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We present a systematic review of solid tunable lenses based on the Alvarez—Lohmann
principle, which mainly focuses on the optimization, miniaturization, and integration of such
solid tunable lenses in miniature applications. The progress of the modelling and design methods
of such solid tunable lenses for optimum performance is summarized first. The development of
various solid tunable lenses achieved using diverse driving mechanisms and different optimization
methods is then illustrated by examples from current literature. The mechanisms, performance,
and practicability of all these prototypes are presented in detail. The applications of such solid
tunable lenses in miniature imaging systems are finally reviewed. Discussions of the problems and
bottlenecks encountered in current research work and perspectives for future work in this field are
given.

1. Introduction

Optical systems are endowed with the capability of autofocus or zooming by the well-known
method of mechanically or electrically moving one or more lenses along the optical axis, changing
the effective focal length of the lens system. Such a configuration obviously faces the problems of
bulky structures and complicated support and drive mechanisms, and therefore is not suitable for
applications in modern miniature systems. To scale down conventional adjustable-focus or zoom
lens systems for miniature applications, over the past few decades, much effort has been spent on
developing various compact tunable lenses, including diverse liquid lenses and solid tunable lenses.

To adjust the focal length of a liquid lens, one needs to change either the geometric shape of the
lens or the refractive index distribution of the lens material.(» There have been extensive trials to
achieve liquid lenses with deformable geometric shapes employing various driving mechanisms.-'0
They include diverse flexible-membrane lenses, electrowetting-based lenses, and dielectrophoretic
lenses.('72% Rather than modulating the geometric shape of the lens, one can also choose to vary
the refractive index of the lens material. One of the typical examples is liquid-crystal (LC) lenses.(0-30
Some other methods of modifying the refractive index of the lens include subjecting the liquid to
an external electrical field, acoustic field, mechanical strain, or temperature field, as the optical
properties of most of the materials are related to these external fields.®? We cannot deny the fact
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that most of the attention has been paid to liquid lenses over the past years in this field. However, it
is widely noted that liquid lenses face a series of challenges, including complex fabrication process,
performance instability, possible leakage, and evaporation. All these issues greatly limit their
applications in practical miniature imaging systems.

Solid tunable lenses, which involve pure solid-state materials in the lens configuration, have
drawn increasing attention in recent years as they offer an effective way to solve the aforementioned
issues encountered by the liquid lenses. Thanks to the absence of liquid materials, solid tunable
lenses perform stably and can be fabricated by a relatively simple process without concerns of
leakage or evaporation issues, and thereby show greater potential in practical applications. The first
kind of solid tunable lenses are realized by simply deforming the solid lens by a thermal effect or
external strain.®*#) However, because they are constrained by the maximum deformation that can
be achieved by either thermal actuation or external strains, such a type of solid tunable lenses can
only provide a limited tuning range of focal lengths, which is obviously far from the requirement of
most practical applications.

The second kind of solid tunable lenses are designed on the basis of the Alvarez—Lohmann
principle, and focal length tuning is accomplished by slightly shifting two cubic lens elements
with respect to each other along the direction perpendicular to the optical axis.#*#) Such solid
tunable lenses can provide large focal-length tuning ranges with compact structures. Furthermore,
the fabrication process of the lens elements is relatively simple and the imaging performance of
such solid tunable lenses is satisfactory and stable. Hence, they show a more promising future
in various miniature applications compared with their counterparts. In this paper, the progress of
such solid tunable lenses is reviewed in detail, including the design methods of the lens elements
to gain optimum performance, various prototypes achieved with different driving mechanisms,
and their applications in miniature imaging systems. Discussions of the problems and bottlenecks
encountered in current research and perspectives for future work in this field are also given.

2. Design Methods for Optimum Lens Performance
2.1 Alvarez—Lohmann principle

As shown in Fig. 1, the solid tunable lens based on the Alvarez—Lohmann principle consists of
two elements, each of which has one flat surface and one cubic surface. The sag (thickness along
the z direction) of the cubic surface is given by“>44

z2=AX +Ay® + A, y* + Alyx* + Bx> + Cxy + Dy* + Ex + Fy + G, (1)

where z is the thickness of the lens element at the point determined by the coordinate (x, y). A4,, 4.,
A, A, B,C,D, E, F,and G are the coefficients of the terms in the cubic polynomial. As the second-
order terms give the optical power or astigmatism in the phase delay, the coefficients B, C, and D
are normally set to zero to simplify the analysis. In the Alvarez configuration, 4; and 4, are set to
zero while in the Lohmann configuration, 4; and 4] are set to zero. Hence, the surface-governing
equation, Eq. (1), is changed to the following one for the two configurations.

