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Abstract 

Contact lens sensing platforms have drawn interests in the last decade for the possibility of 

providing a sterile, fully integrated ocular screening method. However, designing scalable and 

convenient processing methods while keeping a high resolution is still an unsolved challenge. In 

this article, femtosecond laser writing was employed as a rapid and precise method to engrave 

microfluidic networks into commercial contact lenses. Functional microfluidic components such 

as flow valves, resistors, multi-inlet geometries, and splitters were produced using a bespoke 7-

axis femtosecond laser system, yielding a resolution of 80 µm. The ablation process and the tear 

flow within microfluidic structures was evaluated both experimentally and computationally using 

finite element modeling. Flow velocity drops of the 8.3%, 20.8%, and 29% were observed in valves 

with enlargements of the 100%, 200% and 300%, respectively. Resistors yielded flow rate drops 

of 20.8% 33% and 50% in the small, medium, and large configurations, respectively. Two 

applications were introduced, namely a tear volume sensor and a tear uric acid sensor (sensitivity 

16 mgL-1), which are both painless alternatives to current methods and provide reduced 

contamination risks of tear samples. 
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Introduction 

The World Health Organization reports that in 2020 approximately 2.2 billion people worldwide 

suffered of ocular impairment caused by a number of preventable factors, including age-related 

macular degeneration, cataracts, infectious diseases of the cornea, trachoma, and systemic diseases 

like diabetes.1 Despite ophthalmology being one of the busiest departments in public and private 

hospitals worldwide, the lack of technological innovation in the field results in the inability to 

address these problems timely and effectively. 

Currently, ocular health screening is carried out one-off only by physicians in clinics, using 

expensive machinery which set a global screening standard based on reaction over prevention. 

Extensive investigations on the tear fluid composition revealed the potential of this body fluid in 

the prevention and monitoring of both ocular and systemic diseases, accompanied by the 

possibility to be collected painlessly and non-invasively.2, 3  

At present, the gold standards for tear fluid collection are the Schirmer’s test and the capillary tube 

methods.3 The Schirmer’s test consists on inserting a paper strip in the lower eyelid of the patient’s 

eye for five minutes. A large number of studies agree on the low reliability of such test as a tear 

sampling method, due to the compositional variations in the tear fluid induced by local irritation 

of the eye, as well as by contaminants introduced by further extraction of the fluid from the paper 

strip.4-6 In addition, tear fluid extraction and laboratory analysis are expensive and time-consuming 

procedures . The Schirmer’s test is also largely used to aid the diagnosis of dry eye disease, by 

evaluating the amount of tear fluid collected.3, 4, 6 This methodology has also been considered 

obsolete and often unreliable, given that the presence of an external body in the lower eyelid 

induces tear overflow, leading to false positive results.4, 6 The capillary tube method involves a 

similar process where the tear fluid is collected in a glass or plastic tube, and further stored in a 
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sterile container. This partially overcomes the problems of contamination, but keeps the 

disadvantages associated to external tear analysis.  

The need for innovation in ophthalmology drives the development of alternative solutions to 

painlessly and precisely sample and analyse the tear fluid. Contact lenses can be a suitable platform 

to embed such functionalities, being already used by 150 million people worldwide for vision 

correction and cosmetics.3 

Microfluidic contact lenses have thus attracted particular interest in the last few years, due to their 

potential of allowing on-eye, real-time tear fluid processing.7-10 The crucial advantages lie on the 

reduced contamination risks compared to current methods, fast analysis times at point-of-care 

settings, and the possibility of achieving continuous monitoring.9, 11, 12  

Recent studies report the development of enhanced contact lens devices.7-10, 12-17 However, most 

of them rely on processes that are not scalable. Lab-made microfluidic contact lenses in the 

literature are primarily based on replica moulding of hydrogels into curved surfaces.10 It is intuitive 

that such processes present several limitations: they use materials which are different from the 

complex polymers patented by contact lens companies and utilised in contemporary contact lens 

manufacturing, they require days of work to produce a single device, and for this reason they also 

lack repeatability. Laser ablation has been previously used to produce structures in contact lenses 

by direct writing. For example, a CO2 laser was used to inscribe microfluidic structures into soft 

contact lenses.18 However, soft contact lenses are obtained by hydrophilic materials made of poly-

HEMA as the core polymer, which makes them unsuitable to be used as microfluidic platforms (e. 

g. the liquid spreads all over the contact lens instead of following a predictable flow pattern within 

the microfluidic network). In this context, rigid contact lenses represent a more suitable option.3, 7 

They are made of hydrophobic silicone acrylates, making them easier to handle and process.3 We 
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previously demonstrated the possibility of incorporating sensors within microcavities or milli-

fluidic channels in contact lenses for ocular temperature and tear analytes monitoring.7, 8, 12 These 

processes involved the use of paper-assisted fluid flow, and inscription was performed by CO2 

laser ablation, yielding larger and irregular structures, that do not allow to integrate complex 

networks in a single device. 

