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Abstract: Adaptive optics is rapidly transforming microscopy and high-
resolution ophthalmic imaging. The adaptive elements commonly used to
control optical wavefronts are liquid crystal spatial light modulators and
deformable mirrors. We introduce a novel Multi-actuator Adaptive Lens
that can correct aberrations to high order, and which has the potential to
increase the spread of adaptive optics to many new applications by
simplifying its integration with existing systems. Our method combines an
adaptive lens with an imaged-based optimization control that allows the
correction of images to the diffraction limit, and provides a reduction of
hardware complexity with respect to existing state-of-the-art adaptive optics
systems. The Multi-actuator Adaptive Lens design that we present can
correct wavefront aberrations up to the 4th order of the Zernike polynomial
characterization. The performance of the Multi-actuator Adaptive Lens is
demonstrated in a wide field microscope, using a Shack-Hartmann
wavefront sensor for closed loop control. The Multi-actuator Adaptive Lens
and image-based wavefront-sensorless control were also integrated into the
objective of a Fourier Domain Optical Coherence Tomography system for
in vivo imaging of mouse retinal structures. The experimental results
demonstrate that the insertion of the Multi-actuator Objective Lens can
generate arbitrary wavefronts to correct aberrations down to the diffraction
limit, and can be easily integrated into optical systems to improve the
quality of aberrated images.

©2015 Optical Society of America
OCIS codes: (220.1080) Active or adaptive optics; (110.4500) Optical coherence tomography.
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1. Introduction

Adaptive Optics (AO) is a well-established branch of optics that is contributing to important
advancements in many different fields of science, including astronomy, microscopy,
ophthalmology, vision science, laser beam shaping and coherent control, and atmospheric
propagation. (See for example [1] or more recently [2]. For a comprehensive review of
applications, [3]). Nonetheless the dissemination of AO is still limited by its complexity.
Devices that have been used to control the wavefront of a light beam are, in most cases,
deformable mirrors that can be actuated by different kinds of forces, including electrostatic,
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piezoelectric, electromagnetic etc [4]. The introduction of deformable mirrors into optical
systems necessitates the creation of folded optical paths, and the use of wavefront sensors can
make its integration impractical, precluding its use in some applications. For this reason
refractive wavefront correctors have found interesting applications, as for example in the case
of spatial light modulators based on liquid crystals panels. High order aberration control has
been extensively demonstrated [2]. Unfortunately, the use of liquid crystal devices has been
limited mainly to low power laser applications because they are polarization sensitive and
monochromatic [5,6].

Recently, several efforts have been reported on the realization of adaptive lenses. In
particular, modulation of the focal length of a lens has been demonstrated with several
different technologies. Liquid lenses are very promising in terms of optical power modulation,
miniaturization and use of low voltages [7], and are well suited for exploitation in consumer
applications. Other examples of adaptive lenses make use of different actuator stimuli or
smart materials, including reconcentration distribution [8], hydrogels [9], piezoelectric pump
chamber [10], polarization modulation [11], dielectric elastomers [12], bioinspired mimicry of
the human eye’s accommodation [13] and acousto-optic modulation [14—16]. Although such
lenses provide examples of successful refractive devices, they generally cannot correct higher
order aberrations. An adaptive lens that can correct for high order aberrations could
significantly enlarge the list of possible applications of adaptive optics.

In this paper, we present a Multi-actuator Adaptive Lens (M-AL) that can correct for
arbitrary aberrations. To demonstrate its potential we integrated the M-AL into the objective
of a high resolution OCT system and acquired in vivo mouse retina images, correcting
aberrations with a wavefront-sensorless algorithm controlling the M-AL. A significant
advantage of transmissive adaptive lenses is that they can be more readily integrated with a
range of existing imaging systems. Unlike conventional reflective adaptive optics mirrors,
which requires optical setups to relay the pupil plane with folded optical paths, an adaptive
lens can be placed in conjunction with the objective for aberration-corrected imaging.

The Multi-actuator Adaptive Lens can correct up to the 4th radial order of Zernike
polynomials, without any obstructions (electrodes and actuators) placed inside its clear
aperture. The performance of the adaptive lens was characterized using a Shack-Hartmann
wavefront sensor for closed loop wavefront measurement and correction, and the effects on
images acquired in a wide field microscope configuration are presented.

a) Camera b) Camera C) Camera
—I—r i AO control s N
I . I system ‘ v
| ¢ o ALimage
. Dichroi By based
Tu“ b H § 2 2 | control
ens splitter /' ) §§ system
; T2 e

L J Objective

E P mirror
Sample Beam d Laser
splitter beacon

L H J Objective
.

