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 nu erical odel to calculate gonio etric re ectance factor for effect coatings with interference a es was de elo ed 
and anal sed here. he odel incor orates three arts of  the light scattering e ents  fro  the front surface of  the coating, 
fro  ig ents inside the coating, and fro  the coating substrate. n order to alidate the odel, re ectance s ectra were 

easured at an incident angle of   and at re ected angles of  , , , ,  and  using a co ercial ul-
ti angle s ectro eter. etal lustre coating was used for testing the odel. t contains riodin  ig ent, an interference 

ica based ig ent coated with iron  o ide fro  erc . his coating includes all s ectral characteristics in ol ed in 
the odel. he thic ness of  the interference la er on the ig ents was ad usted to obtain good atches of  interference 
features between odelled and easured re ectance factor. he in uence of  surface co erage b  ig ents and of  the ig-

ent orientation distribution on the resulting s ectra was anal sed. he first ara eter re resents the fraction of  surface 
area co ered with ig ents and the second how well the ig ents inside the coatings are oriented. 

e o s a earance, scattering, s ectru , ulti angle re ectance, effect coating

1. nt o ction an ac o n

Surfaces that change their a earance significantl  
with illu ination and iewing directions are beco ing 
increasingl  i ortant in se eral a lications, rang-
ing fro  the urel  decorati e u  to ro iding arious 
functional ur oses. he uni ue o tical i ressions of 
such surfaces gi e e e catching effects, angle de end-
ent interference colours, earl lustre, or ulti le re ec-
tion, which characteri e the a earance of  the so called 
gonioa arent effect.  large ariet  of  sa les falls 
into this class, gi ing angle de endent effects due to a  
to ogra h  of  the icro  and acro te tures of  sur-
faces, such as leather, te tile and other icrote tured 
surfaces, and b  o tical effects co ing fro  etal-
lic, interference and surface structured a  ig ents 
a lied in coatings, lastics and rinting in s, which 
are ostl  used in auto oti e, decorati e and securit  
coatings. he o tical ro erties of  such sa les s read 
well be ond solid colour and cannot be described b  an  
straightforward colori etric easure ent. d anced 
a lications de and roduction of  surfaces with 
re eatable a earance, which re uires controllable ro-
duction rocess and ossibilit  to redict the a ear-
ance. Se eral conditions ha e to be fulfilled for these 
re uire ents, such as the ossibilit  to easure the 
a earance of  such roducts, to identif  the causes for 
differences a ong the , and to docu ent these details 

in a con enient wa . e ha e shown alread  that goni-
os ectro hoto etric s ace cur es, a s ecial re resenta-
tion of  the corres onding bidirectional re ectance 
distribution function , could ser e as an a ear-
ance finger rint of  se eral t es of  gonioa arent 
sa les lan e  unde and ogel , . owe er, 
theoretical consideration of  this methodology was made 
originall  onl  on diffraction gratings ogel , Pobera  
and lan e  unde, . or this ur ose, the dif-
fraction theor  was a lied to calculate the  of 
diffraction gratings. his research is continued herein 
to anal se the nu erical odel that will enable reliable 

rediction of  the  of  effect coatings, es eciall  of 
aints or in s containing interference a es.

 contains s ectral radiance coefficients for all os-
sible illu ination and iewing directions which could be 

easured b  goniore ecto etr . ost research ade so 
far has been done for etal effect coatings, interference 
coatings, and ore co le  effect coatings. hree dif-
ferent geo etries i.e. co binations of  illu ination and 
iewing directions  are good enough for etallic coat-

ing S , , whereas at least fi e or si  geo e-
tries are re uired for coatings ado ting the interference 
effect a agi, atanabe and aba, . ost co -

le  effect coatings re uire   geo etries a agi, 
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Sato and aba, . he gonios ectro hoto eters 
currentl  a ailable on the ar et ha e  ac i, 

 ardner ,  , ite  and  geo etries 
, eiss  irchner and ra er, .