Femtosecond laser ablation allows to directly write small features (down to 30 µm of width) in a 

single step (Figure 1A). The inscription takes place by cold ablation, i.e. athermal laser-material 

interaction regime, rather than a thermal one with a heat affected zone and various negative side 

effects. In particular, the laser emits ultra-short pulses (< 400 fs) that leave no thermal fingerprint 

on the contact lens, i.e. avoiding the creation of residual stresses and microstructural change in the 

material and thus preserving its properties/characteristics.19 Fine features can be engraved onto 

thin substrates (10-100 µm), while still maintaining mechanical and material integrity (Figure 1B). 

They do not produce microcracks, recast layers or debris, as observed with CO2 lasers (Figure 

1C).19 Femtosecond lasers are currently used for the fine machining of stents,20 catheters, heart 

valves, polymer fibres and tubes. 21, 22 Recent studies also report on the use of femtosecond laser 

ablation to produce hierarchical, periodic structures23-27 in optical crystals,28 and to aid the 

synthesis of nanoparticles for medical application.22, 29, 30 

Here, femtosecond laser inscription technology was applied to commercial contact lens devices. 

Multiple microfluidic elements (valves, resistors, multi-inlet geometries, splitters, reservoirs, 

sensing cavities and more complex geometries) were produced into contact lenses. Two 

applications of this technology are demonstrated, in the form of a tear volume sensor for dry eye 

disease, and a uric acid sensor to monitor gout disease progression from tears. This approach has 
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achieved the highest resolution (80 µm) observed thus far to produce microfluidic contact lenses 

in a single step. This work paves the way towards the incorporation of complex fluidic networks, 

and hence complex functionalities, within a single contact lens and in establishing femtosecond 

laser inscribed contact lenses as the pillar platform for monitoring both ocular and systemic health. 

 

Figure 1. Femtosecond laser ablation. A) Schematic of the laser multi-axis processing setup. B) Examples of 

microstructures inscribed in contact lenses: micrographs of a micro-valve system (scale bar: 200 µm), photograph of 

an engraved contact lens (scale bar: 3 mm). C) Schematic comparing laser ablation performed with a long pulse laser 

beam (e.g. nanosecond and CW CO2 lasers) and ultra-short laser pulses (femtosecond lasers). The insets show a 

contact lens engraved with each process, where the higher resolution obtained by ultra-short laser pulses is clearly 

visible. Scale bars: 3 mm. 

 

Results 

Microfluidic elements and networks were engraved into commercial fluorosilicone acrylate 

commercial contact lenses, with a thickness of 120 µm, using a 7-axis femtosecond laser 
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workstation as depicted in Figure 1A. Details on the components are presented in Supplementary 

Figure S1. This allowed to uniformly engrave each area of the sample, regardless of the curvature. 

The settings were optimized to yield features with a depth of 80-100 µm, and microchannels with 

a base width of 100 µm. Optimized parameters are primarily scanning speed, pulse energy, 

frequency, and 7-axis machining protocol.  

Ultrafast laser ablation of polymethyl methacrylate (PMMA) has been explained by 

photochemical, photothermal, and photophysical models.31 The photochemical model is based on 

PMMA direct bond breaking, which results in products such as CO, CO2, CH4, CH3OH, and 

HCOOCH3. The photothermal model considers thermal bond breaking induced by ultra-short laser 

pulses which induce the formation of PMMA monomers. The photophysical model includes both 

bond breaking processes happening simultaneously. The three main processes of photophysical 

laser-induced breakdown are the excitation of conduction band electrons through ionization, 

heating of conduction band electrons through irradiation of the dielectric, and plasma energy 

transfer to the lattice.32, 33 

This is observable when looking at the roughness profiles of microchannels etched in contact 

lenses using a CO2 or a femtosecond laser. Supplementary Figure S2 displays the surface 

topography, where a difference in both geometrical consistency and damaging of the surrounding 

material can be noticed (Figure S2A,B). In particular, the microchannel obtained using a 

femtosecond laser displayed higher uniformity in depth, higher geometrical confinement, and 

sharper edges. The roughness profile yielded empirical values of Sa(CO2) = 10.7 µm and Sa(fs) = 

