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ABSTRACT 

We investigate theoretically and experimentally the possibility of electrostatic actuation of nanomechanical optical fibers 
with integrated electrodes. The fiber has two optically guiding cores suspended in air by thin flexible membranes. This 
fiber structure allows for control of the optical properties via nanometer-range mechanical core movements. The 
electrostatic actuation of the fiber is generated by electrically charged electrodes embedded in the fiber cladding. Fiber 
designs with one to four electrodes are analyzed and, in particular, a quadrupole geometry is shown to allow for all-fiber 
optical switching in a 10cm fiber with an operating voltage of 25 - 30V. A multi-material fiber draw technique is 
demonstrated to fabricate a fiber with well-defined dual core structure in the middle and four continuous metal electrodes 
in the cladding. The fabricated fiber is analyzed and compared with the modeled requirements for electrostatic actuation. 
Keywords: Microstructure optical fibers; MEMS devices; Optical switching. 
 

1. INTRODUCTION  

Developing devices for effective signal manipulation in the optical format currently attracts a lot of interest as this could 
offer huge advantages in the improvement of information processing and development of all-optical telecommunication 
networks. A particularly attractive option is provided by optical micro- and nano-electromechanical systems (MEMS and 
NEMS)1. Many optical MEMS devices contain moving membranes or mirrors with light propagating in free space2, 
while others are based on light confined in moving optical waveguides3. Here we investigate the possibility of equivalent 
electrically controlled mechanical systems based on glass optical fibers, which can combine signal transmission and 
control functionalities. Such fiber devices would allow for easy integration with other fiber components and thus could 
become an essential part of reconfigurable all-fiber optical networks. 

MEMS usually contain two main functional components: the mechanical part that can move, rotate or vibrate; and the 
actuation mechanism that controls the mechanical part. Nowadays MEMS are mainly fabricated on silicon chips, 
however the potential of glass-based MEMS has also been investigated4, and several groups have already demonstrated 
electrostatic glass actuators5,6. In recent years, different research groups have fabricated multi-material fiber-based 
devices with integrated conducting wires by pressurizing low melting temperature metal alloy into the holes of 
microstructured optical fibers7-9 or by deposition of semiconductors and metals into them from chemical precursors10. 
However, this type of post-processing is usually a time consuming approach and limits the device size. A multi-material 
co-draw technique was demonstrated by fabricating structural metal-insulator-semiconductor fibers with metal wires of a 
diameter below 10 µm11. Also a fiber with a single internal electrode and an electrically conductive coating was 
fabricated by feeding metal wires during fiber drawing12. 

In previous work13,14 we have demonstrated a nanomechanical optical fiber with a suspended dual-core structure that 
allows for control of the optical properties via nanometer-range mechanical movements. The mechanical reconfiguration 
was achieved by controlling the gas pressure inside an air hole of the fiber. However, for various applications in 
telecommunications, sensing, or imaging, a faster and more robust actuation method is desirable. We therefore focus 
here on an electrostatic actuation mechanism in the dual-core fiber. This optical system is the fiber equivalent of chip-
based optical MEMS switches incorporating two evanescently coupled waveguides as demonstrated recently in silicon15 
and InP16. Comb actuators are the most common actuation method for sub-micron sized guiding beams and waveguides 
on chips17. However, other methods have been recently introduced, including electrostatic actuation by means of a 
voltage applied directly to the waveguides16 or by placing them in a non-uniform electric field created by nearby 
electrodes18. We demonstrate that the latter method can be realized inside optical fibers by integrating charged metal 
wires into the cladding. This can give a direct way to control light propagation in the dual-core fiber, leading to MEMS-
type functionality in the system. 



 
 

 

 

2. FIBER DESIGN  

2.1 Optical properties of the fiber 

Our nanomechanical optical fiber consists of two elliptical guiding cores independently suspended by thin and flexible 
glass membranes in a central air hole as schematically shown in Figure 1a. This fiber structure allows the cores to move 
with respect to each other. The cores are separated by a small air gap, remaining optically coupled through their 
overlapping evanescent fields. The fiber modal structure depending on the core size and the air gap between cores was 
analyzed by a full vectorial Finite Element Method (FEM) using Comsol Multiphysics® (RF module). We assumed a 
fiber made of lead silicate glass (Schott F2, refractive index n=1.6) and a wavelength of 1550 nm.  

