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bstract. A study has been carried out on the effect of the optical
ensity of inks on the specular reflectance of a printed surface.
amples of cyan, magenta, and yellow ink were printed with a liquid
lectrophotographic, an offset lithographic, and a thermal transfer
rinter. Specular reflectance was measured using a goniophotomet-
ic instrument to produce the bidirectional reflectance distribution
unction. The results clearly demonstrated that the amount of specu-
ar light reflected from a printed surface depends strongly on the
ptical density of the ink. A linear correlation was observed between

he total amount of specular light reflected from the surface and the
quare of the transmittance of the ink layer. A highly transparent ink
e.g., yellow ink measured with red light) reflected approximately
wice as much specular light than a highly absorbing ink (e.g., yellow
ith blue or cyan with red). It is suggested that specular reflections

rom surfaces below the ink layer can contribute significantly to over-
ll specular reflectance of a printed image. © 2006 Society for Im-
ging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2006�50:3�228��

NTRODUCTION
hen one considers the light that reflects from a printed

urface, it is often convenient to parse the reflection process
nto two types: bulk reflection and specular reflection. In a
ulk reflection, the light penetrates to some depth in the ink
nd paper, and both scattering and absorption occur. Dif-
usely reflected light is dispersed both in the angle of reflec-
ion and in the microlocation of the reflection. The latter is
he phenomenon of optical dot gain, or the Yule-Nielsen
ffect.1

Specular reflection is the process responsible for gloss
nd is generally thought of as a surface reflection largely
overned by Fresnel’s laws. The magnitude of a Fresnel re-
ection is governed by the indices of refraction at an inter-

ace, such as an air/ink interface. Light absorption is not part
f the Fresnel reflection process. Experimentally, specular

ight is often measured with a gloss meter designed to illu-
inate and measure at a selected specular angle (equal/

pposite angles, −� /�).2–4 Some angular dispersion of
pecular light occurs as a result of surface roughness, and
oniophotometers are used to measure this angular disper-
ion. Gloss is generally thought to be the same as the color
f the incident light, so the color of specular light is not
enerally measured.

A goniophotometric instrument described in previous
eports5,6 has been used in the current work to explore
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pecular reflections from images printed with several differ-
nt processes. Contrary to initial expectation, chromatic ef-
ects were found to play a significant role in specular reflec-
ions. Further exploration of these effects, as will be shown,
as lead to a model of specular reflection that involves
resnel reflections from multiple surfaces within the printed

mage.

HE MEASUREMENT TECHNIQUE
igure 1 is a schematic illustration of the goniophotometric

nstrument used in the current work. Details of the instru-
ent are described elsewhere,5 and only a summary is given

ere. The printed sample is wrapped around a cylinder and
lluminated with a line source that is collinear with the cyl-
nder. An electronic 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 in the s direction. That is, the electric field of the

ight oscillates in the plane of incidence/reflection. A second
olarizer is used as an analyzer in front of the camera lens.
mages are captured with both parallel and crossed polariz-
rs, and a difference image is produced. The difference image
ontains only that light which maintains s polarization when
t is reflected. The diffuse, bulk scattered light is thereby
liminated from the measurement.5,7

An illustration of an image captured with this gonio-
hotometer is shown in Fig. 2. The specular band is clearly

igure 1. Schematic diagram of the instrument with specular angle
20°. The cylinder is 20 mm, and the camera and illumination distances

re sufficiently long to minimize parallax.
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isible, and its angular distribution is calculated from the
nown geometry of the cylinder. A horizontal scan of this

mage produces a bidirectional reflectance distribution func-
ion, BRDF. The specular lobe is centered at �=0, where � is
he mean surface angle of the sample.

By measuring light from locations on the sample
round the cylinder, the BRDF produced by this device is a
easure of reflectance at different sample angles, �, rather

han different angles of the source, � or the detector, −�, as
s more commonly done.7–10 Surface roughness spreads the
pecular lobe out over some width in the � direction.11–13 A
omplete BRDF analysis would measure the specular lobe in
oth orthogonal directions, � and �. However, the instru-
ent described in Fig. 1 uses an approximation of an infi-

itely long light source. As described previously, this
verages5 the specular lobe in the � direction. As a result, the
rea under the BRDF measured in this way is proportional
o the total amount of specular light reflected from the
urface.

