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Abstract: Nanomechanical optical fibers with metal electrodes embedded in the jacket 

were fabricated by a multi-material co-draw technique. At the center of the fibers, two glass 

cores suspended by thin membranes and surrounded by air form a directional coupler that 

is highly temperature-dependent. We demonstrate optical switching between the two fiber 

cores by Joule heating of the electrodes with as little as 0.4 W electrical power, thereby 

demonstrating an electrically actuated all-fiber microelectromechanical system (MEMS). 

Simulations show that the main mechanism for optical switching is the transverse thermal 

expansion of the fiber structure. 

Keywords: micro-structured optical fibers; optical fiber sensors; all-optical fiber devices; 

optical switching 

 

1. Introduction 

Microstructured optical fibers (MOF) have been designed in a large variety of geometries. Most 

common structures are based on hexagonally stacked geometries with solid cores, but various specialty 

fibers, e.g., suspended-core [1], suspended-web [2] or hollow-core fibers [3,4], have also been 

demonstrated. Many of these efforts were focused on control of dispersion, enhancement of the 
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nonlinearity, reduction of the fiber transmission loss, or increase of sensitivity to environmental conditions 

in single-material MOFs [5]. Multi-material MOFs have also been developed for added functionality, 

e.g., hollow-core fibers filled with liquids [6] or gases [7] for sensing, with gases for high-power pulse 

compression [8,9] and nonlinear effects [10,11], with semiconductors for electronic functionality [12], 

and with integrated electrodes [13,14] and liquid crystals [15] for optical switching. 

Optical fibers with optical properties that can be externally controlled after fabrication could open 

up a new range of applications, in particular in telecommunications, sensing, and imaging, following 

the successful model of chip-based microelectromechanical systems (MEMS) [16]. An example of 

such a reconfigurable fiber is the dual suspended-core nanomechanical optical fiber [17], which consists 

of two independent cores suspended by thin membranes and surrounded by air. The cores interact with 

each other via their evanescent optical fields; thus, mechanically changing the core-to-core separation 

modifies the optical coupling length and allows for active control of the propagating light. Various 

mechanisms have already been proposed to achieve this actuation. In [17], optical switching was 

demonstrated by pressurizing the gas-filled holes of the fiber. With just an 8-nm change of the core 

separation optical switching of the light at the fiber output from one core to the other was observed. 

Alternative mechanisms to induce optical switching that have been proposed for such fibers are 

electrostatic actuation [18] and optomechanical forces [2]. For many applications, forms of electrical 

actuation are preferred [12–15,18], but operation at low voltages/low powers would often only be achieved 

by placing electrically conducting electrodes close to the optically guiding cores, i.e., by embedding 

metals into the fiber. 

Here we report the fabrication of nanomechanical optical fibers with integrated electrodes by a 

multi-material co-draw technique: a dual suspended-core structure fabricated in lead-silicate glass 

(Schott F2) at the center of the fiber is surrounded by four tin electrodes. Using these fibers, we then 

demonstrate a novel electrically-induced actuation mechanism whereby electric current in the electrodes 

leads to Joule heating of the fiber by a few degrees Celsius, sufficient to modify the transmission 

properties of fibers of approximately 0.5 m length. 

This design opens new possibilities for applications of optical fibers as MEMS [16]. Such MEMS-type 

fibers are transmitting light in the same way as standard fibers, but simultaneously they can perform 

some active signal processing functionality, such as switching or modulating, thereby avoiding e.g., 

the use of chip-based micromirrors and microlenses. Moreover, because of the long propagation length 

of fibers compared to integrated devices, already nanometer-scale actuation is sufficient to achieve 

observable effects [17,18]. 

2. Fabrication of Nanomechanical Optical Fibers with Embedded Metal Electrodes 

The electrode-embedded nanomechanical optical fiber was fabricated in several steps: 

(i) A dual-core glass preform was fabricated in Schott F2 glass, which has a refractive index of  

n0 = 1.595 at an operating wavelength of 1550 nm leading to tighter mode confinement than 

silica [19]. Because of the low softening temperature of F2 glass (592 °C), glass extrusion with 

a stainless steel die could be used for preform fabrication, similar to the previous fabrication of 

other high-precision specialty fiber preforms based on compounds glasses including lead-silicate 

glasses [20], tellurite glasses [21] and chalcogenide glasses [22,23]. 
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(ii) The preform was then drawn into a smaller dimension cane of 2 mm diameter; see Figure 1a. 

