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Fast Axial-Scanning Widefield Microscopy With
Constant Magnification and Resolution

Manuel Martı́nez-Corral, Po-Yuan Hsieh, Ana Doblas, Emilio Sánchez-Ortiga, Genaro Saavedra, and
Yi-Pai Huang

Abstract—In this paper, we propose the use of electrically-ad-
dressable lens devices for performing fast non-mechanical axial
scanning when imaging three-dimensional samples. This non-me-
chanical method can be implemented in any commercial micro-
scope. The approach is based on the insertion of the tunable lens
at the aperture stop of the microscope objective. By tuning the
voltage, a stack of depth images of 3D specimens can be captured
in real time and with constant magnification and resolution. The
main advantage of our technique is the possibility of performing
fast axial scanning free of mechanical vibrations.
Index Terms—Axial scanning, liquid crystal lens, liquid lens,

telecentricity, three-dimensional (3D) microscopy.

I. INTRODUCTION

T HREE-DIMENSIONAL (3D) live imaging is important
for a better understanding of some biological processes.

Although 2D live imaging provides basic dynamic information,
such information is often incomplete and, sometimes even mis-
leading since it provides only a partial representation of the
3D biological processes. The ability to study high-speed dy-
namics of biological functions, or the response of biological sys-
tems and tissues to rapid external perturbations, will expand our
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knowledge of the biology and may improve our ability to treat
injuries.
Current microscopic techniques, like wide-field microscopy

[1]–[4], confocal microscopy [1], [3]–[7], structured illumi-
nation microscopy [4], [6]–[11] or light-sheet microscopy
[12]–[14], are not able to capture with a single shot the 3D
structure of a specimen. Instead, the 3D image is obtained com-
putationally after recording a stack of 2D images of different
sections within the sample. These images are captured, typi-
cally, by mechanical axial scanning of the sample. However, the
mechanical movement could damage the sample, or introduce
distortions during the recording process due sample vibrations.
Besides, mechanical movements slow down the acquisition,
which makes impossible the detection of highly-dynamic
biological processes,
To avoid the mechanical scanning, one solution is the use of

digital holographic microscopy [15]–[17], in which the 3D com-
plex distribution scattered by the sample is directly recorded.
This allows the digital refocusing of different sections. Never-
theless, this system operates coherently and makes impossible
fluorescence imaging.
Other solutions are the use of a distorted diffraction grating

[18] or an off-axis Fresnel lens [19]. With these elements, it is
possible to obtain, simultaneously, the image of objects placed
at different depths. Notwithstanding, these methods have not
been demonstrated in microscopy, and are useful only in case
of single 3D scenes composed by isolated elements.
An interesting approach to the task of 3D imaging is the use

of an electrically tunable lens (ETL) in order to modify the po-
sition of the object plane. In 2010, our Group proposed the use
of an ETL for the parallel dynamic focusing of the view images
obtained through an array of microlenses [20]. More recently,
other groups have applied ETL technology in microscopy. In
the case of two-photon scanning microscopy, Grewe et al. [21]
introduced the ETL in the excitation path of the microscope.
Since the focal length of their ETL was always positive, they in-
serted an offset diverging lens to achieve a symmetrical shifting
of the object plane. However, in their system the optical ele-
ments were arranged so that the apertures were not matched. As
consequence the lateral resolution was significantly worsened
and the magnification was different for each plane. The mag-
nification issue was solved by Fahrbach et al. [22] by using a
telecentric arrangement in a light-sheet microscope. Again the
optical power of the ETL was only positive, and therefore an
offset diverging lens was required. The main problem of using
the offset lens is that in such case it is not possible the perfect
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TABLE I
LIST OF ACRONYMS

matching of apertures, so that the objective does not work in
strict telecentric regime.
As for the confocal case, recently two studies have verified

the axial scanning with ETL. Jabbour et al. [23] used a single
ETL at the detection path of the confocal system. Again the ETL
was not placed at the microscope aperture stop, and then the
system was resolution- and magnification-variant. In [24], the
use of two ETLs, one in the illumination path and the other in
the detection path, was proposed. Anyway, regarding confocal
microscopy the speed of the axial scanning is not the relevant
issue because a full scanning is required for any axial scan-
ning step.
In this paper, we state the experimental conditions for ob-