ffect ig ents can be classified into two grou s, class 
i  ig ents that consist of  onl  one o ticall  ho o-

geneous aterial substrate free ig ents, e.g. etallic 
and earlescent a es  and class ii  ig ents that ha e 
a la ered structure and consist of  at least two o ticall  
different la ered aterial ig ents with la er substrate 
structure or ultila ered ig ents with or without a 
substrate, e.g. interference a es . he class i  ig ents 
gi e rise to re ection and or artial refraction fro  

a es, which in the corres onding coating a e etal-
lic or earlescent effects, res ecti el . nterference a es 
fro  class ii  add the effect of  interference in thin fil  
la ers, which contributes strong angle de endent col-
our, which is added to the lustre and brilliance Pfaff 
and e nders,  aile, Pfaff  and e nders, .

he ob ecti e set for this research is to a e a good 
calculation odel for  of  effect coatings with 
interference a es, and to erif  it b  co arison with 
gonios ectro etric easure ents. ost attention was 
de oted to build the theoretical odel that could enable 
one to ar  the o tical constituents of  effect coatings  
i.e. the t e of  a es in ter s of  refracti e inde  and 

absor tion coefficient , their ig ent olu e concen-
tration, si e, a erage inclination angle inside the coating 
and the corres onding ariance. he o tical ro erties 
of  the substrate were also allowed to ar . So e ste s 
in sol ing this o tical roble  were alread  resented 

er er and adal, . he  were included here 
and de elo ed further for the ur ose of  the a lica-
tion in hand. he first successful and ro ising results 
of  the research are shown here together with the lans 
for the future. irst, building of  the nu erical odel 
is e lained, and then its a lication is resented for a 
coating with la ered interference a es class ii . or 
this ur ose, a suitable sa le was selected fro  a co -

ercial set of  sa les  its re ectance was easured 
using handheld gonios ectro eter and calculated b  the 
built nu erical odel. ost ara eters of  the tested 
sa le were ro ided b  the roducer. he ost i or-
tant e e tion is orientation of  a es inside coating  it 
hea il  in uences the a earance and ust be included 
in the nu erical odel. owe er, it is well nown that 

easure ent of  a e orientation in coatings is far fro  
straightforward irchner an ouweling,  aile, 
Pfaff  and e nders,  Pfaff  and e nders, . 

ontrar , the in uence of  a e s inclination angle and 
ariance to this angle on the gonio etric re ectance is 

easil  anal sed b  ariation of  the corres onding ara -
eters in the nu erical odel. his is one a ong an  
ad antages of  the odel.

2. ate ia s an et o s

.  Sa les

he erc  ffect Pig ents colour card erc ru e, 
ar stadt, er an  was ta en here as a source of  effect 

coating with different ig ents.  re resentati e fro  
the coatings with etal lustre ig ents was selected. t 
contains riodin  ig ents , , which 
are interference ig ents, consisting of  ica based a es 
with thin la er of  iron  o ide e2 3 . he coating is 
a lied on a white subsurface  its a earance at easure-

ent conditions is shown in igure .

.  easure ents

he  ultiangle s ectro eter ite, nc.  was 
a lied for easure ents. he de ice is intended for 

anal ses of  ost o ticall  co le  coatings, also on 
cur ed surfaces. t enables re ectance factor easure-

ents within  geo etries  two illu ination directions, 
 and , co bined with  and  iewing directions, 

res ecti el . our directions at each illu ination are out 
of  the lane of  incidence, therefore there are  off

lane and  in lane geo etries. ngular accurac  of 
the e ui ent is  . , its re roducibilit  on a erage 
is .  E*

ab on reference Series   tile set, and its 
re eatabilit , using  easure ents at  seconds inter-
als, is a i u  .  E*

ab on white cal la ue ite, 
. easure ents are ta en at different locations on 

the sa le to achie e a erage of   easure ent alues. 
he s ectra were easured in the  n  s ectral 

region with  n  incre ent. nl  the in lane eas-
ure ents at  incident angle were anal sed here. his 

Figure 1: Photographs of the selected sample taken with 45  illumination angle in directions −60 , −30 , −20 , 0 , 30  and 65  ( from left 
to right) in respect to surface normal; the in-plane geometry is used
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gi es  detection directions, , , , ,  
and 65°, as easured in res ect to the surface nor al. 

hile the interference ig ents in the selected sa le 
are oriented unifor l  and arallel to the substrate, the 
gonio etric re ectance factor is distributed s et-
ricall  around the in lane direction, therefore, such a 
si lification is reasonable. 

e ection coefficients for a er substrates, which are 
used in the nu erical odel, were calculated fro  their 
re ectance factors. he latter were easured using a 
s ectro hoto eter Per in l er  . 