A fiber core size of 0.8×2 µm was assumed in the calculations taking the dimensions of a previously fabricated fiber14, 
an SEM picture of which is shown in Figure 1a. Analysis of the modal structure shows that the individual fiber core 
supports four modes. The lowest order TE- and TM-like modes with predominant horizontal and vertical polarization, 
respectively, are shown in Figure 1b. When two cores are placed close to each other, the individual core modes become 
coupled, forming symmetric and antisymmetric superposition modes (or ‘supermodes’, see inset in Figure 1c), and their 
effective indices split. The supermode indices are highly sensitive to the air gap between the cores, g, with the mode 
index difference between the symmetric and antisymmetric supermodes decaying approximately exponentially with g, as 
shown in Figure 1c. Thus, by changing the separation between the cores it is possible to control the effective mode 
indices and in this way to tune the fiber optical properties. 

We also analyzed the range of mode index variation depending on the core dimensions. The core width was varied in the 
range from 0.5 to 1 µm, keeping the core aspect ratio (core length to width) fixed at 2.5. The air gap in these calculations 
was varied between 0 and 2.5 µm. The variation of the mode index difference between the symmetric and antisymmetric 
TE00 modes induced by one nanometer gap change is shown in Fig 1d. For the TM00 mode a qualitatively similar 
behavior is found in the studied parameter region. By decreasing the individual core size the coupling strength and hence 
mode index difference increases, as the mode field spreads outside the cores. This figure clearly maps a range of fiber 
parameters where the index difference between symmetric and antisymmetric modes varies substantially with the gap 
size (of the order of 10-3-10-4 for a nanometer gap variation) which allows for significant NEMS-type functionality. 

 

Figure 1. (a) Schematic of a fiber cross section and SEM image of a fabricated fiber. (b) Electric field distribution and 
predominant polarization of TE- and TM-like fundamental modes in a single core. (c) Effective mode indices of the TE00 
and TM00 supermodes (solid and dashed lines correspond to symmetric and antisymmetric modes) and mode index 
difference between symmetric and antisymmetric modes of the dual core fiber with core size of 0.8×2 µm depending on the 
air gap between the cores. Inserts: Symmetric and antisymmetric TE00 supermodes. (d) Variation of mode index difference 
between symmetric and antisymmetric TE00 mode induced by 1 nm gap variation for a range of core sizes and air gaps.  



 
 

 

 

2.2 Mechanical properties of the fiber 

Neglecting the guiding cores, the supporting membranes can be modeled as doubly clamped beams, and using the 
classical Euler-Bernoulli beam equation17 we get the core displacement induced by a unit force per unit fiber length, 
∆g/F, as:  

 

3
1

2
m

Lg

F E h

∆
=  

 
 

, (1) 

where Lm is the membrane half-length and h is its thickness, E is Young’s modulus of the material. The induced core 
displacement is entirely determined by the supporting membrane material and dimensions and can thus be tailored by 
optimizing the fiber mechanical properties. Using Equation (1) for a membrane with 2Lm = 25 µm, and h = 0.1 µm, made 
of F2 glass (E = 57 GPa) we find that a force of 10-3 N/m can move a core by 17 nm. By making the membrane half as 
thick or twice as long, it is possible to increase the fiber mechanical response by almost an order of magnitude. The 
mechanical vibration frequency scales with the membrane size as f ~ h/Lm

2. However, it also depends on the core 
dimensions, since a large core with higher mass decreases the vibration frequency. For the previously reported fabricated 
range of fiber dimensions, the vibration frequencies were in the range of 0.5 – 10 MHz13,14. 

