximation.

2. Material and Method

A. Description of the Topographic Equipment

We used the infinite focus measurement machine
(IFM), which is an optical measurement device that
allows for the acquisition of datasets at high depth of
focus, similar to the SEM.

The main component of this optical metrology in-
strument is a precision optic consisting of various
lens systems. It can be equipped with different objec-
tives allowing measurements with different resolu-
tions. With a beam splitting mirror, light emerging
from a white light source is inserted into the optical
path of the system and focused onto the specimen via
the objective. Depending on the topography of the
specimen, the light is reflected into several directions
as soon as it hits the specimen. All rays emerging
from the specimen and hitting the objective are
bundled in the optics and gathered by a light sensi-
tive sensor behind the beam splitting mirror.

Due to the small depth of field of the optics, only
small regions of the object are sharply imaged. To al-
low a complete detection of the surface with full
depth of field, the precision optic is moved vertically
along the optical axis. A sensor captures a series of
2D datasets during this scanning process. All sensor
parameters are optimized at each vertical position
according to the reflective properties of the surface.
After the scanning process, the 2D datasets are



evaluated to generate 3D information. This is
achieved by analyzing the variation of focus along
the vertical axis. Once all height measurements
are determined, an image with full depth of field
is computed. In this technique, the surface topogra-
phy is measured independently of surface reflectivity
as long as the local brightness lies between the black
and white levels that the camera can handle. The to-
pography is measured from the calculation of the
maximum focusing distance. At the maximum focus-
ing, the distance between the surface and the
objective is always the same for a given objective.
Consequently, every point measured at the maxi-
mum focusing has been acquired using the same
collection angle.

A key characteristic of the system is that it not only
delivers topographical information but also an opti-
cal color image of the surface. The technology on
which the system is based has recently been included
into ISO standards [16] classifying different methods
for surface texture extraction. Five different objec-
tives were used: x5, x10, x20, x50, and x100, giving
a lateral resolution of 1.6um, 800nm, 400nm,
160 nm, and 80nm, respectively. For the x100 and
x50 magnifications, the sampling distance is shorter
than the light wavelength. Hence the lateral resolu-
tion is limited by the light wavelength and specified
to be 400nm. However, the apparent resolution is
160 nm and 80 nm, respectively. The image resolu-
tion is 1024 x 1280 pixels, coded into 16 bits. A typi-
cal measurement takes about one minute.

Parameters are calculated according to the mean
plan. No data treatment is carried out; only the
raw data are treated in order to compare the differ-
ent scales of measurements. Samples were put on a
stage to ensure a good flatness.

The suitability of the paper roughness measure-
ment using the IFM has been recently demonstrated
[37] by comparing the surface roughness obtained
using different devices (such as the air leakage meth-
od and optical and mechanical profilometry).

B. Goniometer

The scattering indicatrix was measured using an
ETA-Optik (now AudioDev GmbH) spectrophotogo-
niometer. The angle of the incident light was 75°
to fit the requirements of the Technical Association
of the Pulp and Paper Industry (TAPPI) standard
as generally accepted for paper gloss measurement.
The working distance is 100 mm, the diameter of the
optical aperture is 2mm, and the size of the measur-
ing spot is 0.7 mm. The source is a 50 W halogen light
with a color temperature of 3000 K. We chose the
wavelength of 550 nm for the measurements.

C. Physical Paper Properties

We chose two commonly used office papers refer-
enced as Q+ and Q-, respectively. These papers
are common office papers: Q+ is assumed to have
a better quality than Q-. We also studied two inkjet
papers, one of high quality (used for photographic

purposes) referenced as Jet+ and another referenced
as Jet—. Finally a coated paper was also analyzed
(referenced as C).

Paper properties (basis weight, thickness and Beck
roughness, PPS and Bendtsen) were measured
(Table 1).

3. Theory

A. Gloss

Gloss is related to the capability of a surface to reflect
light directly [25]. The term gloss includes a large
variety of surface phenomena constituting the
light-reflecting properties of a surface. The most well
known type of gloss, and the one we will focus on, is
the specular gloss. Specular reflectance is defined as
the ratio of the intensity of the reflected beam to the
intensity of the incident beam at a specific angle of
incidence. The angle of incidence, 0, is referenced
to the surface normal.

