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bstract. A procedure for the calibration of a micro-
oniophotometer is described that enables the analysis of gloss
ata in terms of the underlying optical properties of the glossy ma-
erial. Calibration studies are described and calibration procedures
re presented, along with a discussion of accuracy and precision
haracteristics of the current instrument. Examples of analytical ap-
lications are described in which the utility of the calibrated device is
emonstrated. These examples demonstrate analytical protocols
apable of distinguishing between the effects of two key optical con-
tants (n and �) and the angular distribution of surface facets. In
ddition, by calibrating the device in separate red, green, and blue
ands of light, measurements can provide information relevant to
hromatic changes in optical constants and the effects of sublayer
pecular contributions to gloss. This work is intended provide a tool
or imaging scientists concerned with the effects of material proper-
ies on the gloss of printed materials. Future work will address the
nstrumental measurement of appearance attributes of gloss.

2007 Society for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2007�51:6�509��

NTRODUCTION
he term “gloss” is used in this article to mean the appear-
nce properties of materials, as described by Hunter and
arlod.1 In other words, gloss is not a material property but
group of visual effects produced by underlying material

roperties. The underlying material properties thought to
ontribute to gloss include the refractive index, the absorp-
ion coefficient, and the distribution of surface facet angles.
n instrument designed to measure gloss might be designed

o correlate with the visual features of gloss, or it might be
esigned to measure the underlying material properties that
overn gloss. Recent work in this laboratory has led to in-
trumentation that we believe has the potential to serve both
eeds, and thus provide information about how control of
asic material properties will be manifested in the appear-
nce of gloss.2–5 This article describes the calibration of a
icrogoniophotometer to measure material properties, and

uture articles will describe work on calibration of the in-
trument to visual attributes.

The term “calibration”, as used in the current work, is
eant to describe a process of canceling out the properties

f the instrument so that the measurement provides infor-
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ation only about the sample material under analysis. Tra-
itional gloss meters have not achieved this kind of calibra-
ion. The calibration protocol for a traditional gloss meter,
hich involves a black glass reference of known refractive

ndex, can result in very repeatable measurements. However,
he method of calibrating a gloss meter does not completely
ancel differences between instruments, and so measure-
ents with one calibrated gloss meter may not agree with

nother calibrated gloss meter measuring the same material
nd calibrated to the same black glass standard.6 As de-
cribed next, the microgoniophotometer can be calibrated to
ield the actual specular reflectance factor, �, of the material
nder analysis. Moreover, application of appropriate experi-
ental protocols for measuring � can distinguish between

urface topographic effects and the complex index of refrac-
ion of the material. As will be demonstrated, measurements

ade with this instrument can provide guidance to the im-
ging scientist about the material properties underlying gloss
ppearance characteristics.

ONFIGURATION OF THE
ICROGONIOPHOTOMETER

igure 1 is a schematic illustration of the micro-
oniophotometer used in the current work. Details of the
nstrument are described elsewhere,2–5 and only a summary
s given here. The printed sample is wrapped around a

igure 1. Schematic diagram of the instrument with specular
ngle = 20°. The cylinder diameter is 20 mm, and the camera and illu-

ination distances are sufficiently long to minimize parallax.
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ylinder and illuminated with a line source that is collinear
ith the cylinder. A camera captures an image of the sample.
he camera uses a lens with a long working distance so that
arallax from one side of the sample to the other can be

gnored. The line light source is sufficiently long and suffi-
iently far from the cylinder to approximate an infinitely
ong source at infinity. The light from the source is linearly
olarized, and a second polarizer is used as an analyzer in

ront of the camera lens. Images are captured with both
arallel and crossed polarizers, and a difference image is pro-
uced. The difference image contains only that light which
aintains polarization when it is reflected. The bulk scat-

ered light is randomly polarized and thereby eliminated
rom the measurement.

An illustration of an image captured with this
oniophotometer is shown in Figure 2. The specular band is
learly visible, and its angular distribution is calculated from
he known geometry of the cylinder. A horizontal scan of
his image produces a type of bidirectional reflectance dis-
ribution function (BRDF). The specular lobe is centered at
=0, where � is the mean surface angle of the sample.