2.3 Electrostatic actuation and electrode design 

To induce electrostatic actuation of the nanomechanical optical fibers we consider metallic wire electrodes in the fiber 
cladding. Two mechanisms were found to contribute significantly19. The charged electrodes induce electrical dipoles in 
the fiber cores and subsequently create gradient forces on them due to the non-uniform background field, which are also 
known as dielectrophoretic forces20.  The induced dipoles of the two cores also interact directly through the dipole-dipole 
interaction that becomes dominant over short distances. In the following these two forces are described separately. 

We first present a simplified analytical model to qualitatively characterize the electrostatic forces generated by a non-
uniform electric field E0 on dielectric waveguide cores of circular cross-section. In particular, we concentrate on the 
relative force between the two cores depending on the distance d between their centers. The dielectrophoretic force, Fel, 
depends on the external field gradient as 
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were a is the core cross section and ε is the material dielectric constant. Thus, the relative force to lowest order in d 
dependents on the second derivative of the field squared and is linearly proportional to d: 
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The dipole-dipole attractive force between the cores with induced dipole moments p1 and p2 (projection on axis y 
connecting the two cores) is proportional to d -3: 
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Noting that the background field strength E0 is linearly proportional to the voltage applied to the electrode, both forces 
and, hence, the induced core displacements are proportional to the square of the voltage. 

In the simplest geometry, we consider a single electrode of 15 µm diameter introduced into the fiber cladding with a 4 
µm separation between the electrode edge and the central air hole edge (see Figure 2c). The electric field strength 
generated inside the central air hole was calculated numerically using the electrostatic module of Comsol Multiphysics®. 
The material dielectric permittivity ε~10 (typical for lead silicate glasses) was assumed. The electric field strength was 
then substituted into Equations (2) – (4). The corresponding dielectrophoretic forces acting on the top and bottom cores, 
the dipole interaction force, and the total forces acting on each of the cores depending on the separation between them at 
a fixed voltage are shown in Figure 2a. For small distances between the core centers, the attractive dipole-dipole 
interaction dominates. The absolute value of the total force decreases rapidly with increasing distance as predicted by 



 
 

 

 

Equation (4). At larger distances the interaction with the external field dominates, and both cores are pulled into the same 
direction, towards the wire, but with slightly different forces. The force acting on the top core is larger than the force 
acting on the bottom core due to the difference in the external field gradient. So, for large gaps the relative force pulls the 
cores apart with a magnitude that increases linearly with increasing separation between the cores as predicted by 
Equation (3). Note that for this electrode geometry an intermediate distance exists where both cores experience the same 
force, so the relative separation between the cores does not change regardless of the magnitude of the applied voltage. 

Next, we investigate how electrostatic forces depend on core dimensions. Figure 2b demonstrates electrostatic forces 
calculated for a fiber with smaller core sizes, namely 0.6×1.2 µm. The relative forces are compared in Figure 2d. In 
general, the absolute value of the forces is lower for the smaller cores. The analytical model suggests that the 
dielectrophoretic force depends linearly on core cross-section, a, while the dipole-dipole interaction force is proportional 
to a2, (see Equations (2) and (4)). A larger difference is thus observed at smaller distances where the displacement is 
caused by the dipole-dipole attraction. Moreover, the point where the effects of the dielectrophoretic forces and the 
dipole-dipole forces cancel and the relative force is zero occurs at a smaller distance. 

Equations (2) – (4) can be used to analyze the effect of the material dielectric constant on the induced forces. Figure 2d 
compares the absolute value of the relative forces for fibers of the same core size and made of different glasses (lead 
silicate glass and silica glass). The dielectric constant is included in Equations (2) – (4) in the ratio ( 1) / ( 1)ε ε− + , 

which at 1ε >>  becomes independent of ε and converges to 1. For smaller ε the ratio is less than 1, and the electrostatic 
forces thus decrease. Moreover, having a material with a lower dielectric constant around the central air hole decreases 
the field strength inside the hole. The electric field squared in the middle of the air hole calculated for the lead silicate 
and silica glasses are 1.60 and 1.31 V2 µm-2, and the corresponding first and second derivatives of |E0|

2 are 0.14 and 0.11 
V2 µm-3, and 0.017 and 0.016 V2 µm-4, respectively. Overall, Figure 2d thus shows a decrease in the relative force for a 
lower-index glass. 