taining fast axial 3D microscopy with constant magnification,
invariant resolution, and symmetrical displacement range. We
propose two different electronic devices to face this challenge.
First we use a commercially-available liquid lens (LL) [25],
[26], and second a liquid-crystal lens (LCL) [27]–[30] that was
manufactured by our research team. Specifically we show that
the proper use LL permits the axial scanning free of mechan-
ical movements and vibrations. This is important, since it allows
speeding up the process and avoiding distortions in the image
of dynamic specimens.
The paper is organized as follows. In Section II we describe

the theoretical background of wide-field microscopy and the
optical method for shifting the object plane. In Section III we
present our approach by using either a LL or a LCL. Finally
in Section IV we summarize the achievements of this research.
Acronyms used in this paper are listed in Table I.

II. BASIC THEORY
Wide-field optical microscopes are arranged by coupling a

high numerical aperture (NA) microscope objective (MO) with
a low-NA tube lens (TL). The MO is designed to provide high-
resolution images free of aberrations for significant field of view
(FOV). For this reason the MO are telecentric in the object
space, that is, the aperture stop is placed at the rear focal plane
(RFP), so that the entrance pupil is at the infinity. It is conve-
nient to couple the MO and the TL in afocal manner (see Fig. 1).
In such case, the exit pupil of the arrangement, i.e., the image

Fig. 1. Scheme of telecentric optical microscope composed by the afocal cou-
pling of the MO and the TL.

of the aperture stop through the TL, is also at the infinite. Under
these conditions, the imaging system is said to be strictly tele-
centric, since it is telecentric in both the object and the image
space [31].
Strictly-telecentric arrangements have many advantages over

non-telecentric ones. First advantage is that the relation between
object distance and image distance is linear,

(1)

where is the distance between and an object plane and
the distance between and the conjugate image plane (usu-
ally a microscope is arranged so that ). The lateral
magnification

(2)

and the axial magnification, , do not depend on the axial
position of the object. The later is a very important issue when
thick samples are imaged.
Thanks to their telecentricity, modern optical microscopes

are 3D linear and shift invariant (LSI) in amplitude, what im-
plies that it can be defined a 3D amplitude point spread function
(PSF). The amplitude PSF can be written, as expressed in the
object space, as [1], [4]

(3)

In this equation are the cylindrical coordinates in the
object space, is the light wavelength and . The aper-
ture angle, , of theMO is related to its numerical aperture (NA)
through , whereas the amplitude transmittance at
the aperture stop is represented by function . In the usual
case of a clear circular aperture, . The irradiance PSF
is calculated as the squared modulus of (3).
As the first experiment, we measured the irradiance PSF cor-

responding to a MO with magnification 50x and 0.55 NA (see
Fig. 2). As apparent from this experimental result, the telecen-
tricity of the system allows the PSF to be symmetric around the
focal plane. The PSF obtained with a widefield microscope, in
which no ETL has been inserted, will be named hereafter as the
native PSF.
As well known, the MOs are built in such a way that they

provide aberration-free images only of objects placed at their
FFP. When imaging 3D specimens, the usual procedure is to fix
the CCD at the RFP of the TL, and then scan axially the sample.
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Fig. 2. Experimental measurement of the irradiance PSF of a 50x/0.55 MO.
The figure shows a meridian section (x,z) of the irradiance distribution. Detailed
explanation of the experimental procedure is given in Section III-A.

Fig. 3. Scheme of the coupling between a MO and a single lens placed at its
RFP.

Fig. 4. Scheme of wide-field optical microscope with a single lens inserted at
the rear focal plane of the MO.

This allows, for any scan step, the capture an aberration-free 2D
image of the corresponding depth section. The stack of acquired
2D images constitutes the 3D image of the sample.
In order to avoid the mechanical displacement of the sample

during the axial scanning, a good strategy would be to intro-
duce an element that changes the position of the FFP but keeps
invariant the other parameters of the MO. In this sense, our aim
here is to introduce in the MO an electrically-addressable op-
tical element that allows the fast axial scanning. The insertion of
such element should be made in such way that the telecentricity
of the microscope is preserved. To implement this we make use
of some elementary concepts of Geometrical Optics. According
to them, one can calculate the result of coupling two focal ele-
ments so that the second one is a single lens and is placed just
at the RFP of the first element, which can be more complex. An
example of this situation is shown in the Fig. 3.
For the particular case shown in the Fig. 3, it is easy to show

that the focal length, , of the coupling is equal to the focal
length of the MO. The RFP, , of the coupling remains at the

same position as that of the MO. The only change is found when
one calculates the position of the FFP of the coupling, which is
displaced by distance

