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A B S T R A C T

This work explores the use of static water microdroplets on a microfiber to vary the width of an optical beam. 
Varying the water droplet volume changes the beam width without replacing any optical components. A surface 
derived from glass deposited with polyvinyl chloride (PVC) microfibers via electrospinning was used to sustain 
the droplet shape on the surface. Scanning electron microscopy revealed the presence of randomly intertwined 
microfibers with diameters of less than 3 µm which afforded the surface a hydrophobic property. A decrease in 
the optical transmittance of the films and an increase in the water contact angle were also observed as fiber 
density increases. Results revealed an increase in the beam size with increasing droplet volume manifesting a 
defocusing or magnifying effect as the beam passed through the droplets. The beam maintained its Gaussian 
profile, confirming that the presence of the deposited fibers did not significantly alter the beam type. By using 
droplets with different liquid volumes (5–60 µL), we replicate the action of a convex lens with varying focal 
length.

1. Introduction

Focusing lenses play a critical role in optimizing the profile and 
quality of beams in any optical system (He et al., 2023). Particularly, 
variable focus lenses have been employed in imaging systems and 
adaptive vision to address the need for varying beam profiles without 
replacing the actual lens or other optical components (Mishra et al., 
2016; Marcos, 2017). Variable focus lenses can be adjusted mechani
cally or non-mechanically (Kang et al., 2020), depending on their design 
and actuation mechanism. The most common type of variable focus lens 
is mechanically driven which uses motorized gears or piezoelectric ac
tuators (Son, 2012; Han et al., 2022). However, this approach suffers 
from high power consumption, wear and tear due to friction, and limited 
miniaturization (Chen et al., 2021). On the other hand, non-mechanical 
tunable lenses are emerging types of variable focus lenses that adjust by 
changing their actual shape or surface profile using non-contact forces 
(e.g. electrical, pressure, optical, thermal) (Chen et al., 2021; Efstathiou 

and Draviam, 2021; Savidis et al., 2013). Liquid lenses, in particular, are 
commonly controlled using nonmechanical mechanisms. In general, this 
strategy works by modifying the morphology or curvature of liquid to 
resemble the structure of curved lenses with different focal lengths 
(Kawamura, 2019; Wei et al., 2016).

Water has become one of the most studied liquids for optical systems 
and variable focus lenses due to its availability, stability, high optical 
transmittance, and tunable electrical property (Palangyos and Guerrero, 
2023). It has been used in many tunable lens designs with different 
actuation mechanisms. For instance, Yao et al utilized water to create a 
tunable meta-lens with variable focal length and beam deflection capa
bility with a design composed of resin pillars filled with water of tunable 
height (Yao et al., 2024). Meanwhile, Zhou et al used water to fill an 
elastic polydimethylsiloxane (PDMS) membrane to produce a plano- 
convex lens that exhibits changes in focal length by applying hydrau
lic pressure on the system (Zhou et al., 2019). Water was also employed 
as a polar liquid in various tunable focus lenses driven by electrowetting 
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(Wei et al., 2016; Palangyos and Guerrero, 2023; Yao et al., 2024; Zhou 
et al., 2019; Song et al., 2020; Kim et al., 2020). In a typical setup, water 
and oil were contained within a glass tube with conducting sidewalls 
where the power supply was connected (Wei et al., 2016; Shahini et al., 
2016). Although these existing water-based variable lenses operate with 
different designs and actuation mechanisms, they share a common 
working principle which is to change the curvature of water at the 
refractive interface. By dynamically altering the morphology of the 
interface, the refraction direction of the beam changes, leading to some 
variations in the focal length of the lens (Yao et al., 2024; Zhou et al., 
2019; Song et al., 2020; Kim et al., 2020; Shahini et al., 2016).