ALIBRATION OF THE MICROGONIOPHOTOMETER
n order to calibrate the microgoniophotometer, it is useful
o consider a mechanistic model for the way light is reflected
rom materials and detected by the instrument. The specular
eflection of light from printed surfaces and substrates has
een shown to be well described by a microfacet model.6–9

ach microfacet is tilted at some angle, �, relative to the
ean surface. If the sample is tilted to an angle −�, as

llustrated in Figure 3, the microfacet is at exactly the correct
rientation to reflect light into the detector. The
icrogoniophotometer in Fig. 1 operates exactly as shown

n Fig. 3, with many different surface angles, �, presented to
he detector simultaneously since the sample is wrapped
round a cylinder.

A complete BRDF analysis would measure the specular

igure 2. Illustration of an image and a BRDF from the device shown in
ig. 1. The scan direction covers 5 mm of the sample.
obe in both orthogonal directions � and �. However, the p

10
nstrument described in Fig. 1 uses an approximation of an
nfinitely long light source. As described previously, this av-
rages the specular lobe in the � direction.2,4–6 As a result,
ne would expect the area under the BRDF measured by the
ylinder microgoniophotometer to be directly proportional
o the total amount of specular light reflected from the
urface.

It should be pointed out that the experimental approach
f Fig. 1 provides information about specular light reflected

n only the � direction. This is not meant to imply that
pecular properties are the same in the �,� directions.
ather, it is an experimental tradeoff in favor of simplicity
nd convenience. Anisotropic behavior can be explored by
easuring a sample mounted on the cylinder at different

rientations or by using a more conventional
oniophotometer. While anisotropic behavior is important
n most printed images, it is not addressed in the current
ork.

The facet model of the cylinder microgoniophotometer
uggests that calibration can be achieved by making mea-
urements of the BRDF area relative to the BRDF area for a
eference material of a known Fresnel reflectance factor. This
s shown in Eq. (1), where A and Aref are the measured
RDF areas of the sample and the reference, �ref is Fresnel

eflectance factor of the reference, and � is the reflectance
actor of the sample:

� = �ref

A

Aref

. �1�

The reference material chosen for this instrument was a
heet of polyvinyl acetate. The optical constants, n and �, of
olyvinyl acetate and other common materials examined in

his project are shown in Table I.10–12 Values of the Fresnel
pecular reflectance, �(literature), were calculated from n
nd � by applying Fresnel’s laws,10 and these values are also
hown in Table I. The final column of Table I shows values
f � measured by the microgoniophotometer, as just de-
cribed. The liquid samples were measured by wrapping a
lter paper around the instrument cylinder and soaking the

igure 3. Magnified view of a section of the cylinder
icrogoniophotometer illustrates that the instrument measures light as a

unction of sample angle, �. Magnification to show individual facets illus-
rates that specular light is always detected at a constant Fresnel angle, �,
egardless of the sample angle, �.
aper with the liquid.

J. Imaging Sci. Technol. 51�6�/Nov.-Dec. 2007
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Figure 4 shows the relationship between the experimen-
ally measured values of � and the � values from the litera-
ure. It is evident that the microgoniophotometer can be
alibrated to provide an accurate measure of the specular
eflectance of materials over a very wide range of optical
roperties.

It is interesting to note that the measured value of � for
oth the nylon and the black nylon samples are the same
ithin experimental error. This seems to suggest that the
ptical constant �=0 for the black nylon as well as for the
rdinary nylon. The black nylon certainly has a black

igure 4. Correlation analysis of the Fresnel reflectance values
�measured� vs the literature values from Table I.

