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Abstract. Gloss meters are commonly used to measure character-
istics of the specular light reflected from materials. Such meters are
based on illumination and detection at equal, opposite angles. The
particular angle, 6, and other parameters of instrument geometry,
are well known to play major roles in the results produced by a given
meter, so several standards have been developed for gloss mea-
surements that specify the geometry and optical characteristics of
gloss meters (TAPPI T480; 1SO-2813 (1994); ASTM-D523-89
(1999)). Nevertheless, the reason why gloss meter readings change
with 6, and the reasons why meters of the same 6 produce different
readings seem not to be well understood. The focus of the study
described in this paper has been on exploring these two effects. A
quantitatively model of a generic gloss meter was constructed from
Fresnel’s law of surface reflection combined with empirical models
of bidirectional reflectance distribution function (BRDF). Comparison
of the model with experimental data strongly indicates that the width
of the BRDF, and therefore the roughness of the surface, plays the
major role in governing the reading from a gloss meter. Differences
in index of refraction, by comparison, appear to play only a minor
role. In addition, differences in gloss readings produced by instru-
ments of the same angle, 6, were found to be the result of differ-
ences in the instrument angles of acceptance. The results of these
studies suggest that it may be possible to make better use of con-
ventional gloss meter measurements by making measurements at
multiple angles, 6, rather than just a single angle. © 2006 Society
for Imaging Science and Technology.
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INTRODUCTION
Many excellent gloss meters are available commercially that
provide repeatable measurements of gloss indices, G. How-
ever, the relationship between G numbers and underlying
material properties remains a difficult problem in spite of a
large body of literature about gloss. Gloss is well known to
involve the first surface, specular reflection of light from the
surface of a material. Such reflections are well described by
the refractive index of the material and Fresnel’s law of
reflection.'™ However, recent work indicates that Fresnel
type reflections from subsurface interfaces can also contrib-
ute to gloss.*® In addition, extensive research has shown that
surface roughness is a major factor in determining the gloss
of a material.>”" In spite of an extensive literature on gloss,
much of the gloss phenomenon and the instrumental mea-
surement of G are still not entirely understood.

The work described in this paper was undertaken in an
effort to extend our understanding of two particular phe-
nomena commonly observed with gloss meter G numbers.
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First, increasing the gloss angle, 6, increases the value of the
gloss meter reading, G. Second, two gloss meters at the same
angle, 6, often give different G readings even though both
are manufactured to conform to the same gloss standard.'
Work described below indicates that the shape of the bidi-
rectional reflectance distribution function (BRDF) plays the
major role in both these phenomena. We begin with a ge-
neric description of a gloss meter.

A GLOSS METER MODEL
A gloss meter such as illustrated in Fig. 1 produces a gloss
index, G, defined as the detector signal divided by the signal
measured for a reference material. The most common refer-
ence specified in standard methods is a polished black glass
of refractive index n=1.567."

Gloss is well known to involve a specular reflection
from the front-surface of a material.> Such front-surface
reflections are well described by Fresnel’s law. However, re-
cent work clearly indicates that subsurface reflections can
also play a significant role in the gloss of some materials.*®
In addition, extensive research has shown that differences in
surface roughness, rather than differences in refractive index,
play the dominant role in the gloss differences between most
materials.””® In order to develop a useful model for the gloss
meter of Fig. 1, we begin with Fresnel’s law, illustrated in
Fig. 2.

A Fresnel reflection is governed by the difference in the
indices of refraction at the surface, n and n,, as shown in
Fig. 2. For common organic materials, most of the incident
light is transmitted into the material and refracted at an
angle ¢. This refracted light, I,, is then either absorbed or
transmitted through the material. A small fraction of the
light, I,, is reflected at the equal, opposite angle, 6. The
Fresnel reflection factor is defined as the ratio p=1I,/1,
where I, is the light incident on the interface and I, is the
reflected light.

Figure 2(b) shows reflection factors calculated for an
interface using Fresnel’s Egs. (1)—(4). The specular reflection
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Figure 1. lllustration of the use of collimating lenses in the design of a
gloss meter.
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Figure 2. Fresnel’s law of specular reflection.

factor, p, depends on the specular angle, 6, the indices n and
1, and on the direction of polarization of the light. Equa-
tion (2) describes the reflectance factor for light with the
electric field perpendicular to the incident plane. Equation
(3) describes the parallel component, and Eq. (4) is the total
reflectance factor for randomly polarized light.

