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Abstract. Moiré magnification can be observed visually if an array of
identical objects is viewed through an array of identical microlenses with
a different period. Theoretical analysis and experimental results of the
moiré image obtained by a moiré magnifier are presented. Conditions for
erect and inverted moiré magnifications are derived and interpreted. Vir-
tual erect images are observed only when the period of the lens array is
larger than that of the object array, while inverted images are obtainable
in both cases. For equal periods, a uniform field of view results. The
relation between the relative size of the periods and the distance be-
tween the object and the lens arrays are derived. Expressions for image
magnification, orientation and size are deduced. The condition to obtain
a demagnified moiré pattern is deduced. Rotation of the lens array with
respect to the object array results in rotation of the erect and inverted
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fier because of the good acceptance of this term by the
optics community after the presentation of the device by

1 Introduction

The term moireis a French word meaning “watered mo- 4
hair,” a glossy cloth with wavy alternating patterns that Hutley et al: _ _

change forms as the wearer moves. It can also refer to the 1 he paper from Hutley et didealt with an object array
“watery and wavy” appearance when layers of silk are Combined with a lens array whose periods are nearly the
pressed together by special technigh®ysically, it is an ~ S&me size. Experimental results for the magnification and
optical phenomenon resulting from the superposition of Oriéntation of moirdmages and their fundamental depen-
two or more periodic grid structures. The resulting moire dence on the orientation of the lens array have been given.

pattern is influenced by changing any of the three geometri- In our investigation, we explain the formation of erect and

cal parameters characterizing the individual grid structures, INverted moireimages for a moirenagnifier consisting of
namely, period, orientation and shape. microlens and object arrays with different periods. We de-

Although there is a long history in the investigation of rive the relation between the relative period differences of

superposition moireffects, only few publications exist that 1€ arrays and the object array positiorxiry, zand 6. We
describe the moireffects appearing if a periodic array of ~describe the rotation properties of moiregnifiers.
identical objects is observed through a periodic microlens

array*® However, this _moi'remagnification effect, as we 2 Fundamental Properties of a Moire ~ Magnifier
call the phenomenon, is well known from integral images
and integral photograpHy/ The frequent appearance of
similar phenomenon in the usage of microlens arrays in
conjunction with arrays of light sources, photodetectors,
liquid crystals displays, CCD chips, etc. motivates further
investigation of this phenomefia.

The term “moire magnifier” is suggested by the con-
junction of a periodic object seen through a periodic array
of optical elements or systems. The image is formed as the
composition, side by side, of the individual images gener- " AR o
ated by the optical array. The image formation is equal to used for m0|reﬂagn|f|cat|0n n a_S|m|Iar way.
superposition compound eyes such as nocturnal insects and 1€ Object array shown in Figure 1 consists@K O
deep-water crustaceans hdv@he foundations of optical  identical objects or motifs at a periolly. The lens array
array design also demonstrate the existence of cooperativeconsists ol XL identical lenses oD, aperture at a period
effects’® In optical array design, the composed image is A, . The focal length of the lenses f$>0 (positive lens.
called as the synthetic image. Using this last approach, theEach lens images a part of the object array. The actual type
moire magnifier system should be called a “synthetic mag- or shape of the lensesircular or square aperture, refrac-
nifier.” However, we prefer to keep the term moimagni- tive or diffractive lens, etg.is not relevant for our investi-

The basic configuration of a moim@agnifier is shown in
Figure 1. An array of identical objecf&igure Xb)] is im-
aged by an array of identical lensgsigure Xc)]. For cer-
tain combinations of object and lens arrays, one or more
magnified moireimages of the object motif are observed
[Figure Xd)]. We now derive the general properties of
moire magnification. For simplicity, we restrict our inves-
tigation to symmetrical square arrays. However, a variety
of different array typeghexagonal, rhombic, efcmight be
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Fig. 1 Basic configuration of a moiré magnifier. A symmetric square
array of identical objects is imaged by a symmetric square array of
identical lenses. The object pitch is Ay, the lens aperture is O, ,
and the lens pitch is A, . The distance between object plane and
lens array is s,. The moiré pattern is either observed on a screen
located in the image plane at s; or visually in any plane behind the
lens array.
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gation We assume that the lens size is equa| to the |enSFig. 2 Examples for an object motif consisting of “1234.” If one lens

period®, = A, , and ignore all rays not hitting the lenses.