Figure 1. (a) Dual suspended-core cane; (b) Stacked preform with the cane in the center 

and four tin rods in glass tubes; (c) SEM picture of the dual-core fiber 1 with embedded 

metal electrodes after drawing. The length of the membranes is 12 μm, and the gap between 

the two cores is 200 nm; (d) Detail of the cores in the blue square of (c); (e) Advanced X-ray 

computed tomography image of the fiber, electrodes in yellow and glass in blue. 

 

 

 

(iii) In the next step, a multi-material preform was then assembled: The dual-core cane was placed 

in the middle of a F2 jacket tube (10/8 mm OD/ID) and surrounded by four glass tubes filled 

with tin rods (melting temperature 232 °C), as shown in Figure 1b. Four extra F2 rods were 

used to fill the gaps between the jacket and the tubes and to secure the position of the cane. 



Materials 2014, 7 5594 

 

 

(iv) Under nitrogen purging conditions this preform was then pre-heated to a temperature above  

the melting temperature of tin for 60 min in order to melt the tin and condense it down to the 

bottom of the preform. This step was found to be critical to minimize air bubbles between the 

metal and the glass, thus avoiding discontinuities of the tin electrodes along the fiber. 

(v) Finally, the preform was drawn into fiber using a drawing temperature of 730 °C [24]. Two 

different fibers from different preforms were fabricated with this method. Figure 1c shows a 

scanning electron microscopy (SEM) picture of one of the fibers with the two suspended cores 

clearly seen in the center; a magnified picture is shown in Figure 1d. We note that the fiber is 

not perfectly symmetric due to a small asymmetry of the stacked preform and slightly 

insufficient pressure being applied to the core structure during fiber drawing. Table 1 summarizes 

the dimensions of the two fibers. 

Table 1. Dimensions of the fibers used for the optical experiments. 

Fiber Core size (μm) Gap (μm) Membrane thickness × Length (μm) 

Fiber 1 2.0 × 3.1 0.2 0.5 × 12 

Fiber 2 2.0 × 3.0 0.5 0.6 × 15 

For both fibers the average diameter of the four tin electrodes is 50 μm. It was confirmed that  

the electrodes are continuous over tens of meters by measuring the electrical resistance along the  

fiber. Images produced by X-ray computed tomography also showed that the tin electrodes filled  

the glass tubes without air bubbles, see Figure 1e. The optical loss of fiber 1 was measured for TE and  

TM polarizations (parallel and orthogonal to the membranes, respectively) as 2.5 and 4.8 dB/m.  

The loss mechanisms are expected to be the intrinsic loss of lead-silicate glasses (1 dB/m at 1.55 μm) 

and scattering due to surface roughness. The latter affects the TM mode more since this mode has 

larger optical fields at the core surfaces, leading to larger losses than for the TE mode. 

3. Optical Characterization 

For the optical characterization of the fiber under electrical actuation, both ends of the fiber were 

carefully cleaved, removing the glass part but leaving the four electrodes for connecting purposes. The 

ends of the fiber were placed on two metallic V-grooves and fixed with magnets in such a way that the 

fiber was not bent or twisted along its length. 

A diagram of the experimental setup for the optical characterization is shown in Figure 2. Linearly 

polarized light from a 1550 nm wavelength pigtailed laser diode (2 mW) was focused into one of the 

cores with a microscope objective (L1) with 40× (or 60×) magnification and numerical aperture  

NA = 0.65 (or 0.75). At the output, a 100× long working distance objective (L2) with NA = 0.85 was 

used to image the output beam onto a CCD camera (SCOR-20-1550, Ophir-Spiricon Inc., Logan,  

UT, USA). 

The four electrodes at each end were connected to the V-groove using silver paint and two copper 

wires coming from the power supply were soldered to each V-groove. In this way, one side of the 

metal electrodes was connected to the positive side of a power supply, and the other side of the metal 

electrodes was connected to the negative. 
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Figure 2. Setup for optical characterization of the dual-core fiber. CL: collimating lens; 

λ/2: half-wave plate; L1, L2: microscope objective lenses. 