Alvarez configuration: z= A4, x* + A)yx* + Ex + Fy + G
Lohmann configuration: z=4,x* + A)* + Ex + Fy + G

2
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Fig. 1. (Color online) Schematics of a solid tunable lens based on the Alvarez—Lohmann principle when the two
lens elements are (a) perfectly aligned and (b) shifted with lateral displacements.

(b)

The optical power variation is introduced in the Alvarez configuration when the two lens
elements are shifted with a lateral displacement ¢ in the x and —x directions. The overall thickness
of the lens configuration is then determined by

Lpverant = Z1(X = 0) + H = z(x + 9)
=Ax—0P+A(x—0)V +Ex—0)+Fy+G 3)
tH—[A(x+ 0y +A(x+0)y* + Ex+9)+ Fy + G,

where H is a constant representing the overall thickness from the top flat surface of element 1 to the
bottom flat surface of element 2. By a simple mathematical derivation, we can obtain

t

overall —

~6A4,0x> — 24/0)* + H — 2E5 — 24,5°. (4)

To generate a pure optical power, the coefficient 4, is set to be equal to 4;/3 in the Alvarez
configuration. Therefore, the overall thickness is given by

t

overall

2
“2A[5(x* + %) + H = 2E6 = S A}, (5)

where H — 2E6 — 24,63 is a constant, contributing nothing but a piston to the lens thickness. If
the refractive index of the material is n, note that the overall optical phase delay (OPD) generated
by such a lens configuration is determined to be

OPD ==24!6(n — 1)(x* +1?) + C, (©6)

where C is a piston constant. Such an OPD offers a spherical optical power, which makes the two-
element configuration equivalent to an optical lens with the focal length determined by

f=1/[44,6(n — 1)]. 7
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From Eq. (7), we can note that the focal length is related to the lateral displacement J; this means
that the focal length is tunable with the dynamic variation of the lateral position of the two lens
elements. Furthermore, note that the value of 4,” controls the “speed” of tuning.

By a similar mathematical derivation process as that from Eq. (3) to Eq. (7), we can find that,
in the Lohmann configuration, a lateral displacement of the two elements in the x or y direction
produces a cylindrical optical power. In order to generate a spherical optical power, the two
elements must be moved with the same displacement in both x and y directions, and the coefficients
must meet the conditions of 4, = 4, and £ = F. Note that applying a 45-degree coordinate rotation
to the Lohmann sag equation gives the Alvarez sag equation multiplied by \2/2. Hence, the
characteristics of these two lens configurations are inherently the same.“> The only difference is
the scaling factor \V2/2, which means that the Alvarez lens requires a smaller lateral displacement
than the Lohmann one to produce the same optical power if the coefficient of the third-order term in
Eq. (2) is the same. Therefore, in most miniature applications, the Alvarez configuration is adopted
since the maximum lateral displacement of the lens elements should be minimized to save space.
All the solid tunable lenses discussed in the following sections are designed in accordance with the
Alvarez configuration without further explanations.

2.2 Optimum design of solid tunable lens

To optimize the performance of the solid tunable lens, we must consider a few issues. Firstly,
to implement the solid tunable lens, the two lens elements can be arranged in two different
configurations, where either the two cubic surfaces or the two flat surfaces are placed close to each
other (namely, the inner cubic configuration or outer cubic configuration, respectively). To guide
the lens design, Barbero numerically compared the performances of these two configurations, and
concluded that the lens with inner cubic surfaces performs better than the other one.“>

Secondly, one must optimize the coefficient values in the governing equation. As discussed in
Ref. 45, the value of 4] determines the ratio between the focal length and the lateral displacement
and hence controls the speed of focal length tuning. Therefore, the value of 4 is determined by the
required optical focal-length tuning range and the maximum achieved lateral displacement from the
actuators. The constant G is nothing more than a piston determining the center-to-center thickness
of the lens element. Theoretically, the effect of G on lens performance is negligible, except the
possible scattering in the material. The values of £ and F determine the weights of the tilt terms in
the governing equation. Alvarez pointed out that the coefficient £ in Eq. (2) can be used to reduce
the overall lens thickness, which is beneficial to lens performance.“? Hence, it is concluded that
the minimum lens thickness leads to the optimal lens performance. On the basis of this concept,
Barbero derived an analytical expression of the coefficient £ and regarded it as the optimal choice
for the lens design:*>

E=—A/R3, (8)

where R is the radius of the lens element.