When a BRDF is measured by scanning the source or
etector, each point on the BRDF corresponds to a different
resnel specular angle, �. However, by measuring reflectance
ersus sample angle, �, the resulting BRDF represents the
ngular distribution of light at a single, fixed specular angle,
. As a result, the shape of the specular lobe in Fig. 2 is a

unction only of the topography of the sample, and the area
nder the lobe is proportional to the total Fresnel reflec-

ance. Experimental verification of this device has been de-
cribed elsewhere.5 A specular angle of �=20° was used
hroughout this work.

OLOR IN THE BRDF
liquid electrophotographic printer (Indigo Ultrastream©)

as used to print a solid patch of cyan on a sheet of un-
oated, calendered paper of moderately high gloss. The

igure 2. Illustration of an image and a bidirectional reflectance distribu-
ion function �BRDF� from the device shown in Fig. 1. The scan direction
overs 5 millimeters of the sample.
rinted sample was mounted on the cylindrical sample

. Imaging Sci. Technol. 50�3�/May-Jun. 2006
older of the goniophotometer, and measurements were
ade using light filtered through red, green, and blue filters.
he filters chosen for this study were those available in the

ab and are approximations of status A filters. As shown in
ig. 3, the BRDF’s measured with these different filters show
ignificant differences in curve shape. In addition, the total
rea under the curve increases in the order red, green, and
lue. This suggests that the amount of Fresnel reflected light

s greatest for blue light and least for red light for this cyan
ample. Samples of solid magenta, solid yellow, and solid
MY black were also printed and measured in this way.
able I shows the integrated areas, r, under the BRDF’s ex-
ressed relative to the area of the CMY black sample. The
reas of the CMY black sample measured with red, green,
nd blue light were the same within experimental error.

It is evident that the amount of specular light reflected
rom a printed sample can depend strongly both on the
olor of the sample and the color of the light. Similar mea-
urements were carried out on samples printed with offset
ithography and a thermal transfer printer with similar re-
ults, as will be discussed in detail later in this report.

NOWN WAVELENGTH EFFECTS
n order to rationalize the observations in Table I, two well
nown wavelength effects were considered. Both effects are
ased on Fresnel’s law of specular reflectance shown in Eqs.
1) and (2).14 In these equations, �s is the specular reflec-
ance factor for s polarized at �=20°, the conditions used in
he experiments described in this report. The indices n and
� are the indices at the interface where specular reflection
ccurs

able I. Relative area, r, under the BRDF for cyan, magenta, yellow, and CMY black
nks, printed with an Indigo Ultrastream©, and measured with red, green, and blue
ight.

olor of
ight

Type of Ink

Cyan Magenta Yellow CMY

Values of r

ed 1.2 1.7 1.4 1.0

reen 1.4 1.2 1.3 1.0

lue 1.5 1.2 1.0 1.0

igure 3. BRDF measured for the cyan ink using blue, green, and red
ight.
229
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�s = � sin�� − ���

sin�� + ����2

, �1�

where �� = a sin�n/n� · sin���� . �2�

It is well known that an increase in the absorption co-
fficient, �, of a material results in an increase in the index of
efraction, n, of the material, and therefore increase the re-
ectance factor, �s, at the air/ink boundary. A recent report
y Grandberg15 suggested this effect should increase the
pecular reflectance of highly absorbing inks. However, the
bservations summarized in Table I behave in exactly the
pposite way. The most highly absorbing combinations (C,
, and Y inks with R, G, and B light, respectively) show the

owest specular reflectance. This suggests that the effect of �
n �s in these systems is overridden by some other effect that
cts in the opposite direction.

Another well known effect of wavelength on �s

s the ratio between surface roughness and wavelength,
/�.16 This effect reduces �s by a factor
f exp�−8�� cos���� /��2� and is a significant factor in the
ayleigh domain ��	��. However, the effect is monotonic
ith respect to wavelength, and although it may contribute

o �s, it does not rationalize the correlation with absorption
axima observed in Table I.