 

Figure 2. Electrostatic forces per unit fiber length acting on the top and bottom core depending on the initial distance 
between core centers calculated for fibers made of lead silicate glass with one electrode and core size of 0.8×2 µm (a) and 
0.6×1.5 µm (b). (c) Fiber electrode geometry and electric field profile. (d) Relative force between two cores calculated for 
different core sizes and fiber glasses. A voltage of V = 50 Volts is assumed in all calculations. 

The analytically calculated forces acting on the cores could be used to calculate the induced displacements of the cores 
using Equation (1). However, as was shown in our recent work19, membranes perform not only the passive role of 
supporting the cores but, being made of the same material as the cores, they can also be polarized and experience forces. 



 
 

 

 

Moreover, even if the membranes are much thinner than the cores, owing to their long lengths the membrane lateral 
cross-sections can be comparable to or even larger than the core areas with a correspondingly significant contribution to 
the forces. This makes the mechanical deformation mode of membranes more complex than bending of a doubly 
clamped beam. To account for these effects, we calculated core displacements using fully numerical FEM simulations in 
the MEMS Module of COMSOL Multiphysics®. Here we again assumed elliptical cores of size 0.8×2 µm and 
supporting membranes of thickness 0.1 µm and length 25 µm. This module calculates both the electrostatic forces 
distributed along the membranes and cores and the induced deformation of movable parts of the system. The model 
suggests that the core displacements induced by a single electrode is small, making the relative core displacements even 
smaller (see Figure 3b). The electrostatic forces, and hence the core displacements, can be maximized by increasing the 
electric field gradient. We thus investigated alternative fiber geometries with three and four electrodes in the vicinity of 
the fiber core (see Figure 3a). The square of the electric field strength, and the first and second derivative of |E0|

2 in the 
center of the air hole (at x = 0 and y = 0) are given in Table 1. The comparison between relative displacements of the 
cores for all electrode geometries depending on the initial distance between the core centers is shown in Figure 3b.  

Table 1.  Electric field squared and the first and second derivative of the electric field squared in the center of the air hole 
calculated for electrode geometries shown in Figures 2c and 3a. 

Fiber geometry |E0|
2, V2 µm-2 

∂(E0
2)/∂y, V2 µm-3 ∂

2(E0
2)/∂y2, V2 µm-4 

1 electrode 1.60 0.14 0.017 

3 electrodes 11.12 1.03 0.045 

4 electrodes 0 0 0.412 

 

 

Figure 3. (a) Three-, and four- electrode configurations and electric field profile created inside the fiber. (b) Relative core 
displacement depending on the distance between their centers calculated numerically for fibers with the core size of 0.8×2 
µm and supporting membranes of 0.1 µm thickness and 25 µm length. In all calculations V = 50 Volts. 

Despite a significantly larger field and field gradient generated by three electrodes in comparison to one electrode, an 
improvement in the absolute value of the relative core displacement is observed only for small distances. The second 
derivative of |E0|

2 is hardly larger, suggesting only a small increase of the relative movement between the cores, Equation 
(3). This means that the dielectrophoretic forces acting on the individual cores in the three-electrode geometry are much 
higher than those in the one-electrode configuration, but they move both cores in the same direction and hence give a 
small relative core displacement in a fiber with identical membranes. However, if one of the supporting membranes is 
stiffer than the other, similar forces introduce different displacements of the cores (see Equation (1)). This is 
demonstrated by numerical simulations of a fiber where the bottom membrane is twice as thick as the top one. An 
improvement of the relative core displacement by more than an order of magnitude is demonstrated by this method (see 
Figure 3b). Further increase of the membrane thickness can lead to the case where the bottom core does not move at all. 



 
 

 

 

The relative core displacement then is determined by the force acting on the other core, and a further increase in the 
relative core displacement is shown in the figure in this case. 

