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Abstract: In this study, we present speed and displacement measurements of micro-fluid in a 
hollow-core optical fiber, where an optical interference signal is created by two guided beams 
reflected at a fixed facet and a moving fluid end. By counting the number of intensity oscillations of 
the signal, the movement of the fluid end is successfully traced with high accuracy. Furthermore, we 
could detect the change in curvature diameters of the fluid end depending on the flow direction by 
monitoring the visibility of the interference signal. 
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1. Introduction 

The measurement of fluid speed is an important 

technique widely required in many areas including 

industry [1], medicine [2], biology [3], and 

microfluidics. Among the various methods 

developed so far, non-invasive measurements using 

ultrasonic [4] or optical waves have been widely 

used for a flow in closed tubes that do not allow for 

a mechanical access of the fluid. When the fluid 

includes particles or bubbles to scatter optical or 

acoustic waves, the fluid speed can be measured 

using its transit time for a given distance or the 

amount of Doppler shift in the reflected wave [1]. 

Ultrasonic transit time flow meters measure     

the difference in the transit time of ultrasonic  

pulses propagating in and opposite the flow 

direction [5]. 

In this study, we report speed and displacement 

measurements of fluidic flow using optical 

interference. The interference occurs between the 

probe beam reflected at the moving fluidic end and 

the reference beam reflected at a fixed point. The 

number of oscillations in the interference signal 

corresponds to the distance that the fluid travels. 

This approach provides high accuracy at the optical 

wavelength [6] and does not require any scatterer in 

the fluid for speed measurement provided that the 

fluid end forms a well-defined boundary. One 

important requirement of this scheme is that the 

capillary or tube for the fluid flow should provide 

optical guidance with a tolerable loss. In our study, 

we use the hollow-core photonic bandgap fiber 

(HC-PBF) instead of a conventional capillary tube 

for low-loss delivery of the optical signal. The fiber 

has a hollow tube with a diameter of 20 μm that 

guides both fluid and light. The tube is surrounded 

by a honey-comb photonic crystal structure 

preventing optical leakage at the 1.55-μm 

wavelength band [7]. 

Received: 21 June 2017 / Revised: 26 September 2017 
© The Author(s) 2017. This article is published with open access at Springerlink.com 
DOI: 10.1007/s13320-017-0447-8 
Article type: Regular 



                                                                                             Photonic Sensors 

 

8

2. Experimental setup 

The experimental setup is shown in Fig. 1. The   

1-m-long HC-PBF (hollow core photonic band-gap 

fiber) is connected to a single-mode fiber by 

butt-coupling and a capillary tube with a 

hole-diameter of 20 μm by fusion-splice. Mercury is 

chosen as the fluid because of its low viscosity and 

high optical reflectivity [8]. A distributed-feedback 

(DFB) laser with a wavelength of 1550 nm is used as 

the optical source. The laser light is divided into two 

light beams after propagating through the circulator 

from Port 1 to Port 2. One of the light beams is 

reflected at the end of the single-mode fiber by 

Fresnel reflection [9], and the other beam is 

reflected at the end of mercury after propagating in 

the HC-PBF. The interference signal of the two 

beams is detected at Port 3. We use a micro syringe 

pump (Harvard Bioscience Co. PY2 70-2209) to 

control the position of the mercury end [10]. 
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Fig. 1 Schematic diagram of the system: (a) experimental setup, 

(b) cross-section of the HC-PBF used in the experiment, and  
(c) schematic of the optical fiber-capillary-syringe pump connection. 

The intensity of the interference beam is given 

as 
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where lΔ  is the distance between the end of the 
single-mode fiber and the end of the fluid, as shown 
in Fig. 2. Here, we assume that E2 has the same 

polarization as E1, and the effective refractive index 
of the fundamental mode in HC-PBF is 1. One cycle 
of the fluctuation in the interference signal 

corresponds to a fluid movement of Δl = λ/2 = 775 nm. 
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Fig. 2 Interference of two optical beams reflected at the facet 

of the single-mode fiber (E1) and fluid end (E2). 

The observed waveform of Itot for 300 s is shown 

in Fig. 3(a). The slow-varying waveform between 0 s 

and 100 s indicates the slow movement of fluid.  

