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$EstUact

$ nuPerical Podel to calculate gonioPetric reÁectance factor for effect coatings with interference ÁaNes was deYeloSed 
and anal\sed here. 7he Podel incorSorates three Sarts of  the light scattering eYents� froP the front surface of  the coating, 
froP SigPents inside the coating, and froP the coating substrate. ,n order to Yalidate the Podel, reÁectance sSectra were 
Peasured at an incident angle of  ��� and at reÁected angles of  î���, î���, î���, ��, ��� and ��� using a coPPercial Pul-
ti�angle sSectroPeter. 0etal lustre coating was used for testing the Podel. ,t contains ,riodin ���� SigPent, an interference 
Pica�based SigPent coated with iron �,,,� o[ide froP 0ercN. 7his coating includes all sSectral characteristics inYolYed in 
the Podel. 7he thicNness of  the interference la\er on the SigPents was adMusted to obtain good Patches of  interference 
features between Podelled and Peasured reÁectance factor. 7he inÁuence of  surface coYerage b\ SigPents and of  the Sig-
Pent orientation distribution on the resulting sSectra was anal\sed. 7he first SaraPeter reSresents the fraction of  surface 
area coYered with SigPents and the second how well the SigPents inside the coatings are oriented. 

.e\ZoUGs��aSSearance, scattering, sSectruP, Pulti�angle reÁectance, effect coating

1. ,ntUoGXction�anG�EacNJUoXnG

Surfaces that change their aSSearance significantl\ 
with illuPination and Yiewing directions are becoPing 
increasingl\ iPSortant in seYeral aSSlications, rang-
ing froP the Surel\ decoratiYe uS to SroYiding Yarious 
functional SurSoses. 7he uniTue oStical iPSressions of 
such surfaces giYe e\e�catching effects, angle�deSend-
ent interference colours, Searl lustre, or PultiSle reÁec-
tion, which characteri]e the aSSearance of  the so�called 
gonioaSSarent effect. $ large Yariet\ of  saPSles falls 
into this class, giYing angle�deSendent effects due to �a� 
toSograSh\ of  the Picro� and Pacro te[tures of  sur-
faces, such as leather, te[tile and other Picrote[tured 
surfaces, and �b� oStical effects coPing froP Petal-
lic, interference and surface�structured ÁaN\ SigPents 
aSSlied in coatings, Slastics and Srinting inNs, which 
are Postl\ used in autoPotiYe, decoratiYe and securit\ 
coatings. 7he oStical SroSerties of  such saPSles sSread 
well be\ond solid colour and cannot be described b\ an\ 
straightforward coloriPetric PeasurePent. $dYanced 
aSSlications dePand Sroduction of  surfaces with 
reSeatable aSSearance, which reTuires controllable Sro-
duction Srocess and Sossibilit\ to Sredict the aSSear-
ance. SeYeral conditions haYe to be fulfilled for these 
reTuirePents, such as the Sossibilit\ to Peasure the 
aSSearance of  such Sroducts, to identif\ the causes for 
differences aPong theP, and to docuPent these details 

in a conYenient wa\. :e haYe shown alread\ that goni-
osSectroShotoPetric sSace curYes, a sSecial reSresenta-
tion of  the corresSonding bidirectional reÁectance 
distribution function �%5')�, could serYe as an aSSear-
ance fingerSrint of  seYeral t\Ses of  gonioaSSarent 
saPSles �.lanMäeN *unde and 5ogelM, �����. +oweYer, 
theoretical consideration of  this methodology was made 
originall\ onl\ on diffraction gratings �5ogelM, PoberaM 
and .lanMäeN *unde, �����. )or this SurSose, the dif-
fraction theor\ was aSSlied to calculate the %5') of 
diffraction gratings. 7his research is continued herein 
to anal\se the nuPerical Podel that will enable reliable 
Srediction of  the %5') of  effect coatings, esSeciall\ of 
Saints or inNs containing interference ÁaNes.