.  alculations

he nu erical odel describes the scattering of 
light i inging onto a s ecial effect ig ent coat-
ing igure  at an incident angle θi fro  the surface 
nor al. e ection of  scattered light is described using 

olar angle θr and a i uthal angle r relative to the 
nor al to the at surface of  the coating. Pig ents are 
assu ed to be tilted at an angle θn . rientation distribu-
tion function describes how the tilt angle changes fro  

a e to a e  it can be described b  an  functions. 
n this a er we use a logistic orientation distribution 

function P using θ0' as a ean a e tilt angle and  as a 
standard de iation:
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n uation , C is the fraction of  the surface area 
which is co ered b  ig ents, going fro   no ig-

ents  to  ig ents co er the whole sa le area . 
ther angles in uation  describe the a lied geo -

etr  as shown in igure .

 Figure 2: Simplified schematic of light scattering on 
special effect pigment coating

. .  u erical odel

he nu erical odel resented in this a er incor o-
rates three odels, na ed here as facet odel, a e 

odel, and base odel. ach of  the odels describes 

scattering fro  different le el of  the coating with s e-
cial effect ig ents:

  scattering fro  front surface of  the coating  facet
model

  scattering fro  s ecial effect ig ents inside the
coating  a e odel

  scattering fro  substrate of  the coating  base
model

Scattering fro  the whole sa le is then described 
using Sto es ector S:

0)( SFGFGFS baseflakefacet ++=

where F facet/F flake Fbase are the ueller atrices  
for the facet a e base odel res ecti el , S0 is the 
Sto es ector of  the incident light, and G is the geomet-
rical attenuation factor, which accounts for as ing and 
shadowing of  the light at large re ection angles. ts defi-
nition and for ulation can be found in orrance and 
S arrow . he facet and a e odels are treated 
in si ilar wa  and are described in detail in er er and 

adal , and in er er, win els and sai . 
he  are used to calculate Ffacet and Fflake b  following the 

e uation:

MPF
nri coscoscos4

=

using different ueller atrices, Mfacet and Mflake, a ro-
riate angles θi, θr, θn or θi , θr , θn , and orientation 

distribution function P . he facet odel treats the 
scattering fro  the front surface as a s ecular re ection 
fro  the aligned facets which ha e their slo es distrib-
uted according to the orientation distribution function. 

he a e odel treats ig ents as aligned facets and 
also ta es into account the refraction into and out 
of  the binder, surrounding the a es. he facet and 

a e odels are resented ore in de th in er er 
and adal , and in er er, win els and sai 

, whereas the base odel is described in the ne t 
subsection.

. .  Base model

Scattering fro  the substrate is incor orated in the base 
odel. ccording to this odel, light can ta e four 

different aths on its wa  through the coating towards 
the substrate and bac . he aths, along with the corre-
s onding angle notations are sche aticall  re resented 
in igure , and e ressed as:

. trans ission through ig ents, diffuse re ection 
fro  substrate, trans ission returning through 

ig ents,
. trans ission through ig ents, diffuse re ection 
fro  substrate, trans ission returning through 
binder no crossing of  ig ents ,
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. trans ission through binder no crossing of  ig-
ents , diffuse re ection fro  substrate, trans is-

sion returning through ig ents, 
. trans ission through binder no crossing of  ig-

ents , diffuse re ection fro  substrate, trans-
ission returning through binder no crossing of  

ig ents .

n igure b, onl  the ath  is shown. or other three 
aths, the angles are the sa e  we onl  add ig ent on 

the corres onding side s .

he ath  will alwa s occur to so e e tent, being the 
onl  ossible ath in the case of  co lete co erage 
C  , whereas the other three can occur onl  if  C  . 

ueller atrices  for the four different aths are 
calculated as:

1
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and ueller atrices are transfor ed fro  Jones atri-
ces, Jpath, as oldstein, : 
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where qii
flake are ele ents of  Jones atri  for facet odel, 

ts' and tp' are transmission and rs'' and rp  re ection 
coefficients for substrate and ig ents, res ecti el . 

rans ission coefficients for ig ents are calculated 
using the thic nesses of  the ig ent s la ers and their 
wa elength de endent refracti e indices. he e ua-
tions are well nown and can be found, for e a le, in 

er er, win els and sai .