(4)

In the equation, the optical power, , of the lens is the inverse
of its focal length, . Note that a converging lens produce dis-
placements towards the MO , and a diverging lens in
the opposite direction. In both cases the displacement is propor-
tional to .
From the above information it is apparent that if we insert

a, converging or diverging, lens just at the aperture stop of an
optical microscope, see Fig. 4, we can modify the position of the
object plane, while keeping invariant the lateral magnification
of the system and the position of the image plane (still at the
CCD).
But the most important issue is that the change is made pre-

serving the telecentric nature of the system. This implies that the
system is still 3D LSI and, if the inserted lens does not reduce
the effective diameter of the aperture, the amplitude PSF is still
calculated by (3), by using the same value of , and therefore
without any worsening of lateral resolution.

III. FAST AXIAL SCANNING SYSTEM
From the theory exposed in the previous section, it is clear

that by inserting at the aperture plane an ETL, whose optical
power can be tuned by changing the voltage, it is possible to
perform a fast axial displacement of the object plane. This
controlled displacement will permit to obtain a stack of depth
images of thick samples with constant lateral resolution and
avoiding any mechanical movement of the sample.
It is desirable to insert the ETL at the aperture stop, which

is usually accessible from the backside of the MO [32]. This
should be made in such way that the optical axes are adjusted
with high accuracy, and also avoiding any reduction in the aper-
ture diameter. To overcome these difficulties in our experiment
we inserted in the optical system an afocal relay, Fig. 5. The
relay is adjusted so that the FFP of the relay first lens matches
the RFP of theMO, whereas the RFP of the second lens matches
the FFP of the TL. Proceeding in this way, one makes sure that
the same linear combination of plane waves passing through the
aperture stop, is also passing, with proportional slope, through
the ETL, which is placed at the FFP of the TL.
The use of the afocal relay provides our system with some

interesting flexibility, since it permits to match the diameter
of the electric lens to that of the aperture stop. For this, one
should take into account the relay lateral magnification,

. We should also take into account that the optical
power of the electrical lens is projected onto the aperture stop
with a scale factor that depends on the relay system [20],

(5)

Finally, by combination of (4) and (5), we obtain the linear
relation

(6)



916 JOURNAL OF DISPLAY TECHNOLOGY, VOL. 11, NO. 11, NOVEMBER 2015

Fig. 5. Scheme of wide-field optical microscope with an ETL inserted in a
plane conjugate with the MO aperture stop.

For the implementation of the fast axial wide-field micro-
scope we propose the use of two different ETLs: a liquid lens
(LL), and a liquid-crystal lens (LCL).

A. Axial Scanning With a Liquid Lens
To implement our proposal we used first the liquid lens

ARCTIC 39N0 manufactured by VARIOPTIC, which is based
on electro-wetting technology. The optical power of the lens
can be tuned by application of proper electric voltage [25], [26].
The ARTIC 39N0 has a nominal optical aperture of
mm, a maximum wavefront error of 50 nm, and transmission of
97% at nm. The system does not suffer from hysteresis
and the relation between the applied voltage and the induced
optical power, in the linear range [ m m ], is

(7)

Here is the environmental temperature measured in Celsius
( C), and

(8)

In the particular case of environmental conditions in our lab-
oratory, and .
1) Preliminary Experiments: To make sure of the utility of

our proposal, we first measured the transverse irradiance PSF
of the microscope for different values of , and compared
it with the native PSF. For this experiment we first needed to
generate a small focal spot, which acted as the object for the
PSF measurement (see Fig. 6). As the light source we used the
He-Ne laser beam exiting from an optical fiber with waist 4 m.
This beam was focused to a small spot by using a large focal
length collimating lens ( mm) and a high-NA MO
(MO1: 100 and ). As for the optical microscope
we used a MO, a relay with focal lengths
mm and mm, and a TL of mm.
After making sure that the small spot was at the FFP of the

MO, we recorded the transverse PSF of the native microscope,
as shown in Fig. 7(a).
Next, we inserted the liquid lens and, by application of dif-

ferent voltages, obtained the corresponding displacements of the
object plane ((6) and (7)). Simultaneously, we displaced me-
chanically the MO1, to set the focal spot at the MO FFP for

Fig. 6. Scheme system used for the measure of the PSF for different values of
. For the measurement of the PSF of the native microscope, the liquid lens

was removed.