In this work, we investigate the feasibility of a static water droplet as 
variable liquid lens. This was inspired by the natural shape of a water 
droplet on a flat surface, which resembles a plano-convex lens. We vary 
the size and curvature of the droplets by changing the droplet volume, 
resulting in a variable focusing effect. The hydrophobicity of the glass 
was enhanced by introducing electrospun polyvinyl chloride (PVC) fi
bers. The PVC fiber provides hydrophobicity that sustains the cap shape 
of the water droplet with a wide range of volume. The open water-based 
lens system may be used to tune the beam width and in-plane beam 
dispersion. While various surface modification techniques have enabled 
commendable performance in dynamic liquid lenses, these approaches 
often suffer from complexity and high cost. For instance, microfluidic- 
based lenses, as seen in (Chronis et al., 2023; Zeng and Jiang, 2013), 
require intricate fabrication processes involving photolithography and 
bonding, demanding specialized equipment and cleanroom environ
ments. Similarly, surface patterning and lithography techniques like 
those used in (Esmaeili et al., 2023; Leung et al., 2009) often rely on 
expensive methods like electron-beam lithography. These limitations 
highlight the need for simpler and more cost-effective solutions for dy
namic liquid lens fabrication. Meanwhile, the system proposed herein 
highlights the simplicity and cost-effectivity of a water droplet on 
polymer fiber that can act as convex lens. This simple system can pro
duce an array of convex lenses with varying focal length by simply 
changing the volume and morphology of the droplet. While the pre
sented system herein may have a limited dynamic tunability and us
ability, its utilization can be used in simple experiments in class 
discussions and open optical systems. This also demonstrate the utili
zation of a dynamic water-based liquid lenses without the use of elec
trowetting, microfluidic control, or pressure, magnetic, and acoustic 
actuation. To the best of our knowledge, this is the first demonstration of 
utilizing a water droplet with changing volume on a fiber-modified glass 
as a variable focus lens. The proposed design can be used as an accessible 
and low-cost improvised lens system in simple and laboratory-scale 
optical experiments. This could also serve as a baseline proof-of- 
concept in producing a more advanced and sophisticated volume- 
based dynamic water-based liquid lenses.

2. Experimental details

2.1. Materials collection

Polyvinyl chloride powder (PVC MW ~43000, Sigma-Aldrich) was 
used as a precursor of polymer fibers while commercially available in
dium tin oxide (ITO) glass sheets (50 mm × 50 mm × 1.1 mm, 10 Ω, 
Welljoin China) were used as glass substrates. Anhydrous tetrahydro
furan (THF, Sigma- Aldrich, > 99.9 %) and N,Ndimethyl formamide 
(DMF, Sigma-Aldrich, > 99.8 %) were used to prepare the polymer for 
electrospinning. Deionized water was used as microdroplets in the 
experiment.

2.2. Fabrication of PVC fibers by electrospinning

PVC gel (12 %, w/v) was prepared by dissolving PVC powder in a 
mixture of tetrahydrofuran and dimethylformamide (4:1). The obtained 
PVC gel was used for electrospinning to produce PVC fibers on the glass. 

In electrospinning process, 5 mL of the dissolved PVC in a syringe was 
connected to a mechanical pump operating at a rate of 2 mL/hour. The 
ITO glass was mounted on a stationary collector situated about 15 cm 
away from the syringe. Electrospinning was performed with PVC fiber 
jets produced by a 15 kV DC power supply. The deposition time was 
varied (0–15 mins) depending on the desired fiber density on the glass. 
The morphological profile of the layers was examined using a scanning 
electron microscope (SEM, Phenom XL desktop Thermoscientific) while 
the optical transmittance was measured using a USB spectrophotometer 
with a fiber optics halogen light source (OceanOptics USB200 spec
trometer). The chemical identity of the PVC fibers was examined using 
Fourier Transform Infrared Spectroscopy (FT-IR). Contact angle mea
surements were done using sessile drop technique using an optical 
tensiometer (Thetalite, Biolin Scientific) to provide a direct measure of 
the substrate’s wettability. In detail, the contact angles were measured 
by dispensing small water droplets onto the fiber-decorated glass and 
capturing images of the droplet profile. The angle formed between the 
tangent to the droplet’s edge at the three-phase contact point and the 
solid surface was then determined and processed by the built-in software 
in the used tensiometer.

