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We demonstrate an integrated microfluidic flow sensor with ultra-wide dynamic range, suitable

for high throughput applications such as flow cytometry and particle sorting/counting. A fiber-tip

cantilever transduces flow rates to optical signal readout, and we demonstrate a dynamic range

from 0 to 1500 mL min21 for operation in water. Fiber-optic sensor alignment is guided by

preformed microfluidic channels, and the dynamic range can be adjusted in a one-step chemical

etch. An overall non-linear response is attributed to the far-field angular distribution of single-

mode fiber output.

1 Introduction

There is perpetual demand in miniaturization and production-

boost of biological/chemical laboratory processes, driven by

availability of mass-productive and industrially-mature micro-

fabrication technology. As an outcome, microfluidic technol-

ogy, or so called ‘‘lab-on-chip’’, has already found numerous

applications in chemical analysis and synthesis, sample prep-

aration, mixing, particle sorting and droplet generation, just to

name a few. High throughput applications such as flow cyto-

metry and particle counting/sorting critically rely on the pre-

cise control of flow rates.1–6 Therefore, there is a need for an

integrated in-line flow sensor that can provide local and real-

time feedback in complex lab-on-chip applications. Although

sensitivity is the key issue, the sensor should also provide a

wide and configurable dynamic range, since high throughput

analysis of flow cytometry and particle counting/sorting uses

flow rates which are much higher than those in applications,

such as sample preparation and chemical synthesis.

In the development of microfluidic flow sensors, progress

has been expedited by micro-electro-mechanical systems

(MEMS) technology using detection schemes that rely on heat

transfer,7–12 drag-force or pressure induced changes in

electrical parameters,13–20 time-of-flight measurements of

tracer chemicals,21,22 flapping of a planar jet,23 optical beam

deflection24 and other optical methods.25 The sensor perfor-

mances of MEMS devices are particularly impressive. Sensor

architectures, however, are often complex10,13,15,16,18,24,25 and

fabrication is always a multi-step process that requires high-

end fabrication tools and facilities, preventing their assembly

and use in most biological and chemical laboratory settings.

Besides electrical or mechanical detection schemes, integra-

tion of optical fibers and other optical components with

microfluidic devices may provide an alternative route to

simple, yet highly sensitive flow sensors. Optical sensor

techniques are particularly advantageous because of their

resistance to chemical erosion and their non-invasive detection

capability. One recent example is based on optical reflection

from an air–water interface formed in a vertically opened

microfluidic channel.26 Although of high sensitivity, the

dynamic range is limited (flow rate of nl s21 to only several

ml s21) and the operation relies on an unstable open channel

design where the air–water interface may not reform after

pressure spikes.

Here we present an integrated microfluidic fiber-optic flow-

sensor with high sensitivity and ultra-wide dynamic range.

Unlike most of the MEMS-based cantilever detection schemes

which rely on electrical readouts or laser deflection, we take

advantage of the mechanical flexibility and optical transpar-

ency of a silica optical fiber, the diameter of which can be

thinned by hydrofluoric acid (HF) etching. The sensing

mechanism is based on displacement of an emitting optical

fiber-tip due to fluidic drag force, which reduces optical

coupling to a receiving multi-mode fiber (Fig. 1a). Etching of

the emitting fiber-tip cantilever can be controlled with micron-

scale precision, which allows for precise adjustments of

dynamic range.

2 Principle of operation

As shown in Fig. 1b, increase in volume flow rate bends the

single-mode fiber-tip cantilever, which is then no longer

aligned with the multi-mode receiving fiber, thus reducing

the transmitted intensity. The drag force exerted on the fiber-

tip cantilever with cylindrical cross-section is given as FD =

KrAU2CD; where r is the density of fluid, U is the flow

velocity, A is the cross-sectional area of the cylinder in the

plane normal to U, CD is the drag coefficient, and A = 2aL in

the case of a transverse cylinder of radius a and length L. The

drag torque can be estimated from measured displacements of

the fiber-tip due to the effective force F acting against the

stiffness Ea4/4L3 of the cantilever, where E y 63 GPa is the

Young’s modulus of silica. Since the diameter of a standard

single-mode fiber can be thinned by HF etching from 125 mm

to less than 1 mm, the dynamic range for flow rate

measurement is adjustable by several orders of magnitude.