Table I. Optical propertiesa of materials used in this project.

aterial n � ��literature� ��measured�

ater 1.33 0 0.020 0.020

eflon 1.36 0 0.023 0.035

vOAc �reference� 1.49 0 0.036 �0.036

live oil 1.47 0 0.039 0.039

ylon 1.53 0 0.044 0.041

ylon, black — — — 0.041

olycarbonate 1.585 0 0.051 0.054

tainless steel 2.49 1.38 0.58 0.051

luminum 1.0 6.0 0.90 0.87

From Refs. 10–12.
olorant in it with a nonzero extinction coefficient, ��0, so t

. Imaging Sci. Technol. 51�6�/Nov.-Dec. 2007
he conclusion seems to be that the extinction coefficient �
ust not be sufficiently large to make � significantly greater

han zero. The role of complex indexes of refraction in con-
rolling � will be examined in more detail later in this article.

HE PRECISION OF THE
ICROGONIOPHOTOMETER

n order to explore the potential level of precision of the
icrogoniophotometric analysis, the area of the BRDF for a

ample of polyvinyl acetate was measured multiple times.
etween each measurement, the sample was removed from

he instrument and the instrument was shut down and re-
tarted. A total of 11 measurements were made, and the area
as used as an estimate of Aref in Eq. (1). Then, each indi-
idual area was converted to an estimate of � using the
verage Aref. The results, shown in Figure 5, indicate that the
nalysis is capable of two significant figure precision for the
stimation of �.

The precision characteristics of the analysis were further
xplored by altering the surface roughness of some of the
amples. The facet theory of gloss suggests that the area of
he BRDF is independent of the shape of the BRDF. The
hape of the BRDF, according to recent work,2 is a measure
f, and only of, the probability density function for the dis-
ribution of the facet angles. To determine if � is indeed
ndependent of the BRDF shape, the surface roughness of
everal of the materials in this study were altered by sanding
ith polishing type sandpapers of grits ranging from 1500 to
000. No attempt was made to control the sanding process
n any repeatable fashion. The intent was simply to make
hanges in the surface topography and then to measure the
hanged samples. The results, shown in Figure 6, show very
ittle correlation between BRDF area (expressed as �) and
he width of the BRDF. However, some samples did seem to
ary in reflectance as the BRDF width increased.

Some insight into why the experimental estimate of �
ay vary with the BRDF width is suggested in the raw data

hown in Figure 7. The BRDF must be integrated to produce
n estimate of reflectance factor, �. Sanding with various
rits of sandpaper widened the BRDF curves. Integration of
ell shaped curves with long tails involves making a decision
bout when the tail reaches zero, relative to experimental
rror, and this decision can have a significant influence on

igure 5. Test of precision for the measurement of the reference polyvinyl
cetate. Eleven experimental estimates were made of � for the polyvinyl
cetate.
he estimated value of the area, and thus on �. The authors
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ould like to suggest that the apparent variation in � with
idth indicated by some of the samples in Fig. 6 is an arti-

act of the experimental difficulty in integrating the BRDF,
nd that the difficulty may be exacerbated by the introduc-
ion of extreme angles, �, in some of the facets by rougher
ypes of sandpaper.

IFFERENCES BETWEEN INKS
ifferent inks show different specular reflection characteris-

ics. Two different black toners printed with two different
rinters are illustrated in Figure 8. The shapes of the two
RDF are very nearly the same, but the areas are signifi-
antly different. According to the facet theory, this can occur
nly if the optical constants of the two black toners are
ifferent. In order to examine this difference further, a series
f measurements of � were made at different Fresnel angles,
.

As illustrated in Fig. 3, the measurement of the BRDF,

igure 6. Experimental measurements of area of the BRDF, expressed as
reflectance factor, �, vs the width in degrees of the BRDF.

igure 7. BRDF for �A� nylon and �B� black nylon for samples altered by
ifferent grits of sand paper.
nd therefore of �, is made at a single fixed value of �. The

12
alue of � is the so-called gloss angle and can be selected in
he microgoniophotometer. Values of � were measured for
oth black toner samples as a function of �. The results are
hown in Figure 9.

The solid lines in Fig. 9 were constructed from Fresnel’s
aw for p-polarized light. Fresnel’s laws for both s and p
irections of linear polarization are summarized in Eqs. (2)
nd (4), where nc is the complex index of refraction and
s a function of the two optical constants n and �. These
quations are taken as an engineering starting point
or the analysis of the data generated with the

icrogoniophotometer. A description of the origins of these
quations and of Fresnel’s laws can be found in any good
ptics text.10

It is notable that both black toners were well modeled
ith �=0. This is indicated by the experimental values

p���=0 at the angle known as Brewster’s angle.10 As ob-
erved for the black and white nylon samples in Table I,
pecular reflections from the two toner blacks are governed
nly by their indexes of refraction, n, and not significantly
y �.