2.3. Beam width tuning experiment

The beam focusing experiment was conducted using a 543-nm He-Ne 
laser (4 mW) as the light source in a vertically aligned setup. The sample 
was oriented normal to the beam as shown in Fig. 1. A focusing lens (f =
2.5 cm) was placed above the droplet to correct potential aberrations 
after the beam traversed the fiber-decorated substrate and water droplet 
and a projection screen was placed to monitor the profile of the trans
mitted beam. A digital camera was used to capture the beam spot at a 
fixed distance. The obtained image was further analyzed using ImageJ 
software (Schneider et al., 2012).

3. Results and discussion

3.1. Effect of PVC microfibers on the surface’s hydrophobicity

The successful integration of PVC fibers on the ITO layer by elec
trospinning was confirmed by the SEM images in Fig. 2a. The fibers with 
an average diameter of 0.62 ± 0.17 µm were randomly positioned on the 
glass surface. As shown in the SEM images, the density of the deposited 
fibers increases as the electrospinning time increases. A hydrophilic 
behavior was observed for the ITO glass, exhibiting a water contact 
angle (WCA) of less than 80◦ (Fig. 2c). A slight increase of WCA to 85.9◦

was noticed after incorporating a PVC layer on the ITO glass. The WCA 
was directly affected by the presence of PVC fibers. Fiber deposition time 
of 0.5 to 7 mins led to a significant increase (Fig. 2b) in the water contact 
angle from 92.79 ± 2.7◦ to 151.61 ± 1.5◦, respectively. Interestingly, 
WCA values ceased to increase for samples with deposition times of 
more than 7 mins.

As seen in Fig. 3(a), the FTIR spectrum of the PVC powder is com
parable with the spectrum of the electrospun PVC fiber. This suggests 
that the chemical identity of PVC is preserved even after being dissolved 
and electrospun into fibers. In general, the vibrations of CH2, aliphatic 
C–H, and C–H bound on Cl was confirmed through the transmission 
bands at around 2910 cm− 1, 1430 cm− 1, and 1250 cm− 1, respectively. 
The vibration of the C–C bond from the PVC backbone corresponds to 
the presence of a band at 1080 cm− 1 while vibration of the C–Cl bond 
was associated with the weak band at around 655 cm− 1. The band at 
1673 cm− 1 is related to formation and vibration of the C––C bond of 
vinyl. The obtained spectra are consistent with the FTIR data of PVC 
reported elsewhere (Budlayan et al., 2024; Budlayan, 2023). The optical 
transmittance of the fabricated films is an important property since the 
beam should be transmitted through the film and droplet. As seen in 
Fig. 3b, the ITO glass without PVC layer exhibited an optical trans
mittance of approximately 98 % at wavelengths from 350 to 800 nm. No 
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Fig. 1. Schematic diagram of the experimental setup. Inset: photograph of a sample droplet on the fabricated film.

Fig. 2. (a) SEM images of the PVC-coated glass film with electrospun PVC fibers deposited at various deposition times. (b) Contact angle of a water droplet (volume, 
~15 uL) versus PVC fiber electrospinning time and (c) corresponding representative images of water droplets on the fabricated films. (scale bar, 50 µm).
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appreciable decrease was observed in the transmittance after depositing 
PVC fibers for 30 s. An apparent decrease in the optical transmittance 
(~95 %) is noted after depositing fibers for 1 min. A significant reduc
tion in the optical transmittance was recorded as more PVC fibers were 
deposited on the glass. After 7 to 15 mins of fiber deposition, a trans
mittance of less than 80 % was measured. The decreasing optical 
transmittance with larger densities of PVC fiber on the glass limits its 
application for beam transmission and focusing. Hence, we consider 3 
mins as an optimal time for fiber deposition.

3.2. Tunable beam focusing and dispersion using droplets on PVC 
microfibers

To show that a droplet with variable contact angle can produce a 
tunable focusing effect, we placed water droplets with varying volumes 
on the surface of the fabricated substrate. We demonstrated that the 
droplet contact angle varies depending on the droplet volume. Fig. 4
shows the WCA and radius of droplets with different volumes (0–60 μL). 
An apparent increase in WCA was observed as droplet volume increased. 
The most dramatic increase was observed between 5 and 10 μL. A sig
nificant increase in the WCA was also observed between 20 and 30 μL, 
while no appreciable increase was recorded from 45 to 60 μL. The 

droplets began to be out of frame when the volume was beyond 60 μL 
and eventually collapsed due to the strong gravitational effects that 
affected the balance of surface energies as the droplets became heavier.