3.4 µm (Figure S2C-F). The microfluidic geometries were designed such to be placed outside of 

the pupil area, to avoid visual impairment during wear. However, multi-inlet geometries were 

patterned towards the center to allow a better visualization in the context of this article. Figure 2 
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shows a computational evaluation on the impact of scanning speed and pulse energy on ablation 

depth and ablated mass (intended to be the amount of material (pg) etched away during laser 

writing), performed by the finite element method (FEM) and considering a pure photothermal 

process. Figure 2A displays the effect of gradually increasing the pulse energy while keeping a 

constant beam scanning speed of 10 mm/s and pulse frequency of 50 kHz. We can observe a linear 

behavior for pulse energy values from 20 µJ to 60 µJ (Figure 2B). A speed of 10 mm/s and pulse 

energy of 50 µJ yields an average ablation depth of 90 µm. Similarly, as observed in Figure 2C, 

at a constant pulse energy of 50 µJ and average power of 2.5 W, an increase in velocity results in 

a lower ablation depth, going from 180 µm at a speed of 6 mm/s to 40 µm at a speed of 16 mm/s 

(Figure 2D). In the experiments, for all devices a speed of 10 mm/s and a pulse energy of 50 µJ 

were used. In the simulations, the pulse frequency was set to 50 kHz, the pulse duration to 390 fs, 

and beam spot diameter to 35 µm at a wavelength of 1030 nm. Laser ablation computational results 

were obtained with a MATLAB model tailored to PMMA, a  well-known material that most 

resembles the mechanical and physical properties of fluorosilicone acrylates.3 
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Figure 2. Computational evaluation of the laser ablation process by time-resolved FEM modelling. A-B) Influence 

of pulse energy (0-60 µJ) on ablation depth and ablated mass of PMMA for a speed of 10 mm/s. C-D) Influence of 

beam scanning speed (6-16 mm/s) on ablation depth and mass for a laser power of 2.5 W.   

 

Figure 3 shows a set of valves engraved onto contact lenses. Microfluidic valves are used to adjust 

the flow velocity in certain areas of the channel. Photographs of the devices are showed in Figure 

3A, namely a regular microchannel with a uniform width of 100 µm, and the same channel with 

the addition of three different valve geometries, having width enlargements of the 100%, 200% 

and 300% (200 µm, 300 µm and 400 µm, respectively), compared to the base channel. 

Micrographs of the valves are shown in Figure 3B. Geometrical details are presented in 
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Supplementary Figure S3. Prior to experimental flow evaluations, contact lenses were 

hydrophilized via oxygen plasma treatment (Supplementary Figure S4). A blue dye and a 

smartphone camera were used to evaluate the capillary filling time of each geometry, resulting in 

an average decrease of 0.25 s per 100% of channel enlargement (Figure 3C). The flow velocity 

profile within the same geometries was computed with the finite element method (Figure 3D). At 

time t = 0 ms, all profiles appear dark blue (null velocity). At t = 0.5 ms, the velocity profile reaches 

a value of 6.5 mm/s in the base channel, 4.0 mm/s in V1 (100%), 3.0 mm/s V2 (200%), and 2 

mm/s in V3 (300%). Similarly, at t = 1 ms, the base channel draws a velocity profile with an 

average of 7 mm/s, compared to 5 mm/s in V1, 3.5 mm/s in V2, and 3 mm/s in V3. The plots next 

to each set of figures display the cross-sectional velocity profile comparison between channel and 

valve in the four geometries at the three times of consideration (0 ms, 0.5 ms, 1 ms). 
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Figure 3. Flow valves engraved in contact lenses. A) Photographs of base channel V0 (constant thickness of 120 µm), 

V1 (100% enlargement), V2 (200% enlargement), and V3 (300% enlargement). Scale bars: 3 mm. B) Micrographs of 

flow valves: inlet, 100%, 200%, 300%. Scale bars: 100 µm. C) Fluid flow within microfluidic contact lens valves. 

Scale bars: 5 mm. D) Computational fluid flow within valves. 