When the fiber-tip cantilever is bent by fluidic drag force,

the optical readout of the deflection displacement is directly

obtained through fiber-to-fiber end-coupling. The single-mode

fiber-tip is aligned with a cleaved multi-mode fiber and
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permanently fixed in place during the fabrication process so

that maximum coupling efficiency is obtained for zero flow

rate. Fluidic drag force bends the cantilever (Fig. 1b), which

results in a situation equivalent to an angular scan of the

single-mode fiber’s far-field distribution using a multi-mode

fiber core as the detector (Fig. 2), assuming that the distortion

of the fiber’s fundamental mode field due to small-angle

bending is negligible. In general, to calculate the far-field

distribution Ef of light emitted from the fiber-tip, one can

transform near-field distribution (guided mode), E, through

Fraunhofer approximation (in cylindrical coordinates),

Ef r,hð Þ~ j2p

lr
exp {jk0rð Þ

ð?

0

E r0ð ÞJ0 k0r0 sin hð Þr0dr0 (1)

assuming independence of azimuthal angles Q and Q9.27 Only

the integral part determines the angular distribution of the

electric far-field. Therefore,

Ef hð Þj j~
ð?

0

E r0ð ÞJ0 k0r0 sin hð Þr0dr0 (2)

where E (r9), the near-field distribution of a single-mode fiber,

is the solution of the well-known Helmholtz equation in a

cylindrical coordinate system,

E(r9) 3 Jl(kr9), r9 , a (core) Kl(cr9), r9 . a (cladding) (3)

where Jl is the Bessel function of first kind and order l, and Kl

is the modified Bessel function of the second kind and order l.

By substituting solution (3) into eqn (2), we can calculate the

angular distribution of far-field power intensity,

P hð Þ! Ef hð Þj j2~
ða

0

J0 kr0ð ÞJ0 k0r0 sin hð Þr0dr0z

������
ð?
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K0 cr0ð ÞJ0 k0r0 sin hð Þr0dr0

�����
2

(4)

In other practical applications, the far-field angular dis-

tribution is commonly approximated by a Gaussian function.

It is also known that the angular field distribution of single-

mode fibers resemble Gaussian functions to a superior

accuracy for practical approximation.28

The far-field image shifts by angle Q due to the fiber

cantilever’s response to flow. Therefore, P(h) translates to

P(h–Q). The change of intensity I of the sensor readout with

varying angular displacements Q is given by,

I Qð Þ~
ðha

{ha

P h{Qð Þdh~

ðha

{ha

ða

0

J0 kr0ð ÞJ0 k0r0 sin h{Qð Þð Þr0dr0z

������
ð?

a

K0 cr0ð ÞJ0 k0r0 sin h{Qð Þð Þr0dr0

�����
2

dh

(5)

where ha is the multi-mode fiber acceptance angle given by

sin21NA, where NA stands for numerical aperture. As we

mentioned earlier, signal readout for various flow rates is the

equivalent to a profile scan of the far-field distribution of a

single-mode fiber (fiber cantilever), with a multi-mode fiber

Fig. 1 Integrated micro-opto-fluidic flow sensor. (a) A stripped and

thinned single-mode fiber (length L, diameter a) is positioned across a

microfluidic channel and aligned with a multi-mode fiber which receives

the emitted light. A laminar flow exerts a drag force FD which displaces

the fiber-tip by distance d, reducing the transmitted light intensity. (b)

Micrograph of the flow sensor. Displacement of the fiber-tip is shown for

three flow rates of a 20% glycerol–water mixture. The inset shows the

fiber-tip cantilever fabricated in a one-step chemical etch.

Fig. 2 Intensity distribution of optical readout. The far-field intensity

distribution projected on the core of the receiving fiber is described by

Bessel functions.

This journal is � The Royal Society of Chemistry 2007 Lab Chip, 2007, 7, 1352–1356 | 1353



(receiver). It is worth to note that the angle Q in the above

equations is not defined as the bending angle of the fiber

cantilever. Instead, it is defined (Fig. 2) as Q = tan21(d9/l9),

where d9 is the displacement of the far-field image, l9 is the gap

between the aligned fiber ends, and d9 = d(L + l9)/L.