However, both Alvarez and Barbero ignored the air gap between the two lens elements in the
derivation and assumed the lens element to be an ideal phase plate, but this actually deviates from
the practical situation. Zou et al. noted that it is the air gap rather than the lens thickness that
should be the dominant factor affecting the lens performance, on the basis of their experimental
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and simulation results.“® To achieve the optimal lens performance, the air volume between the two
lens elements should be minimized in the inner configuration, and hence the optimum value of £ is

given by
A 53}7(1‘( 3 ¥
it G ()
3 20 ax 44;
94/g3 )5 . 380y}
Eoptimal = (77) lfémin < (m) < 5max: (9)
A g it5. > (ﬁ)%
3 20 min 44;

where g, is the center-to-center distance between the two lens elements at the initial position

without any lateral displacement. J,, and J,, represent the minimum and maximum lateral

displacements of the lens element during operation, respectively.
To compare these two methods for coefficient selection, two solid tunable lenses are designed

with all the parameters kept the same, except for the value of £.49 In Fig. 2, the imaging simulation
results of these two tunable lenses are shown. Figures 2(a)-2(c) represent the performance of

S —

0 1 0 1
2EIIII',','E‘ 2=111mE]
3= "5d | 3= kg nEd

w58 4S|4 SN

5 5
6 6

=1
=m =1
(a)

p

o

1 0 1
2=1IM"S] 2= IW"E]

= ; 52 3=|"22 .”IIIIIEE
4§mdmmﬂ =1 EasiE
i M= 1, 2z =1 2E0 |||—1

(d) (e)

ﬁ i ||| —l

o

5=
6=

wl
—
=
N

W=1 gy

onbhWN
||||EIII

Fig. 2. Imaging simulation results of the solid tunable lens designed according to (a)—(c) Eq. (8) and (d)—(g) Eq. (9).
The lateral displacement of the lens element is set at 0.15 mm in (a) and (d), 0.30 mm in (b) and (f), and 0.45 mm in (c)
and (g). All the parameters are kept the same in these two solid tunable lenses, except for the value of E.
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the solid tunable lens designed according to Eq. (8), while Figs. 2(d)-2(g) show that of the lens
designed according to Eq. (9). Note that the image quality is improved considerably by the latter
method.

However, note that both Egs. (8) and (9) give only a rough solution for the lens optimization
problem. To achieve better lens performance, the ray-tracing technique is clearly necessary to
optimize the lens surfaces. The coefficient values given by Eq. (8) or (9) could be a good starting
point for the optimization process. It is apparent that the degrees of freedom are quite limited
in the optimization process if Eq. (2) is used to describe the lens surface. To improve the lens
performance, Barbero and Rubinstein modified the surface-governing equation given by Eq. (2) to a
more general cubic polynomial plus a standard conic term, as shown below:“?

cr?

z= + p, X+ poyx + pPx+ pat + psyx + pey + pox, 10
1+ NT- (KT Do D P20 TR P PSR P (10)

where r = 4/x? +)?, and ¢ and K are the curvature and conic constant of the surface, respectively.
p: to p; are the coefficients of the terms in the cubic polynomial. By using this improved model,

one has up to nine parameters (c, K, and p,) for each surface in the optimization process, and hence,
more degrees of freedom for searching the optimal solution.