Fig. 7. (a) Measured transverse irradiance PSF, expressed in object space units,
of the native microscope; (b)–(f) Measured transverse PSF of the fast-axial mi-
croscope for different object-plane positions.

any step of the experiment. Finally, the images were recorded in
a 12 bits CCD (EO-5032c, Edmund Optics) with 2448 2048
pixels (3.75 m width). Next in Fig. 7(b)–(f) we show the re-
sults of this. This figure demonstrates that the liquid lens per-
mits the continuous displacement of the object plane with no
substantial modification of the PSF. To quantify this similarity,
we calculated the correlation coefficient for any of the PSFs in
Fig. 7(b)–(f), as compared with the native one [33]. The ob-
tained correlation coefficients are summarized in Table II.
In order to make sure that the transverse resolution is hardly

influenced by the use of the liquid lens for the axial scanning we
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TABLE II
LIST OF CORRELATION COEFFICIENTS FOR THE TRANSVERSE PSFS OBTAINED

WITH THE LIQUID LENS

Fig. 8. Irradiance PSFs along the line .

have obtained from the data in Fig. 7 the irradiance PSFs along
the line . These PSFs are plotted in Fig. 8. If we use the
FWHM as the figure for evaluating the transverse resolution, we
find from this figure a variation smaller than 3%.
Finally, prior to the capture of images of fluorescent samples,

and aiming to show that the liquid lens hardly introduces signif-
icant aberrations in the image, we have measured the 3D irradi-
ance PSF. In case of the native microscope, in absence of liquid
lens, we have already shown the PSF in Fig. 2. For making this
measurement we have implemented an experimental setup like
the one shown in the Fig. 6 (but without the liquid lens), and
have made the axial scanning by displacing the MO1.
In case of the fast-axial microscope, we inserted the liquid

lens at the position shown in Fig. 6, and made the axial scan-
ning by tuning the voltage of the liquid lens, while keeping static
the CCD. The results of this measurement are shown in Fig. 9.
The results obtained with both microscopes are again very sim-
ilar. To evaluate the similarity between them, we calculated the
correlation coefficient and obtained a value of 0.93. This high
value permits to state that the insertion of the LL hardly intro-
duces significant aberrations.
2) Imaging Experiments: Once we have verified that the

liquid lens permits the fast displacement of the object plane
with no significant worsening of transverse, or even 3D, irradi-
ance PSF, we performed an imaging experiment in which we
obtained a stack of depth section of a microscopic thick sample.
In our experiment we used as the sample a cleaning-lens
tissue paper. These sheets are made for cleaning the lenses of
high-quality optical instruments, but are also commonly used

Fig. 9. Experimental measurement of the irradiance PSF of a microscope
equipped with a 50x/0.55 MO, and an ARTIC 39N0 liquid lens. The figure
shows a meridian section (x,z) of the irradiance distribution.

Fig. 10. Stack of depth images obtained with the fast-axial scanning micro-
scope. These images are mounted in a video (Media 1).

in testing microscopy experiments. They have low-density of
threads, and about 100 microns of thickness. In our experiment
the tissue was stained with fluorescent ink proceeding from
a stabile highlighter. The sample was illuminated with the
uniform beam proceeding from an ultrabright green LED with
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Fig. 11. Three depth images obtained with the conventional microscope when
displacing the sample mechanically. These images, together with other interme-
diate images, are mounted in a video (Media 2).