images the 1, the next neighboring lenses (left and right) should
image the 4 or 2 to generate a complete moiré image of the object

The plane of the object array is parallel to the plane of the motif. However, the 4 or 2 portion might be next to 1 or at a certain
lens array. The distance between the object plane and thelistance.

lens array iss,. The period of the object array is different
from the lens period\o# A, . The moireimage is either
observed on a screen locatedsabr visually in any plane
behind the lens array.

The first fundamental condition for moireagnification
requires that adjacent lenses image adjacent por§mns
from the object motif. Figure 2 shows examples for an
object motif consisting of “1234.” If one lens images the
1, the next neighboring lenségft and righ} should image
the 4 or 2 to generate a complete mdireage of the object
motif. However, the 4 or 2 portion might be next to 1 or at
a certain distance.

An object portionsp, corresponds to an image of the
size p;= pom, wherem is the magnification factor. Images
of different object portions combine to forhx | magnified
moire images.

The size of an object portiop, imaged by one lens is
given by

pO:AO E! (1)

lpil=AL. 2

The relation between the image sigg, the object portion
p, and the position of the object array is given by the
image equation

P

+ AL f
m_ =
Po

Po _So_f’

)

whereinf is the focal lengtlf.Figure 3 illustrates the imag-
ing properties of a single positive lens. As a consequence of
Egs.(2) and(3), the marginal rays marked as lines 1 and 2
in Figure 3 define the object sizx, . Lines 3 and 4 define
the image siz@; . Depending on the object distangg the
imagep; is either erec{f>s,>0; m>1) or inverted(s,
>f; m<0). For an object position €s,<2 f, the image
p; is magnified {m|>1); for s,>2 f, the image is demag-
nified (0<|m|<1).

We obtain four different types of moiienage, as shown

where (/1)? is the number of lenses required to generate a in Table 1. Depending on the object positigy, the image

complete moirdmage of the object motiffor square ar-
ray9. To ensure a coincident superposition of all partial
images, the image sizg should be equal to the lens period
AL

3008 Optical Engineering, Vol. 37 No. 11, November 1998

partp; might be virtual erect or real inverted. Depending on
the difference in period ol 5 and A the image sequence
might be direct or reversed. Therefore, we obtain four dif-
ferent types of moirémages as shown in Table 1. Only in

Downloaded from SPIE Digital Library on 19 Oct 2009 to 159.226.100.225. Terms of Use: http://spiedl.org/terms



Kamal, Volkel, and Alda: Properties of moiré magnifiers

si(B)

siC)
- line 3 ——

[l

—
z

~t|{ﬁé4"“‘~—v_

~ 50(C)  s0(B)

So(A)

+(C)>+=—B)—1+—(A)—

2f f

Fig. 3 Imaging properties of a single lens of the lens array shown in
Figure 1. Three different object positions are possible: (position A)
the object is located at a distance |f|>|s,(A)|>0 and generates a
virtual, erect image (m>1) at a distance s;(A); (position B) the
object is located at a distance |2 f|>|s,(B)|>|f| and generates a
real, inverted image (m<—1) at a distance and s,(B); and (position
C) the object is located at a distance |<|>|s,(C)|>|2 f| and gener-
ates a real, inverted image (—1<m<U0) at a distance s,(C).

caseql) and(1V) is the appearing moirgnage identical to
the object motif. A graphical explanation of moireaging
is shown in Figure 4.