%5') contains sSectral radiance coefficients for all Sos-
sible illuPination and Yiewing directions which could be 
Peasured b\ gonioreÁectoPetr\. 0ost research Pade so 
far has been done for Petal�effect coatings, interference 
coatings, and Pore coPSle[ effect coatings. 7hree dif-
ferent geoPetries �i.e. coPbinations of  illuPination and 
Yiewing directions� are good enough for Petallic coat-
ing �$S70, �����, whereas at least fiYe or si[ geoPe-
tries are reTuired for coatings adoSting the interference 
effect �7aNagi, :atanabe and %aba, �����. 0ost coP-
Sle[ effect coatings reTuire � ��� geoPetries �7aNagi, 
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Sato and %aba, �����. 7he goniosSectroShotoPeters 
currentl\ aYailable on the ParNet haYe � �%<.�Pac i, 
%<. *ardner�, �� �0$��, ;�5ite� and �� geoPetries 
�*.����0, =eiss� �.irchner and &raPer, �����.

(ffect SigPents can be classified into two grouSs, class 
�i� SigPents that consist of  onl\ one oSticall\ hoPo-
geneous Paterial �substrate�free SigPents, e.g. Petallic 
and Searlescent ÁaNes� and class �ii� SigPents that haYe 
a la\ered structure and consist of  at least two oSticall\ 
different la\ered Paterial �SigPents with la\er�substrate 
structure or Pultila\ered SigPents with or without a 
substrate, e.g. interference ÁaNes�. 7he class �i� SigPents 
giYe rise to reÁection and�or Sartial refraction froP 
ÁaNes, which in the corresSonding coating PaNe Petal-
lic or Searlescent effects, resSectiYel\. ,nterference ÁaNes 
froP class �ii� add the effect of  interference in thin filP 
la\ers, which contributes strong angle�deSendent col-
our, which is added to the lustre and brilliance �Pfaff 
and 5e\nders, ����� 0aile, Pfaff  and 5e\nders, �����.

7he obMectiYe set for this research is to PaNe a good 
calculation Podel for %5') of  effect coatings with 
interference ÁaNes, and to Yerif\ it b\ coPSarison with 
goniosSectroPetric PeasurePents. 0ost attention was 
deYoted to build the theoretical Podel that could enable 
one to Yar\ the oStical constituents of  effect coatings ² 
i.e. the t\Se of  ÁaNes �in terPs of  refractiYe inde[ and 

absorStion coefficient�, their SigPent�YoluPe concen-
tration, si]e, aYerage inclination angle inside the coating 
and the corresSonding Yariance. 7he oStical SroSerties 
of  the substrate were also allowed to Yar\. SoPe steSs 
in solYing this oStical SrobleP were alread\ Sresented 
�*erPer and 1adal, �����. 7he\ were included here 
and deYeloSed further for the SurSose of  the aSSlica-
tion in hand. 7he first successful and SroPising results 
of  the research are shown here together with the Slans 
for the future. )irst, building of  the nuPerical Podel 
is e[Slained, and then its aSSlication is Sresented for a 
coating with la\ered interference ÁaNes �class �ii��. )or 
this SurSose, a suitable saPSle was selected froP a coP-
Percial set of  saPSles� its reÁectance was Peasured 
using handheld goniosSectroPeter and calculated b\ the 
built nuPerical Podel. 0ost SaraPeters of  the tested 
saPSle were SroYided b\ the Sroducer. 7he Post iPSor-
tant e[ePStion is orientation of  ÁaNes inside coating� it 
heaYil\ inÁuences the aSSearance and Pust be included 
in the nuPerical Podel. +oweYer, it is well Nnown that 
PeasurePent of  ÁaNe orientation in coatings is far froP 
straightforward �.irchner an +ouweling, ����� 0aile, 
Pfaff  and 5e\nders, ����� Pfaff  and 5e\nders, �����. 
&ontrar\, the inÁuence of  ÁaNe·s inclination angle and 
Yariance to this angle on the gonioPetric reÁectance is 
easil\ anal\sed b\ Yariation of  the corresSonding SaraP-
eters in the nuPerical Podel. 7his is one aPong Pan\ 
adYantages of  the Podel.

2. 0ateUiaOs�anG�PetKoGs

�.� SaPSles

7he 0ercN (ffect PigPents colour card �0ercN�*ruSSe, 
'arPstadt, *erPan\� was taNen here as a source of  effect 
coating with different SigPents. $ reSresentatiYe froP 
the coatings with Petal lustre SigPents was selected. ,t 
contains ,riodin ���� SigPents �0(5&., �����, which 
are interference SigPents, consisting of  Pica�based ÁaNes 
with thin la\er of  iron �,,,� o[ide �)e223�. 7he coating is 
aSSlied on a white subsurface� its aSSearance at Peasure-
Pent conditions is shown in )igure �.