Adaptive lens
Objective

it

Fig. 1. Integration of adaptive optics with existing imaging systems. a) scheme of a generic
imaging system; b) implementation of a closed-loop adaptive optics system with a deformable
mirror on the system of panel a). ¢c) Concept of the adaptive optics system based on the
integration of the M-AL and an image-based control algorithm.

#237473 Received 19 May 2015; revised 30 Jun 2015; accepted 2 Jul 2015; published 13 Aug 2015
(C) 2015 OSA 24 Aug 2015 | Vol. 23, No. 17 | DOI:10.1364/0E.23.021931 | OPTICS EXPRESS 21933



In addition, we demonstrate that the combination of the Multi-actuator Adaptive Lens with
an image-based control algorithm leads to a new method of integrating adaptive optics with
imaging systems. The concept is illustrated in Fig. 1 as applied in principle to a generic
imaging system [Fig. 1(a)]. [Fig. 1(b)] shows the implementation of state-of-the-art closed
loop adaptive optics based on the use of a deformable mirror and a wavefront sensor. The
integration of the latter components with existing optical systems is, in most cases,
inconvenient or impossible because of the need of relay optics to accommodate the reflective
deformable element, or because the use of a beacon for the wavefront sensing is not always
possible [17,18]. In contrast, as illustrated in [Fig. 1(c)], the M-AL can be implemented in a
generic optical system simply by the addition of the adaptive lens to the objective lens.

2. Methods
2.1 Multi-actuator adaptive lens

The M-AL is composed of two thin glass windows (thickness 150 pm), upon each of which is
mounted a piezoelectric actuator ring (see Fig. 2). The space in between the windows is filled
with a transparent liquid, mineral oil. The first window is used to generate defocus and
astigmatism while the second one generates coma and secondary astigmatism. The
piezoelectric actuators have an external diameter of 25 mm and an internal diameter of 10 mm
with a thickness of 200 um. Both rings are divided into 8 sectors that can be actuated
independently. The piezo rings are glued to the windows and act as a bimorph actuator, such
that the application of a voltage generates a bending of the glass window. The actuators are
controlled by a 16 channel high voltage (+/-125 V) driver.

Top side actuators Glass window

|
a) \/ Free PZT ring b) Glass Disc
| Liquid chamber

2 Constrained .
Aluminum ring PZT ring . %\

Bottom side actuators Glass window

. O\ “",“ ' i“‘ | —9)))3,-- _3)))_ /X ‘ ‘, a“‘;

Fig. 2. Layout of the Multi-actuators Adaptive Lens. Panel a-c) show the measured wavefront
deformations (arrows) and the interferograms relative to the actuation of the M-AL in three
different configurations: a) one electrode on the top window, b) one electrode on the bottom
window, c) all the actuators poked with the same voltage value.

The 8 actuators on the top and bottom windows generate different effects because the top
window is attached to the actuator by an elastomer foam that is free to move. To generate
aberrations up to the 4th order it is necessary to have at least 15 actuators and a ring of
actuators outside the active region [1,19,20]. The bottom window is blocked at its border by a
rigid aluminum ring that defines the direction of the tangent of the piezoelectric ring. This
constraint moves the maximum (or the minimum) of the deformation inside the clear aperture
(see [Fig. 2(b)]). Thus each actuator, although placed outside the clear aperture, acts as though
it pushes the window from the inside. The shape of the top window is restrained in the center
by gluing a transparent disc of borosilicate glass (diameter 3mm, 1mm thick, n = 1.474, see
[Fig. 2(b)]) with the same refractive index as the liquid (for oil absorption and dispersion
properties see NIST website: Mineral Oil, NIST, Standard Reference Material 1922).