3 Erect Moire' Pattern
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Fig. 4 Formation of the (a) erect and (b) inverted moiré images. An
object array of period A , is partially imaged by a lens array of period
Ay . Here nA, is the distance between two arbitrary objects parts
participating in building up the moire image, and n is an integer
number (n=0). Let the object be divided into equal portions of size
p given by the image Eq. (3), then d, is the distance from the right of

For virtual erect images, the object array is located at a Pxto the right end of the object element, and d, is the distance from

distancef >s,>0. Each lens forms a virtual erect image of
the related object portiop, as shown in Figure(@). If lens

j images the portiop, of the object, the next lens of order
j +1 should image the portiop,, from the next partici-
pating object. The size gb, is equal top,. ;. Since the
size of the image portiop; is equal to the lens period;
[Eg. (2], the distance between two imaged portions is
equal toA given by:

(4)

where,nA g is the distance between two participating ob-
jects,d, andd, are nonimaged parts of the object related to
lensj, andn is an integer numbemz0). Since one object
period is given byAo=p,+d,+d, , the size of the object
portion perect fOr €rect moireimaging is given by,

AL:pk+dr+ pk+d/+ nAo,

©)

whereN=n+1 is an integer number1. For all values of
S, in the rangd >s,>0, the size of the object portigy,ec

Perec= AL —NAgQ,

Table 1 Different types of superimposed moiré images.

Figure 2a Figure 2b
f>s0> 0;
Pi= + AL
erect image moiré image = object motif
so>fi Lze () | g
pi= -AL;

inverted image; | moiré image F object motif | moiré image = object motif

Depending on the object position s, , the image parts, p;=1, 2, 3, or
4 might be erect or inverted. Only in cases (I) and (IV), the moiré
image is identical to the object motif.

the left of p, to the left end of the same object element. (a) For erect
moiré imaging, the two arrays are separated by a distance f>s,
>0. The lens j images the kth portion p, of the first participating
object. The lens of order j+1 images the portion p,., from the next
participating object. (b) For inverted moire imaging, the two arrays
are separated by a distance »>s,>f. The lens j images the kth
portion p, of the first participating object. The lens of order j+1
images the portion p,_, of the next participating object.

is less than the period of the lens array Perec <Ay ,
giving m>1. Substituting in the preceding inequality from
Eq. (3), the limits of the integeN for the erect magnified
moire pattern is obtained as,

AL

O< Nerect< AO

(6)

Erect magnified moirémages are observed only if the lens
periodA | is larger than object period 5. Each value oN
corresponds to a different moineagnification at a different
object array positiors,, .

4 Inverted Moire” Pattern

The second case to be analyzed is the condition for obtain-
ing inverted moirédmages. The problem is treated in a way
similar to that for erect moirémages. For inverted images,
the object array is located at a distanee>s,>f. As
shown in Figure &), each lens images the related object
portion p,. If lensj images the portiorp, of the object
array, the next leng+1 should image the portiop,_,
from the next participating object. The size of the image
portionp; is equal to the lens periadl; [Eq. (2)] and given

by
AL:dr+d/+nAo,

@)
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wherenA, is the distance between two participating ob- For erect imaging, the moiramage is always magnified
jects,d, andd, are the nonimaged parts of the object re- (m>1). For inverted imaging, the moirenage is either
lated to lensj, andn is an integer numbernz0). The magnified (n<—1) or demagnified £ 1<m<0).

integer numben gives the number of notparticipating ob-
jects in between two participating objects. Since one object

period is given byA o=p,+d,+d,, the size of the object 6 Image Formation and Observation

portion pipverteq fOF iNVerted moireimaging is given by, In the simplest case, a lens arrayloKL lenses and\
lens period generates one complete magnified image of the
Pinvere™ NAo— A, (8) object patterrisee Figure @)]. In this case, the array size

LA, is equal to the size of the moirenage. The object
whereN=n+1, is an integer numbex1. The condition pattern has been magnified by factor and we get the

for inverted moifeimaging is»>s,>f. As shown in Fig-  conditionLA; =|m|Aq. In a more general case, the lens
ure 3, the size of the object portign, is defined by line 1 array generateis<| magnified images of the object pattern,
and 2. Three different object positioss are possible. leading to