3 Experiments

The sensor is assembled by aligning a single-mode optical fiber

(8.2 mm core diameter, SMFe-28 Corning) and a multi-mode

optical fiber (62.5 mm core diameter, CPC6 Corning, Fig. 1a).

Both fibers are stripped from their polymer sheet (250 mm

jacket diameter) only at the ends where the 125 mm diameter

cladding (including core) is exposed. Alignment is guided by

the microfluidic channel structure molded by soft lithography

in polydimethylsiloxane (PDMS). The two fibers are threaded

through two y300 mm wide alignment channels, so that the

stripped part of the single-mode fiber crosses the 750 mm wide

microfluidic channel (Fig. 1b). In this example, a gap of 250 mm

is formed between the aligned ends of the single- and multi-

mode fiber. All channels are 250 mm high and are replica

molded from SU-8 micro-structures. The PDMS slab is

covalently bonded to a glass slide by oxygen plasma treatment.

Permanent fiber alignment is achieved using UV-sensitive

adhesive (Norland), introduced in alignment channels by

capillary forces and cured as it reaches the channel

junction (Fig. 1b). To reduce scattering from the tapered

single-mode fiber region, the adhesive is mixed with a

small amount of silver paint. Before assembly, the tip of the

single-mode fiber is thinned in a one-step chemical etch

using 50% HF acid at 60 uC (inset Fig. 1b). Before immersion

in HF, the polymer jacket of the single-mode fiber has been

carefully stripped, and the fiber is cleaved to expose just the

right length of unsheathed fiber. The etching progress is

monitored through a 46 telescope (Rolyn Optics) and

terminated by rinsing in distilled water. After 25 min of

etching, the fiber-tip was thinned to a final diameter of 9 mm.

Removal of the fiber cladding does not interfere with light-

guidance through the core (refractive index n y 1.468), since

the lower refractive index cladding (n y 1.463) is replaced by

water (n = 1.333).

In our experimental setup, flow is driven by a syringe pump

(Model PHD 22/2000, Harvard Apparatus). A disposable

syringe was connected to the microfluidic channel through

Teflon tubing and an on-chip connector. A DFB (distributed

feedback) laser of 1550 nm nominal wavelength (Anritsu

GB5A016) was used as a light source and coupled into the

single-mode fiber. The output optical signal was detected by an

amplified, switchable-gain, InGaAs detector (Thorlabs Inc.

PDA400) and recorded in real-time by data acquisition

software (Labview). In principle, the flow sensor can be

operated at arbitrary wavelengths.

4 Results and discussion

Fig. 3 shows the optical readout of the fiber cantilever sensor

in response to various flow rates of distilled water. It is seen

that the sensor recovers its baseline response even after

transient exposure to relatively large flow rates.

Similar experiments are performed for glycerol–water

solutions with varying viscosity (Table 1). The average

normalized intensity values are plotted versus volumetric flow

rates in Fig. 4.

In all experiments, the background noise remains approxi-

mately at the same level. Dividing the background noise level

by total intensity gives the sensing resolution at y0.022. As

seen from Fig. 4 and Table 1, besides flow rate, the sensor

response also depends on viscosity, which determines the drag

force at a given flow velocity. It is also seen that the response is

non-linear, resulting in sensitivity that varies with flow rate. To

Fig. 3 Optical response of the fiber cantilever sensor to various

volumetric flow rates (0–1500 mL min21) of water, measured at

1550 nm wavelength.

Fig. 4 Sensor response to flow rates of fluids with varying viscosity

Table 1 Physical properties of glycerol–water solutions

Volume% Mass%
Density,
r/g cm23

Refractive
index, n

Viscosity,
g/mPa s21

D.I. water 0 1 1.3334 1
10% glycerol 12.29% 1.0269 1.3475 1.382
20% glycerol 23.97% 1.0560 1.3624 1.989
40% glycerol 45.67% 1.1137 1.3919 4.868
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estimate sensitivity, we fit linear functions to each of the two

quasi-linear regions (labeled I and II) identified in the sensor

response (Fig. 4). We divide the sensing resolution (0.022) by

the slope of the linear fits to obtain the minimal detectable

flow rates in regions I and II (Table 2).