Deformation of the surfaces of the adaptive lens are illustrated in Fig. 2. [Fig. 2(c)] shows
the effect on the wavefront when a positive voltage is applied to all the actuators; both the
windows bend upward, hence the resultant wavefront is compensated everywhere in the
aperture except in the center, where the glass disc stiffens the window. Therefore the resultant
wavefront presents a peak in the center. Examples of wavefront deformation measured with a
wavefront sensor are illustrated in the lower insets of [Figs. 2(a)-2(c)].
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The total wavefront deformation can be calculated from the optical path length at each
point of the aperture (x,y), and is given by the difference of the shape of the two windows
(L1(x,y) for the top window and L,(x,y) for the bottom window) multiplied by the refractive
index of the liquid contained in the lens:

W () = 2L, ()~ L ()] =

1 27[”|:Zeli(st’)c1i_Zezz'(xay)czf:|v (1)

2

where the shape of each window is approximated by the algebraic sum of the deformation of
each single electrode in both windows e;;(x,y) weighted by its control value ¢y (c12 = —1
when the voltage is —125 V and c¢y5; = + 1 when the voltage is + 125 V).

2.2 Multi-actuator adaptive lens characterization

In order to assess the performance of the M-AL we carried out two tests: the generation of
aberrations up to the 4th order Zernike polynomial, and the correction of aberrations in an
infinity-conjugated microscope. Details about the experimental setup, combining an infinity
conjugated optical microscope with wavefront sensing are reported in Fig. 3.

LED — ~
ZIN
Sample
O Phase camera
plate A
X10 microscope |
objective 1A £,=150mm / |
i ‘\ ‘\ WFs|
! i
¥ — 1
b 3 — 7#’3:?\7-@*4?; I
Laser [ | _ i
BS i BS f,=60mm
f,=100mm | Adaptive H
Lens Bl

Fig. 3. Experimental layout. BS beam splitter, Wfs wavefront sensor, f1 = 100 mm, 2 = 150
mm, f3 =60 mm. Plane A (adaptive lens) and B (Wfs) are optically conjugated.

The microscope consisted of a 10X APO-PLAN objective with focal length of 18 mm, and
an achromatic doublet (f1) tube lens with focal length 150 mm, providing a magnification of
8.3x. In order to perform the wavefront correction, the M-AL was placed adjacent to the tube
lens, and a collimated laser source (diode laser 667 nm, | mW) was co-propagated in the
microscope light path. The laser beam was reduced in diameter to 4 mm to enter the aperture
of a Shack-Hartmann wavefront sensor by a telescope (M = 0.4) composed of achromatic
doublet lenses.

The wavefront was controlled in closed loop after the acquisition of the influence
functions (i.e. deformation of the wavefront after the actuation of each single actuator),
followed by the calculation of the M-AL control voltages [1]. In its neutral position, the M-
AL has some aberrations due mainly to the initial flatness of the windows of the adaptive
lens; its rms value of 0.25 waves includes mainly astigmatism (Z20, Z2-2) and spherical
aberration (Z40). Therefore, the first step in operating the microscope is to correct for the
system aberrations: switching to the closed loop, the initial aberration was corrected to 0.042
waves RMS, well below the Marechal criterion (A/14) [1]. In making this correction for initial
M-AL aberration and the system aberrations, the adaptive lens used ~25% rms of its dynamic
range, thus preserving substantial potential for additional corrections. Measurements of the
dynamic behavior indicate that the lens has three main resonant peaks at 554 Hz, 2560 and
3000 Hz, indicating that its corrections can be updated a few hundred times per second.
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Fig. 4. Measurement of the generation of wavefronts and the far field of the 4th order Zernike
polynomials. Note that astigmatism has been summed with defocus to generate a cylindrical
wavefront. The third column reports the wavefront represented as an interferogram.
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Figure 4 shows the measurements of the wavefronts obtained by the M-AL and their
corresponding far fields. Table 1 reports the maximum peak-to-trough amplitude of the
Zernike polynomials that can be generated in the closed loop configuration. In order to
simulate the contribution of any additional aberration that one would like to correct, a phase
plate was inserted in the beam path in front of the M-AL. As reported in Fig. 5 the phase plate
introduced mainly a cylindrical wavefront composed of defocus (Z,y) and astigmatism (Z,.,)
with a total of 0.64 waves rms deviation. Both the far field and wavefront interferogram
relative to the aberration of the phase plate are presented in Fig. 4. The effect of the lens
correction on image formation was evaluated by trans-illumination of a sample using a visible
light source. The sample consisted of a microscope slide prepared with a Tilia Stem cross
section. Figure 5 and the movie (Visualization 1) illustrate the image of the sample acquired
before correction, and after correction of the additional aberrations introduced by the phase
plate.