First, for 2f>s,>f, the size of the object portion is

less than the pitch of the lens array:@,< A, , leading to | = LAL _ (12)

m< — 1. Substituting fop, from Eq. (8), the limits of the Im|Ao

integerN=1 for the inverted magnified moirpattern is ) . o

obtained as, From Egs.(11) and(12) the object period\ is given by

AL 2AL A —;A (13
AN 9) OTNL=I h

From Egs.(8) and(9), we find that inverted moirenagni- ~ The positive sign holds for virtual erect images, the nega-
fication could be observed according to the following con- tive sign holds for inverted images. Fdi —NAg|
ditions: <A_, a magnified image is obtained. FOMA;—A

> A, a demagnified image is obtained. Each value\ gf

1. The lens period\ is larger than the object period  corresponds to a different object array positgrgiven by
Ag. For the same values of; and Ag inverted

moire magnification can be observed for different ob- Ao
ject positions depending on the value Nf So=fN A (14
2. The lens period\, is smaller than the object period
Ao . Inverted moiremagnification is only observed The size of the magnified imagaAg is given by
for N=1 andA| <Ag<<2A,. A
Second, fors,=2 f (antiprincipal planes positionthe mAO:m A (15
size of the object portiop, is equal to the period of the -
lens arrayA |, leading tom=—1. The composite image The number of object patterrd, in one dimension, that
consists of locally inverted parts of the object. If the object contribute to one moirenage is equal to the magnification
period A is equal to the lens period, , a pattern similar m,
to case lll in Table 1 is observed.
Finally, foree>s,>2 f, the size of the object portion, O=[m|. (16)
is larger than the pitch of the lens arrdy and —1<m

<0. The lower limit for of the integeN =1 for an inverted 1 h€ number of lenseks/I, in one dimension, that generate

demagnified moirgattern is, one moireimage is given by
oA, L _|Ao _| Ao
N>R (10 l‘ Po| |AL=NAg|’ 7

The moireimage generated by a moireagnifier could be
5 Magnification observed on a screen located at the image distance

From the image Eq2) and Figure 3, the sign of the image given by

portion p; is pgsitive or negative, (_:orre_sponding to erect NfA o
(f>s,>0) or inverted ¢>s,>f ) imaging. From Egs. Si:_m'
(5) and(8) and the image of E¢3), the magnificatior of L o
a moiremagnifier is always given by

(18)

As a consequence of E@), the moireimage can be ob-
A served by the naked eye at any position behind the lens.
m=—+“ (11) For virtual erect moirdmages, if the observer moves
AL—=NAo transversely to the lens array, the image appears to move in

3010 Optical Engineering, Vol. 37 No. 11, November 1998

Downloaded from SPIE Digital Library on 19 Oct 2009 to 159.226.100.225. Terms of Use: http://spied|.org/terms



Kamal, Volkel, and Alda: Properties of moiré magnifiers

Table 2 Numerical example for a lens array period A; =9 u and object array period A, =4 u (arbitrary
length-unit u): the possible values of N satisfying the moiré magnifier inequalities for A, /A ,=9/4.

Type of Virtual Erect Real Inverted Real Inverted
Moiré Image Magnified Magnified Demagnified
N 9 9 18 18
Condition 0>N>3 a=N>7% a<N
S, 0>s,>—f —f>s5,>2f -2f>s,
a b a b
Value of N 5
1 2 3 4
Object array —4 -8 -12 -16 -20
position s, T - N
Object array 5u 1u 3u 7u 11u
portion p,
Magnification m 9 9 -9 -9 -9
5 3 7 11

the same direction. For inverted moipattern, the image  describe the generation of the different magnified images
moves in the opposite direction. This corresponds to the corresponding to different object array positias Figure
sign of the magnification factan as indicated in Eq(15). 5 shows the possible erect magnified mamages, which