 

Figure 4 shows a set of resistors engraved in contact lenses. Microfluidic resistors are used to 

either reduce the fluid flow velocity in certain sections, or to decrease the overall velocity by 

increasing the total volume of the network, while keeping it confined to the same area. In this case, 

three types of resistors were compared. Photographs of the devices are shown in Figure 4A, named 

R1 to R3. R0 is the base channel, also shown for comparison. Micrographs of the resistors are 

shown in Figure 4B. Blue or green dyes were injected in the contact lenses via the inlet (concave 

side) using a PCV tube (diameter 0.5 mm) and a syringe, and a smartphone camera was used to 

capture the filling time (Figure 4C). It is observed that the fluid filled geometry R1 in 2.9 s, R2 in 

3.2 s, R3 in 3.6 s, compared to the base channel which was filled in 2.4 s. This is explained by the 

gravity contribution. Overall, all geometries exhibited visible increased filling time compared to 

the base channel. This was also observed in computational studies (Figure 4D), where at t = 1 ms 

all geometries reach velocities above 6.5 mm/s in correspondence of the resistors. However, at 0.5 

ms the velocity profile is higher in R1, the resistor with the largest width. R2 and R3 register 

comparable profiles, with slightly lower velocities in R3. The plots next to each set of figures 

display the cross-sectional velocity profiles taken by drawing a horizontal line along the resistors, 

hence 4 peaks. Geometrical details are presented in Supplementary Figure S5. 
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Figure 4. Flow resistors engraved in contact lenses. A) Photographs of base channel R0, R1 (wide resistor), R2 

(standard resistor), and R3 (narrow resistor). Scale bars: 3 mm. B) Micrographs of flow resistors: inlet, wide, 

standard, narrow. Scale bars: 100 µm. C) Fluid flow within microfluidic contact lens resistors. Scale bars: 5 mm. D) 

Computational fluid flow within resistors. 
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Multi-inlet geometries are highly used in microfluidics as the base platform to develop bespoke 

mixers for different scopes. They are a useful tool in sensing applications, where two solutions 

may need to be mixed before encountering tear fluid, or before interacting with a chemical sensor. 

In this framework, two multi-inlet geometries were fabricated on contact lenses (Figure 5). Figure 

5A displays photographs of the multi-inlet geometries, namely the two-branched M1 and four-

branched M2. Their micrographs are shown in Figure 5B. Blue and green dyes were injected in 

the contact lenses at the same time via the inlets, and a smartphone camera was used to capture the 

filling time (Figure 5C). It resulted that M1 had a total filling time of 1.7 s, lower than the one 

registered for the base channel (2.4 s), attributed to the gravity contribution and the presence of 

two inlet sources. M2 was filled in 2.3 s from four inlets. Computational studies were performed 

to evaluate the velocity profiles in such geometries (Figure 5D), yielding a higher velocity in the 

branches of M1 (12 mm/s at t = 1 ms) than M2 (10 mm/s at t = 1 ms). The plots next to each set 

of figures represent the velocity profile in the cross-section, traced by drawing a horizontal line 

along the inlet branches. Geometrical details are presented in Supplementary Figure S6. 

Similarly, splitters are used in microfluidics to guide the flow towards different areas of the 

network. In contact lenses this is particularly interesting when multiplexing chemical sensors to 

detect multiple tear analytes in the same device. In fact, in the case of optical sensor (e.g. 

colorimetric, fluorescent) the fluid coming from the sensing area may be contaminated with 

sensing material. This can be prevented by devoting different microfluidic areas to different 

sensors. Here, two splitter geometries were fabricated on contact lenses. Figure 5E displays 

photographs of the splitters, namely the two-branched S1 and four-branched S2. Their micrographs 

are shown in Figure 5F. Blue and green dyes were injected in the contact lenses, and a smartphone 

camera was used to capture the filling time (Figure 5G). S1 had a total filling time of 2.1 s, again 
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lower than the one registered for the base channel (2.4 s), attributed to the gravity contribution. In 

S2, the four outlets were reached in 2.8 s. Computational studies were performed to evaluate the 

velocity profiles in splitter geometries (Figure 5H), yielding an average velocity profile of 3.8 

mm/s at t = 1 ms in the branches of S1. In S2, we observed higher velocity profiles in the inner 

branches (1.3 mm/s at t = 1 ms), compared to the outer branches (1.1 mm/s at t = 1 ms). In both 

cases, the highest velocity profiles were found to be near the inlet, right before splitting (7.5 mm/s 

at t = 0.5 ms). The plots next to each set of figures represent the velocity profile in the cross-

section, traced by drawing a horizontal line along the outlet branches. Geometrical details are 

presented in Supplementary Figure S7. 