The four-electrode configuration yields qualitatively and quantitatively different behavior of the relative core 
displacement. This geometry generates an electric quadrupole field with zero field strength at the center of the fiber. 
Thus for small core separations, no dipole moments are induced and thus the dipole-dipole interaction vanishes. The 
displacements of the cores are therefore always dominated by the dielectrophoretic forces. The field gradient changes 
sign in the middle of the air hole, and the dielectrophoretic forces act in opposite directions if the cores are placed at the 
center of the fiber. The quadrupole field also exhibits the largest second derivative of |E0|

2 (see Table 1) leading to the 
largest relative forces and hence the largest core displacements of all geometries at the same voltage V for distances 
above 1.5 µm. Relative core displacements greater than one nanometer are predicted in this case, which would be 
sufficient to introduce changes to the optical properties. 

 

3. OPTICAL SWITCHING IN A DUAL-CORE FIBER  

As an example of fiber NEMS functionality, we demonstrate an optical switch based on the dual core fiber. The two 
fiber cores form a directional coupler. If an optical signal is launched into one of the cores, it will continuously switch 
between the cores while propagating along the fiber. The beat length, Lb, (propagation distance at which the light 
transfers from one core to the other and back) depends on the mode index difference between the symmetric and 

antisymmetric supermodes, ns and na, and the wavelength λ  as / ( )
b s a

L n nλ= − . As was shown above, moving the 

cores even by a sub-nanometer distance has a noticeable effect on supermode indices. Thus, varying the gap size changes 
the beat length of the coupled core modes and the output at the fiber end can be switched continuously between the two 

cores. The required change of the air gap 
s

g∆  to switch light to the other core and back in a fiber of length L is given by 
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where the variation of the mode index difference with gap ( ) /
s a

n n g∂ − ∂   was given in Figure 1d. We also note from 

Equation (5) that 1 /sg L∆ ∝ , meaning increased fiber sensitivity to core movement with an increase of its length. Figure 

4 shows the output of one core calculated for a 10 cm long fiber with the four-wire geometry, core size of 0.8×2 µm, and 
initial edge-to-edge separation of 0.7 µm. In this configuration, a complete switch of the light from one core to the other 
can be achieved at ~±25 Volts for the TM00 mode and ~±30 Volts for the TE00 mode inducing a relative core 
displacement of approximately 0.3 nm. For a shorter, 2.7 cm piece of fiber the optical switch requires higher voltage of 
~±50 Volts, which will introduce a core displacement of 0.9 nm.  

 
 

Figure 4. Variation of output intensity from one of the cores depending on applied voltage for a fiber with four wire 
geometry and with 0.7 µm initial air gap between the cores. A fiber length of L = 10 cm was assumed in the calculation. 
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4. FIBER FABRICATION AND CHARACTERIZATION 

Based on the analysis above, we focused on the fabrication of a dual core fiber with quadrupole electrode configuration. 
Lead-silicate glass (Schott F2) was selected as a fiber core material and low melting temperature tin for the electrode 
wires. A dual core preform for the fiber central part was fabricated by the extrusion technique using a custom-designed 
stainless steel die. The preform was then drawn into a fiber cane13,14. To assemble the quadrupole electrode 
configuration, the cane was surrounded by four glass tubes filled with tin wires in the middle of a F2 jacket tube 
(10/8mm OD/ID). Four extra glass rods were added to secure the position of the cane and electrode wires, as shown in 
Figure 5a. 

The multi-material stacked preform was drawn into a fiber in two steps on a fiber drawing tower. In the first step, the 
preform was pre-heated to a temperature above the melting temperature of tin (230ºC) for 60 minutes. The melted tin 
condensed down to the bottom of the preform, removing air bubbles between the metal and the glass, thus avoiding 
discontinuous wires in the fiber. In the second step, the fiber was fabricated using a drawing temperature of 730ºC.  