A numerical example describing the generation of three gre corresponding to the object array positior |8, <f.
different types of moirémages can be obtained by consid- Figure Ha) corresponds ttN=1 and Figure &) to N=2,
ering a mowemagmﬂe_r system consisting of a lens array 45 given in Table 2. Figure 6 shows the possible inverted
period A =9 u and object array of periolo=4 u, where  magnified moireimages which are corresponding to the
u is an arbitrary length unit. Table 2 shoyvs numerically the object array positiorf <|s,|<2 f. Figure Ga) corresponds
possible values oN satisfying the moiremagnifier in- to N=3 and Figure Eb) to N=4. Figure 7 shows an in-
equalitiesEgs. (6), (9), and (10)], for A /Ao=9/4. For verted demagnified moirenage which corresponds with
each value o, the object positiors, and its correspond-  the object array position, B<|s,| andN=5.
ing object portionp, and magnificatiorm are calculated.
Considering that the object array motif of the above moire
magnifier system consists of 1234, the Figures 5, 6 and 7

A A —A—i S
— 2 OEE PR PERY DERY PERY 2B N2ER  PER-

Fig. 5 Erect magnified moiré images corresponding to the object
array position 0<|s,|<f and (a) the values N=1 and (b) N=2, as
shown in Table 2.

Fig. 6 Inverted magnified moiré images corresponding to the object
array position f<|s,|<2 fand (a) the values N=3 and (b) N=4, as
shown in Table 2.

Optical Engineering, Vol. 37 No. 11, November 1998 3011
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Table 3 Theoretical and experimental values of the magnification
for three object array motifs consisting of L, A and K used to gener-
ate three different types of moiré images, where the period of the
B ————— s ——— - lens array is A, =1.07 mm and its focal length is f=2.43 mm.

Object Pattern L A K
Qo
Array period, 1.32 4.00 0.97
Ao (mm)
343434@]434‘1‘3434 Value of N 1 1 1
| | Object position 3.00 9.08 2.20
p ‘Ao |o| (mm)
_ N A Type of Real inverted  Real inverted  Virtual erect
- L moiré image magnified demagnified magnified

MO Theoretical -5.00 —0.40 8.40

magnification
Fig. 7 Inverted demagnified moiré image corresponding to the ob- Experimental —4.81 —0.38 8.46
ject array position 2 f<|s,| and the value N=5, as shown in Table magnification
2.

: . . . , 7 Translation and Rotation
The mathematical relations derived in this paper were

confirmed experimentally. We used a square lattice lens I the preceding analysis an aligned mamegnifier is con-
array of converging lenses. The size of the lens array is sidered; that is, the axes of both object and lens array are

42.73<42.73 mm, its period\, is 1.07 mm, and the focal parallel qnd coincident. If}_he lens is translated with respect
length f is 2.43 mm. Object arrays with different periods o the object array, the moigattern appears to move. Each

Ao are computer generated and printed onto a transparenc ens images another part of the related object. The direction

using a laser printer. The scheme of the experimental setupOf the movement depends on the relative motion of the

. N . oo : ; , the lens period  , the object period\ o, and the
is shown in Figure 8. Diffused white light is used to illu- 2/T&S ' L 0 ;
minate the moiremagnifier system. The object array is value ofN and is described by Eq15). From the experi-

placed in front of the lens array. The lens array is attached meintt we fi.n obse(;ve tth?.t for real mf[)ir:maages, th d? rest_ult-
to a microtranslation stage to move it longitudinally in the &Nt transiation and rotation areé in theé same direction as

zdrecton an to adjust the bjec ary distasge The _ 1105¢ O e obfect aay. alliough s 1 e apposie
real moireimages are projected on a screen and then re- p ' b

corded by a camera connected to a computer. In case Ofsign of the magnification. The apparent motion speed of the

virtual moire images, the images are received directly by resulting moireimage is proportional to the magnification

the camera. Table 3 shows the different object array periodsvalue'

. . . ; Moiré magnification is based on a periodically repeated
Ao with their corresponding selected valueMiand posi-  hie ot pattern imaged by a periodical array of identical

tions s,. The resulting magnification and image type are |gnges. The object period is the shortest distance between
also given for an aligned position. The experimental values o identical parts of adjacent object unit cells along the
are obtained from the recorded images. A selection of the |gp g array axes. Assume that we have an aligned configu-
resultant images is shown in Figures 9, 10, and 11. The yation where moirenagnification appears. If the lens array
object pattern is shown on left and the observed mpée  (or the object arrayis rotated by a small angle, then the
tern on the right. moire image rotates and changes its magnification. For

larger rotations, the moireage might disappear and reap-

pear at certain angles.