�.� 0easurePents

7he 0$�� Pultiangle sSectroPeter �;�5ite, ,nc.� was 
aSSlied for PeasurePents. 7he deYice is intended for 

anal\ses of  Post oSticall\ coPSle[ coatings, also on 
curYed surfaces. ,t enables reÁectance factor Peasure-
Pents within �� geoPetries� two illuPination directions, 
��� and ���, coPbined with �� and � Yiewing directions, 
resSectiYel\. )our directions at each illuPination are out 
of  the Slane of  incidence, therefore there are � off�
Slane and �� in�Slane geoPetries. $ngular accurac\ of 
the eTuiSPent is � �.���, its reSroducibilit\ on aYerage 
is �.�� ƅE*

ab on reference Series ,, %&5$ tile set, and its 
reSeatabilit\, using �� PeasurePents at � seconds inter-
Yals, is Pa[iPuP �.�� ƅE*

ab on white cal SlaTue �;�5ite, 
�����. 0easurePents are taNen at different locations on 
the saPSle to achieYe aYerage of  � PeasurePent Yalues. 
7he sSectra were Peasured in the ���²��� nP sSectral 
region with �� nP increPent. 2nl\ the in�Slane Peas-
urePents at ��� incident angle were anal\sed here. 7his 

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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giYes � detection directions, î���, î���, î���, ��, ��� 
and 65°, as Peasured in resSect to the surface norPal. 
:hile the interference SigPents in the selected saPSle 
are oriented uniforPl\ and Sarallel to the substrate, the 
gonioPetric reÁectance factor is distributed s\PPet-
ricall\ around the in�Slane direction, therefore, such a 
siPSlification is reasonable. 

5eÁection coefficients for SaSer substrates, which are 
used in the nuPerical Podel, were calculated froP their 
reÁectance factors. 7he latter were Peasured using a 
sSectroShotoPeter PerNin (lPer ƫ ����. 

�.� &alculations

7he nuPerical Podel describes the scattering of 
light iPSinging onto a sSecial effect SigPent coat-
ing �)igure �� at an incident angle θi froP the surface 
norPal. 5eÁection of  scattered light is described using 
Solar angle θr and a]iPuthal angle Ɩr relative to the 
norPal to the Áat surface of  the coating. PigPents are 
assuPed to be tilted at an angle θn
. 2rientation distribu-
tion function describes how the tilt angle changes froP 
ÁaNe to ÁaNe� it can be described b\ Pan\ functions. 
,n this SaSer we use a logistic orientation distribution 
function P using θ0' as a Pean ÁaNe tilt angle and Ƴ
 as a 
standard deYiation:
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,n (Tuation >�@, C is the fraction of  the surface area 
which is coYered b\ SigPents, going froP � �no Sig-
Pents� to � �SigPents coYer the whole saPSle area�. 
2ther angles in (Tuation >�@ describe the aSSlied geoP-
etr\ as shown in )igure �.

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

�.�.� 1uPerical Podel

7he nuPerical Podel Sresented in this SaSer incorSo-
rates three Podels, naPed here as facet Podel, ÁaNe 
Podel, and base Podel. (ach of  the Podels describes 

scattering froP different leYel of  the coating with sSe-
cial effect SigPents:

�  scattering froP front surface of  the coating ² facet
model

�  scattering froP sSecial effect SigPents inside the
coating ² ÁaNe Podel

�  scattering froP substrate of  the coating ² base
model

Scattering froP the whole saPSle is then described 
using StoNes Yector S:

0)( SFGFGFS baseflakefacet ++=

where F facet/F flake�Fbase are the 0ueller Patrices %5') 
for the facet�ÁaNe�base Podel resSectiYel\, S0 is the 
StoNes Yector of  the incident light, and G is the geomet-
rical attenuation factor, which accounts for PasNing and 
shadowing of  the light at large reÁection angles. ,ts defi-
nition and forPulation can be found in 7orrance and 
SSarrow ������. 7he facet and ÁaNe Podels are treated 
in siPilar wa\ and are described in detail in *erPer and 
1adal ������, and in *erPer, =winNels and 7sai ������. 
7he\ are used to calculate Ffacet and Fflake b\ following the 
eTuation:

