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This letter reports a thermally actuated liquid microlens. In this design, a thermoelectric device was

brought into direct contact with water to alter the water temperature and drive the lens through the

thermal expansion of water. The shape of a pinned water meniscus at an aperture was deformed in

response to the net volume change in the water, creating a tunable lens with a fast thermal response

time of 0.8 s. Focal length of the microlens varied continuously from �82 mm to �29 mm as the

temperature was increased from 20 �C to 30 �C. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4820772]

Tunable liquid microlenses have many potential applica-

tions, ranging from small surveillance cameras to smart-

phones and laparoscopic devices.1–4 Compared to solid

microlenses, they provide the added flexibility of a controlla-

ble focal length that enables the lens to focus an image with-

out mechanical lens movement that in turn empowers

engineers to make cameras smaller, simpler, and even on

flexible substrates.2 Furthermore, the meniscus profile of a

liquid microlens is defined via surface tension, which gives

rise to an optically smooth surface, resulting in high optical

quality lenses.3

In order to drive a liquid lens, various actuation mecha-

nisms have been proposed. For instance, electrowetting is a

widely studied driving mechanism for lens manipulation.4

Very fast microlenses have been demonstrated via electro-

wetting.5 Moreover, responsive arrays of microlenses with

indirect electrowetting actuation that achieve a focal length

modulation speed of 1 kHz, have been reported.6 Further,

among the several actuation mechanisms for a liquid

lens, electrowetting also enjoys commercial production.

Nonetheless, electrowetting usually shows hysteresis7 and

also requires an electrical circuit to supply relatively high

voltages.8 In other designs, deformable actuators have been

used to create a pressure gradient inside a lens chamber to

deform the meniscus, thus shaping the lens profile.

Examples of such driving mechanisms include electroactive

polymers9 and piezoelectric bimorph actuators,10 all of

which generally use large area actuators, making their inte-

gration challenging in space limited applications.

Furthermore, fast focusing using a pinned-contact oscillat-

ing liquid lens has been reported,11 which is based on a har-

monically driven liquid meniscus. Although such a type of

liquid lens shows a very fast response time, it might be hard

to maintain a specific focal length. An external pressure

source can as well be used to vary the lens surface profile12

in different types of liquid lenses. In a recent pressure driven

lens, a liquid crystal actuator has been used to stimulate the

lens.13 This design, however, still needs a relatively high

functional voltage (80 V). Yet another actuator that has

been utilized to drive liquid lenses is the stimulus responsive

hydrogel.14 Thermally actuated hydrogels are used to induce

a shape modification in a pinned water meniscus and thus

change the focal length.15 Previous experiments showed

promising optical performance, yet they demonstrated a lim-

ited response time ranging from tens of seconds to a few

seconds.16

Recently, focus tunable lenses based on thermopneu-

matic actuators were reported.17,18 This approach exploits

the thermal expansion of an encapsulated gas, to move the

liquid inside the lens, thus inducing a change in the lens sur-

face profile. The thermopneumatic lens has an inherent sim-

plicity since only a resistive element is needed to actuate the

device. However, these types of lenses typically show tens of

seconds of response time. Moreover, they usually rely on

natural heat dissipation to cool down, since the heat pump is

effectively unidirectional, as the electrical resistor can only

inject heat into the working fluid and cannot extract thermal

energy out of it. Thus, the temperature alteration is not bi-

directionally symmetric, meaning that the working fluid

(gas) will need more time to cool down compared to the time

it needs to warm up. In addition, an encapsulated working

fluid incorporated in a thermopneumatically driven lens is

inherently compressible. Therefore, it is sensitive to vibra-

tions since the mass of the liquid of the lens would exert

force on the working fluid when it is accelerated and as a

result, it can change the net volume of the working fluid.

Hence in practical application, vibration and movement of

the device affect the focal length of the lens. In this paper,

we present a thermoelectrically driven thermally actuated

liquid lens that relies solely on liquid expansion to address

aforementioned challenges.

