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In this paper, a simple and accurate method based on Z-scan and parallel moiré deflectometry for
measuring the focal length of microlenses is reported. A laser beam is focused by one lens and is
re-collimated by another lens, and then strikes a parallel moiré deflectometer. In the presence of a
microlens near the focal point of the first lens, the radius of curvature of the beam is changed; the
parallel moiré fringes are formed only due to the beam divergence or convergence. The focal length of
the microlens is obtained from the moiré fringe period graph without the need to know the position of
the principal planes. This method is simple, more reliable, and completely automated. The implementa-
tion of the method is straightforward. Since a focused laser beam and Z-scan in free space are used, it can
be employed for determining small focal lengths of small size microlenses without serious limitation on
their size.

Crown Copyright & 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, microlenses have found wide applications in
various fields of science, industry, and military [1,2]. Microlenses
are used both individually and as an array, in different applications
such as focusing the light into optical fibers, optical fibers
connection, collimation of diode lasers, high-quality imaging
systems, microscopy and microsystems, spatial filtering, wavefront
sensors, LCDs, etc. The most important parameters of a microlens
are its focal length and its radius of curvature. Because a microlens
has a small size, the determination of its focal length is not
straightforward. Therefore, the measurement of the focal length
of the microlens is a key factor. There are many methods
for characterization of microlenses like digital holographic
microscopy [3], Mach–Zehnder interferometry [4], combined Twy-
man–Green and Mach–Zehnder interferometry [5], interference
microscopy [6], and so on [7–9]. All of the mentioned methods
need expensive equipment and suffer from environmental vibra-
tions. In addition, the interferometric testing of microlenses incurs
certain difficulties due to the small sizes of the microlenses. An
undesired diffraction pattern is encountered. Another problem,
especially in reflection testing setups, is unwanted reflections from
other surfaces than the surface to be tested. On the other hand, the
13 Published by Elsevier Ltd. All ri
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Z-scan technique has been implemented for measuring the non-
linear refractive index of materials, n2 [10]. The Z-scan technique is
also used for measuring the focal length of microlenses [11].
In measuring the n2 of materials or the focal length of a regular
lens, the Z-scan technique has the disadvantage of being sensitive
to the beam pointing instability and power fluctuations.

On the other hand, there are various methods for measuring
the focal length of ordinary lenses, such as using the interfero-
metry method [12], Talbot interferometry and Talbot effect [13,14],
digital speckle interferometry [15], moiré deflectometry [16], Lau
effect [17], and Shack–Hartman wavefront sensor [18]. All of the
mentioned methods are applicable to large scale lenses.

In this paper, we have used Z-scan and parallel moiré deflecto-
metry for measuring the focal length of microlenses. It should be
mentioned that we have previously employed the parallel moiré
deflectometry for measuring the atmospheric turbulence para-
meters [19,20] and refractive index of nonlinear materials [21].
A laser beam is focused by one lens and is re-collimated by
another lens, and then strikes a parallel moiré deflectometer. In
a parallel moiré deflectometer the grating vectors are parallel, and
the resulting moiré fringes are also parallel to the grating lines.
In the presence of a microlens near the focal point of the first lens,
the radius of curvature of the beam is changed; the parallel moiré
fringes are formed only due to the beam divergence or conver-
gence. In the measuring process, the microlens is accurately
shifted along the optical axis near the focal point of the first lens
using a DC stepper motor. The value of the shift in a step is
1/200 mm. Then the moiré patterns corresponding to the different
ghts reserved.
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Fig. 1. Top: integrated instrument. Bottom: schematic diagram of the experimental
setup. L1, L2, G1, G2, D, PL, and CCD stand for the focusing lens, collimating lens,
first grating, second grating, diffuser, projection lens, and scientific camera,
respectively.

S. Rasouli et al. / Optics and Lasers in Engineering 51 (2013) 1321–13261322
positions of the microlens are recorded. In this method we
measure the radius of the curvature of the laser beam as a function
of the microlens position, and the focal length of the microlens is
obtained from the moiré fringe period graph without the need to
know the position of the principal planes. By selection of a suitable
grating period and the distance between the gratings, one can
adjust the precision according to the focal length of the microlens.