 

3.1. Experiments with Fiber 1 

We first performed experiments with a piece of fiber 1 in Table 1 of 65 cm length. When the voltage 

of the source was varied, the current showed a linear Ohmic response with a total resistance of 11 Ω. 

Light was coupled into the fiber using the 40× objective as lens L1 (Figure 2). The polarization state was 

chosen normal to the membranes (TM polarization) because of the slightly stronger core-to-core 

coupling and thus higher switching contrast of this mode compared to that of TE polarization. 

At room temperature, the guided light pattern shown on the CCD camera was stable. As the electric 

power increased and the fiber was therefore slowly heating up, a noticeable switching of light between 

the cores was observed, see Figure 3a. A sequence of light patterns was recorded consisting of 16 frames 

at 7.5 frames per second for each electric power level. The maximum intensity of light in each core 

was extracted from the 16 Gaussian profiles, averaged and normalized to the sum of intensities in both 

cores. The starting contrast was 0.55/0.45 (upper/lower core). As the electric power increased, a 

change in intensity of the light in each core was observed, see Figure 3a, reaching a maximum contrast 

of 0.38/0.62 at 0.4 W of electric power. The maximum applied electric power was 0.9 W where instabilities 

in the output light pattern and light coupling to higher order modes were observed. As shown in  

Figure 3a, an increase of power of 0.7 W was required to switch between the two points where both 

cores show the same output intensity. This behavior was repeatable, and the same results were 

observed when ramping the power up or down; no hysteresis effect was observed. 

The experiment was repeated with a different section of fiber 1. This piece was 70 cm long with 

13.4 Ω resistance and showed optical switching performance very similar to the previous piece of 

fiber. Again, the instability of the recorded output field pattern was observed at higher electrical powers 

(>0.6 W). However, we found experimentally that by decreasing the incident optical power four times 

with respect to the previous experiment (0.5 mW instead of 2 mW), the beam profile remained stable 

and we were able to increase the applied electric power up to 1.8 W, as can be seen in Figure 3b.  

The reason for this dependence of mode field stability on optical power is not exactly known at this 

time, yet we note that losses of 1 mW of optical power by material absorption in the fiber cores 

correspond to approximately 0.1 mW per μm
2
 of cross section, which is comparable to the electric 

heating power distributed over the much larger cross section of the electrodes. It is thus conceivable 

that laser light absorption, even at such low power levels, leads to small localized heating effects in the 

fiber cores which in turn modify the optical coupling length between cores and thus result in unstable, 

nonlinear back action on the light field distribution. 
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Figure 3. Normalized output intensity in the upper (black squares) and lower (red dots) 

cores as function of electric power for two different pieces of fiber 1 with fiber lengths of 

(a) 65 cm and (b) 70 cm. The intensity profiles shown were recorded with the CCD camera. 

  

(a) (b) 

With this reduced optical power, the fiber showed continuous switching with electrical power up to 

1.8 W with a maximum contrast of 0.38/0.62, Figure 3b. The switching shown in Figure 3b is not 

linear with power. The reason for this behavior is not fully understood, but it could be caused by a small 

temperature dependence of the launching conditions and/or by interference of higher order modes. 

However, both pieces of fiber 1 exhibited the same behavior from 0 to 0.9 W indicating that the results 

are repeatable with different fibers of similar dimensions. 

3.2. Experiments with Fiber 2 

As discussed in more detail in Section 4, we explain the observed optical switching by the thermal 

expansion of the fiber structure due to Joule heating by the electric current. In order to confirm this 

thermal mechanism, we carried out another set of experiments to compare the optical switching achieved 

by electric current applied to the electrodes and by external heating of the fiber. Here we used a 68-cm 

length of fiber 2 with a total resistance of 14 Ω and the 60× objective was used as lens L1 to couple 

TM-polarized light into the fiber. 

A cylindrical heater was designed such that a fiber placed at the axis of the heater could be 

uniformly heated. The heater is 45 cm long and 8 mm in diameter, and it can be controlled in steps of 

0.1 °C up to a maximum of 50 °C. A thermocouple measures the temperature in the middle of the 

heater. The two experiments, heating the fiber via the electrodes and externally, were carried out one 

after the other with the fiber placed inside the heater. First, the fiber was heated by applying electric 

current and then, after cooling, the temperature of the heater was increased. 

The resulting output intensities from the two cores for the current heating are shown in Figure 4a. 