MPF
nri coscoscos4

=

using different 0ueller Patrices, Mfacet and Mflake, aSSro-
Sriate angles �θi, θr, θn or θi 
, θr
, θn
�, and orientation 
distribution function �P�. 7he facet Podel treats the 
scattering froP the front surface as a sSecular reÁection 
froP the aligned facets which haYe their sloSes distrib-
uted according to the orientation distribution function. 
7he ÁaNe Podel treats SigPents as aligned facets and 
also taNes into account the refraction into and out 
of  the binder, surrounding the ÁaNes. 7he facet and 
ÁaNe Podels are Sresented Pore in deSth in *erPer 
and 1adal ������, and in *erPer, =winNels and 7sai 
������, whereas the base Podel is described in the ne[t 
subsection.

�.�.� Base model

Scattering froP the substrate is incorSorated in the base 
Podel. $ccording to this Podel, light can taNe four 
different Saths on its wa\ through the coating towards 
the substrate and bacN. 7he Saths, along with the corre-
sSonding angle notations are schePaticall\ reSresented 
in )igure �, and e[Sressed as:

�. transPission through SigPents, diffuse reÁection 
froP substrate, transPission returning through 
SigPents,

�. transPission through SigPents, diffuse reÁection 
froP substrate, transPission returning through 
binder �no crossing of  SigPents�,

>�@

>�@

>�@
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�. transPission through binder �no crossing of  Sig-
Pents�, diffuse reÁection froP substrate, transPis-
sion returning through SigPents, 

�. transPission through binder �no crossing of  Sig-
Pents�, diffuse reÁection froP substrate, trans-
Pission returning through binder �no crossing of  
SigPents�.

,n )igure �b, onl\ the Sath � is shown. )or other three 
Saths, the angles are the saPe� we onl\ add SigPent on 
the corresSonding side�s�.

7he Sath � will alwa\s occur to soPe e[tent, being the 
onl\ Sossible Sath in the case of  coPSlete coYerage 
�C   ��, whereas the other three can occur onl\ if  C � �. 
0ueller Patrices %5') for the four different Saths are 
calculated as:
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and 0ueller Patrices are transforPed froP Jones Patri-
ces, Jpath, as �*oldstein, �����: 
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where qii
flake are elePents of  Jones Patri[ for facet Podel, 

ts' and tp' are transmission and rs'' and rp

 reÁection 
coefficients for substrate and SigPents, resSectiYel\. 
7ransPission coefficients for SigPents are calculated 
using the thicNnesses of  the SigPent·s la\ers and their 
waYelength�deSendent refractiYe indices. 7he eTua-
tions are well Nnown and can be found, for e[aPSle, in 
*erPer, =winNels and 7sai ������.

�.� 1uPerical Podelling of  the saPSles

7he described nuPerical Podel was used to calculate 
the reÁectance factor of  the selected saPSle at the 
conditions used for PeasurePents. 7his includes si[ 
in�Slane reÁectance directions with 45° illuPination and 
asSecular angles î��°, î���, î���, 0°, ���, 65° as sSeci-
fied for 0$�� Pultiangle sSectroPeter. 7he saPSle was 
described with a coating containing ÁaN\ SigPents in a 
resinous binder �7able ��. $ white SaSer was used as a 
substrate. 7he Pica�based ÁaNes, haYing thin interfer-
ence la\er Pade of  )e223 on both sides �,riodin ����, 
0ercN� were used. 7he ÁaNes are described as la\er�core�
la\er where the corresSonding thicNnesses were adMusted 
b\ the best fit to the Peasured reÁectance. %ecause the 
ÁaNes coYer the entire surface, C   � was used. 9ast 
PaMorit\ of  ÁaNes were oriented Sarallel to the substrate, 
therefore the ÁaNe·s Pean tilt angle was taNen to be 
θ0
   ��. 7he refractiYe inde[ of  Si22 was used instead 
of  Pica �.$l2�Si3$l�210�2+,)�2�. 7he refractiYe 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  Si22, )e223 and acr\lic Sitch �binder� were obtained 
froP the literature �PaliN, ����� .asaroYa et al., ����� 
'atabase of  $,8 Jena, �����, while the thicNnesses of 
the core Paterial and of  the interference la\er of  ÁaNes 

were obtained b\ the best Patch between the calculated 
and Peasured sSectra, based on &,(�� colour differ-
ence �Schanda, �����. 7he StoNes Yector of  the incident 
light for all calculations was that of  an unSolari]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 Ƴ' is the standard deviation for the orientation distribution of flakes, binder layer thickness 

was estimated from measurements with caliper and flake
s thicknesses were adMusted 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 Sitch