HE TWO SURFACE MODEL
possible explanation for the observations shown in Table I

s that specular reflections may occur at more than the first
urface. Figure 4 shows the BRDF for the unprinted paper
ubstrate used in this work. Comparing the shape of this
urve to those in Fig. 3 seems to suggest that the BRDF of
he most transparent system (cyan with blue light) might
ontain a significant contribution from the paper substrate.
n other words, it seems reasonable to assume that specular
eflections can occur at more than just the first surface, as
uggested schematically in Fig. 5.

In Fig. 5, the light must penetrate the ink layer, so the
mount of the second surface light, I2, would depend on the
alue of the ink transmittance, T. This second surface model
redicts that the least amount of specular light would be
eflected from the strongest absorbing inks. This is qualita-
ively in agreement with the data in Table I.

Equations (1) and (2) can be applied to the first surface
nterface in Fig. 5, with n=n1 =1.00 (air), and n�=n2 =the
ndex of the ink. The reflectance factor calculated in this way

igure 4. BRDF of the uncoated, calendered paper used as the substrate
or the samples printed in this project.
s �1. These equations can be applied to the second surface f

30
ith n=n2 (ink) and n�=n3 (paper). The reflectance factor
alculated in this way is �2, the reflectance at the second
urface.

For ordinary organic materials, the �s
 0.04 at �=20°,
o fraction 1−�s 
0.96 passes through the interface into the
ayer. Similarly, nearly all of the light that returns to the first
urface after reflecting from the second surface is transmit-
ed as I2, and only about 4% reflects back into the ink layer.
herefore, multiple reflections contribute negligibly to the

otal, and the total reflectance can be estimated by Eq. (3),
here T is the transmittance factor of the ink layer and

1−�1� is the fraction of light that passes through the air/ink
nterface. Additional internal reflections may occur and
ould add terms to the right of Eq. (3). However, these

erms have been ignored in this model because they contain

1�2
2, which is only 
6	10−5 for �s 
0.04. In other words,

hese additional internal reflections are assumed to contrib-
te only a few percent to the total specular reflectance of the
ystem.

� = �1 + T2�1 − �1�2�2. �3�

f the CMY black used in the experiments of Table I is
trongly absorbing, T
0, then the model predicts only a
rst surface reflectance. Thus, we would expect black to
how the minimum specular reflection, �min=�1. For a
ransparent ink, T=1, we would expect the maximum pos-
ible specular reflection, �max=�1 +�2�1−�1�2. Dividing �min

y �max gives Eq. (4) for rmax, the maximum value of r one
ould expect to observe in Table I if the model of Fig. 4

pplies

rmax = 1 +
�2

�1

�1 − �1�2. �4�

he value of rmax can be calculated by applying Eqs. (1) and
2) to determine �1 and �2 provided that the values of n1

ink) and n2 (paper) are known. If we assume n2 =1.33 and

3 =4.0, then we calculate rmax=1.7, which is the largest
alue observed in Table I. These are clearly unrealistic values

igure 5. A model of specular reflectance based on reflection from two
nterfaces.
or n2 (ink) and n3 (paper), but more realistic values signifi-

J. Imaging Sci. Technol. 50�3�/May-Jun. 2006
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antly underestimate rmax. For example, n1 =1.4 and n2

1.7 predicts rmax=1.1. In other words, the two surface
odel of Fig. 4 does not rationalize the data in Table I.

HE AIR GAP MODEL
n order to rationalize the values of rmax in Table I with a
wo-surface model, the index difference at the second inter-
ace must be large. In the air gap model we assume the ink
s in optical contact with air, not the paper, as illustrated in
ig. 6.

The air gap model does not assume the ink floats above
he paper. Rather, the model assumes the ink is mechanically
ttached to the paper but does not wet the paper surface and
s not in optical contact. An additional consequence of the
ir gap model is the introduction of a third surface with a
ignificant index difference. This is the interface between the
ir gap and the paper.

Equations (1) and (2) can be used to show that regard-
ess of the values of n1 and n2, the reflectance factors at the
rst and second interfaces are the same, �1 =�2. The values
f �1 and �3 can be calculated with Eqs. (1) and (2) if the

ndices n2, and n3, are known. Then the total specular re-
ectance can be modeled by Eq. (5),

� = �1 + �1 − �1�2T2�1 + �1 − �1�4T2�3. �5�

he reflectance relative to the black sample, r=� /�1, is Eq.
6),

r = 1 + �1 − �1�2T2 + �1 − �1�4T2
�3

�1

. �6�

or n1 =1 and reasonable values of n2 and n3, Eq. (6) pre-
icts values of rmax
2. This indicates the air gap model may
e reasonable description of specular reflectance of ink on
aper.