Fig. 12. Cross-section of a LCL device. The electric fringing field induces a
lens-like refractive index variation inside the liquid crystal cell.

emission central wavelength at 460 nm and with 20 nm of spec-
tral FWHM. The experimental setup was the one schematized
in Fig. 5. Next, in Fig. 10, we show the set of equidistant depth
images obtained with the fast-axial microscope.
The scanning rage of the fast-axial microscope can be easily

calculated with (6) and is of m. If the LL were
inserted directly at the RFP of the MO (without need of any
relay system) the scanning range would be calculated with (4)
and be of m.
The synchronized axial displacement, shooting and recording

of the elemental images was controlled by a LabVIEW® code.
The complete sequence of 18 depth images was obtained in 0.78
seconds, and with no need of any mechanical displacement. In
fact the main limitation in acquisition speed is imposed by the
CCD frame rate (which in our case was 24 frames/second), since
the response speed of the ARTIC 39N0 is of 9 ms. A proper
selection of the CCD could produce an acquisition speeds up to
100 depth images per second.
To illustrate the accuracy of our proposal, we also obtained

the images of three of the above sections, but with the micro-
scope mounted in the conventional configuration (without LL)
and displacing the sample mechanically. The images are shown
in Fig. 11. It is apparent that the images obtained with the pro-
posed fast-axial microscope have, essentially, the same contrast,
FOV and resolution than the ones obtained with the conven-
tional native microscope.

B. Axial Scanning With a Liquid-Crystal Lens

As second approach, we used an electric-field-driven liquid
crystal lens (LCL) [34] for the implementation of our fast-axial

Fig. 13. PSF of the fast axial microscope with LC-lens for different positions
of the object plane.

Fig. 14. Stack of depth images obtained with a LCL device inserted in a wide-
field microscope.

TABLE III
DOUBLE-LAYER LCL. APPLIED VOLTAGES AND SUBSEQUENT OPTICAL

POWERS AND AXIAL DISPLACEMENTS

scanningmicroscope. Different to LL technology, the lens effect
of LCL is based on the phase delay between the center and the
edge of lens aperture (Fig. 12). By applying electric voltage on
the ITO (Indium Tin Oxide) electrode of LCL, the liquid crystal
molecule will be arranged along the fringing electric field from
the ITO electrodes and it will induce a lens-like variation of the
effective refractive index in the homogeneous liquid crystal cell.
The LCL was built by our Group, in Taiwan Lab., and has

a nominal optical diameter of mm, and cell gap
of m. The liquid crystal material is E7, which has an
ordinary refractive index of and an extraordinary
refractive index of . The maximum lens power can
be calculated as

(9)

In the experiments, we used a double layer liquid crystal de-
vice both with 60 m cell gap to induce larger optical powers.
Specifically, the effective optical power of the double-layer LCL
can be tuned in the range [ m ] as shown in Table III.
As in Section III-A, first we performed a preliminary experiment
with the aim of measuring the microscope PSF for different
values of . Using the same experimental setup, sketched in
Fig. 6, we obtained the results shown in Fig. 13. The obtained
PSFs are much worse than the ones provided by both the na-
tive microscope ( m) and the LL technology. Next,
Fig. 14 shows the depth images of a lens tissue obtained by the
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LCL device. From this figure, it is clear that the object plane is
axially shifted, but the image quality and contrast ratio are not
acceptable. Note however that this technology is currently in its
initial stage and therefore fast improvements are expected in the
forthcoming years. It is then reasonable to guess the production
of LCL with non-distorted PSF and faster response. This could
be made with high-resistance LCL [35], [36] or polymer-layer
LCL [37], [38]. Other drawback, at the current stage of develop-
ment, is the slow response time of LCL, which depends on the
LC thickness, ranging from 200 to 500ms. Themain advantages
of LCL technology are its thinner volume and lighter weight.
For these reasons, LCL should also be, in the next few years,
a good candidate for a tunable MO for fast axial 3D wide-field
microscopy.

IV. CONCLUSION
In summary, we have shown the goodness of ETL technology

to produce non-mechanically the axial scanning of 3D sam-
ples in optical microscopy. The method consists of the inser-
tion of an ETL at the aperture stop of a MO. If such inser-
tion was made by the MO manufacturer, the proposed tech-
nique could be easily implemented in commercial microscopes.
By applying the proper voltage, the focal length of the device
gradually changes and then different sections of the specimen
are focused in real time. Our method has been validated with
experimental results by using an LL and an LCL. Specifically,
for the case of the LL, we have demonstrated, for the first time
we believe, the invariance of the resolution over the axial scan-
ning range.We have obtained a symmetrical displacement range
without any offset lens. Besides, our results exhibit higher reso-
lution than previously reported. Regarding the LCL technology,
we have to recognize that at present it is not able to produce an
axial scanning with reasonable speed and image quality. How-
ever, this technology is experiencing a rapid development and
soon will be providing promising results.
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