Layer thickness 600 µm

SXEstUate Material white SaSer

SpeciaO�eIIect�piJPents��ÁaNes�

Materials )e223 � Pica � )e223

Thicknesses ��.��� � �.��� � �.���� µm

Mean diameter 5–50 µm

C 1

θ0 0�

Ƴ' 3�

5. 5esXOts�anG�GiscXssion

7he suitabilit\ of  the nuPerical Podel to describe the 
gonioPetric reÁectance factor of  an effect coating was 
anal\sed in four steSs. )irst, the Peasured reÁectance 
factor was coPSared to the calculated one for the entire 
set of  illuPination²Yiewing angles. 7he thicNness of 
the SigPent ÁaNes, the Pica core and interference la\er 
aSSlied oYer it, were Yaried for the best Sossible Patch 
of  the reÁectance sSectra. Second, the inÁuence of  the 
fraction of  the substrate surface coYered b\ SigPents 
�SaraPeter C in the (Tuation >�@� on the calculated 
reÁectance factor was anal\sed. 7hird, the conseTuences 
of  the orientation distribution function of  ÁaNes within 
coating were anal\sed. $nd fourth, the effect of  differ-
ent coloured SaSer substrates was anal\sed.

�.� 0easured Ys. Podelled reÁectance factor

7he calculations were Pade for the ���²��� nP sSec-
tral region because the Sublished Yalues for refractiYe 
inde[ and absorStion coefficient are liPited to this 
region, and no e[traSolation was Pade. )igure � shows 
the Peasured and calculated reÁectance sSectra for all 
aSSlied illuPination�Yiewing coPbinations and the cor-
resSonding &,(/$% a* and b* colour Yalues �Schanda, 
����� deterPined froP the Peasured reÁectance factor. 
7he SaraPeters used in coPSutations are those froP 
7able �. 7he &,(/$% Yalues a* and b* are the largest 
at ��� reÁectance angle and alPost linearl\ diPinish 
when this angle changes towards smaller and then nega-

tiYe Yalues, where the aSSearance of  the saPSle is going 
towards blacN. 7his is in accordance with ShotograShs 
shown in )igure �. 

7he Peasured sSectra haYe a slight increase in reÁec-
tance at ��� nP, a Yalle\ between ��� and ��� nP, 
a SeaN around ��� nP and a decrease at ��� nP. 7he 
reader should notice that the PeasurePents, as well as 
the Podel, SroYide reÁectance factor and not reÁec-
tance. %\ definition, the reÁectance factor is the ratio 
of  radiant Áu[ reÁected of  a saPSle in a giYen direc-
tion to that reÁected in the saPe direction b\ Serfectl\ 
reÁecting diffuser �P5'�. 7his Peans that soPe saP-
Sles can reÁect Pore light in a certain direction than the 
P5', resulting in reÁectance factor Yalues aboYe �. 7he 
Sosition of  SeaNs and Yalle\s is greatl\ deterPined b\ 
the thicNness of  interference la\er aSSlied on the Pica 
core of  the SigPent ÁaNes. 7he thicNness data are not 
aYailable for the ,riodin ���� SigPent, howeYer, the Ser-
centage of  each Paterial used in the SigPent is sSecified 
b\ the Sroducer. 7he interference la\er thicNness and 
the thicNness of  the Pica core were adMusted, using the 
Sercentage inforPation, in order to PiniPi]e the colour 
difference, ƅE*

ab, between the Peasured and calculated 
reÁectance factor. 7he &,(�� colour�difference forPula 
was aSSlied for this SurSose. 7able � shows the results 
obtained for the sSectra shown in )igure �. 7he sSec-
tra show an acceStable Patch, howeYer, the indiYidual 
colour differences are Tuite large. 7he Sossible reasons 
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Table 2: CIE76 colour difference and RMSE between measured 
and modelled reflectance factor values