This method is simple, more reliable and completely auto-
mated. The implementation of the method is straightforward.
Because only a focused laser beam and Z-scan information are
needed, it can be employed for determining small focal lengths of
small size microlenses without any limitation on their sizes.
2. Theoretical background

Schematic diagram of the experimental setup is shown in Fig. 1.
After propagation through a positive lens, L1, the laser beam is
re-collimated by the second lens, L2. Then the beam illuminates
two gratings G1 and G2 with equal periods of d, separated by Zk
along the optical axis, in which their lines and planes are parallel
with each other. The parameter Zk denotes the kth Talbot's
distance for the G1. The planes of the gratings are assumed to be
perpendicular to the optical axis. The test microlens is placed at
the focal plane of L1. The displacement of the microlens along the
optical axis causes displacement of the location of the focus point
of the beam and correspondingly changes the radius of curvature
of the beam on G1.

In this case, the spatial period of the self-image is magnified by
ðr þ ZkÞ=r, where r is the radius of curvature of the laser beam at
G1 plane. r is positive when the beam on the G1 plane is divergent
and is negative when it is convergent. On the G2 plane, a multi-
plicative moiré pattern will appear by the superposition of the kth
self-image of G1, with period d7δd, and G2, with period d, where
the “+” and the “−” signs correspond to the divergent and
convergent beams, respectively. In this case the spatial period of
the moiré fringes obtained from [22]

dm ¼ d2

δd
; ð1Þ

and moiré fringes are parallel to the grating's rulings. More detail
and two new applications of this kind of moiré fringes are
presented in [19,21]. Using geometrical optics, it is easy to find
that [19,21], ðdþ δdÞ=d¼ ðZk þ rÞ=r, and as a result one can write

δd¼ Zk

jrjd: ð2Þ

Using Eq. (2) in Eq. (1) we get

dm ¼ jrjd
Zk

: ð3Þ

As shown, dm depends on the radius of curvature of the beam.
Any change in the position of the microlens near the focal

length of L1, causes a change in the radius of curvature of the beam
and the period of moiré fringes. Now by using the ray tracing
procedure [23], let us describe the propagation of the beam
through L1 (with focal length f1), the microlens (with an effective
focal length fml), L2 (with focal length f2) and the distances
between the elements. By using the transfer matrices of lenses
and the free spaces, the ABCD matrices of the system is given by

A C

B D

� �
¼

1 0
−1
f 2

1

 !
1 f 2−z
0 1

� � 1 0
−1
f ml

1

 !
1 f 1þz

0 1

� � 1 0
−1
f 1

1

 !
:

ð4Þ
The effective focal length, EFL, of a system is the distance from

the principal point to the focal point. The back focal length, BFL, or
back focus is the distance from the vertex of the last surface of the
system to the second focal point. From the theory of the ABCD
matrices the focal length of a system, and the EFL–BFL are given by
f t ¼ −1=C, and S¼ ð1−AÞ=C, respectively [23]. According to the
configuration of the Fig. 1, radius of curvature of the beam on G1
is given by

rðzÞ ¼ L−SðzÞ−f tðzÞ; ð5Þ
where L is the distance between L2 and G1 and S(z) is the distance
of exit plane and second principal plane of the complex optical
system. After some calculations, we obtain

rðzÞ ¼ Lþ f 22
z
−
f mlf

2
2

z2
−f 2: ð6Þ

Finally combining Eqs. (6) and (3) we have

dm ¼ d
Zk

ðL−f 2Þ þ
df 22
zZk

ð1− f ml

z
Þ
�����:

����� ð7Þ

According to Eq. (7) the period of moiré fringes, dm, will be infinite,
when microlense is placed at the focal point ðz¼ 0Þ. By measuring
the moiré fringe period at various positions of the microlens, using
Eq. (7) the focal length of microlens, fml, is calculated without the
need to know the position of the principal planes.
3. Experimental work

The second harmonic of a 50 mW CW diode-pumped Nd-YAG
laser beam with a wavelength of 532 nm is collimated by a double
lens telescopic system. The collimated and expanded laser beam
strike G1 with the period of d¼0.1 mm. The second grating of the
moiré deflectometer G2 with the same period is installed at a
distance of 75 mm with respect to the first grating G1.

The gratings G1 and G2 are installed on suitable mounts.
The holders of the gratings can be rotated around the optical axis
for adjusting the angle between the grating vectors. The moiré
pattern is formed at a plane where the second grating of the moiré
deflectometer and a diffuser, D, are installed. Using a projection
lens, PL, the moiré pattern is projected on the CCD camera.