As can be seen in Figure 4a, the starting output contrast is nearly 0.50/0.50. The initial temperature for 

this experiment was 22.5 °C. At low electric power levels (<0.4 W) small changes of the intensity  

in the two cores are recorded, which increase to the largest observed contrast of 0.65/0.35 at 0.7 W 

electric power. The electric power needed to switch from one core to the other is 0.427 W. 
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The measurement results for switching by external heating are shown in Figure 4b. The room 

temperature had increased to 25.8 °C compared to the previous experiment, leading to a shift of  

the curves in Figure 4b with respect to those of Figure 4a, but otherwise the behavior observed in the 

two experiments is very similar. The largest contrast was found at 32 °C with external heating, i.e., a 

temperature change of 5.6 °C was needed to switch light between the two fiber cores. The equivalence 

of the two experimental results confirms that the change in temperature is in fact the switching 

mechanism for the electrically driven actuation of our dual-core nanomechanical fiber. It also provides 

an indirect measurement of the fiber core temperature increase with Joule heating in the electrodes  

(5.6 °C for 0.427 W). 

Figure 4. Normalized output intensity in core 1 (black squares) and core 2 (red dots) of 

fiber 2 as a function of (a) electric power; and (b) temperature. 

  

(a) (b) 

4. Modelling of Thermally Induced Switching  

The mechanism of optical switching in the dual-core fiber can be interpreted as follows.  

Being closely placed to each other, the optical cores are coupled through their evanescent fields, 

forming symmetric and antisymmetric superposition mode pairs for each polarization (TE and TM 

supermodes). Each of these modes is characterized by an effective mode index (ns and na denote 

symmetric and antisymmetric supermode index, respectively), which depends on the optical coupling 

strength between the two cores. If light is launched into a single core, both supermodes are excited and 

an interference pattern is formed along the length of the fiber, which is observed as light periodically 

switching between the cores. The beat length, Lb, the propagation distance at which the light transfers 

from one core to the other and back, depends on the mode index difference and the wavelength λ as  

Lb = λ/(ns − na). The fiber output thus depends on the total phase difference occurring between the 

supermodes along the fiber: 

δ 2π( ) / λs an n L   (1) 

where L is the fiber length. Modifying the fiber properties by some form of actuation leads to a change 

of δ, i.e., a shift of the interference pattern of the supermodes that is seen as a continuous switching of 

the light between the cores at the output. One switch (half of a duty cycle) corresponds to a phase 

difference variation of π. 
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By running an electric current through the electrodes, Joule heating raises the temperature of  

the fiber. Unlike the previous study where switching was induced by optical core deformations caused 

by the metallic electrode expansion [13], in our fiber the influence of the electrode expansion is suppressed 

by the air gaps between the electrodes and the optical cores. The electrodes rather act as an internal 

heater. Having four electrodes connected to the power supply ensures uniform temperature of the 

internal part of the fiber eliminating stress due to temperature gradient. Thus, we identify three other 

contributions to the variation of δ: A. Thermal elongation of the fiber leads to a larger propagation 

distance and hence increases the phase difference (assuming that the mode indices do not change);  

B. The increase of the material refractive index with temperature leads to stronger localization of the 

optical fields inside the cores and thus reduces core-to-core coupling, which in turn decreases the 

phase difference between the supermodes; C. Uniform thermal expansion in the transverse direction of 

the inner fiber structure increases both the core size and the air gap between the cores, again reducing 

the core-to-core coupling efficiency. As a result, the change of the phase difference dδ between the 

supermodes induced by a temperature variation dT can be summarized as: 

 
material transverse

index expansion

( ) ( )
δ 2 α / λs a s a

s a

n n n n
d L n n dT dT dT

T T


 
       

   
 

 (2) 

where α is the thermal expansion coefficient. The first term is positive, while the other two contribute 

with negative sign. 

To quantify the impact of these three effects in the dual-core fiber, we calculated effective mode 

indices for the fundamental symmetric and antisymmetric modes and variation of the mode indices 

induced by the effects A, B and C using a finite element method (Comsol Multiphysics [25]). The 

optical and thermal properties of F2 glass used in the calculations (refractive index n = 1.595 at 1.55 μm, 

thermal expansion coefficient α = 9.2 × 10
−6

 K
−1

, and thermo-optic coefficient dn/dT = 2.7 × 10
−6

 K
−1

) 

were taken from the data sheet of the glass manufacturer [26]. The simulations were performed for a 

range of core dimensions (core width varied from 1 to 2 μm, keeping the length to width ratio fixed  

at 1.5) and air gaps (varied from 0 to 500 nm). 