.  u erical odelling of  the sa les

he described nu erical odel was used to calculate 
the re ectance factor of  the selected sa le at the 
conditions used for easure ents. his includes si  
in lane re ectance directions with 45° illu ination and 
as ecular angles °, , , 0°, , 65° as s eci-
fied for  ultiangle s ectro eter. he sa le was 
described with a coating containing a  ig ents in a 
resinous binder able .  white a er was used as a 
substrate. he ica based a es, ha ing thin interfer-
ence la er ade of  e2 3 on both sides riodin , 

erc  were used. he a es are described as la er core
la er where the corres onding thic nesses were ad usted 
b  the best fit to the easured re ectance. ecause the 

a es co er the entire surface, C   was used. ast 
a orit  of  a es were oriented arallel to the substrate, 

therefore the a e s ean tilt angle was ta en to be 
θ0   . he refracti e inde  of  Si 2 was used instead 
of  ica l2 Si3 l 10 , 2 . he refracti e indices 

a

b

c

d

a

Figure 3: a) Schematic representation of the four different paths the light can follow when undergoing scattering from the substrate, where 
for simplicity only few pigment flakes are drawn, and b) schematic representation of angles used in the base model

b

a

b

c

d

a) b)
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of  Si 2, e2 3 and acr lic itch binder  were obtained 
fro  the literature Pali ,  asaro a et al.,  

atabase of   Jena, , while the thic nesses of 
the core aterial and of  the interference la er of  a es 

were obtained b  the best atch between the calculated 
and easured s ectra, based on  colour differ-
ence Schanda, . he Sto es ector of  the incident 
light for all calculations was that of  an un olari ed light. 

Table 1: Specifications of the analysed effect coating: data for the binder, the substrate and the flakes, where C is the coverage of the substrate 
by flakes, θ0' is the flake s mean tilt angle and ' is the standard deviation for the orientation distribution of flakes, binder layer thickness 

was estimated from measurements with caliper and flake s thicknesses were ad usted by the best fit to the measured reflectance while the mean 
diameter was taken from the Merck Effect Pigments colour cart

Binder
Material acr lic itch

Layer thickness 600 µm

S st ate Material white a er

Specia e ect pi ents a es

Materials e2 3  ica  e2 3

Thicknesses .   .   .  µm

Mean diameter 5–50 µm

C 1

θ0 0

' 3

5. es ts an isc ssion

he suitabilit  of  the nu erical odel to describe the 
gonio etric re ectance factor of  an effect coating was 
anal sed in four ste s. irst, the easured re ectance 
factor was co ared to the calculated one for the entire 
set of  illu ination iewing angles. he thic ness of 
the ig ent a es, the ica core and interference la er 
a lied o er it, were aried for the best ossible atch 
of  the re ectance s ectra. Second, the in uence of  the 
fraction of  the substrate surface co ered b  ig ents 

ara eter C in the uation  on the calculated 
re ectance factor was anal sed. hird, the conse uences 
of  the orientation distribution function of  a es within 
coating were anal sed. nd fourth, the effect of  differ-
ent coloured a er substrates was anal sed.

.  easured s. odelled re ectance factor

he calculations were ade for the  n  s ec-
tral region because the ublished alues for refracti e 
inde  and absor tion coefficient are li ited to this 
region, and no e tra olation was ade. igure  shows 
the easured and calculated re ectance s ectra for all 
a lied illu ination iewing co binations and the cor-
res onding  a* and b* colour alues Schanda, 

 deter ined fro  the easured re ectance factor. 
he ara eters used in co utations are those fro  
able . he  alues a* and b* are the largest 

at  re ectance angle and al ost linearl  di inish 
when this angle changes towards smaller and then nega-

ti e alues, where the a earance of  the sa le is going 
towards blac . his is in accordance with hotogra hs 
shown in igure . 