The test microlens is installed on a micro-positioner on an
optical rail and is accurately shifted along the z direction near the
focal point of the first lens using a DC stepper motor. The value of
the shift in a step along the z direction is 1/200 mm. It can
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displaced in the plane perpendicular to the z direction by the
micro-positioner for aligning the microlens' axis on the optical axis
of the setup. The moiré fringes corresponding to different posi-
tions of the microlens are automatically recorded and stored in a
computer.

Figs. 2 and 3 show typical frames of the moiré patterns that
were recorded on both sides of the focal point for a 40X objective
and for a typical microlens, respectively. We observe that the
period of moiré fringes will change when the sample moves
between two lenses L1 and L2.

To get clearer fringes the high frequency illumination of the
pattern i.e., the image of the grating lines, is removed by fast
Fourier transform using MATLAB software. Details of the fringe
Fig. 2. Typical moiré patterns recorded at different distances of the sample from the fo
length of 4 mm.

Fig. 3. Typical moiré patterns recorded at different distances of the sample from the foca
of 16 mm.
analysis are shown in Figs. 4 and 5: in (a)–(d) a typical moiré
pattern at a given z, corresponding to low–frequency illumination
distribution, and intensity profile along the dashed red line
illustrated in (b) are shown. Calculated moiré fringe period at
the given z is shown by a blue circle in (d). Other data points in
(d) correspond to other values of z. The background movies of
Figs. 4 and 5 contain similar data of successive frames recorded in
different z.

In Figs. 6 and 7 measured Z-scan values of the period of
moiré fringes are plotted for the above mentioned 40X objective
and microlens with commercial focal lengths of 4 mm and
16 mm, respectively. For experimental values of f2¼520 mm,
f1¼200 mm, Zk¼75 mm, L¼88 mm, and d¼1/10 mm the values
cal plane of the first lens. The sample was a 40X objective with a commercial focal

l plane of the first lens. The sample was a microlens with a commercial focal length
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Fig. 4. (a) A typical moiré pattern at a given z, (b) corresponding to low-frequency illumination distribution, (c) intensity profile along the dashed red line illustrated in (b),
and calculated moiré fringe period at the given z is shown by a blue circle in (d). Other data points in (d) correspond to other values of z. All the data are for a typical 40X
objective with a commercial focal length of 4 mm. The corresponding video can be observed in the background (Media 1, MP4 Movie File, 3.01 MB). (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of this article.)
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Fig. 5. (a) A typical moiré pattern at a given z, (b) corresponding to low-frequency illumination distribution, (c) intensity profile along the dashed red line illustrated in (b),
and calculated moiré fringe period at the given z is shown by a blue circle in (d). Other data points in (d) correspond to other values of z. All the data are for a microlens with
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color in this figure caption, the reader is referred to the web version of this article.)
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Fig. 6. (a) Behavior of moiré fringes period at various z, and theoretical fit on the
experimental data for a 40X objective with a commercial focal length of 4 mm. The
differences between theoretical model and experimental data are shown in (b).

Fig. 7. (a) Behavior of moiré fringes period at various z, and theoretical fit on the
experimental data for a microlens with a commercial focal length of 16 mm. The
differences between theoretical model and experimental data are shown in (b).

Table 1
Measured values of the focal length of different microlenses and objectives and
corresponding calculated errors by using the rules of propagation of uncertainties.

Number Name of microlens Reported Measured Error
or objective f (mm) f (mm) (%)

1 100X objective 1.6 1.66 70.08 5.1
2 40X objective 4 4.06 70.05 1.1
3 20X objective 9 8.99 70.37 4.1
4 10X objective 20 20.07 70.76 3.8
5 4X objective 40 40.09 70.64 1.6
6 3.2X objective 50 49.90 71.6 3.2
8 Microlens 4 4 4.08 70.17 4.3
9 Microlens 8 8 8.03 70.33 4.1
10 Microlens 16 16 16.02 70.45 2.8
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of fob¼4.06 mm and fml¼16.02 mm are obtained for the 40X
objective and microlens by the method, respectively.

It should be noted that in Figs. 4 and 7 which show the moiré
period as a function of z there are gaps because the maximum
measurable moiré period is limited by the size of the second
grating.

We have applied the method to different microlenses and
objective lenses to determine their focal lengths. For the men-
tioned experimental values of f2, f1, Zk, L, and d, the obtained value
of focal lengths are given in Table 1.