For this range of fiber dimensions the two cores are strongly coupled and the beat length was found 

to vary from a few tens of μm (for small cores and small gap) up to 1 mm (for large cores and large 

gap). The change of the phase difference dδ/dT between the TM supermodes induced by each of the 

three effects separately in a 50-cm long piece of fiber is shown in Figure 5a–c, while Figure 5d shows 

the total phase difference change caused by all of the effects. Similar results were also obtained for the 

TE supermodes. The figures show that the fiber sensitivity to temperature changes strongly depends on 

the core size and the air gap between the cores. Smaller cores and smaller core separations lead to 

stronger optical coupling between the cores and to larger sensitivity to temperature variations.  

As discussed above, effect A leads to an increase of δ with increasing temperature, while effects B and C 

decrease δ and the total phase difference change has a negative value. The contribution of the thermal 

expansion in the transverse direction (effect C) is approximately 2.5 times larger than the impact of the 

thermal elongation (effect A) and almost an order of magnitude larger than the effect of the material 

index change (effect B). 
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Calculations of the temperature of the cores required for switching the light from one core to the 

other for the TM and TE modes in a 50-cm long piece of fiber with a core size of 2 μm × 3 μm are 

shown in Figure 5e. The switching temperature varies from 5 to 25 K depending on the air gap between 

cores. This is of the same order of magnitude as the experimental switching temperature, but slightly 

larger. Note that following Equation (2) the phase change scales linearly with the fiber length and thus 

the required temperature change for optical switching is inversely proportional to the fiber length. 

Figure 5. (a–d) Variation of the phase difference dδ/dT for TM polarization with core size 

and air gap size in a 50 cm piece of fiber induced by thermal effects A, B and C, and by  

the sum of these effects; (e) Temperature required to observe an optical switch in a 50-cm 

piece of fiber with core size 2 μm × 3 μm. 

 

piece of fiber with core size 2 × 3 μm. 
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5. Discussion and Conclusions 

In this work we reported the successful fabrication of a new kind of multi-material MOF based on 

lead silicate glass with integrated tin electrodes by a co-draw technique. The fiber has a dual-core 

structure, with two elliptical cores being independently suspended by thin membranes. The optical 

coupling between the two cores is extremely sensitive to any structural changes, and thus the fiber can 

be used as a sensor or an integrated all-fiber switch. The embedded conducting electrodes allow for 

novel electric actuation mechanisms operating at low voltages and/or low power due to their close 

vicinity to the optically guiding cores. 

In previous work, we discussed two different methods of dual-core fiber actuation, mechanical  

and electrostatic. In the mechanical method one suspended core was moved by 8 nm by applying air 

pressure of ~100 mbar to one of the air holes through a slit in the cladding [17] leading to one optical 

switching cycle in a 40-cm long fiber. However, the mechanical method is slow and requires placing 

the fiber in a bulky pressure chamber. Alternatively, electrostatic MEMS-type actuation by induced 

electric dipole forces was proposed to allow for fast switching on a microsecond time scale [18].  

This method relies on applying electric voltages to electrodes embedded in the fiber jacket, but 

because of the weak induced forces at realistic voltages the method also requires very thin and long 

membranes (e.g., 0.1 μm × 25 μm) supporting the fiber cores, making this an extremely challenging 

fiber design for fabrication. The fibers presented in this paper exhibit the required metal electrodes 

close to the cores for this actuation mechanism, but the supporting membranes are too stiff given the 

dimensions of Table 1. Our simulations suggest that voltages higher than ±200 V would have to be 

applied to the electrodes to observe optical switching in a 50-cm long fiber, generating an electric field 

sufficiently strong to lead to dielectric breakdown of air in the fiber holes [27]. 