Figure 5. Flow multi-inlet geometries and splitters engraved in contact lenses. A) Photographs of microfluidic multi-

inlet geometries M1 (two inlets, one outlet), and M2 (four inlets, one outlet). Scale bars: 3 mm. B) Micrographs of 

fluid multi-inlet channels: two-branched, four-branched, inlet-outlet. Scale bars: 50 µm. C) Fluid flow within 

microfluidic multi-inlet channels. Scale bars: 5 mm. D) Computational fluid flow within multi-inlet channels. E) 

Photographs of microfluidic splitters S1 (one inlet, two outlets), and S2 (one inlet, four outlets). Scale bars: 3 mm. F) 
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Micrographs of fluid splitters: two-branched, four-branched, outlets (right side), outlets (left side). Scale bars: 150 

µm. C) Fluid flow within microfluidic multi-inlet channels. Scale bars: 4 mm. D) Computational fluid flow within 

multi-inlet channels. 

 

Precisely inscribing microfluidic elements in contact lenses opens the way to a broad range of 

applications. These can be achieved by combining multiple elements to create a microfluidic 

network that performs a specific function. Microchannels on their own can already provide a smart 

alternative to current methods. On the other end, they may constitute the pillar platform to 

capitalize on for theranostic applications, by integrating sensors, drug delivery mechanisms, or 

both. 

Here, two possible applications in the context of tear fluid monitoring are discussed. Both are 

addressed in the closed configuration, where the inlet is patterned as a hole in the concave side of 

the bottom lens, in direct contact with the ocular surface, and the outlet is a hole etched from the 

convex side in the top lens. Closed configurations were only presented for the applications, where 

a full device is a must. On the contrary, microfluidic elements were assessed earlier in this article 

in an open configuration (both inlets and outlets engraved as holes in a single lens). In fact, in 

those cases the scope was to evaluate the “absolute” impact of valves and resistors on the flow 

velocity, and neither of them has an application on their own.  

A tear fluid volume wearable sensor based purely on microfluidics may be an alternative to the 

Schirmer’s test (Figure 6). A spiral microfluidic channel was engraved on a contact lens (Figure 

6A). Micrographs of the channel are shown in Figure 6B. The spiral features an inlet in the center, 

around the pupil area. The outlet is placed on the outer turn of the spiral. In this case, the outlet 
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acts as a pressure regulator more than just strictly as an outlet. In fact, the spiral can host a tear 

volume of 30 µL, whilst the total average tear volume on the anterior eye amounts to 5 to 7 µL. 

Computational evaluations suggest that the velocity profile is uniform along the spiral (Figure 

6C). To close the microfluidic channel, a lab-made PDMS contact lens was fabricated by replica 

molding from a curved contact lens mold (Figure 6D), and chemically bonded to the engraved 

lens, based on oxygen plasma treatment, silanization with (3-Aminopropyl)triethoxysilane 

(APTES) and (3-Glycidyloxypropyl)triethoxysilane (GPTES), and direct contact, as shown in  

Figure 6E34. In an industrial setting, this process could be automated by using a thinner rigid 

contact lens as a top layer. The method currently used to assess the tear volume in dry eye patients 

is the Schirmer’s test.3 This consists on inserting a paper strip in the lower eyelid of the patient for 

5 minutes, followed by visual readout of the wetted area to semi-quantitatively assess the tear fluid 

production (Figure 6F). This process is painful, adds up contamination risks, and induces local 

irritation which results in tear overflow and false negative results. The spiral lens may be a 

promising alternative. Figure 6G displays the proposed use of such device. Upon inserting the 

lens, the tear flows from the channel inlet, placed on the concave side of the lens, though the spiral. 

The contact lens was exposed to 3 µL and 8 µL of artificial tears, respectively. The volume of the 

tear film may be assessed by visual method, based on the wetted spiral area after 10 s.  
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Figure 6. Microfluidic tear volume sensor. A) Photographs of the volume sensor (spiral channel engraved on a contact 

lens). Scale bar: 5 mm. B) Micrographs of the spiral channel. Scale bars: 150 µm. C) Computational velocity profile 

within the spiral lens. D) Contact lens sensor: PDMS lens fabricated in a plastic mold, and bonded to the spiral acrylic 

lens. Scale bars: 1 cm (top), 3 mm (bottom).  E) PDMS-to-acrylic chemical bonding process. F) Working principle of 

the Schirmer’s test to assess tear fluid volume. G) Visual readout of fluid volume from a microfluidic contact lens, 

based on the wetted spiral area. Scale bar: 5 mm. 