$specXOaU�
angle ƅE *

ab RMSE

î��� ��.�� �.����

î��� ��.�� �.����

î��� ��.�� �.����

�� ��.�� �.����

��� ��.�� �.����

��� ��.�� �.����

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 Nnowledge about the la\ers thicN-
nesses, substituting oStical constants of  Pica la\er for 
oStical constants of  Si22, and insufficient Podelling of
the roughness of  the Pica ÁaNes. $longside the colour
difference, 7able � also shows the root Pean sTuare
error �RMSE� between Peasured and calculated sSec-
tra. ,t was calculated as:

w
ss

RMSE calculatedmeasured∑ =
−

=

700

440
2

,, )(
λ λλ

where s reSresents reÁectance sSectra and w is the nuP-
ber of  waYelengths.

�.� ,nÁuence of  surface coYerage

&hanging the YoluPe concentration of  SigPents or their 
diaPeter, in general, changes the surface coYerage, which 
is e[Sressed b\ C in (Tuation >�@. SPaller surface coYer-
age Peans that less of  the area is coYered with SigPents 
and the substrate has a greater inÁuence on the reÁec-
tance of  such a saPSle. 7he inÁuence of  this effect on 
the reÁectance factor sSectra was anal\sed b\ calculat-
ing the reÁectance factor sSectra for all the aSSlied illu-

Pination²Yiewing geoPetries using different Yalues of 
the surface coYerage, C. )igure � shows the results for 
C Yalues of  �.�, �.� and �.�. SPaller surface coYerage 
results in bigger inÁuence of  the substrate, as e[Sected. 
$t waYelength below ��� nP, the reÁectance factor in 
all Yiewing angles conYerges to a single Yalue, but their 
relatiYe seSaration sta\s the saPe as it is at longer waYe-
lengths. 7he shaSe and the intensit\ of  the reÁectance 
factor changes with surface coYerage. )or sPaller coYer-
age, the reÁectance factor becoPes siPilar to that of  the 
coating substrate alone �see also )igure ���. 7herefore, 
the interference effect caused b\ the SigPents is clearl\ 
seen at large enough coYerage. 7his confirPs the Yalidit\ 
of  the used coPSutational Podel and enables to Sredict 
the concentration of  ÁaNes that should be used in coat-
ing if  hiding of  the substrate is desired. 

7he reader should Sa\ sSecial attention to the scale of 
the reÁectance factor in )igure �. :hen surface coY-
erage is �, the interference effect Sroduces reÁectance 
factor Yalues higher than �. :ith the sPaller surface 
coYerage, the interference effect diPinishes and the 
reÁectance factor Yalues slowl\ becaPe Pore siPilar to 
the reÁectance factor of  the substrate, Peaning that the 
Yalues go below �.

�.� ,nÁuence of  orientation distribution function

7he orientation distribution function of  ÁaNes is 
assuPed to be a logistic distribution with its Pean Yalue, 
θ0', and standard deYiation, Ƴ
. Since both SaraPeters 
inÁuence the results, we will anal\se how each of  theP 
affects the reÁectance sSectra.

�.�.� ,nÁuence of  orientation distribution·s standard 
deviation

+ere, we assuPe that the Pean tilt angle is ��, Peaning 
the ÁaNes are Sarallel to the substrate, and we change 

>�@

a) b)
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Figure 5: Reflectance factor spectra calculated for the applied illumination²viewing 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 illumination²viewing 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) Ƴ
 = 1� and b) Ƴ
= 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 Yalue of  standard deYiation. )igure � shows the cal-
culated reÁectance sSectra for the aSSlied saPSle using 
standard deYiation eTual to �� and ���. 7he logistic ori-
entation distribution functions for the Yariances ��, �� 
and ��� are also illustrated in the saPe figure, to show 
the broadness of  the SigPent tilt angle in such condi-
tions. 5eÁectance factor sSectra show that sPaller Yar-
iance results in significant reÁection onl\ at reÁectance 
angles close to the sSecular reÁection, at î��� and î���. 
2ther angles haYe Yer\ low reÁectance factor. :hen ori-
entation distribution is broader �the standard deYiation 
is bigger�, the reÁectance factor increases oYer a wide 
range of  reÁectance angles. 