Here we demonstrated another electrically induced actuation method of the dual-core fiber based on 

Joule heating: by passing electric current through the embedded metal electrodes, the temperature of 

the fiber increases slightly, changing the coupling length between the fiber cores. Optical switching in 

~70 cm of fiber was observed by applying ~0.4 W of electric power. In a reference experiment using 

an external heater we found that a temperature difference of 5.6 °C is required to produce one optical 

switch. Numerical simulations further confirm the thermal origin of the actuation mechanism. The 

calculations suggest that in the range of the studied fiber dimensions the effect of thermal expansion in 

the transverse directions dominates over the change of material index with temperature and elongation 

of the fiber. This novel actuation mechanism has the advantage of working at relatively robust fiber 

geometries with thick membranes supporting the dual cores, but it requires Watt-level actuation 

powers and the switching time will be limited to the millisecond range by the thermal response time of 

the fibers. Further improvements of the fabrication technique will therefore be required to demonstrate 

dual-core optical fibers with longer and more flexible membranes for fast and low-power optical 

switching by electrostatic actuation. 

Acknowledgments 

We gratefully acknowledge support for this work from the Engineering and Physical Sciences 

Research Council (EPSRC) through funding for the EPSRC Centre for Innovative Manufacturing in 



Materials 2014, 7 5601 

 

 

Photonics, the “Photonic Hyperhighway” Programme Grant, and the “Tunable Optical Buffer” grant 

(EP/J012874/1). We also thank Wei H. Loh for his invaluable contribution to this work. 

Author Contributions 

Zhenggang Lian fabricated and characterized the optical fibers; Martha Segura performed the 

switching experiments; and Nina Podoliak performed the numerical simulations; Zhenggang Lian, 

Martha Segura, and Nina Podoliak wrote the paper; Xian Feng contributed to the discussion of the 

experimental results; Nicholas White contributed to design and building of the setup; and Peter Horak 

led the interpretation of the results and edited the paper. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Monro, T.M.; Warren-Smith, S.; Schartner, E.P.; Franois, A.; Heng, S.; Ebendorff-Heidepriem, H.; 

Afshar, S. Sensing with suspended-core optical fibers. Opt. Fiber Technol. 2010, 16, 343–356. 

2. Butsch, A.; Kang, M.S.; Euser, T.G.; Koehler, J.R.; Rammler, S.; Keding, R.; Russell, P.S. 

Optomechanical nonlinearity in dual-nanoweb structure suspended inside capillary fiber.  

Phys. Rev. Lett. 2012, 109, doi:10.1103/PhysRevLett.109.183904. 

3. Russell, P. Photonic crystal fibre. Science 2003, 299, 358–362. 

4. Fini, J.; Nicholson, J.; Windeler, R.; Monberg, E.; Meng, L.; Mangan, B.; DeSantolo, A.; 

DiMarcello, F. Low-loss hollow-core fibers with improved single-modedness. Opt. Express 2013, 

21, 6233–6242. 

5. Aref, S.; Amezcua-Correa, R.; Carvalho, J.; Frazão, O.; Caldas, P.; Santos, J.; Araújo, F.; Latifi, H.; 

Farahi, F.; Ferreira, L.; et al. Modal interferometer based on hollow-core photonic crystal fiber for 

strain and temperature measurement. Opt. Express 2009, 17, 18669–18675. 

6. Liu, S.; Wang, Y.; Hou, M.; Guo, J.; Li, Z.; Lu, P. Anti-resonant reflecting guidance in alcohol-filled 

hollow core photonic crystal fiber for sensing applications. Opt. Express 2013, 21, 31690–31697. 

7. Kornaszewski, L.; Gayraud, N.; Stone, J.M.; MacPherson, W.N.; George, A.K.; Knight, J.C.; 

Hand, D.P.; Reid, D.T. Mid-infrared methane detection in a photonic bandgap fiber using a 

broadband optical parametric oscillator. Opt. Express 2007, 15, 11219–11224. 

8. Nisoli M.; de Silvestri, S.; Svelto, O. Generation of high energy 10 fs pulses by a new pulse 

compression technique. Appl. Phys. Lett. 1996, 68, 2793–2795. 

9. Anderson, P.N.; Horak, P.; Frey, J.G.; Brocklesby, W.S. High-energy laser-pulse self-compression 

in short gas-filled fibers. Phys. Rev. A 2014, 89, doi:10.1103/PhysRevA.89.013819. 