Table 1. Measured Peak to Valley amplitude of the Zernike polynomials which is possible
to generate with the adaptive lens (measured at 670 nm)

Aberration Zernike order  PtV(um)

Tilt 711,21, 3
Defocus 7 3.8
Astigmatism Zn, 222 7.7
Coma Zsy. Zs. 22
Trefoil Z33, Z3_3 29
Spherical Ab. Zso 0.5
Secondary Ast. Zy, Zyn 0.75
Quadrifoil ym 1.2

2.3 Multi-actuator adaptive lens for Fourier domain optical coherence tomography

Significant progress has been made in using adaptive optics for ophthalmic imaging with wide
field fundus photography, confocal scanning laser ophthalmoscopy (cSLO), and optical
coherence tomography (OCT) [21-23]. In order to demonstrate the potential for ophthalmic
imaging, the M-AL was integrated into a custom-built high speed Fourier Domain (FD) OCT
system designed for imaging the mouse retina [17,24]; a schematic of the system is presented
in Fig. 6. Light was focused by an external objective (which defines the system’s diffraction-
limited resolution) through a cornea flattened with a viscous gel. The adaptive lens was placed
adjacent to the objective lens (f =25 mm, NA = 0.26), modifying the wavefront and assisting
with the focal spot formation at the mouse retina. The FD OCT engine consisted of a 180 nm
bandwidth superluminescent light source centered at 860 nm, and a CMOS (Basler Sprint)
line scan detector. The optical power at the sample was 750 uW, and the acquisition rate was
100,000 A-scans per second. The chromatic aberration introduced by the M-AL can be
approximated as the one introduced by a glass window of the same thickness of the M-AL
and with the same dispersion of the liquid inside the lens. In the presented case of OCT it is
negligible because of the low dispersion over the bandwidth of the OCT source (about
An=0.0025).
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Fig. 5. Top panel: Zernike polynomial decomposition of the aberration introduced by the phase
plate, with the adaptive lens flattened with the closed loop, and of the residual aberration after
correction. Middle panel: image before and after closed loop correction and (Visualization 1)
the image sequence during the closed loop correction. The yellow insets show the central part
magnified of two times. Bottom panel: Point Spread Function (PSF), PSF X and Y cross
section before (black) and after (red) the correction and wavefront represented as an
interferogram.

Unlike the traditional method of adaptive optics which employs a Shack-Hartmann
wavefront sensor, we used a wavefront-sensorless approach to correct aberrations in images
acquired through the adaptive lens in a mouse FD OCT system [25]. Wavefront sensing in the
mouse eye is challenging due to multiple reflections arising from different retinal layers [26].
Although Shack-Hartmann wavefront sensing has been demonstrated for adaptive optics
imaging of pigmented mice [24,27], this technique does not work for albino animals in which
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backscattered light from the relatively thick and diffusively scattering choroid is a dominant
signal. Wavefront-sensorless aberration correction overcomes these limitations by removing
the wavefront sensor, and instead optimizing the shape of the deformable element based on
changes in image quality. Low order aberration correction for wavefront-sensorless adaptive
optics multiphoton fluorescence imaging of mouse retina has recently been reported [28,29].
In our implementation of wavefront-sensorless aberration correction for adaptive optics FD
OCT, an image quality based metric (intensity) was used to iteratively tune the shape of the
adaptive lens with an algorithm that optimizes each term of the Zernike polynomial describing
the shape of the wavefront aberrations to be corrected. By extracting an en face plane of the
FD OCT volume data for measurement of the image quality metric, we were able to perform
aberration correction at an arbitrarily selected depth in the sample that corresponded to the
retinal layer of interest. Details on the wavefront-sensorless FD OCT system using a
deformable mirror are presented elsewhere [17].

Unlike deformable mirror-based adaptive optics systems in which the deformable element
is optically conjugated to the pupil plane (objective lens), the adaptive lens was placed
adjacent to the objective lens, reducing the length of the optical path and decreasing the
sensitivity to misalignment errors. The use of lenses (instead of curved mirrors) also
contributed to the ease of alignment and a smaller footprint, both of which are valuable for
clinical applications in retinal high-resolution imaging with adaptive optics [26].