 

The tear volume sensor may be re-used. After sampling the tear fluid from a patient, the liquid 

may be collected using a capillary tube and stored in a sterile container or thrown away if the lens 

was to be used to evaluate the tear fluid production. Following that, the lens may be disinfected, 
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dried and re-used. A cleaning protocol would need to be tailored for this specific need. The tear 

uric acid sensor is disposable and meant for one-off measurements. 

Another application is presented in Figure 7. Here, a microfluidic channel featuring an inlet, 

sensing area, fluidic valve and a reservoir is demonstrated for the detection of uric acid on-eye 

(Figure 7A,B). Uric acid is an extensively known biomarker for gout disease progression, as well 

as to monitor the antioxidant status in the eye.35-37 The tear flows from the inlet to the sensing area, 

where the colorimetric uric acid sensor is embedded. From the sensing area, the fluid encounters 

a valve with an enlargement of the 300% compared to the base channel, which decreases the flow 

velocity of the 60%, until reaching a reservoir, where the fluid velocity stops (Figure 7C). 

Computational evaluations show that there is no backflow from the reservoir to the valve, nor from 

the valve to the sensing area (Figure 7D). 

The uric acid sensor was based on uricase and horseradish peroxidase (HRP). In the presence of 

oxygen, water and uricase, uric acid is converted into 5-hydroxyisourate and hydrogen peroxide. 

5-hydroxyisourate further reacts with water to produce allantoin and CO2. Hydrogen peroxide, in 

the presence of HRP, reacts with 4-aminoantipyrine and with N-Ethyl-N-(2-hydroxy-3-

sulfopropyl)-3,5-dimethoxyaniline (MAOS) to produce a blue dye. The amount of blue dye 

produced is proportional to the amount of hydrogen peroxide obtained by reaction of uric acid, 

yielding a color scale proportional to uric acid concentration (Figure 7E). The reflection spectra 

of the uric acid sensor at concentrations of 0, 50, 100, 150, 200 and 250 mg/L are shown in Figure 

7F. The calibration curve is displayed in Figure 7G, from which a sensitivity of 16 mg/L was 

calculated. The sensor is embedded in the sensing cavity etched in the contact lens, and the color 

of the sensor could be readout using a smartphone app (Color Grab) to assess the red, green and 

blue (RGB) composition, and correlated to a discrete concentration value in the range 0-250 mg/L 
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of uric acid (Figure 7H,I). Geometrical details of the contact lens sensors are presented in 

Supplementary Figure S8. 
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Figure 7. Microfluidic contact lens as a tear uric acid sensor. A) Photograph of the engraved contact lens, featuring 

inlet, channel, sensing area, flow valve, and reservoir. Scale bar: 3 mm. B) Micrographs of the microfluidic areas. 

Scale bars: 400 µm. C) Velocity profile along the contact lens: the flow velocity is at its maximum within the channel 

section, decreases at the sensing area and stops in correspondence of the reservoir. D) Computational velocity profile 

within the geometry. E) Sensing reaction. Uric acid is converted into hydrogen peroxide, which further reacts with 4-

AMP to produce a blue dye. Insets show the color change of the sensor in the concentration range 0-250 mg/L. F) 

Reflection spectra of the uric acid sensor in the concentration range 0-250 mg/L. G) Calibration curve of the sensor. 

H) Uric acid sensor embedded in a contact lens and placed on an eye model where artificial tear flows. The color is 

captured with a smartphone camera. Scale bars (left, right, bottom): 3 mm, 7 mm, 1.5 cm. I) RGB color 

characterization of the uric acid sensor.  

 

Materials and Methods 

Materials. Rigid contact lenses (Boston XO) were obtained from Bausch & Lomb, Canada. 

Sylgard 184 silicone elastomer kit (1:10) was purchased from Dow Corning, USA. (3-

Aminopropyl)triethoxysilane (APTES), (3-Glycidyloxypropyl)triethoxysilane (GPTES), uric 

acid, D-(+)-glucose (99.5%), protein standard (200 mg/mL), boric acid, ethylenediaminetetraacetic 

acid (EDTA),  10% triton X-100, sodium borate, isopropanol (IPA) and phosphate buffered saline 

(PBS) were purchased from Sigma-Aldrich, UK and used without further purification. Uric acid 

colorimetric assays were purchased online from Health Mate, UK. Green and blue food coloring 

dyes (Waitrose Essentials) were purchased from Waitrose & Partners, UK. Systane artificial tears 

were purchased from Boots Ltd., UK and modified as needed. 