<P=Arcsin(& : sin(ﬁ’))» (1)
n
[ sin(0- o) |?
P | sin(0+ ¢) ’ @
_tan(ﬁ— o) |?
= antor o) | )
p=13pc+3Pp. (4)

If the output from a gloss meter were governed only by
the refractive index of the material, n, and the specular
angle, 6, then Fresnel’s law could be used to model G as
shown in Eq. (5). In order to test this model, experimental
data were collected for a variety of materials with a wide
range of gloss values. The materials included 45 paper
samples, both coated and noncoated, and several organic
materials commonly found in an office environment. These
included plastic and cloth materials as well as printed im-
ages. All of these samples were measured at 20°, 60°, and 85°
with a BYK-Gardner gloss meter designed to measure at
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Figure 3. G values at 60° and 85° versus G values at 20°. Data for
papers (X and °) and plastics (+ and ). Equation (5) for n>1.33
(solid line) and n< 1.33 (dashed line)
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Figure 4. Roughness distributes the specular light around the specular
direction and decreases gloss.

these three angles. Figure 3 shows the experimental G values
measured at 60° and 85° versus the G values at 20°. As is
commonly observed, the G values increase significantly as
increases

p(n,0)
G(n,6) = -100 % . (5)
pref(nref) 0)

Equation (5) was used to model the data in Fig. 3 by
assuming 1,=1.00 (air), n,,=1.567 (black glass) and vary-
ing n from 1.00 to 1.567 to simulate differences in material
properties. The calculation was performed at 6=20°, 60°,
and 85°, and the results are shown as the lines in Fig. 3. The
general shapes of the model lines appear to agree closely
with the 85° data but less closely for the 60° data. However,
the key assumption of this model is that G values are deter-
mined only by the material index, n. In order to fit the data,
n is required to range from 1 (air) through 1.33 (water) up
to 1.567 (black glass). This is not a reasonable assumption
for most commonly encountered papers and organic mate-
rials, which means Eq. (5) does not provide a sufficient ex-
planation for the higher G values observed at higher
0 angles.

GLOSS AND THE BRDF

Surface roughness is well known to influence the results of
gloss meter measurements.””® As illustrated in Fig. 4, rough-
ness disperses specular light about the specular angle, 6. The
distribution of the light around the specular direction is
called the bidirectional reflectance distribution function,
BRDE The complete BRDF is a function of two angles, «;
and «, as shown in Fig. 5, where « is the deviation from 6
in the plane of the incident/reflected light, and «, is the
deviation perpendicular to this plane.
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Figure 5. lllustration of the a BRDF, which is defined as the reflected light
intensity, 1, in watts per steradian.

Several examples can be found in the literature that sug-
gest gloss can be modeled by an integral of the BRDF
around the acceptance angle of a gloss meter, as shown in
Eq. (6).”""* The subscript on BRDF, is used to distinguish
between different BRDFs

1 8 (96
G(o)=—"- f f BRDF(a,,a,)da da,, (6)
K J.s5J)-s

where K= [ ° BRDFped ) , &) dev;dev,.

The BRDF model of G in Eq. (6) can be simplified by
assuming that the angular acceptance is circular with a ra-
dius &. This appears to be true for some gloss meters, but
not for all. We also assume that the BRDF is identical in the,
a; and a, directions. This assumption is also not true in
many cases. Nevertheless, we make these approximations to
simplify the model. This enables the Gloss model to be ex-
pressed in one angular dimension, @, as shown in Egs. (7)

and (8)
a=\a+ a3, (7)

1 5
G(9)=— fo BRDEF,(a)da. (8)

Equation (8) implies a detector with a circularly sym-
metrical opening that detects light from the sample over an
acceptance angle of 268. It can be shown that a BRDF,(«)
function exists such that Eq. (9) is true. In other words, a
symmetrical, two-dimensional BRDF can be modeled as if it
were a one-dimensional BRDFE. Modeling gloss, G, now only
requires a model for the BRDF

1 o
G(9)=- f 6BRDF1(a)da. (9)

There is evidence that most papers, both coated and
noncoated, have BRDFs that are approximately Lorentzian in
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Figure 6. The Lorentzian BRDF model of gloss with constant n and vary-
ing w.

shape.*">'* We model the BRDF with the Lorentzian func-

tion shown in Eq. (10), where w is the width of the BRDF at
half height, and p is the Fresnel reflectance factor of Eq. (4).
The width, w, is governed by the roughness of the surface

BRDF,(a) =p- - (10)

W+ a

In this model, we assumed that all materials have the
same index of refraction, n=1.5, and the same shape BRDE,
Eq. (10). This model assumes that gloss is governed only by
the sample roughness, so a range of gloss is modeled by
varying w from very narrow to very wide, and we applied
Egs. (9) and (10) assuming the gloss meter has an angle of
acceptance of 6=2°. Figure 6 shows the result. This model
clearly does not provide a useful rationale for the observed
behavior.