Reference
Arm DC NDM

SLD

Spectrometer

? Focus
1

Fig. 6. System topology of the compact wavefront-sensorless Adaptive Lens FD OCT system
(LOBJ, 25 mm focal length lens; NA = 0.26). SLD, superluminescent diode; PC, polarization
controller; DC, dispersion compensation; ND, neutral density filters; M, mirror; 2D GM, x and
y galvanometer mounted mirrors were separated by a telescope but are shown combined for
convenience; AL, adaptive lens.

2.4 AO-OCT Results

The numerical aperture of the imaging system was 0.26, corresponding to a focal spot waist of
2.1 um. Manual adjustment was used to align the focus to the retinal nerve fiber layer, and a
representative en face projection of a volume image acquired with the adaptive lens in the
neutral position is presented in [Fig. 7(a)]. The identically processed image acquired at the
same location after aberration correction using the wavefront-sensorless algorithm to control
the shape of the adaptive lens is presented in [Fig. 7(b)]; the values of the merit function in
response to the bias aberrations of the Zernike polynomial coefficient applied to the adaptive
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lens for wavefront correction are presented in [Fig. 7(c)]. With the aberration correction from
the adaptive lens, the overall intensity of the image is increased, and features are sharper.

Merit function (au)

T T T T T T T
400 075 05 025 000 025 05 075 100
Bias aberration [-1/+1]

Fig. 7. Adaptive Lens FD OCT images of mouse nerve fiber layer in vivo before a) and after b)
the adaptive lens optimization. ¢) Merit function progression during the wavefront-sensorless
optimization process. Scale bar: 20um.

3. Discussion

In this report, we presented a new type of refractive wavefront modulator and describe its
advantages for use in high resolution in vivo imaging of mouse retina. In comparison to other
refractive wavefront modulators the M-AL is polarization insensitive and can operate with
broadband sources. The present Multi actuators Adaptive Lens is able to correct wavefront
aberrations up to the 4th Zernike polynomial order. The piezoelectric actuator elements on the
adaptive lens are arranged in rings on the front and back glass surfaces of a liquid-filled
cavity, and surround the clear aperture. The performance of the adaptive lens was
demonstrated in a straightforward closed loop system using a Shack-Hartmann wavefront
sensor. The adaptive lens design is scalable to a larger aperture, and future developments will
include the use of anti-reflection coatings and liquids with broadband transmission and low
dispersion, along with index matching with the windows material. The prototype M-AL used
in the experiments reported here used mineral oil, which has almost no absorption in the
visible (NIST Standard Reference Material 1922), and the overall transmittance is about 90%,
with losses arising from Fresnel reflections at uncoated surfaces. Future developments include
the realization of prototypes able to work in different spectral ranges including the UV and
IR, where liquid crystals cannot work, by the use of commercially available oils, glasses and
anti-reflection coatings. The wavefront modulation can be further increased by the use of
higher voltages in the forward polarization of the PZT actuators and by the use of oils with a
higher refractive index.

An advanced imaging application for the M-AL was demonstrated through integration
with the objective of a FD OCT system that was customized for in vivo imaging of the mouse
retina. We acquired images of the retinal nerve fiber layer in a mouse eye with a lens-based
FD OCT, combining the adaptive lens combined with the final focusing objective lens. This
configuration eliminated the need for folded relay optics to place the deformable element at
an optical conjugate of the pupil plane. Integrating the adaptive lens with wavefront-
sensorless aberration correction enabled the design of a compact system that is robust to back
reflection and misalignment. Further development in the acquisition speed will enable human
retinal imaging that combines wavefront-sensorless algorithms and the adaptive lens [17,30].
The performances of the M-AL are compatible for the correction of human eye aberrations
with a pupil of 4.5mm [31].

The use of the M-AL should enable the power of adaptive optics to be more widely
applied in ophthalmology, microscopy, vision science, small telescopes, free space
communication and medium power laser focusing. With well-developed fabrication
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techniques, it should be possible to create M-ALs with larger or smaller apertures that can be
embedded in microscope and camera objectives or in portable devices, paving the way to new
applications or new functionalities of the existing ones. Furthermore, the M-AL, thanks to its
ease of use, has the potential to be a new tool for optical designers to increase the
performances of diverse complex optical systems.
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