���� = sin−1� sin���

nc
� where nc = n�1 − i�� , �2�

�p��� =
tan�� − �����tan�� − �����

, �3�

igure 9. Black toner samples K1 and K2 from two different electropho-
ographic printers measured with linear polarized light in the p orienta-
ion. Fresnel’s law is modeled in both cases with �=0.

igure 8. Black toner samples K1 and K2 from two different electropho-
ographic printers.
tan�� + �����tan�� + �����

J. Imaging Sci. Technol. 51�6�/Nov.-Dec. 2007



w

i
t
p
a
s
t
v

p
a
b
r
l
t
T
n
a
F
f
F
m
e
t
c

C
T
m
c
m
s
t
t
i
p
m
t
d

F
t
f
d
s
n
b
a
S
t
f

A
T
r
t
s

R

F
f

F
b

Arney and Nilosek: Analysis of print gloss with a calibrated microgoniophotometer

J

�s��� =
sin�� − ����� · sin�� − �����

sin�� + ����� · sin�� + �����
, �4�

here the overbar indicates the complex conjugate.
The absorption coefficient, �, cannot always be ignored

n the specular optics of printed images. This is illustrated by
he behavior of a cyan patch printed by a commercial ink jet
rinter. The BRDF measured in white light indicated an
nomalously high value for � and prompted further mea-
urements in red, green, and blue light. The three BRDF for
he cyan sample are shown in Figure 10 along with the three
alues of �.

A previous article on the effect of RGB light on CMY
rinted samples indicated that the light that is least strongly
bsorbed shows the greatest reflectance.13 This was found to
e a result of subsurface specular reflections. Exactly the
everse of this subsurface effect is evident in Fig. 10. The red
ight is most strongly absorbed by the cyan ink, and it is also
he light that undergoes the strongest specular reflection.
his behavior can be rationalized if either n or � is a sig-
ificant function of the extinction of light, and both effects
re well known.10 To explore this effect in the cyan sample of
ig. 10, measurements of � were made in red light as a

unction of the Fresnel angle, �. The results are shown in
igure 11 along with Fresnel’s law modeled for �p���. The
odel fits well with the data for n=2.1 and �=0.5, and it is

vident that both the increase in n and the significant con-
ribution from � result from a significant extinction coeffi-
ient of the cyan ink with red light.

igure 11. � vs � for the cyan of Fig. 10 measured in red light as a
unction of �. Note that �min�0 at Brewster’s angle implies ��0.

igure 10. Cyan ink from an ink jet printer measured in red, green, and
lue light.
. Imaging Sci. Technol. 51�6�/Nov.-Dec. 2007
ONCLUSION
he results of this study show that the
icrogoniophotometer described in previous reports can be

alibrated to absolute reflectance values of known reference
aterials. By applying the calibrated analysis to printed

amples, significantly more information can be obtained
han is available through a traditional gloss meter. In par-
icular, the absolute specular reflectance factor of the printed
mage can be estimated at a two significant figure levels of
recision. However, there is some evidence that the analysis
ay be subject to some experimental artifacts from extreme

ypes of surface microstructure, as for example surfaces pro-
uced by sanding.

The analytical technique can be applied at different
resnel gloss angles, �, to add additional information about
he optical constants n and � that govern the reflectance
actor, �. In addition, the analysis can be carried out with
ifferent wavelengths of light to explore the spectral and
ubsurface effects on specular reflectance. In summary, it is
ow possible to carry out direct experiments to distinguish
etween all of the factors that govern specular reflectance in
printed sample. These factors have been shown to be: (a)

urface topography, indicated by the shape of the BRDF, (b)
he material optical constants, n and �, and (c) the subsur-
ace reflections, as described in a previous report.13
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