$ sPall standard deYiation Peans that alPost all ÁaNes 
are Sarallel to the substrate, therefore the reÁection of 
the saPSle is highl\ directional, and distributed around 
the sSecular direction, as a result of  scattering on the 
edges of  the ÁaNes. $ large standard deYiation of  the 
orientation distribution function Peans that the Sig-
Pents are randoPl\ oriented, thus reÁect in accordance 
with these directions. 7he reÁectance factor of  such a 
coating becoPes highl\ diffuse, Peaning that a wider 
range of  reÁection directions reÁect siPilar aPount of 
light. 

To analyse how the standard deviation of  the orientation 
distribution function affects the reÁectance factor at dif-
ferent reÁectance angles, we haYe anal\sed the reÁec-
tance factor at ƫ   ��� nP as a function of  the aSSlied 
Yalue of  standard deYiation. 7he results are shown in 
)igure �. 7he reÁectance factor at ��� nP is shown for 
all aSSlied geoPetries Slotted against standard deYiation 
Yalues between �� and ���.

Figure 7: Reflectance factor at ƫ = 650 nm for specific reflectance angle 
versus standard deviation of orientation distribution function
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7he reÁectance angles closer to the sSecular reÁec-
tion haYe a TuicNer rise at sPall standard deYiation and 
slowl\ conYerge to a constant Yalue at larger standard 
deYiation. 7he reÁectance factor at angles furthest awa\ 
froP sSecular reÁection, ��� and ���, starts to increase 
at larger standard deYiations, and does not show such a 
high reÁectance factor liNe at angles closer to the sSec-
ular direction. Such behaYiour is in accordance with the 
logistic distribution function� when standard deYiation 
becoPes large enough, all inclination angles becoPe 
Sossible.

�.�.� ,nÁuence of  orientation distribution·s Pean Yalue

+ere, we assuPe that the standard deYiation is Ƴ 
   ��, 
and we change the Pean Yalue of  the logistic distribu-
tion function, θ0'. ,f  the ÁaNes would be surrounded b\ 
air, the reÁected angle for sSecular reÁection on ÁaNes 
�noted here as sSecular reÁected angle� would be an 
addition of  incident angle and ÁaNe·s tilt angle. %ecause 
the ÁaNes are inside a binder, the refraction at binder�air 
interface has to be also taNen into account. 7he nonlin-
ear relation between ÁaNe·s tilt angle, θn', and sSecular 
reÁected angle, is shown in )igure �a. )laNe·s tilt angle 
can onl\ range between î�� and ���, be\ond this we 
would encounter total internal reÁection and no light 
would coPe froP the saPSle. :e can see that a sPall 
shift in ÁaNe·s tilt angle causes a large shift in sSecular 
reÁected angle.

)igure �b shows the reÁectance factor at ƫ   ��� nP at 
different reÁectance angles, as a function of  the aSSlied 
Pean Yalue, ranging froP î�� to ���. :hen we change 
the Pean Yalue, we see that eYer\ asSecular angle has 
its own reÁectance factor SeaN. 7he Sosition of  these 
SeaNs is directl\ related to the sSecular reÁected angle, 
shown in )igure �a. 7he intensit\ of  the SeaNs, on 
the other hand, is Painl\ related to the denoPina-
tor in (Tuation >�@, where we haYe cosine of  ÁaNe tilt 
angle and reÁected angle �)igure �c�. 7his Sart of  the 
eTuation is relatiYel\ low for Post of  the angles, but 
becoPes large in the border range of  ÁaNe tilt angles, 
corresSonding to asSecular angles î��� and ���. 7his 

e[Slains the Puch higher intensit\ of  reÁectance factor 
SeaNs for those two asSecular angles in relation to other 
asSecular angles.

�.� ,nÁuence of  the substrate

7he inÁuence of  the substrate can be anal\sed when 
different SaSer substrates are used. :e haYe used 
blacN, Pagenta, c\an and \ellow SaSer substrate 
�)igure ��. 7o show the corresSonding effects, we cal-
culated reÁectance factor sSectra of  the effect coating 
with different surface coYerage, C. )igure �� is show-
ing the results for C   �.�, �.� and �.� for reÁectance 
angle ���. 2ther SaraPeters used in the calculations 
were those defined in 7able �. )igure �� should be 
coPSared with )igure �, where the saPe SaraPeters 
were used with white SaSer substrate. 