he easured s ectra ha e a slight increase in re ec-
tance at  n , a alle  between  and  n , 
a ea  around  n  and a decrease at  n . he 
reader should notice that the easure ents, as well as 
the odel, ro ide re ectance factor and not re ec-
tance.  definition, the re ectance factor is the ratio 
of  radiant u  re ected of  a sa le in a gi en direc-
tion to that re ected in the sa e direction b  erfectl  
re ecting diffuser P . his eans that so e sa -

les can re ect ore light in a certain direction than the 
P , resulting in re ectance factor alues abo e . he 

osition of  ea s and alle s is greatl  deter ined b  
the thic ness of  interference la er a lied on the ica 
core of  the ig ent a es. he thic ness data are not 
a ailable for the riodin  ig ent, howe er, the er-
centage of  each aterial used in the ig ent is s ecified 
b  the roducer. he interference la er thic ness and 
the thic ness of  the ica core were ad usted, using the 

ercentage infor ation, in order to ini i e the colour 
difference, E*

ab, between the easured and calculated 
re ectance factor. he  colour difference for ula 
was a lied for this ur ose. able  shows the results 
obtained for the s ectra shown in igure . he s ec-
tra show an acce table atch, howe er, the indi idual 
colour differences are uite large. he ossible reasons 
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Table 2: CIE76 colour difference and RMSE between measured 
and modelled reflectance factor values

spec a
angle E *

ab RMSE

. .

. .

. .

. .

. .

. .

Figure 4: a) Measured (dashed line) and modelled (solid line) reflectance factor obtained for the selected coating sample with interference flakes 
and (b) CIELAB a  and b  colour values calculated from the measured reflectance spectra (see also Figure 1 and Table 2)   

measurement directions are specified in the legend

could be insufficient nowledge about the la ers thic -
nesses, substituting o tical constants of  ica la er for 
o tical constants of  Si 2, and insufficient odelling of
the roughness of  the ica a es. longside the colour
difference, able  also shows the root ean s uare
error RMSE  between easured and calculated s ec-
tra. t was calculated as:

w
ss

RMSE calculatedmeasured∑ =
−

=

700

440
2

,, )(
λ λλ

where s re resents re ectance s ectra and w is the nu -
ber of  wa elengths.

.  n uence of  surface co erage

hanging the olu e concentration of  ig ents or their 
dia eter, in general, changes the surface co erage, which 
is e ressed b  C in uation . S aller surface co er-
age eans that less of  the area is co ered with ig ents 
and the substrate has a greater in uence on the re ec-
tance of  such a sa le. he in uence of  this effect on 
the re ectance factor s ectra was anal sed b  calculat-
ing the re ectance factor s ectra for all the a lied illu-

ination iewing geo etries using different alues of 
the surface co erage, C. igure  shows the results for 
C alues of  . , .  and . . S aller surface co erage 
results in bigger in uence of  the substrate, as e ected. 

t wa elength below  n , the re ectance factor in 
all iewing angles con erges to a single alue, but their 
relati e se aration sta s the sa e as it is at longer wa e-
lengths. he sha e and the intensit  of  the re ectance 
factor changes with surface co erage. or s aller co er-
age, the re ectance factor beco es si ilar to that of  the 
coating substrate alone see also igure . herefore, 
the interference effect caused b  the ig ents is clearl  
seen at large enough co erage. his confir s the alidit  
of  the used co utational odel and enables to redict 
the concentration of  a es that should be used in coat-
ing if  hiding of  the substrate is desired. 

he reader should a  s ecial attention to the scale of 
the re ectance factor in igure . hen surface co -
erage is , the interference effect roduces re ectance 
factor alues higher than . ith the s aller surface 
co erage, the interference effect di inishes and the 
re ectance factor alues slowl  beca e ore si ilar to 
the re ectance factor of  the substrate, eaning that the 
alues go below .

.  n uence of  orientation distribution function

he orientation distribution function of  a es is 
assu ed to be a logistic distribution with its ean alue, 
θ0', and standard de iation, . Since both ara eters 
in uence the results, we will anal se how each of  the  
affects the re ectance s ectra.

. .  n uence of  orientation distributions standard 
deviation

ere, we assu e that the ean tilt angle is , eaning 
the a es are arallel to the substrate, and we change 

a) b)
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Figure 5: Reflectance factor spectra calculated for the applied illumination viewing directions using surface coverage a) C = 0. , b) C = 0.5, 
and c) C = 0.1  the legend in the middle graph is applicable to all three graphs

a) b) c)