Figure 3(b) shows the magnified waveform at 120 s, 

where signal fluctuation is caused by the interference 

of E1 and E2. The single-pass coupling loss of single 

mode fiber (SMF) to HC-PCF is 3.5 dB, and the 

reflection loss at the mercury end is 7 dB ‒ 10 dB, 

resulting in the total insertion loss of 14 dB ‒ 17 dB. 

 
(a) 

 
(b) 

Fig. 3 Interference signals: (a) detected optical signal with 
the fluid movement and (b) the corresponding magnified 
waveform. 
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3. Analysis of fluid movement 

By counting the number of oscillations, we 

could obtain the information about the position of 

the fluid end, as shown in Fig. 4(a). Figure 4(b) 

shows the velocity of the fluid, which is calculated 

by taking the time derivative of the position. 

Continuous injection of 100 nl mercury at a speed of 

100 nl/min for 80 s is followed by a suction of the 

same amount after an intermission of about 80 s. The 

fluid velocity during the injection is much faster and 

immediately responsive to the pumping. This 

happens because the injection pressure is applied 

directly by the syringe pump (the maximum pressure 

of 175 psi) while the suction relies solely on the 

atmospheric pressure (14.7 psi). The maximum fluid 

speeds are 4.3 mm/s and 1.0 mm/s during the 

injection and suction, respectively. The total travel 

distance of the fluid is about 200 mm. After the 

injection and suction of the same amount, the final 

position of the fluid is close to the starting point 

with an error of a few millimeters, indicating no 

significant fluid leakage in the system. 

The accuracy of the position measurement will 

be approximately a half of the laser wavelength in 

the ideal case. However, the interference signal can 

be affected not only by the fluid movement but also 

by the unstable laser wavelength or variation of the 

fiber length (Δl in Fig. 2) caused by mechanical 

vibration or temperature change of the fiber. Such a 

noise fluctuation of the signal should grow 

proportional to the fiber length Δl. We find that the 

signal is fluctuating at a rate of a few cycles per 

second for Δl = 1 m when the fluid is not flowing, 

indicating the signal noise is induced by the 

aforementioned reasons. This amount of noise 

fluctuation contributes an error of a few micrometers 

per second to the fluid velocity measurement. 

Therefore, the error of the position measurement 

grows with the measurement duration. If a 

measurement is performed for 100 s, the error in the 

fluid position will be a few hundred micrometers. 

Note that this error is relatively small compared with 

that of a conventional fiber optic interferometry 

using single-mode fibers, where the optical path 

length Δl varies significantly because of the strong 

temperature dependence of the core refractive index 

[11]. The use of a hollow-core fiber results in the 

reduced temperature sensitivity. 

 The maximum range of the fluid movement 

measurable with the current setup is determined by 

the linewidth of the laser because the interference 

fringes disappear when the round-trip path length of 

2Δl is longer than the coherence length of the laser. 

For the DFB laser with a bandwidth of 1.0 MHz,  

the maximum range of the measurement is      

110 m. 
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Fig. 4 Analysis of fluid movement based on the optical 

signals: (a) travel distance of the fluid obtained from the optical 
interference signal and (b) velocity of the fluid obtained by 
taking a time derivative of the distance data. 

4. Changes in curvature of fluid end 

Figure 5 shows the interference signal observed 

at the transition between the injection and suction 

modes. Note that there is a large difference in the 

interference visibility for the two modes, as well as 

periodic beating in the signal. The origin of the 

beating is the inference between spatial modes in the 

probe beam. The loss of the higher-order spatial 

modes is not large enough to consider the HC-PBF 

as a pure single-mode fiber in the short length of the 
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fiber. The magnitude of the beating could be 

diminished when the higher-order modes are 

suppressed by use of a longer length of HC-PBF. 