Figure 1 shows the device cross section. A thermoelec-

tric (TE) device is placed and sealed on top of a deionized

(DI) water filled cavity that is made from poly(isobornyl ac-

rylate) (poly-IBA). On top of the thermoelectric device, a

heatsink is placed to dissipate the heat generated in the TE

device. The water filled cavity beneath the TE is connected
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via an opening to the air interface. This shallow water cavity

constitutes the heat engine of the device. Surface of the poly-

IBA inside the cavity and along the edges of the opening is

made hydrophilic to pin the water meniscus at the opening

(aperture) and form the lens at the interface of the water me-

niscus and the surrounding material which can either be air

or in practical applications, a density matched, immiscible

liquid with a reasonably different refractive index. By chang-

ing the temperature of water inside the cavity through the TE

device, the density of water is altered and considering that its

mass can be kept constant with proper sealing, this results in

a net volume change of water. This volume change in turn

would vary the radius of curvature of the spherical cap of the

water meniscus, and hence the focal length of the microlens.

Replacing gas, used as a working fluid in previous

designs,11,17,18 with liquid results in a simpler device construc-

tion since there is no need to encapsulate the working fluid

separately from the liquid used in the optical part of the de-

vice. Effectively, the working fluid of the heat engine and the

liquid used in the optical system are the same. Furthermore,

since the working fluid of the heat engine is a liquid, it will

remain incompressible because of the very large bulk modulus

of liquids. Consequently, the volume of the working fluid of

the heat engine will not be affected by vibration and physical

movement of the lens, resulting in a more stable lens.

The TE heat pump can be used to both increase and

decrease the temperature of the working fluid incorporated

into the lens. In order to stabilize the heat engine at a con-

stant temperature, a closed-loop system with feedback is

needed, in either a resistive heat pump or a TE based design.

Yet owing to the bi-directional heat pumping capability of

the TE device, one can implement a controller with a rela-

tively large overshoot, which in turn results in a much faster

system compared to a resistive based heat pump.17,18

In order to test the operation of the proposed design, a

prototype was fabricated and placed on top of a printed

object on a transparent film, while the resulting image was

observed via a microscope. As the temperature of the water

cavity varied from 20 �C to 30 �C, images acquired through

the curved meniscus varied accordingly. As anticipated, a

gradual volume expansion resulted in the variation in the ra-

dius of curvature of the water meniscus and thus a change in

the focusing power of the meniscus, which was clearly evi-

denced by the change in the image compared to the initial

condition (Figure 2).

The device assembly procedure consisted of two stages.19

First, a poly-IBA bi-layer structure was fabricated on top of a

glass substrate. Second, the device assembly was conducted

on the fabricated structure. In the device assembly process,

initially a type T thermocouple sensor (Omega Engineering

Inc., Stamford, CT, USA) was put in a predefined recess and

a small amount of thermally conductive epoxy (Arctic

AluminaTM, Arctic Silver Inc., Visalia, CA, USA) was

applied on it. Then, lower edges of the TE device (TE-65-0.6-

0.8, TE Technology, Inc., Traverse City, MI, USA) were

coated with a thin layer of the epoxy glue and it was placed

on top of the device structure, thus forming the device assem-

bly, as can be seen in Figure 3. After water injection from the

right aperture and forming a pinned water meniscus on the

left aperture, the left water meniscus was covered by Dow

Corning 550 silicone oil to prevent further water evaporation

and a polydimethylsiloxane cap was also placed on top of the

oil cavity to prevent oil from pouring in vertical orientations.

In order to assess the speed of microlens, a two-step

approach was implemented. In the first step, the steady-state

focal length measurement as a function of the device temper-

ature was conducted in a manner similar to the methods pre-

viously used by our group.2 In this method, the microlens

was fixed on an optical bench and was illuminated by a colli-

mated light source. Following the microlens, a charge-

coupled device (CCD) sensor was placed on a translational

stage normal to the optical axis and aligned with the micro-

lens in a manner such that the focused beam would illuminate

the sensor. By moving the CCD sensor and observing the

image of the focused beam, the point at which the focused

circular image on the CCD had the smallest possible size was

found, and the focal length (the distance between the micro-

lens and the CCD sensor) was thus determined. The proce-

dure was conducted, while the temperature was scanned from

20 �C to 30 �C in steps of 1 �C to find the focal length as a

function of temperature. In the next step, thermal response of

the device, as a function of time, was logged. Since water has

FIG. 1. Cross section of thermoelectrically driven tunable liquid microlens.