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

(Yen with high surface coYerage, C   �.�, soPe differ-
ences were obtained in calculated sSectra when differ-
ent SaSer substrates were aSSlied. &oating on Pagenta 
and \ellow substrates that haYe high reÁectance factor at 
ƫ ! ��� nP, where the ÁaNes also giYe high reÁectance, 
giYe siPilar but slightl\ lower reÁectance as the white 
substrate. &\an and blacN SaSer substrates giYe eYen 
sPaller reÁectance factor Yalues since the reÁectance 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 ƫ = 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. 7he sPall 
difference is because the interference effect caused b\ 
the SigPents Sroduces Puch higher reÁectance factor 
Yalues than the reÁection froP the substrate. :hen the 
surface coYerage is getting sPaller, the difference aPong 
SaSer substrates becoPes larger. 7his is e[Sected, since 

Pore and Pore of  the substrate is Yisible and thus it 
contributes Pore to the reÁectance factor of  the entire 
coating. 1ot onl\ the reÁectance factor intensit\ changes, 
but also the shaSe of  the reÁectance factor curYe starts 
to change and becoPes Pore and Pore siPilar to the 
reÁection of  the substrate alone �)igure ��.

6. &oncOXsions

7he focus of  this research is on Podelling the reÁec-
tance sSectra of  the selected sSecial effect coating with 
interference SigPents, haYing a )e223 layer on a mica 
core. 7he Podelled reÁectance factor was Yalidated with 
PeasurePents of  the selected saPSle at the saPe gonio-
Petric angles that were used in the Podel. 7he inÁuence 
of  three iPSortant SaraPeters on gonioPetric reÁec-
tance factor was anal\sed, naPel\ surface coYerage, 
SigPent orientation distribution and coating substrate. 
Surface coYerage is directl\ related to the diaPeter and 
YoluPe concentration of  SigPents for a giYen SigPent 
thicNness, i.e. asSect ratio, and both can be Yaried in the 
inN or Saint Panufacturing Srocess. 'eSending on this 
factor, the coating substrate will affect the reÁectance 
factor and inÁuence the aSSearance of  the coating. 7he 
SigPent orientation distribution is an iPSortant factor 
when aSSl\ing the inN or Saint. 'ifferent aSSlication 
Srocesses can distribute SigPents with different orien-
tation and standard deYiation of  orientation, and, as we 
haYe shown, this SaraPeter can haYe great inÁuence on 
the gonioPetric reÁectance factor. Substrate used for 
aSSlication of  the coating also contributes to the oYer-
all aSSearance of  the saPSle, esSeciall\ if  the surface 
coYerage is sPall. 7he results of  our research show that 
the Podel built for such saPSles SroYides useful results� 
therefore it will be deYeloSed further. 7he coating saP-

Sle, selected to Sresent the aSSlication of  the nuPeri-
cal Podel, includes all t\Ses of  oStical eYents taNen into 
account in our nuPerical Podel. 7herefore, this eYalu-
ation shows that the Podel is generall\ acceStable for 
effect coatings with both t\Ses of  ÁaNes, class �i� and 
class �ii�. 0oreoYer, this PaNes a good ground for fur-
ther research of  SroblePs connected with aSSearance 
of  gonioaSSarent saPSles. 0oreoYer, interference ÁaNes 
with Pore la\ers �Pultila\ered interference ÁaNes� are 
currentl\ being considered. 7he entire data will be used 
to checN the Sossibilit\ of  using the nuPerical Podel to 
define the inSut data for aSSearance fingerSrinting.

7he entire research has an aPbition to SroYide a gener-
ali]ed Podel for goniosSectroPetric reÁectance factor 
of  effect coatings with arbitrar\ coPSle[it\. 7he nuPer-
ical Podel should helS in answering the Tuestion which 
sSatial resolution is good enough to describe the %5') 
of  effect coatings. :hile coatings with all currentl\ 
Nnown sSecial effects SigPents will be considered, the 
SroSosed Podel will SroYide the reÁection sSectruP for 
arbitrar\ illuPination²Yiewing directions for an\ coP-
binations of  inN�Saint SreSaration and coating aSSli-
cation. Such data are iPSortant for seYeral SurSoses of 
oSticall\ coPSle[ coatings, being for decoratiYe, securit\
or an\ other SurSose.

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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