EST OF THE AIR GAP MODEL
quation (6) predicts a linear relationship between r and the
quare of the ink transmittance, T. The experimental data in

Figure 6. Air gap model of specular reflectance.
able I can be used to test Eq. (6) if values of T can be v

. Imaging Sci. Technol. 50�3�/May-Jun. 2006
stimated. This was done by noting that useful printing inks
ave negligible scattering coefficients and can be described
y the Beer-Lambert law and Eq. (7), where R and Rg are the
iffuse reflectance values of the printed sample and the sub-
trate paper, respectively,1

T = �R/Rg�1/2. �7�

stimates of T were made by measuring R and Rg using
5°/0° geometry and the same red, green, and blue filters
sed in the goniophotometer. Figure 7(a) shows the values
f r from Table I versus the estimated values of T2. Figures
(b) and 7(c) show the results of the same analysis applied
o samples printed with an offset lithographic press and a
hermal transfer printer. The data in Fig. 7 are consistent
ith the linear relationship between r and T2 predicted by

he air gap model, and the results are similar for the three
ifferent printing technologies used in this work.

The maximum value of specular reflectance, rmax, oc-
urs at T=1. These values are estimated for the three print-
ng processes in Fig. 6. These values can be compared to the
redictions of the model by assuming the values of n2 and

3 fall within the range of most ordinary materials, 1.3�n
1.6. If we assume n2 =1.3 and n3 =1.6, Eqs. (1), (2), and

6) predict rmax=4.7. If we assume n2 =1.6 and n3 =1.3, we
alculate rmax=2.1. The values measured for the offset litho-
raphic and thermal transfer printers might be reasonable
or the lower limiting case. However, the observed value of

max=1.5 is predicted if we assume n2 =3.1 and n3 =1.3,
hich are clearly not reasonable indices for ink and paper. It

ppears, therefore, that the air gap model significantly over-
stimates the specular reflectance of printed images.

ISCUSSION
ntuitively, the air gap model seems a reasonable rationale
or the chromatic effects seen in the specular reflections of
rinted materials. In order to fit the model quantitatively to

he experimental data, an attenuation factor, F, is added as
hown in Eqs. (8) and (9),

� = �1 + ��1 − �1�2T2�1 + �1 − �1�4T2�3�F , �8�

r = 1 + ��1 − �1�2T2 + �1 − �1�4T2
�3

�1
�F . �9�

ith reasonable estimates of n2 =1.4 and n3 =1.5, and with

igure 7. Relative specular reflectance vs T2 for solid samples of cyan,
agenta, and yellow measured in red, green, and blue light, for �a� a

iquid EP printer, �b� an offset litho press, and �c� a thermal transfer printer.
ata points � in �a� are from Table I, and 	 is a duplicate experiment.
alues of F=0.5, 0.8, and 0.8, this model fits the data in Fig.

231
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for the three printing processes. We have no direct experi-
ental justification for including the attenuation factor, F, in

he model other than the data shown in Fig. 6. Several po-
ential rationales for F might be imagined. For example, the
nk might partially wet the substrate and produce a result
etween complete wetting (two layer model) and no wetting
air gap model). The effect of � on n and �s may play a role
n reducing the value of F. Scattering of light within the ink
ayer might also decrease the observed value of F. In addi-
ion, experimental artifacts such as incomplete separation of
he specular and diffuse light through the polarization tech-
ique, may play a role. At this point, it is certain only that

nk absorbance plays a significant role in gloss.
Experimental values of specular reflectance, r, observed

n this work ranged over more than a factor of 2 and corre-
ated significantly with the ink transmittance values, T.
ased on these observations, it is somewhat surprising that
hromatic effects are not generally noticed when examining
he gloss characteristic of printed materials. Perhaps the ex-
reme glint of the gloss coupled with the highly chromatic
haracter of the underlying, diffuse image masks the much
esser chromatic character of the gloss.
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