Figure 6: Reflectance factor spectra calculated for the applied illumination viewing directions (see the legend) using surface coverage C = 1, 
the flake s mean tilt angle θ0  = 0  and standard deviation of the orientation distribution function equal to a)  = 1  and b) = 15   
the reader should pay attention to the y axis range of the two graphs; c) orientation distribution function using the standard deviations 

specified in the corresponding legend

a) b) c)

the alue of  standard de iation. igure  shows the cal-
culated re ectance s ectra for the a lied sa le using 
standard de iation e ual to  and . he logistic ori-
entation distribution functions for the ariances ,  
and  are also illustrated in the sa e figure, to show 
the broadness of  the ig ent tilt angle in such condi-
tions. e ectance factor s ectra show that s aller ar-
iance results in significant re ection onl  at re ectance 
angles close to the s ecular re ection, at  and . 

ther angles ha e er  low re ectance factor. hen ori-
entation distribution is broader the standard de iation 
is bigger , the re ectance factor increases o er a wide 
range of  re ectance angles. 

 s all standard de iation eans that al ost all a es 
are arallel to the substrate, therefore the re ection of 
the sa le is highl  directional, and distributed around 
the s ecular direction, as a result of  scattering on the 
edges of  the a es.  large standard de iation of  the 
orientation distribution function eans that the ig-

ents are rando l  oriented, thus re ect in accordance 
with these directions. he re ectance factor of  such a 
coating beco es highl  diffuse, eaning that a wider 
range of  re ection directions re ect si ilar a ount of 
light. 

To analyse how the standard deviation of  the orientation 
distribution function affects the re ectance factor at dif-
ferent re ectance angles, we ha e anal sed the re ec-
tance factor at    n  as a function of  the a lied 
alue of  standard de iation. he results are shown in 
igure . he re ectance factor at  n  is shown for 

all a lied geo etries lotted against standard de iation 
alues between  and .

Figure 7: Reflectance factor at  = 650 nm for specific reflectance angle 
versus standard deviation of orientation distribution function
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he re ectance angles closer to the s ecular re ec-
tion ha e a uic er rise at s all standard de iation and 
slowl  con erge to a constant alue at larger standard 
de iation. he re ectance factor at angles furthest awa  
fro  s ecular re ection,  and , starts to increase 
at larger standard de iations, and does not show such a 
high re ectance factor li e at angles closer to the s ec-
ular direction. Such beha iour is in accordance with the 
logistic distribution function  when standard de iation 
beco es large enough, all inclination angles beco e 

ossible.

. .  n uence of  orientation distributions ean alue

ere, we assu e that the standard de iation is   , 
and we change the ean alue of  the logistic distribu-
tion function, θ0'. f  the a es would be surrounded b  
air, the re ected angle for s ecular re ection on a es 
noted here as s ecular re ected angle  would be an 

addition of  incident angle and a e s tilt angle. ecause 
the a es are inside a binder, the refraction at binder air 
interface has to be also ta en into account. he nonlin-
ear relation between a e s tilt angle, θn', and s ecular 
re ected angle, is shown in igure a. la e s tilt angle 
can onl  range between  and , be ond this we 
would encounter total internal re ection and no light 
would co e fro  the sa le. e can see that a s all 
shift in a e s tilt angle causes a large shift in s ecular 
re ected angle.

igure b shows the re ectance factor at    n  at 
different re ectance angles, as a function of  the a lied 

ean alue, ranging fro   to . hen we change 
the ean alue, we see that e er  as ecular angle has 
its own re ectance factor ea . he osition of  these 

ea s is directl  related to the s ecular re ected angle, 
shown in igure a. he intensit  of  the ea s, on 
the other hand, is ainl  related to the deno ina-
tor in uation , where we ha e cosine of  a e tilt 
angle and re ected angle igure c . his art of  the 
e uation is relati el  low for ost of  the angles, but 
beco es large in the border range of  a e tilt angles, 
corres onding to as ecular angles  and . his 

e lains the uch higher intensit  of  re ectance factor 
ea s for those two as ecular angles in relation to other 

as ecular angles.

.  n uence of  the substrate

he in uence of  the substrate can be anal sed when 
different a er substrates are used. e ha e used 
blac , agenta, c an and ellow a er substrate 

igure . o show the corres onding effects, we cal-
culated re ectance factor s ectra of  the effect coating 
with different surface co erage, C. igure  is show-
ing the results for C  . , .  and .  for re ectance 
angle . ther ara eters used in the calculations 
were those defined in able . igure  should be 
co ared with igure , where the sa e ara eters 
were used with white a er substrate. 