An SEM image of the first fiber sample is shown in Figure 5b. The fiber OD is 200 µm and the average diameter of the 
four tin wires is 50 µm. Tens of meters of fiber were fabricated with relatively uniform cores and continuous electrodes 
along the fiber. The total resistance of the four electrodes was measured to be 19.6 Ω/m. The dual core structure is well 
centered between the four electrodes. Figure 5c shows a magnification of the two suspended cores in the center of the 
fiber. From this, we obtain the dimensions of the fabricated structure: The core size is 2.0×3.1 µm, the membranes are 12 
µm long and 500 nm thick, and the air gap between the cores is ~200 nm. The optical loss of the fiber measured by the 
cut-back method for TE and TM polarizations was found to be 2.5 and 4.8 dB/m respectively.  

    

Figure 5. (a) Stacked preform of the dual core fiber with quadrupole metal electrodes; (b) SEM picture of the fabricated 
fiber, scale bar is 10 µm. (c) Magnification of the fiber central part demonstrating two suspended cores, scale bar is 2 µm. 

We modified the geometries in the optical and electromechanical numerical models to resemble the actual fabricated 
fiber from Figure 5. The analysis of the fiber optical modes shows that even though the core dimensions are relatively 
large, their close position ensures good optical coupling between the cores. A variation of the index difference between 
symmetric and antisymmetric TE polarized supermodes of 2.5×10-5 is expected with a nanometer change of the air gap. 
However, the supporting membranes in these first fabricated fibers turned out to be too stiff to allow for sufficient core 
movements at realistic voltages. The electromechanical model suggests that a voltage higher than ±200 Volts has to be 
applied to the electrodes to observe switching in a 50 cm long piece of the fiber. This voltage, however, generates an 
electric field inside the fiber well above the dielectric strength of air and will thus lead to dielectric breakdown. Using the 
numerical model we found that by reducing the membrane thickness to 200 nm and increasing its length to 25 µm the 
switching voltage could be reduced to more realistic ±35 Volts.  

Our next attempts will thus focus on adjusting the fabrication process in order to reduce the mechanical stiffness by 
making the membranes longer and thinner. The SEM image in Figure 5b suggests that the size of the central part with the 
suspended cores is not yet restricted by the electrodes. Membranes of the required dimensions have also been fabricated 
previously, thus we expect that pressurizing the fiber cane during the drawing process will help us to achieve the target 
fiber dimensions.   
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5. CONCLUSIONS 

In conclusion, we have investigated the concept of electrostatic actuation of nanomechanical optical fibers with 
integrated electrodes. A fiber structure that allows for control of the optical properties by mechanical reconfiguration 
through nanometer-range core movements has already been demonstrated before13. For electrostatic actuation of the 
fiber, charged electrodes are embedded in the fiber cladding. These generate a non-uniform electric field inside the fiber 
which polarizes the fiber cores and generates forces on them. At small separations between the cores, the dipole-dipole 
interaction between the two cores is found to be the dominant force, while at larger separations the interaction with the 
external field dominates. By using a simplified semi-analytical model we investigated the force dependence on the core 
dimensions and on the dielectric material properties. In particular we have shown that cores made of a glass with high 
dielectric permittivity (such as lead silicate glass) will experience higher electrostatic forces than silica glass cores. To 
increase the forces acting on the cores and hence their displacement, we suggested geometries with three and four 
electrodes around the central air hole. In particular, the quadrupole geometry was shown as the most promising design. 
Our results suggest that core displacements in the nanometer-range can be generated. As an example, we simulated the 
possibility of all-fiber optical switching in a 10cm long fiber with an operating voltage of 25 - 30V.  

We also reported the fabrication process of dual core fibers with integrated electrodes. A multi-material fiber draw 
technique is employed for fabricating a fiber with a well-defined dual core structure in the middle and four continuous 
metal electrodes in the cladding. However, the central mechanical part of the first fiber appears to be too stiff to allow for 
electrostatically induced reconfiguration. Further improvement of the fabrication method will focus on controlling the 
dimensions of the fiber central structure. In particular a method of reducing the stiffness of the supporting membranes by 
making them thinner and longer will be developed. 
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