10. Travers, J.C.; Chang, W.; Nold, J.; Joly, N.Y.; Russell, P.S. Ultrafast nonlinear optics in gas-filled 

hollow-core photonic crystal fibers. J. Opt. Soc. Am. B 2011, 28, A11–A26. 

11. Li, C.; Rishad, K.P.M.; Horak, P.; Matsuura, Y.; Faccio, D. Spectral broadening and temporal 

compression of ~100 fs pulses in air-filled hollow core capillary fibers. Opt. Express 2014, 22, 

1143–1151. 



Materials 2014, 7 5602 

 

 

12. Sazio, P.J.A.; Amezcua-Correa, A.; Finlayson, C.E.; Hayes, J.R.; Scheidemantel, T.J.; Baril, N.F.; 

Jackson, B.R.; Won, D.-J.; Zhang, F.; Margine, E.R.; et al. Microstructured optical fibers as  

high-pressure microfluidic reactors. Science 2006, 311, 1583–1586. 

13. Chesini, G.; Cordeiro, C.M.B.; de Matos, C.J.S.; Fokine, M.; Carvalho, I.C.S.; Knight, J.C.  

All-fiber devices based on photonic crystal fibers with integrated electrodes. Opt. Express 2009, 

17, 1660–1665. 

14. Zhang, W.Q.; Manning, S.; Ebendorff-Heidepriem, H.; Monro, T.M. Lead silicate microstructured 

optical fibres for electro-optical applications. Opt. Express 2012, 21, 31309–31317. 

15. Larsen, T.T.; Bjarklev, A.; Hermann, D.S.; Broeng, J. Optical devices based on liquid crystal 

photonic bandgap fibres. Opt. Express 2003, 11, 2589–2596. 

16. Craighead, H.G. Nanoelectromechanical systems. Science 2000, 290, 1532–1535. 

17. Lian, Z.; Horak, P.; Feng, X.; Xiao, L.; Frampton, K.; White, N.; Tucknott, J.; Rutt, H.; Payne, D.N.; 

Stewart, W.; et al. Nanomechanical optical fiber. Opt. Express 2012, 20, 29386–29394. 

18. Podoliak, N.; Lian, Z.; Loh, W.H.; Horak, P. Design of dual-core optical fibers with NEMS 

functionality. Opt. Express 2014, 22, 1065–1076. 

19. Ebendorff-Heidepriem, H.; Warren-Smith, S.; Monro, T. Suspended nanowires: Fabrication, 

design and characterization of fibers with nanoscale cores. Opt. Express 2009, 17, 2646–2657. 

20. Mairaj, A.K.; Feng, X.; Shepherd, D.P.; Hewak, D.W. Channel waveguide lasers in a lead silicate 

glass fashioned using the extrusion technique. Appl. Phys. Lett. 2004, 85, 2727–2729. 

21. Ebendorff-Heidepriem, H.; Kuan, K.; Oermann, M.; Knight, K.; Monro, T. Extruded tellurite 

glass and fibers with low OH content for mid-infrared applications. Opt. Mater. Express 2012, 2, 

432–442. 

22. Savage, S.D.; Miller, C.A.; Furniss, D.; Seddon, A.B. Extrusion of chalcogenide glass preforms 

and drawing to multimode optical fibres. J. Non Cryst. Solids 2008, 354, 3418–3427. 

23. Lian, Z.; Li, Q.Q.; Furniss, D.; Benson, T.M.; Seddon, A.B. Solid Microstructured chalcogenide 

glass optical fibers for the near- and mid- infrared spectral regions. IEEE Photonics Technol. Lett. 

2009, 21, 1804–1806. 

24. Bayindir, M.; Sorin, F.; Abouraddy, A.F.; Viens, J.; Hart, S.D.; Joannopoulos, J.D.; Fink, Y. 

Metal-insulator-semiconductor optoelectronic fibres. Nature 2004, 431, 826–829. 

25. Comsol Multiphysics 4.3a. Available online: http://www.comsol.com/ (accessed on 25 July 2014). 

26. Schott Optical Glass Datasheet (2011). Available online: http://www.schott.com/ (accessed on  

25 April 2013). 

27. Podoliak, N.; Lian, Z.; Segura, M.; Loh, W.H.; Horak, P. Electrostatic actuation of nanomechanical 

optical fibers with integrated electrodes. SPIE Proc. 2014, 9128, doi:10.1117/12.2051215. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