Equipment. A LS4 LASEA workstation was used that integrates a femtosecond laser source 

(YUJA from Amplitude Systemes) with the following technical characteristics: 10W average 

power, 100 μJ maximum pulse energy, 390 fs pulse duration, 2 MHz maximum repetition rate, 
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1030 nm center wavelength and beam quality M2 > 1.2. The beam delivery system was equipped 

with a X-Y beam deflectors, synchronized with a stack of mechanical stages (3 linear stages X-Y-

Z and 2 rotary stages B, C).  

Oxygen plasma system Atto Model 4 with 40 kHz 200 W generator (Diener electronic GmbH + 

Co. KG, Germany), Smartphone camera (photo 12 MP, f/2.2, 1/2.8", 1.25µm, PDAF; video 

1080p@30fps), FLAME-S-VIS-NIR-ES Spectrometer Assembly 350-1000nm (Ocean Insight, 

USA), pH meter FiveEasy F20 (Mettler Toledo, USA), Pioneer PX 323/E Precision Balance 

(Ohaus, USA), Vortex Mixer (Fisherbrand, UK), Visible Light Source HL-2000-HP-

FHSA 20W (Ocean Optics, USA), Leica DM2700 P Upright Microscope (Leica Microsystems 

GmbH, Germany), Contact angle measurements: VHX-1000 digital microscope (Keyence 

Corporation, Japan) with a custom 3D printed fixture for dispensing deionized water droplets with 

a 10 µl pipette (Eppendorf, Germany).  

Software. MATLAB R2020B (MathWorks, USA), COMSOL Multiphysics v5.3a (Comol Inc., 

Sweden), Color Grab application (Loomatix Ltd., ) installed on a Huawei P10 Lite (Huawei 

Technologies Co., Ltd, China) running Android 10.0 mobile operating system (Google LLC, 

USA), contact angle measurements using the contact angle measurement plug-in in ImageJ. The 

GibbsCAM software was used to programme the multiaxis laser processing. 

Laser ablation simulations. Femtosecond laser ablation of PMMA was simulated using time-

domain FEM modeling, assuming a purely photothermal process, described by the heat equation: 

Q =
𝜕𝑈

𝜕𝑡
− D∇2𝑈 (Eq. 1) 

where Q is the heat transferred from the laser and to PMMA and D the thermal diffusivity of 

PMMA. Beam spot diameter, step over, frequency, wavelength, and pulse duration were set to 35 
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µm, 20 µm, 50 kHz, 1030 nm and 390 fs, respectively. Beam scanning speed and pulse energy 

were set in the range 6-16 mm/s and 0-60 µJ, respectively, to estimate their impact on ablation 

depth and ablated mass of PMMA. The properties of PMMA were obtained from the literature38: 

thermal capacity (1418 J kg−1 K−1), density (1180 kg m-3), and thermal diffusivity (0.115e-6 m2 s-

1).  

Femtosecond laser micro-processing of contact lenses. A fractional factorial design was 

conducted to optimize laser parameters, yielding optimized values of 50 kHz (pulse frequency), 

50 µJ (pulse energy), 10 mm/s (scanning speed) and 20 µm (step over).  To achieve a uniform 

geometry of the micro-features regardless of the contact lens curvature, the laser beam focused 

was continuously monitored and kept normal to the surface. For a freeform surface like a contact 

lens this was achieved by implementing two rotary stages and X-Y-Z linear stages, synchronized 

with X and Y beam deflectors. 

Microfluidic simulations. Microfluidic 2D geometries were designed on COMSOL and tear 

flow was evaluated under laminar regime. The solid material was defined as PMMA and assigned 

to the microchannel area. The liquid material was customized to reproduce the aqueous tear film 

by defining an incompressible Newtonian fluid with viscosity µ = 1.3× 10−3 Pa s, surface tension 

σ = 0.045 N m−1, thermal conductivity k = 0.68 W m−1 K−1, density ρ = 103 kg m−3, and 

characteristic speed U0 = 5 × 10−3 m s-1.39 An incompressible, single-phase fluid assumes that 

temperature variations in the flow are small, which means that the density is constant, described 

by the continuity and the momentum equations: 