For isotropic, homogeneous, optically smooth sur-
faces that do not present diffuse reflection and are
essentially nonabsorbing, specular reflectance is only
governed by the index of refraction, the angle of in-
cidence of the light, and the polarization state of the
incident light. For optically smooth surfaces (such as
a mirror), the specular reflectance can be calculated
from Fresnel’s theory [38]:
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where n(1) is the index of refraction at the wave-
length /.

In the case of the paper surface, the rough and an-
isotropic nature of the surface brings tremendous dif-
ficulties to model the specular reflectance of the
paper surface.

Chinmayanadam proposed a modeling relating the
gloss of a surface to its roughness. He assumed that
the elements responsible for the gloss were normally
distributed. Hence he suggested the expression given
in Eq. (2) for the scattered intensity I:

22
I:exp(—Sﬂ cos R)’ @)

p(0,2) =

ar?

Table 1. Physical Paper Properties

Q- Q+ C Jet- Jet+
Basis-Weight (g/m?) 81.2 120.4 114.7 126.8 255.6
Thickness (um) 110.8 124.7 92.0 163.6 273.0

PPS (um) 5.8 32 1.8 3.4 Out of Range
Bendtsen (mL/min) 129.6 25.0 13.9 389 OOR
Bekk (s) 169 109.2 517.1 93.8 >20000
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where R is the view angle, a a constant in m~2, and 1
the wavelength.

Improvements of Eq. (2) were made to take into
account specifically the surface roughness [23,39]:

=0 xp((—‘W)) 3)

where the roughness ¢ is equal to (S,) for Gaussian
distribution, p is the Fresnel reflectance, and I, is the
intensity of the incoming beam light.

Equation (3) has been intensively used. However,
many cases of surfaces with close values of S, but
with different values of gloss were reported [40].

Besides, one of the assumptions adopted in Eq. (3)
is that the surface roughness is smaller than the
wavelength. In the visible range, such a condition
is achieved for only a few types of paper grades
(coated papers or photographic papers, for instance).
Other interesting attempts have been made to apply
modified scattering models on paper surface or sur-

B. Statistical Parameters

S, is a dispersion parameter defined as the rms value
of the surface departures, z, from the local plane
within the sampling area:

where M is a number of points of each profile, and N
is the number of profiles.

To characterize the lateral feature of the surface,
the correlation length was chosen.

The first parameter is the areal autocovariance
function (ACVF) defined as

1
(Lx - Tx)(Ly - Ty)

(Lx_Tx) (Ly_Ty)
/ / 2(x,y)z(x + 7,y + 7, )dxdy,  (5)
0 0

ACVF(z,,1,) =

where 7, and 7, are the lags in the x and y directions,
L, and L, are the profile lengths in the x and y direc-
tions, and z(x,y) is the height at the x, y position on
the surface.

By normalizing the ACVF, the areal autocorrela-
tion function (AACF) is obtained:

ACVF(z,,1,)
AACF ACVF(0,0) )
The correlation length (L,) is the value for which the
AACF is decreased to a factor (1/e) of its value at
zero lag.

As paper surface topography can be anisotropic,
the correlation length is directionally dependent.
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C. Ray Tracing

Optical geometry through ray tracing is a useful tool
to model the light reflection on a paper surface. The
numerical technique of ray tracing is implemented
by launching a large number of rays on the surface.
Each ray is traced through its reflections on the sur-
face until it escapes [30]; Fresnel reflection is applied
to each local point of intersection. For rough surfaces,
the number of contacts of a ray before leaving the
surface typically increases with increasing surface
slopes. Specular (Fresnel) and diffuse (Lambertian)
models are often used in geometric optics. In the
specular model, energy is reflected in the solid angle
region around the specular angle, and the fraction of
the energy that is reflected is found using the Fresnel
equations. In the diffuse model, the energy is equally
distributed in all directions [43].

Tang [32,33,44] studied the accuracy of the approx-
imation function of the normalized correlation /2
and the normalized surface roughness /4 for 2D sur-
faces. He stated that if the two normalized surface
descriptors (r/4 and o/1) are greater than unity
(which is the case for most common paper), optical
geometry leads to accurate results. Furthermore,
in some special cases, the approximation can yield
to an accurate solution even if both parameters
are less than unity. This technique permits a
complete description of the shadowing effect occur-
ring for large angles of incidence. Furthermore, the
multiple scattering on the surface could be easily cal-
culated. Figure 1 presents a schematic representa-
tion of a multiple surface scattering.