In 2014, Grewe et al. further analyzed the aberrations of the Alvarez—Lohmann lenses, and
pointed out that the use of polynomials with higher-order terms is feasible to correct aberrations in
the solid tunable lenses.“® Subsequently, Zou et al. and Petsch et al. experimentally demonstrated
two miniature solid tunable lenses, respectively, with the freeform surfaces governed by separated
extended polynomials with higher orders, as given by“»>%

m,n=0
z= Z an,m'xnyma (11)

m,n=0

where a,,, is the coefficient of the (m + n)th-order term in the polynomial. Q is the highest order
of the polynomial. Zou et al. employed two 6-order polynomials (Q = 6) to govern the two
freeform surfaces independently, and achieved a diffraction-limited solid tunable lens.“” Petsch
et al. further pointed out that the fourth- and sixth-order aberrations dominate the phase of the
transmitted wavefront from the lens. Hence, they used the fifth- and seventh-order thickness terms
in the polynomial (Q = 7) to compensate these aberrations and even-order terms to minimize the
aberrations at the initial position.?

Rather than the extended polynomials used in Eq. (11) for aberration compensation, other surface
description functions proposed recently, including radial basis functions,®" @-polynomials,®? and
their hybrids,®® could also be used in the governing equation to improve the lens performance. A
detailed comparison between these surface-description methods would be helpful to researchers in
choosing the right modelling method in future lens designs.

3. Prototypes of Solid Tunable Lenses with Various Driving Mechanisms
In recent years, thanks to the rapid development of precision machining technology, the

realization of various freeform surfaces has become possible. Over the past few years, both
refractive and diffractive solid tunable lenses based on the Alvarez—Lohmann principle have been
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experimentally demonstrated.®*3” The first solid tunable lens based on the Alvarez principle,
working in a diffractive manner, was experimentally achieved using photolithography in 2000.6%
Such a lens consists of two phase plates with 16 phase levels, fabricated by standard multistep
photolithography and then tested with an interferometer. The results show that aberrations owing
to fabrication and assembly errors are controlled to be under 0.14, which guarantees an excellent
performance of the lens applied in laser systems. In 2004, Rege et al. reported a miniaturized
scanning microscope based on such solid tunable lenses.® The hybrid lenses in a conventional
microscope are hypothesized to be replaced by solid tunable lenses in order to miniaturize the
microscope. However, no experimental results were presented in that paper due to fabrication
challenges.

To the best knowledge of the authors, in 2006, the first materialized transmissive Alvarez lens
was reported by Simonov et al.*” The optical lens elements are made of hydroxyethylmethacrylate
(HEMA)/methyl methacrylate (MMA) copolymer processed by diamond lathing. The ultimate
purpose of such a lens is to realize an accommodative intraocular lens for use in ophthalmic
diagnosis. Similarly, three years later, Schwiegerling and Patela-Toxqui demonstrated the concept
of a novel telescope using a pair of Alvarez lenses to achieve a zooming function with fixed object
and image positions.®”? In 2008, a micro-Alvarez lens array was reported for the first time by
Huang et al.5» A5 x 5 micro-Alvarez lens array mold was fabricated using a 5-axis ultraprecision
diamond machine, and then the lens array was manufactured by an injecting molding process. All
measured profiles showed excellent agreement with the design data. Huang et al. introduced an
effective method of lens element fabrication and replication. In 2012, Smilie e al. presented an
Alvarez lens designed for infrared applications.*® The lens element is made from germanium
and fabricated with the diamond micromilling technology. A custom-built imaging test station is
utilized to characterize the performance of the lens. Results show that focal length tuning in the
range from 40 to 170 mm is experimentally achieved.

To integrate such solid tunable lenses into miniature applications, much effort has also been paid
to their miniaturization and optimization. As a focus of this paper, the research work in this specific
field is discussed in detail in the following section.

3.1 Miniature solid tunable lenses

In 2013, Zhou et al. reported the first micro-electromechanical-systems (MEMS)-driven
miniature solid tunable lens based on the Alvarez—Lohmann principle, the dimensions of which are
controlled to be millimeter order, as shown in Fig. 3(a).® The lens elements are fabricated with a
diamond turning technology followed by a polydimethylsiloxane (PDMS) replication process while
the electrostatic actuators driving the lens elements are prepared by standard silicone-on-insulator
(SOI) multi-user-MEMS processes (MUMPs). With a lateral movement of 40 pum provided by
the actuators, dynamic focal length tuning from 3 to 4.65 mm is experimentally achieved for the
developed miniature solid tunable lens (the aperture size of the lens is around 2 mm). However, the
imaging quality of the lens is found to be unsatisfactory owing to the rough modelling method and
low alignment accuracy.