Images of the beam after passing through the sample with a droplet 
are shown in Fig. 5a. The image of the beam without the droplet is also 
shown for comparison. We noticed an increase in beam size as a droplet 
was introduced along the optical path. The beam size increases consis
tently as we increase the water droplet volume. The beams retained their 
Gaussian intensity profile even after passing through droplets of 
different sizes as seen in Fig. 5b (inset), suggesting that the fabricated 
film and the droplet did not cause significant beam diffraction or aber
rations. An increase in the full-width at half-maximum (FWHM) of the 
intensity profile was noted as the beam passed through droplets with 
increasing size (Fig. 5b). Expansion of the beam size indicates that the 
droplet may act as a lens that can defocus or magnify the beam while the 
downstream focusing lens serves to re-converge the beam, effectively 
refocusing the magnified and aberrated light emerging from the droplet. 
By using droplets with different sizes and the focusing lens, we simulate 
a collimating system with tunable beam that can be used to vary the size 
of a transmitting beam (Fig. 5d-e).

To determine the focusing effect done by the presence of the droplet, 
the position of the projection screen was moved vertically relative to the 
droplet until the most focused spot was observed. We consider this 
smallest beam spot as the droplet’s focal point. The focal length in
creases linearly as the droplet size increases (Fig. 5c). By increasing the 
droplet volume from 5 to 60 μL, the focal length also changed from 1.3 to 
7.6 mm. It is worth mentioning that the measured focal length is closely 
comparable to the theoretical values obtained using the equation, f =

R
n− 1, where R is the radius of curvature and n is the index of refraction of 
water (Lin et al., 2017). From this equation, we notice that the variation 
in the focal length is dependent on the radius of curvature which can be 
varied by changing the droplet volume as shown in Fig. 5e. This suggests 
that droplets with varying sizes can act as lens with various focal length. 
We further infer that this result can be replicated by changing the 
droplet’s CA through electrowetting (EW). However, our current setup 
requires an electrode at the top of the droplet which interferes with the 
optical path, hence no beam images can be captured during an EW 
experiment. Nonetheless, we have shown that the fabricated hydro
phobic PVC layer can be used to support the spherical cap of droplets 
with varying volume which can mimic the action of a tunable lens.

The ability of the droplets to control the dispersion direction of a 
transmitted beam was also investigated, as illustrated in Fig. 6. Here, the 

Fig. 3. (a) FTIR spectra of PVC powder and electrospun fiber and (b) optical transmittance of the glass deposited with PVC with varying fiber deposition times.

Fig. 4. Relationship of contact angle and droplet radius with the water 
droplet volume.
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position of the droplet was moved such that the beam hits a curved edge 
of the droplet, causing it to be dispersed in a certain direction. Fig. 6
presents the representative images demonstrating the controlled 
dispersion of a beam incident on the droplet curvature. When traversing 
the center of the droplet, the beam retained its profile without any 
asymmetric propagation or dispersion. After moving the droplet and 
letting the beam hit the left edge of the droplet, light dispersed towards 
the left side, normal to the curve. Moving the droplet at about 45◦ from 
this position made the beam propagate at about 45◦. Moving the droplet 
further allowed the beam to hit another part of the droplet’s curvature, 
dispersing light in certain preferred directions. The same propagation 
behavior was consistently observed at any section of the droplet cur
vature. We note that the droplet retained its shape when moved to any 
desired position due to the support of the hydrophobic PVC fiber layer.