Now let us focus on the visibility changes after 

switching the flow direction. The best explanation 

for this is that the optical reflectivity (R2) is at the 

mercury end, and thus, the amplitude of |E2| changes 

between the injection and suction modes. R2 is 

dependent on the curvature of the end surface of the 

fluid. Because of surface tension, the fluid tends to 

form a spherical surface at the fluid end. However, 

when the fluid moves to the empty region in the 

injection mode, the advance of the fluid occurs near 

the central axis of the HC-PBF while the fluid will 

have zero velocity at the boundary with no slipping 

[12]. This fluid dynamics results in a more convex 

surface with a greater curvature. On the other hand, 

in the suction mode, the curvature decreases, and a 

flatter surface is formed at the fluid end. Such a 

behavior is observed everywhere in the whole length 

of HC-PBF depending only on the moving direction 

of mercury. Based on the experimental data, the 

optical reflectivity (R2) of mercury is calculated to 

be 18% and 11% for the suction and injection modes, 

respectively.  

2.0 

O
pt

ic
al

 in
te

ns
it

y 

1.0 

0.0 

1.5 

0.5 

70 80 95 
Time (s) 

75 85 90 100 105

Injection Transition Suction 

 
Fig. 5 Variation of the interferometric visibility of signal for 

the transition between the injection and suction modes. 

Here we try to estimate the radius of curvature of 

the mercury end resulting in the relatively low 

optical reflectance mentioned above. In the scalar 

wave approximation, the optical reflectance (R2) in a 

waveguide is determined by the overlap integral 

[13]: 
2
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where 1ψ  is the Gaussian field of the fundamental 

mode, 2ψ  is the electric field of the optical wave 

reflected at the curved surface of fluid with a 

curvature radius of rc [Fig. 6(a)], and ( )rΦΔ  is the 

phase shift corresponding to the travel distance of 

the reflected wave dependent on the radial position. 

The travel distance is the shortest at the center of the 

tube (r = 0) and the longest at the tube wall (r = d/2). 

In Figs. 6(b) and 6(c), we plot field distributions 

of real parts of 1ψ  and 2ψ , respectively. Black 

circles denote the fiber core. The phase of 2ψ  is 

significantly distorted due to the small radius of 

curvature of 50 μm and also cut at the core boundary. 

The numerical result for the optical reflectivity (R2) 

is plotted as a function of rc in Fig. 7. Compared 

with the experimental results for the optical 

reflectance of 0.11 and 0.18 in injection and suction 

modes, respectively, we estimate the radius of 

curvature of mercury end to be 67 μm and 82 μm in 

injection and suction modes, respectively. 
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Fig. 6 Mode profiles of incident and reflected beams:     

(a) fundamental guided mode 1ψ  and reflected wave 2ψ , 
electric field profiles of (b) 1ψ  and  (c) 2ψ  (for rc = 50 μm). 
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Fig. 7 Optical reflectivity as a function of the radius of 

curvature.  

5. Conclusions 

We demonstrate the position and speed 

monitoring of liquid in a hollow-core fiber by using 

optical interference. The interference signal is 

generated by two guided beams reflected at the fiber 

facet and liquid end. The number of intensity 

oscillations and visibility variation of the 

interference signal are acquired to retrieve the 

information about the liquid position and optical 

reflectivity at the liquid end, at the same time. We 

find that the change in the optical reflectivity is 

caused by the change in the curvature of the liquid 

surface during the transition between the injection 

and suction modes. This information can be 

effectively used to determine the flow direction 

while the flow speed is measured by fringe counting 

of the interference signal. 

Our approach is useful for analyzing fluid flow 

with high accuracy in a microfluidic channel. There 

are two conditions to be met in order to apply this 

method. Firstly, the system requires a well-defined 

reflective point such liquid-air or liquid-liquid 

interface. Secondly, the fluid channel should also 

provide optical guidance of the probe beam with a 

tolerable loss. For example, hollow-core photonic 

bandgap fibers providing single-mode guidance of 

optical wave are currently available with the tube 

diameters of 5 μm ‒ 20 μm. The two conditions are 

readily met in applications of level sensors [14] and 

Venturi flow meter [15]. In a Venturi flow meter,  

HC-PCF is installed at the side of a pipe as a probe 

to measure the pressure of the fluid which is 

dependent on the flow rate in the pipe. The small 

diameter (~100 μm) of the probe is advantageous for 

access to microfluidic channel or blood vessel. Our 

sensor is also applicable to various optofluidic 

devices [16], where micro control of a liquid drop is 

required. 
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