4. Results and Discussion

A. Influence of the Magnification on the Surface
Parameters

Figure 2 demonstrates the relation between the S,
value of the paper grade considered and the magni-
fication chosen for the measurement for the objec-
tives x5 x10 x20 x50 and x100. The presented
results are averaged for 20 measurements.

The S, values of the samples considered decrease
with the increasing magnification. In fact, reducing
the field of measurement (while keeping the same
number of points taken into account) acts as a
filter. Only the smallest roughness wavelengths

Reflected
Beam

Incident

Beam ;  Normal of

the point

Tangent of
the point

Fig. 1. Rough surface scattering geometry [44].
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Fig. 2. S, variation versus magnification on five paper samples.

are maintained with the bigger objectives. The S,
evolution of the JET+ sample is remarkable. S,
value can be divided by a factor of 6 from 292nm
(x20) down to 44 nm (x100). This result is fundamen-
tal in understanding the influence of the surface size
and of the step of discretization of the measurement,
in the interpretation of surface roughness results.
The influence of these two factors, sample size and
step of discretization, has been recently studied
[37]. Indeed, measurements on large areas take into
account undulation due to large roughness wave-
lengths created for example during the sheet forma-
tion. But on the other hand, large magnifications
(small area measurements with high discretization)
characterize the microroughness.

B. Three-Dimensional Numerical Goniometer

The geometric optics approximation to electromag-
netic theory was computed using Matlab. The num-
ber of intersections between the rays and the surface
depends on the roughness parameters and especially
on the surface slopes. Typically, the number of inter-
sections increases with the mean slope. For a totally
flat surface, the problem is reduced to the Fresnel
equation since all the energy is reflected in the solid
angle around the specular angle [32]. A virtual lamp
was hence constructed. It consists of a disk with
equally distributed points in the plan direction.
The spacing between the points depends on the en-
ergy to be sent, that is, the number of rays sent on
the surface to be tested. The position of the virtual
lamp regarding the sample can be adjusted around
the hemisphere above the sample plane by regulat-
ing the polar angle 0 and the azimuthal angle ¢.
From all the nodes of the lamp emerge rays that
are sent onto the surface. The direction of incidence
of the rays is expressed as follows:

—

V, =xi +yj +zk, (7)

where

x = sin(go) cos(0), (8)

y = sin(¢y) sin(6y), 9)

z = cos(fy). (10)

The first reflection points are determined by calcu-
lating the intersection of the distributed vectors
emerging from the lamp and the surface. This inter-
section point may not be necessarily a node of the
surface mapping. In fact, the intersection is calcu-
lated by solving the two equations of the projection
of the vectors and the surface in both the xOy and
x0z planes. From the intersection point, the normal
of the local facet is calculated. The direction of the
reflected ray V, is found by using Snell’s first law,
which states that the angle between the incident
and normal vector, 7i, is equal to the angle between
the reflected and normal vector. According to the an-
gle between the incident ray and the normal of the
facet, the energy carried by the reflected ray is deter-
mined by the Fresnel coefficient. The same procedure
is applied to the reflected ray at each reflection until
it leaves the surface.

There are two implemented ways to analyze the
reflected rays. A virtual receptor can collect the rays.
The geometry and the spatial position of this recep-
tor can be adjusted to fit the geometry of real goni-
ometer, to test the influence of the geometry on
gloss results. Another definition of gloss is the frac-
tion of the light that is scattered into a small angular
interval Ad around the specular direction. The spec-
ular direction is noted ®, and according to the pre-
vious definition the acceptable direction to be
considered glossy is 8, = ® £ A#. This last definition
permits one to plot the histogram of the angles of the
reflected rays.

C. Comparison between the Experimental Data and the
Simulated Results

Twenty topographic measurements were carried out
for each paper grade at each magnification. The fol-
lowing setup was then fixed for each ray tracing si-
mulation. 50000 rays were sent onto each measured
surface. Indeed, from the discrete numerical values,
the surface is reconstructed using linear interpola-
tion for the calculation of the slopes. The distance
of the lamp from the center of the sample was
1000 ym. The radius of both the lamp and the recep-
tor was 250, 120, 60, 25, and 12 ym, corresponding to
x5, x10, x20, x50 and x100, respectively.

Table 2 presents values of the maximum of the
scattering indicatrix obtained with the goniometer
for the five papers considered and the simulated re-
sults according to the magnification used (the values
were normalized to JET+). The coefficient R? is the
correlation coefficient between the experimental and
simulated values for a linear regression y = x.