If one of the two arrays is rotated an andderelative to

o) White light ©) Object array ;€ Screen the other, the distance to the next identical object part lo-
bulb N 0 e cated on the lens axis will change. Accordingly, a new
“ i ' i g rectangular lattice of the object array, aligned with the lens
Tyz); 7 i K /L/ D array grid, with a new period is created at a certain rotation
4 K KA ki I = —
K7
’ ' f) Camera

2
, 1

b) Difuser d) lens array

original

Fig. 8 Experimental setup used for testing moiré magnifiers. The
object array is placed in front of the lens array and illuminated by
diffuse white light. The lens array is moved longitudinally in the z-
direction and to adjust the object-to-lens distance s, . The real moiré
images are projected on a screen and then recorded by a camera
connected to a computer. In the case of virtual moiré images, the Fig. 9 Object and image plane for a situation of real inverted mag-
images are received directly by the camera. nified moiré patterns as described in Table 3.

3012 Optical Engineering, Vol. 37 No. 11, November 1998
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Fig. 10 Object and image plane for a situation of real inverted de- t Nef1]e[1]2] ]2 [X]2]1]2
magnified moiré patterns as described in Table 3. 3|4 \ 4(3|4|3[4a|3r2|aNs|3|4
1lel1Ne|1]|2]1e]1 2)/{72 1]2

s|lala|Ns|lats|4 3/4/3|4\s\4

angle. The new period ratid, /Ag e, May or may not
satisfy the moiranagnifier requirements at the same object
array positions, . Therefore, moirenagnified images may  Fig. 12 Rotation of the object array. A symmetric square array of
appear and disappear as the object rotates. identical objects (1234) produces a new object period Ao new for a
Let assume a square grid of object with peribg that rotation by an angle ©.

produces a moirenagnifier effect for a given position. A

new square grid of repeated objects is obtained when thewhich is a very restricted condition to be fulfilled by the
object rotates and the rotation angle obeys the following involved integer numbers. It is clear from Ed.1) that the

g
<
<,

relation (see Figure 12 magnification depends on the imaged portion and the lens
pitch. So the magnification will remain constant for differ-
O =tan 1 %) (19 ent rotation angles at the same object array poskjon

8 Summary

wherex andy are integer numbers greater than or equal to If an array of identical lenses is used to view an array of

0 (O changes from 0 to 90°The new object array, aligned identical objects, the phenomena of moiregnification

with the lens array, has a new pitch, which is equal to might occur. For certain array positions, a magnified image
of the repeated object pattern is observed on a screen or by

X y 2. 212 eye. The moirémage might be erect or inverted, magnified

05050 Mogng ~ Ao FY)T (20 or demagnified. A shift ire or a rotation iné of the lens
array versus the object array might generate a different

Thus, the varying rotation angles create new periods ratios, magnified pattern. The object positionarand 6, which is

which define different moirgattern characteristics. necessary to observe a magnified mamege, is related to

An aligned position in which moirenagnification ap- ~ the difference in the array periods. A demagnified moire

pears has a fixed value of. If the distance between the image is observed when the object period exceeds the lens

two arrays remains unchanged then the imaged pogion Period and the object array is located at a distance exceed-

will be the same although one of the two arrays rotates with ing twice the focal length.

Ao new=A

respect to the other, As one moves across the lens array, the maoiage
appears to move in the same direction in case of virtual

Ip|=]AL—NAg|=]|AL = Nnew o neul- (21) erect moifepatter/n and in the opposite direction in case of

' real inverted moirgattern.

From this equation and Eq20) the condition to obtain The mathematical relations are in good agreement with

moire magnification after rotation becomes the experiments performed for all three types of moire
magnified patterns.
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