To improve the lens performance and verify the coefficient selection method proposed as Eq.
(9), a miniature solid tunable lens driven by a piezo actuator was developed in 2015, as illustrated
in Fig. 3(b).®Y The lens elements are designed on the basis of the aforementioned method and
fabricated by a single-point diamond turning technology followed by a PDMS replication process.
One compact piezo actuator is employed to provide an initial displacement, which is sequentially
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Fig. 3. (Color online) Schematics of the developed miniature solid tunable lenses. (a) MEMS-driven miniature
solid tunable lens, (b) solid tunable lens driven by piezo actuator, (c) multi-element solid tunable lens, and (d) solid
tunable lens actuated by artificial muscles. “LCE” is short for “liquid crystal elastomer” in the figure. Note that
the schematics here are for illustration purposes only and are not scaled 1:1 from the original devices reported in
the literature.

amplified by a mechanical displacement amplifier. The results show that the designed solid tunable
lens offers a dynamic focal-length tuning range of about 2.3 times (from 28 to 65 mm). The images
formed by the lens show superior quality to the ones formed by the conventional miniature Alvarez
lenses. The results reveal that the coefficient selection method given by Eq. (9) is effective to
improve the lens performance.

Note that the maximum optical power and its tuning range are both limited in conventional
solid tunable lenses designed in accordance with the Alvarez—Lohmann principle owing to the
limited maximum displacements provided by miniature actuators. To solve this problem, a novel
multi-element solid tunable lens was proposed and developed by Zou et al.®® More specifically,
as presented in Fig. 3(c), multiple pairs of lens elements are stacked and driven synchronously by
two piezo actuators integrated with mechanical displacement amplification mechanisms. Thanks
to the accumulation of the optical powers from the stacked elements, a much higher optical power
and greater tuning range, together with satisfactory image performance, are achievable. A four-
element solid tunable lens is experimentally demonstrated in comparison with a conventional two-
element one. The results show that the four-element lens has an optical-power tuning range from
50.9 to 94.1 diopters while for the two-element lens, the optical power is tuned from 25.3 to 46.4
diopters. The results suggest that the proposed multi-element tunable lens might offer a practical
way to achieve large optical power variations with small stroke microactuators, thereby facilitating
the miniaturization of such lenses.

In 2016, Petsch et al. reported an ultrathin solid tunable lens design based on the Alvarez—
Lohmann principle, as illustrated in Fig. 3(d) schematically.®® The lens surface is governed by a
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7th-order polynomial and optimized by the ray-tracing technique. The lens element is actuated by
liquid crystal artificial muscle actuators.®® The lens elements and the supporting mechanisms are
fabricated by a polymer molding process. The results show that in the designed solid tunable lens,
the focal length can be changed by 3.3 mm from the original focal length of 28.4 mm. However,
the imaging quality of such a lens is not satisfactory. Possible reasons may include fabrication
errors arising during the modelling process and alignment errors.

Note that various prototypes of such solid tunable lenses have been demonstrated, but further
efforts are still necessary to improve the actuator designs and integration methods in order to further
scale down the devices. In addition, novel alignment mechanisms of the lens elements are also
desirable to improve the lens performance and simplify the assembly process.

3.2 Variations of solid tunable lens based on Alvarez—Lohmann principle

Inspired by the Alvarez—Lohmann principle, Zou et al. proposed a novel miniature solid tunable
dual-focus lens, which is designed using freeform optical surfaces and driven by one MEMS rotary
actuator.®¥ As shown in Fig. 4(a), such a lens consists of two optical elements, each of which has
a flat surface and one freeform surface governed by the following equation and optimized by ray-
tracing technology.

57 A0+ ¢) T>0>0
1+\ﬁrﬁ:7y—‘ 25 i, 0+ {Aﬁ@n—9+¢)2n>6>n

(12)

Here, r and @ are the radii and azimuth, respectively, in the polar coordinate system. ¢ and k present
the curvature and conic constant of the surface. B, is the weight of the ith Zernike polynomial Z(r, 6).
A is a constant controlling the “speed” of tuning and ¢ is an azimuth constant determining the initial
focal length of the lens without any rotation.

