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Abstract

A contactless microvalve actuation method through UV irradiation and darkness

application was developed, based on the control of the capillary pressures created in

microchannels. This paper reports the design and the manufacturing phases, along

with the demonstration of the concept and characterization of a manufactured

prototype. To realize the wettability microvalve with UV/darkness actuation concept,

commercially pure titanium sheet was microdrilled with a pulsed fiber laser system,

then chemical etching was applied to remove spatter created during the laser process

and finally anodic oxidation was employed to functionalize the microchannel surfaces

with TiO2 nanotubes. The alternate application of UV and darkness allows

commuting between hydrophobic and hydrophilic states of the nanotubular surface..

Two aims have driven the manufacturing parameters investigation: i) to reach contact

angle values towards the extremes in the hydrophobic and hydrophilic regions, ii) to

obtain smallest hole diameters possible. A prototype microvalve was in the end

realized and tested. The concept was validated, as switching from off to on, and on to

off phases were achieved. The break pressure was measured and compared to the

theoretical value. Finally the temporal behaviour of the wetting change under the UV

irradiation as a function of contact angle was evaluated.

1 Actuation method

The pressure drop created by the capillary effect is expressed by the Young-Laplace

equation, according to which the pressure values mainly depend on the wetting

behaviour of the liquid on the channel surfaces (i.e. contact angle) and the channel

radius [1]. In a static wetting environment the pressure drop remains the same,

whereas in a controllable wetting environment the capillary pressure change can be

used to manipulate the liquid flow. Therefore, switching between hydrophilic and
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hydrophobic states can allow the pressure behaviour to be controlled in order to block

or assist liquid flow in a microchannel. TiO2, on the other hand, is a material able to

commute between hydrophobic and hydrophilic states. After the storage in dark TiO2

layers are hydrophobic and they become hydrophilic being exposed to UV light [2].

The phenomenon is also reversible; therefore the microvalve can be opened and

closed reversibly.

2 Manufacturing and characteristics of the prototype

Microchannels on commercially pure titanium (grade 2) with thickness of 100 µm

were generated by a pulsed fiber laser system operating in nanosecond pulse regime.

The generated holes were cleaned from spatter by chemical etching. Parameters of

these two processes were investigated with the aim of obtaining reduced hole

diameters. Titanium sheets without microchannels were anodized with different

process conditions to obtain better reversible wettability behaviour. With the obtained

process parameters a prototype was manufactured. A commercially pure titanium

sheet was laser microdrilled and then the surfaces were coated with nanotubular

amorphous TiO2 layer [3]. SEM images of one of the holes belonging to the prototype

can be seen in Figure 1. Mean diameter values of entrance (Dent) and exit (Dext) holes,

and measured average contact angle values (before and after UV irradiation of 3

hours, θbeforeUV and θafterUV respectively) of the prototype surface are reported in Table

1.

Figure 1. SEM images belonging to one of the microvalve channels.

Table1: The main characteristics of the prototype microvalve.

Dent [µm] 49.2 ± 2.2 µm

Dext [µm] 48.4 ± 2.2

θbeforeUV [°] 113.4 ± 4.2

θafterUV [°] 63.8 ± 3
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With the measured characteristics of the microvalve the break pressure in the closure

state was calculated from the Young-Laplace equation, , where γ is

the surface tension of the liquid (γaq.=72.8 mJ/m2),  is the contact angle (CA) of the

liquid on the surface and r is the radius of the channel, as ΔPmax,off=2370 Pa. The

corresponding maximum water column height on the other hand, can be calculated

from: , where g is the gravitational acceleration, and Δρ represents the

density difference between the liquid and the vapour with the assumption ∆ρ≈ρliq as

h=241.6 mm. On the other hand, hydrophilic phase would generate a pressure equal

to ΔPopen =-2635 Pa, which would allow the flow through the channels.

3 Testing of the prototype

For the validation of the theoretical behaviour of the microvalve two sets of

experiments were carried out. Firstly the feasibility of the concept of the wettability

controlled microvalve was evaluated with 10 cm water column height. The prototype

was tested at the end of each phase of this sequence: first storage in dark for the

validation of the device closure, then irradiation with UV light for 3 hours for the

opening, finally again after a period in darkness for the validation of re-closure. The

static behaviour in the hydrophobic phase of the microvalve was tested for the highest

water column height before leakage to evaluate the break pressure. To evaluate the

dynamic behaviour of the microvalve contact angle values were measured starting

from the hydrophobic phase and irradiating with the UV with 15 minutes of intervals

until 3 hours. The UV irradiation was applied from 34 cm distance, where measured

power was 4.1 mW cm−2.

3.1 Results of the tests

The first phase of the tests confirmed the feasibility of the actuation concept as no

leakage was observed in hydrophobic phase, and after the UV irradiation water

dripped from the bottom end of the prototype. Re-closure was also confirmed as no

leakage was observed after dark. The water column measurements revealed a rather

non uniform behaviour of the microvalve channels. First leak was observed at 250

mm, from one single channel, which is close to the calculated value. Continuous

leaking on one part of the microvalve was observed at 325 mm, which would

correspond to a contact angle value of 122.3° with the same hole diameter. Leakage

from all the microvalve channels was observed at 465 mm which corresponds to
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139.9° as the contact angle value. The difference in the calculated values and the

variation is attributed to the fact that the wetting behaviour varies in the entire surface

and is measured indirectly on the microvalve surface rather than the microchannel

surface. Furthermore, the variation in the hole diameter contributes to the variation of

the break pressure in the channels.

On the other hand the dynamic contact angle behaviour resulted to reach a plateau

around 90° and then fall again (see Figure 2). The wettability conversion of TiO2 with

UV is hypothesised to be due to photogeneration of holes which are first produced in

the bulk of the TiO2, then diffuse to the surface [4]. The slower decay in the contact

angle in this case can be attributed to a transitory behaviour in each phase of

irradiation interval. It can be seen that the contact angle value can be adjusted this

way to regulate the break pressure of the microvalve.
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Figure 2. The variation of CA on the microvalve surface with intervals of UV
irradiation.
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