4. Summary

Inspired by the plano-convex lens shape of a droplet on a flat surface, 
this research explores the use of a static water microdroplet on a 

microfiber surface to adjust thewidth and propagation properties of an 
optical beam. A hydrophobic surface was fabricated by electrospinning 
(PVC) microfibers onto glass. The surface topography was examined 
using scanning electron microscopy, and the contact angle of the water 
droplets was measured with an optical tensiometer by varying droplet 
volume. Using a 543.5 nm- laser, the beam spot diameter was measured 
after passing through the water droplets. The results showed that the 
beam size increased with the introduction of the water droplet and 
further increased with droplet volume. The beam maintained its 
Gaussian intensity characteristics, indicating minimal diffraction. An 
increase in the FWHM of the intensity profile was observed, suggesting 
that the droplet acts like a tunable convex lens that can defocus or 
magnify the beam. The study successfully demonstrated that a static 
water microdroplet on a hydrophobic PVC microfiber surface can be 
used to tune the width and propagation properties of an optical beam. 
This finding highlights the potential of using water droplets in optical 
systems where adjustable beam profiles are required.

Fig. 5. (a) Representative images of water droplets with different volumes and the corresponding transmitted beam. (b) Plots of the intensity profile of the 
transmitted beam and their measured FWHM versus water droplet volume and (c) focal length variation versus water droplet radius. Schematic illustration of the (d) 
droplet structure and (e) focusing action of the droplet showing that changing the volume and curvature of the droplet can shift the focal length of the liquid lens.

M.L.M. Budlayan et al.                                                                                                                                                                                                                        



Results in Optics 19 (2025) 100824

6

CRediT authorship contribution statement

Marco Laurence M. Budlayan: Writing – original draft, Investiga
tion, Data curation, Conceptualization. Dina C. Palangyos: Validation, 
Methodology, Investigation. Jonathan N. Patricio: Writing – review & 
editing, Resources, Project administration. Susan D. Arco: Validation, 
Supervision, Resources, Funding acquisition. Raphael A. Guerrero: 
Writing – review & editing, Validation, Supervision, Project adminis
tration, Methodology.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgment

MLM Budlayan acknowledges the Accelerated Science and Tech
nology Human Resource Development Program of the Department of 
Science and Technology-Science Education Institute for the scholarship 
support. Equipment grants were provided by the Philippine Council for 
Industry, Energy, and Emerging Technology Research and Development 
(PCIEERD). R. A. Guerrero is the recipient of the College 1980 Fr. Jose 
Ramon T. Villarin, SJ Professorial Chair. The support from the Univer
sity of the Philippines Diliman-Natural Sciences Research Institute 
(CHE-211-05, CHE-22-1-02) is also acknowledged.

Data availability

Data will be made available on request.

References

Budlayan, M.L.M., et al., 2023. Honeycomb pattern formation on poly(vinyl chloride) 
films: electrically-driven microparticle trapping and the effect of drying temperature. 
Mater. Res. Express 10, 085304. https://doi.org/10.1088/2053-1591/acefb1.

Budlayan, M.L.M., Patricio, J.N., Arco, S.D., Guerrero, R.A., 2024. Electrowetting-on- 
dielectric behavior of aqueous droplets and gold nanofluid on an electrospun poly 
(vinyl chloride) microfiber layer. Mater. Res. Express 11, 035303. https://doi.org/ 
10.1088/2053-1591/ad2f7e.

Chen, L., Ghilardi, M., Busfield, J.J.C., Carpi, F., 2021. Electrically tunable lenses: a 
review. Front. Robot. AI 8, 678046. https://doi.org/10.3389/frobt.2021.678046.

Chronis, N., Liu, G.L., Jeong, K.-H., Lee, L.P., 2023. Tunable liquid-filled microlens array 
integrated with microfluidic network, Nikolas Chronis, Gang L. Liu, Ki-Hun Jeong, 
and Luke P. Lee. Optics Express 11, 2370–2378.

Efstathiou, C., Draviam, V.M., 2021. Electrically tunable lenses – eliminating mechanical 
axial movements during high-speed 3D live imaging. J. Cell Sci. 134. https://doi. 
org/10.1242/jcs.258650 jcs258650. 

Esmaeili, S., Khoshkhati, F., Mehrzad, H., Ahmadalidokht, I., Mohajerani, E., 2023. 
Tunable all-optical liquid crystal lens based on the thermo-plasmonic effect. Optical 
Mater. Express 13, 1689–1699.
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