On the left side, a small aperture would pin a water meniscus that forms the

lens.

FIG. 2. Images of an object after passing through the curved water meniscus

as observed via a microscope. (a) An initial image at the room temperature

of 25 �C. (b) A demagnified image at 20 �C. (c) A magnified image at 30 �C.

FIG. 3. (a) The fabricated device structure. It is shown without the heatsink,

the thermocouple, water and oil for better visualization. (b) The water me-

niscus opening is shown as the inner aperture. This aperture would pin the

water and forms the lens.
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an enormous bulk modulus (2.2 GPa) and in most applica-

tions it can be considered incompressible fluid, it is safe to

assume that the volume expansion of the water that is encap-

sulated in a rigid cavity would result in a rapid fluid transfer

from relatively short and wide channel towards the water me-

niscus. Therefore, the temperature change in the water inside

the cavity would quickly reflect itself onto a volume change

in the pinned water meniscus. Accordingly one can assume

that the time delay between a temperature change in the water

cavity and a volume change in the meniscus is negligible and

hence one can measure the time-domain thermal response

and correlate it to the thermal-optical response in order to

deduce a time-domain optical response.

To acquire the time-domain thermal response, a closed-

loop feedback system was used to drive the TE device. The

temperature feedback was provided to the TE controller

(ATEC302NBM, Accuthermo Technology Corp., Fremont,

CA, USA) via the thermocouple junction. First, the system

was assembled and calibrated and then a time-domain

response curve shown in Figure 4 was obtained. The temper-

ature was varied from 20 �C to 30 �C and vice versa to

observe the dynamics of the thermal response. A median

temperature of 25 �C was chosen because it is close to room

temperature; therefore the heat engine in its resting position

would only need a fraction of energy to operate compared to

extremum temperatures. During the experiment, maximum

supplied voltage on the TE remained under 6 V and in the

steady state, it stayed around 3 V which is very low com-

pared to electrowetting-based microlenses. With regard to

Figure 4 and by examining the rising edge of the measured

temperature signal, a thermal rise time of 0.8 s was observed

for the device, while going from 20 �C to 30 �C. This

response time was defined as the time needed for the temper-

ature difference to change from 10% to 90% of its final value

of 10 �C. Likewise, the fall time was measured to be 1.4 s.

Compared to previously reported thermopneumatically

driven microlenses, both rise and fall times showed more

than an order of magnitude of improvement.14,15

The results of the focal length measurement are shown

in Figure 5. The focal length of the microlens changed con-

tinuously from �82 mm to �29 mm as the temperature was

increased from 20 �C to 30 �C. As noted, the focal length of

the sample used here remains negative throughout the

temperature range that is used. This comes from the fact that

the silicone oil used on top of the water meniscus has a

higher refractive index (1.4935) compared to the water

(1.33), and since the water remains bulged into the oil, the

effective microlens becomes a divergent lens and thus shows

a negative focal length. It is worth noting, however, that by

adjusting the initial water meniscus volume, one can outline

a wide range of the focal lengths. For instance, one can ini-

tially fabricate a microlens with a concave water meniscus,

then via a positive net volume change by water thermal

expansion, eventually make the meniscus convex by flatten-

ing it. Consequently, we can provide a range of positive and

negative focal lengths.

In summary, integration of a thermoelectric device into

a liquid chamber resulted in a more responsive tunable liquid

microlens with a temperature response time of 0.8 s, an order

of magnitude faster than previously reported thermopneu-

matic lenses. In future works, the device packaging will be

further improved. Moreover, the thermal budget of the

microlens will be reduced through making a smaller heat

engine. This, in turn, will reduce the energy consumption of

the lens. Future work also includes exploring other liquids

with higher thermal expansion coefficients, dynamic mea-

surement of the focal length, fine tuning the controller to

obtain an oscillation free, critically damped system, and

evaluating the effect of refractive index change on the opti-

cal performance of the microlens at different temperatures.
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