Varying only the index of refraction, n, or varying only
the roughness, w, as described above, did not lead to a quan-
titative rational for the effect of 6 on gloss meter readings, G.
One might try modeling gloss as a simultaneous change in
both n and w. However, we have found no evidence in the
literature to suggest that material roughness is correlated
with refractive index. However, another optical characteristic
of the BRDF has been reported to vary in concert with sur-
face roughness. This characteristic is often called shadowing
and obscuration.”"*"

GLOSS, BRDE, AND SHADOWING

The phenomenon of shadowing and obscuration has been
described schematically as the blocking of some regions of a
rough surface by nearby topographic features of the
surface.”'™" This shadowing and obscuration effect has
been suggested as a rational for the observation that the
BRDF width decreases as the angle of measurement, 6, in-
creases in goniophotometric measurements.”” Attempts have
been made to model the effect a priori, but in most cases the
phenomenon is modeled empirically.'®"” We have chosen
the latter option. Figure 7 contains data reported in the
literature’ and measured in our laboratory™ that show the
change in BRDF width as a function of the Fresnel angle, 6.
The data is shown as a fraction F=w(6)/w, where w(6) is
the BRDF half peak width at 6 and w, is the half peak width
at #=0°. Equation (10) was then expressed as shown in
Eq. (11).
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Figure 7. The fractional width of the BRDF versus 6.
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Figure 8. The BRDF model of gloss with constant n, and varying w,, and
shadowing factor, F, as a function of . Both lorentzian and Gaussian
functions were used to model the shape of the BRDF.

The is gloss model made the same assumptions as de-
scribed previously. We again assumed n=1.5 and 6=2°, and
in addition we assumed F=1, 0.2, and 0.03 at 6=20°, 60°,
and 85°, respectively. Application of Eqgs. (9) and (11) over a
wide range of w, values produced the model lines shown in
Figure 8

w,- F
BRDF,(a) = p Fra (11)

In spite of the simplifying approximations assumed in
the model, Fig. 8 appears to rationalize the way in which
gloss meter readings vary with changes in the angle of mea-
surement. The Lorentzian curve shape appears to fit best,
but it is reasonable to expect that curve shapes vary from
sample to sample. Thus, the dotted and solid lines indicate a
range of gloss behaviors one might expect as a result of
differences in surface topography.

Another assumption of the model is that all materials
have the same refractive index. This is clearly not the case,
and in order to explore the effect of variations in #, the
Lorentzian model was run with n=1.33 (water) and with
n=1.567 (black glass). The results are shown in Fig. 9. The
results indicate that the major reason for the differences be-
tween gloss values measured at different gloss angles, 6, is
the difference in the width of the BRDE Differences in re-
fractive index, n, between materials, along with differences in
BRDF shape, appear to make only secondary contribution to
the overall gloss meter readings.

570

0 20° Gloss 100

Figure 9. The lorenizian BRDF model of gloss with varying w,, f as a
function of 8, and with n=1.33 (dotted line) and n=1.567 (solid line).
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Figure 10. Comparison befween gloss values measured with an lhara
gloss meter, G;, and a BYK-Gardner gloss meter, Gy, at 8=75° for a
variety of papers types, printed images, cloth samples, and plastic
samples. The line is the model described in the text.

GLOSS AND ACCEPTANCE ANGLE 6

The BRDF models of gloss have assumed an acceptance
angle of 6=2°. This choice was made based on our reverse
engineering of commercial gloss meters used in our labora-
tory. Choice of & has an effect on the modeled value of G,
and two of our meters appeared to have different & values.
Our BYK-Gardner meter appeared to have an acceptance
angle of 6=2.9° and an lhara meter seemed to have
6=2.0°. Both meters measure at #=75° and conform to
TAPPI standard T480 for the measurement of paper gloss.
Both instruments were found to be very repeatable. How-
ever, they produced different G numbers, as shown in
Fig. 10.

The data in Fig. 10 were modeled with Eqgs. (9) and (11)
using 0=75°, n=1.43, F=0.05, and by varying the rough-
ness (0.5° <w,<30°). Although our efforts to reverse en-
gineer these instruments may be flawed, we assumed accep-
tance angles of 6=2.9 and 6=2.0 to simulate the Ihara
instrument and the BYK-Gardner, respectively. Using these
limits in Eq. (9) produced the relationship shown by the
solid line in Fig. 10. The agreement between the data and the
model seems to indicate that an acceptance angle difference
of only a few tenths of a degree can significantly alter the G
values produced by an instrument.

CONCLUSIONS
This study clearly shows that gloss meters do not measure
the reflectance factor, p, of a material but that their response

J. Imaging Sci. Technol. 50(6)/Nov.-Dec. 2006
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is much more closely governed by material roughness, as
manifested by the width of the BRDE This conclusion is in
agreement with previous 1rep0rts.3‘7’8 In addition, higher or-
der shape factors (Lorentzian versus Gaussian) can play
some role in a gloss difference. However, such shape factors,
along with differences in refractive index, appear to play only
secondary roles in the readings of gloss meters for most
common materials.

A significant factor that can cause nominally identical
gloss meters to produce different G values appears to be the
acceptance angle, &, of the meter. Evidence suggests that a
difference in & of only a few tenths of a degree can signifi-
cantly change G value. This suggests that acceptance angle
may need greater scrutiny in the development of future gloss
measurement standards.

Finally, this study may indicate that measurement of G
values at multiple angles might be calibrated to produce
more information about the underlying optical characteris-
tics of a material. Multiple measurements might, for ex-
ample, enable an estimate of the BRDF shape through ap-
plication of this model or one developed from independent
calibration data. The utility of such a multiangle measure-
ment may be a fruitful area for further study.
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