It is worth mentioning that the presented method is applicable
to ordinary lenses with focal lengths of the order of about a meters
with the given parameters of the setup, but for very long focal
lengths, it seems that this method is not sensitive enough.
4. Error analysis

To obtain an estimation of the effective focal length measure-
ment error, let us rewrite Eq. (7) in the following form:

f ml ¼
z2

f 2

L
f 2

−1
� �

þ zdf 22∓z2Zkdm
df 22

: ð8Þ

The uncertainty or error in the effective focal length measure-
ment can be found by using the rules of propagation of uncertain-
ties. If the original uncertainties are independent and random, the
uncertainties are added in quadrature [24].

The uncertainty in the measurement of fml is originated from
the uncertainties in the measurement of δz, δZk, δf 2, δL, δd, and δdm
which we denote by ðδf mlÞz , ðδf mlÞZk , ðδf mlÞf 2 , ðδf mlÞL, ðδf mlÞd, and
ðδf mlÞdm , respectively. The uncertainty in fml due to δz alone, which
we denote by ðδf mlÞz is

ðδf mlÞz ¼ ðerror in f ml due to δz aloneÞ;

ðδf mlÞz ¼
��� ∂f ml

∂z

���δz;
ðδf mlÞz ¼

���2zL
f 22

���þ ���2z
f 2

���þ ���2zZkdm
df 22

���þ 1

 !
δz: ð9Þ

Similarly, the uncertainties in fml due to δf 2, δL, δd, δdm, and δZk are

ðδf mlÞf 2 ¼
2z2L

f 32
þ z2

f 22
þ 2z2Zkdm

df 32

 !
δf 2;

ðδf mlÞL ¼
z2

f 22

 !
δL;

ðδf mlÞd ¼
z2Zkdm
d2f 22

 !
δd;

ðδf mlÞdm ¼ z2Zk

df 22

 !
δdm;

ðδf mlÞZk
¼ z2dm

df 22

 !
δZk; ð10Þ

where δ shows the measuring error of the corresponding para-
meter, for example, δZk and δdm are the reading error of the Talbot
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distance and the moiré fringe period, respectively. Finally, the total
uncertainty in fml is a quadratic sum of these six partial uncertain-
ties:

δf ml ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδf mlÞ2z þ ðδf mlÞ2f 2 þ ðδf mlÞ2L þ ðδf mlÞ2d þ ðδf mlÞ2dm þ ðδf mlÞ2Zk

q
:

ð11Þ
In order to achieve high precision, all of the quantities and their
errors should be measured with possible high resolution. We need
to know the uncertainties in each of the factors in the expression
of Eq. (8) used to calculate fml. For the mentioned typical
measurement for a 40X objective lens, according to Fig. 6, at
points of z¼192 mm and z¼52 mm, we have minimum and
maximum values of the period of moiré fringes, respectively.
Therefore, the relative error, δf ml=f ml, for the measurement at
point z¼192 mm, for the experimental values dm¼1.84 mm,
δL¼ 1 mm, δz¼ 0:005 mm, δZk ¼ 1 mm, δd¼ negligible is 1:3%
and for value of z¼52 mm we have dm¼7.27 mm and the relative
error is again 1.3%. It should be mentioned that in the experiment,
z is scanned by the step motor with a step size of 1/200 mm and
δdm is equal to the length covered by a pixel on the moiré pattern
that is equal 0.04 mm. Also, in this work we have determined
moiré fringes period with one pixel accuracy, but it is possible to
enhance this accuracy by using a sub-pixel algorithm [25]. For all
of the experimental data, a mean value of the relative error of 1.1%
is obtained.

For all of the reported measurements in Table 1, error analysis
were carried out and corresponding relative error of the experi-
ments are reported in the table. The maximum value of the
relative error is 5.1% for a 100X objective lens of focal length
1.6 mm.
5. Conclusions

In this paper we demonstrated a new, simple, and fully auto-
mated method for measuring the effective focal length of micro-
lenses. We employed parallel moiré deflectometry to measure the
radius of curvature of the laser beam induced by the microlens under
test. The microlens is moved along the optical axis of the setup and a
graph of moiré period as a function of its position is obtained in a
sensitive way. The focal length of the microlens is obtained from the
moiré fringe period graph. Measurement error was determined in a
range from 1.1% to 5.1% for a set of microlenses and objectives with
different focal lengths from 1.6 mm to 50 mm. The implementation
of the method is straightforward. In this method, knowing the
position of the principal planes of the microlens is not needed. It
can be employed to determine the small focal length of a small
microlens without any limitation on its size. Also, it is applicable to
an array of microlenses using a suitable lateral array displacer on the
optical axis.
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