Table 2 demonstrates that the ray tracing method
is suitable to predict the paper gloss. As a matter
of fact, the correlation coefficient between the
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Table 2. Value of the Maximum Scattering Indicatrix for Experimental
and Simulated Results for Five Paper Samples

Goniometer

Measurements x5 x10 x20 x50  x100
Q- 0.02 0.36 0.18 0.09 0.04 0.02
Q+ 0.05 043 035 0.19 0.05 0.04
C 0.26 042 055 042 033 0.24
JET+ 1.00 1.00 1.00 1.00 1.00 1.00
JET- 0.02 0.25 0.17 0.09 0.04 0.02
R? Numerical/ 035 051 091 098 0.99
Measurement

experimental and simulated gloss values for the x50
and x100 magnifications is close to unity.

Furthermore, to relate the topographic informa-
tion to the optical measurement, the constituent lat-
eral size of the sample is crucial. For instance, the x5
magnification does not allow a ranking of the gloss
level of the papers considered, since, for example,
Q+ simulated gloss level is above C. For magnifica-
tion above x10, the ranking is respected, and the cor-
relation coefficient is getting close to 1 with an
increase in the magnification. The best simulated
gloss levels are obtained for the highest magnifica-
tions, x50 and x100. The main axis of the virtual
light spot on the measured surface is about 100 ym
and 50 um, respectively. On the other hand, the size
of the real spot of the goniometer on the paper sur-
face is about 3 mm, which is 50 times bigger. In fact,
the results are the average of 20 simulations on 20
topographical measurements. Hence even if the sizes
of the simulation are small and may be better related
to microgloss [5,7-9,21] than macrogloss, the overall
mean is closely related to the macroscopic mea-
surements.

Gloss homogeneity on a paper surface is of main
importance, as a distortion can arise from surface
heterogeneity and can cause print mottle. Table 3 ex-
hibits the value of the dispersion of the gloss value
for the magnifications x50 and x100. The dispersion
is defined as the ratio between the standard devia-
tion and the mean.

Interesting conclusions can be drawn from Table 3.
The dispersions get smaller when the magnifications
increase, except for paper Q-. The virtual gloss dis-
persion is closely related to the paper quality since
the two worst dispersions were obtained for Q-
and JET-, and the best correspond to JET+.

Figure 3 exhibits the simulated indicatrices ob-
tained from the x100 measurements. To facilitate
reading, only the paper JET+, C, and Q- are shown.

The widths of the simulated curves are wider than
the measured one. In fact, due to the small size of the
sample measured, it was not possible to adjust both

Table 3. Gloss Dispersion of the Simulated Results

Q- Q+ C JET- JET+
x50 0.20 0.54 0.15 0.08 0.14
x100 0.15 0.61 0.11 0.03 0.13
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Fig. 3. Comparison between experimental and simulated scatter-
ing indicatrix for three papers (x100 magnification).

the distance and the radius of the lamp (and recep-
tor) to obtain the experimental goniometric solid an-
gle of illumination. This behavior is amplified for
large magnifications.

5. Conclusion

This paper aims at calculating the representative il-
luminated surface and roughness measurement size
of paper regarding the specular gloss. A focus varia-
tion device permits the study of the paper surface to-
pography at various scales. The magnification allows
for the analysis of different correlated sizes of paper
surface. Hence the evolution of the two main surface
parameters (S, and L.) was studied as a function of
the magnification. The evolution of these parameters
strongly depends on the paper grade. Nevertheless,
S, and L, decrease nonlinearly with the augmenta-
tion of the magnification. These preliminary results
underline the difficulties for specular scattering ana-
lytical resolution of multiscale media such as paper
and print. That is why the geometric optics approx-
imation to electromagnetic theory was computed
with Matlab. A virtual goniometer was hence built
up. The main parameters of the virtual goniometer
can be regulated, such as the goniometer geometry,
the intensity of the light, and the special positions
of both the receptor and the lamp. Then ray tracing
simulations were performed on the 3D mapping and
compared to the scattering indicatrix obtained with a
standard goniometer. Hence it was possible to isolate
a magnification for various types of paper grades,
which is optically representative of the specular
gloss. The best fits between the simulated and
experimental scattering indicatrices were obtained
for the surface measured with large magnification.
Furthermore, by analyzing the dispersion of the vir-
tual gloss, it is possible to assess the optical unifor-
mity of the paper surface.
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