ρ∇ ⋅ 𝐮 = 0 (Eq. 2) 
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ρ
𝜕𝒖

𝜕𝑡
+ ρ(𝐮 ⋅ ∇)𝐮 = ∇ ⋅ [−𝑝𝐈 + μ(∇𝐮 + (∇𝐮)𝑇)] + 𝐅 (Eq. 3) 

Initial values for pressure and velocity were set to zero. At the microchannel walls, the equation 

was solved with an initial u = 0, with “no slip” as the boundary condition. At the inlet, the 

equation was solved for 𝐮 = −𝑈0𝐧  as the boundary condition, with U0 = 0.1 µm s-1. The time-

dependent flows were computed for the interval (0:0.1:1) ms. The same constraints at the inlet 

and outlet were applied in all geometries. 

Flow characterization. Flow experiments were conducted by injecting 10 µL of dye via the inlet 

of the microchannels using a PVC tube with a diameter of 0.5 mm and connected to a liquid 

dispenser. The flow was recorded with a smartphone camera.   

Hydrophilization of contact lenses. Contact lenses were O2 plasma treated for 1 min at full 

power (200 W). During the pumping down period the pressure was set to 0.07 mbar. The O2 gas 

supply was set to 5 min at a gas flow of 100% and a process pressure of 0.2 mbar. 

Preparation of PDMS contact lenses. PDMS was obtained by mixing the elastomer pre-polymer 

and curing agent in a 10:1 weight ratio, followed by 2 h degassing at ambient temperature and 

manual removal of bubbles by exerting air flow using a pipette. 100 µL of the uncured mixture 

was then poured into the contact lens mold and cured on a hot plate at 80° C 1for15 minutes. The 

lenses were then removed from the mold, rinsed in isopropanol, and blow dried. 

Preparation of uric acid buffer solutions.  Uric acid has a low solubility in water, but it can be 

dissolved in borate buffer, NaOH and DI water. First, the borate buffer solution was prepared by 

dissolving boric acid (6.2 g), sodium borate (9.5 g) and EDTA (1.2 g) in 10% Triton X-100 (400 

µL) and deionized water (200 mL), adjusting to a pH of 8.5 with NaOH. The uric acid diluent 
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solution was further obtained by mixing deionized water (150 mL) with borate buffer storage 

solution (8 mL), adjusting to a pH of 8.5 with NaOH. Uric acid was then diluted in the diluent 

solution to yield concentrations of 0, 50, 100, 150, 200, 250 mg/L. Uric acid buffer solutions were 

then mixed with Systane artificial tears and the pH was adjusted to 7.0 using tris buffers. 

Characterization of uric acid sensors. Uric acid paper sensors were exposed to artificial tears 

containing uric acid in the concentration range 0-250 mg/L, at steps of 50 mg/L. Their colorimetric 

response was imaged with a smartphone camera placed at normal incidence at an ambient lighting 

of 250 lux (lx), monitored with Photometer PRO app, and the color was readout using Color Grab 

app. The reflection spectra and related calibration curve were acquired using a reflection setup 

consisting on a bifurcated optical fiber connected to a spectrometer and a light source, taking as a 

background reference the spectra obtained by irradiating a black-colored paper sensor made of the 

same material. 

  

Conclusions 

Femtosecond laser ablation is a simple and effective method to inscribe fine microfluidic structures 

into rigid contact lenses. It overcomes the limitations encountered with longer pulse lasers, i.e. 

nanosecond and continuous wave (CW) CO2 lasers. When designing microfluidic contact lenses, 

a crucial parameter to consider is the analysis time, hence the wearing time, to avoid tear overflow 

and, where present, leakage of the sensing materials. In this context, multiple microfluidic 

elements were demonstrated to provide a tool of playing with filling time (e.g. fluidic valves and 

resistors) and waste tears collection systems (e.g. reservoirs). The integration of colorimetric 

sensor was demonstrated in the mm range to allow an easier visualization with a smartphone 
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camera. However, the sensing area may be scaled down to the µm range when designing sensors 

based on a different optical mechanism (e.g. fluorescence), coupled to a smartphone-compatible 

readout device. Microfluidic contact lenses are a promising alternative to current sampling and 

screening methods in ophthalmology, offering the possibility to sample the tear fluid with a sterile 

method, as well as integrating complex fluidic networks to continuously monitor the tear fluid 

directly on-eye. Such devices may find application in ocular theranostics, by incorporating sensing 

technologies, drug delivery mechanisms, or both. 
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