Figure : Measured reflectance factor for white, black, magenta, 
cyan and yellow paper substrates

en with high surface co erage, C  . , so e differ-
ences were obtained in calculated s ectra when differ-
ent a er substrates were a lied. oating on agenta 
and ellow substrates that ha e high re ectance factor at 
   n , where the a es also gi e high re ectance, 

gi e si ilar but slightl  lower re ectance as the white 
substrate. an and blac  a er substrates gi e e en 
s aller re ectance factor alues since the re ectance of 

Figure 8: a) The reflected angle for specular reflection on flakes (specular reflected angle) as a function of flake tilt angle, 
b) reflectance factor at  = 650 nm for specific reflectance angle as a function of orientation distribution s mean value, θ0',

and c) inverse of cosine of flake tilt and reflected angle versus flake tilt angle

a) b) c)
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the substrate alone is not high in that region. he s all 
difference is because the interference effect caused b  
the ig ents roduces uch higher re ectance factor 
alues than the re ection fro  the substrate. hen the 

surface co erage is getting s aller, the difference a ong 
a er substrates beco es larger. his is e ected, since 

ore and ore of  the substrate is isible and thus it 
contributes ore to the re ectance factor of  the entire 
coating. ot onl  the re ectance factor intensit  changes, 
but also the sha e of  the re ectance factor cur e starts 
to change and beco es ore and ore si ilar to the 
re ection of  the substrate alone igure .

6. onc sions

he focus of  this research is on odelling the re ec-
tance s ectra of  the selected s ecial effect coating with 
interference ig ents, ha ing a e2 3 layer on a mica 
core. he odelled re ectance factor was alidated with 

easure ents of  the selected sa le at the sa e gonio-
etric angles that were used in the odel. he in uence 

of  three i ortant ara eters on gonio etric re ec-
tance factor was anal sed, na el  surface co erage, 

ig ent orientation distribution and coating substrate. 
Surface co erage is directl  related to the dia eter and 
olu e concentration of  ig ents for a gi en ig ent 

thic ness, i.e. as ect ratio, and both can be aried in the 
in  or aint anufacturing rocess. e ending on this 
factor, the coating substrate will affect the re ectance 
factor and in uence the a earance of  the coating. he 

ig ent orientation distribution is an i ortant factor 
when a l ing the in  or aint. ifferent a lication 

rocesses can distribute ig ents with different orien-
tation and standard de iation of  orientation, and, as we 
ha e shown, this ara eter can ha e great in uence on 
the gonio etric re ectance factor. Substrate used for 
a lication of  the coating also contributes to the o er-
all a earance of  the sa le, es eciall  if  the surface 
co erage is s all. he results of  our research show that 
the odel built for such sa les ro ides useful results  
therefore it will be de elo ed further. he coating sa -

le, selected to resent the a lication of  the nu eri-
cal odel, includes all t es of  o tical e ents ta en into 
account in our nu erical odel. herefore, this e alu-
ation shows that the odel is generall  acce table for 
effect coatings with both t es of  a es, class i  and 
class ii . oreo er, this a es a good ground for fur-
ther research of  roble s connected with a earance 
of  gonioa arent sa les. oreo er, interference a es 
with ore la ers ultila ered interference a es  are 
currentl  being considered. he entire data will be used 
to chec  the ossibilit  of  using the nu erical odel to 
define the in ut data for a earance finger rinting.

he entire research has an a bition to ro ide a gener-
ali ed odel for gonios ectro etric re ectance factor 
of  effect coatings with arbitrar  co le it . he nu er-
ical odel should hel  in answering the uestion which 
s atial resolution is good enough to describe the  
of  effect coatings. hile coatings with all currentl  
nown s ecial effects ig ents will be considered, the 
ro osed odel will ro ide the re ection s ectru  for 

arbitrar  illu ination iewing directions for an  co -
binations of  in aint re aration and coating a li-
cation. Such data are i ortant for se eral ur oses of 
o ticall  co le  coatings, being for decorati e, securit
or an  other ur ose.

a  
Figure 10: Reflectance factor calculated for the reflection angle −60  using surface coverage a) C = 0. , b) C = 0.5, and c) C = 0.1 for 
different paper substrates (the legend in the middle graph applies to all three graphs); other parameters used in the calculation are those  

from Table 2; scale on y axis is changing for different C parameter, however, the same C parameter  
has the same y axis scale in this Figure 10 as well as in Figure 5

a) b) c)
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