By changing the relative rotation angle instead of the lateral positions of the two lens elements,
the lens configuration can form double foci with corresponding focal lengths simultaneously varied,
resulting in a tunable dual-focus effect, as presented in Fig. 4(b). Experimental results show that
one of the focal lengths is tuned from about 30 to 20 mm, while the other one is varied from about
30 to 60 mm with a maximum rotation angle of about 8.2° provided by the MEMS thermal actuator.

i m
—
_____ Focus 2
MEMS
actuators ____|Focus 1
(@) (b)

Fig. 4. (Color online) (a) Schematics of the solid tunable dual-focus lens and (b) ray-tracing result of the dual-
focus lens showing its working principle.
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Such a kind of solid tunable dual-focus lens would be useful in various optical systems,
including laser cutting systems, microscopy systems, and interferometer-based surface profilers.
Further studies in this field would be of great interest as more novel devices become achievable
through the variations of the Alvarez—Lohmann principle.

4. Applications of Solid Tunable Lenses in Miniature Imaging Systems

To explore the applications of such miniature solid tunable lenses, a miniature adjustable-
focus endoscope was developed by Zou ef al. in 2015.%9 As shown in Fig. 5, such an endoscope
consists of a solid tunable lens for optical power tuning, two slender piezoelectric benders to
laterally move the lens elements perpendicular to the optical axis, and an image fiber bundle for
image transmission. Dynamic tuning of optical powers from about 135 to about 205 diopters is
experimentally achieved by the solid tunable lens, which contains two freeform surfaces governed
by 6-degree polynomials and optimized by ray tracing. Results show that there is no obvious
distortion or blurring in the images obtained, and the recorded resolution of the lens reaches about
30 line pairs per mm. Three test targets located at various object distances of 20, 50, and 150 mm
are focused individually by the endoscope by applying different driving DC voltages to demonstrate
its adjustable-focus capability.

Recently, a variable-focus camera module integrated with one MEMS-driven solid tunable lens
was demonstrated by Zhang et al.®> It consists of a tiny CMOS image sensor, one solid tunable
lens driven by MEMS thermal actuators and necessary housing structures, as illustrated in Fig.
6. The two MEMS thermal actuators are optimized by the finite-element method (FEM) and
fabricated by the SOl MUMPs, while the lens elements are optimized by the ray-tracing technology
and fabricated with the aforementioned diamond turning and replication process. The results show
that the thermal actuator provides a maximum displacement of about 130 um with an input voltage
of 10 V, which tunes the focal length of the designed solid tunable lens from about 9.2 to about 7.9
mm. Targets placed at various object distances are focused on by the image sensor individually by
applying different voltages to the thermal actuators; this verifies the variable-focus capability of
the camera module. Furthermore, the image quality of the lens within the whole tuning range is

MEMS
actuator

Lens element

Piezo benders
Lens element

Aperture

Image fiber

g bundle Camera
Motion of the bender CMOS image sensor housing
Fig. 5. (Color online) Schematic of the adjustable- Fig. 6. (Color online) Schematic of the adjustable-

focus endoscope based on the solid tunable lens. focus camera module based on the solid tunable lens.
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found to be satisfactory. Such miniature variable-focus camera modules would be useful in various
applications, including mobile phones, tablets, and surveillance systems.

Both examples demonstrate the potential of such solid tunable lenses in miniature applications,
but the optical system design is relatively simple and only the function of adjustable focus is
achieved. The future work in this field may include the further exploration of their applications
in other miniature optical systems and the improvement of the optical performance with more
complicated optical system designs.

5. Conclusions

In this paper, we reviewed the progress of solid tunable lenses based on the Alvarez—Lohmann
principle. The progress of the modelling and design methods of such solid tunable lenses was
summarized first. The results showed that the extended polynomials are more effective than the
original cubic equation in the optimization process for optimum lens performance. In addition,
the coefficients giving the minimum air volume between the two lens elements provided a good
starting point for the optimization process. After that, the development of various prototypes of
solid tunable lenses was illustrated referring to the examples in current literature. The driving
mechanisms, performances, and practicability of all the prototypes were discussed. Lastly, the
applications of such solid tunable lenses in miniature imaging systems were reviewed, showing
their potential in different miniature applications.

Compared with liquid tunable lenses, the solid lenses show great advances, including stable
performance against external environmental disturbance, ease of handling and assembly, and
improved optical performance. It is considered that such solid tunable lenses have a promising
future in various miniature applications.
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