To determine the origin of non-linearity, we measured the

deflection of the fiber-tip for various volumetric flow rates and

fluidic viscosities by recording the fiber-tip position using a

charge-coupled device camera mounted on a microscope

(Fig. 1b). Shown in Fig. 5 are the curves for the mechanical

displacement of the fiber-tip versus flow rate, which are

smooth and therefore can not explain the non-linear optical

response (Fig. 4).

Instead, we attribute the non-linear optical response to the

far-field distribution of light that is emitted from the fiber-tip

(eqn (4), the far-field distribution is illustrated in Fig. 2). The

distribution contains side-lobes due to the presence of Bessel

functions that describe the near-field (eqn (1)–(3)).28 We can

calculate the sensor response by taking the integral of the far-

field distribution over the diameter of the receiving multi-mode

fiber core for different angular displacements of the cantilever

(eqn (4)). The resulting total transmitted intensity versus

angular displacement is plotted in Fig. 6. In the calculation, we

use the parameters summarized in the experimental section,

assume a water cladding and NA = 0.479 for the receiving

fiber. Also plotted in Fig. 6 are measurements of fiber

transmission versus cantilever displacement as determined

from micrographs, such as Fig. 1b, as well as intensity values

expected for a Gaussian far-field distribution.28 From overlap

of simulation results and experimental data we find that the

position of inflection points (dashed vertical lines) can be

predicted quite accurately. The difficulty in fitting the overall

sensor response suggests that the actual amplitudes in the far-

field pattern differ from predictions based on eqn (2). The

deviation may be due to eccentricity of the single- and multi-

mode fiber core and due to scattering. Furthermore, we

approximated the 2D circular aperture of the multi-mode fiber

in one dimension.

The non-linear response is undesirable and could be avoided

by operating in one of the two quasi-linear flow rate regimes

identified in Fig. 4. Use of triangular-graded single-mode

fibers may provide a linear sensor response since the far-field

angular distribution is expected to be linear.27

Cantilevers of higher sensitivity can be fabricated by further

thinning diameter a and increasing length L so that displace-

ment d is maximized according to:

d!
4L4rU2CD

Ea3
(6)

The ultimate sensitivity is set by material properties of the

fiber cantilever because if fabricated too thin at certain length,

the cantilever will bend under its own weight and might stick

to the channel wall during sensor assembly. Also, a thinner

Table 2 Sensitivity in selected flow rate regions I and II

Selected region (I) (II)
D.I. water Flow rate range 300–500 mL min21 950–1250 mL min21

Minimum detectable 31 mL min21 18 mL min21

10% glycerol Flow rate range 0–400 mL min21 800–1000 mL min21

Minimum detectable 23 mL min21 21.8 mL min21

20% glycerol Flow rate range 0–250 mL min21 550–850 mL min21

Minimum detectable 17.7 mL min21 18.1 mL min21

40% glycerol Flow rate range 50–225 mL min21 275–325 mL min21

Minimum detectable 6.1 mL min21 7.7 mL min21

Fig. 5 Mechanical response of fiber cantilever. The deflection

displacement of the fiber-tip for various volumetric flow rates and

viscosities was measured under a microscope. The lines are quadratic

curve fits.

Fig. 6 Calculated and measured sensor response as function of

angular cantilever displacement.
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cantilever has a smaller dynamic range which is set by the

numerical aperture of the receiving fiber and by the gap

between the aligned fiber ends. A larger dynamic range could

be obtained by alignment of two or more receiving fiber ends.

One practical problem during sensor operation is the issue of

fouling. Small particles deposited on the surface of the

cantilever will increase drag force which results in a larger

displacement. The problem can be avoided by filtering of the

fluid or by appropriate chemical treatment of the silica

material. On the other hand, this issue might provide a new

mechanism for detection of cells, bacteria, viral particles or

other contaminants to the flow.

5 Conclusions

To summarize, we demonstrate an integrated micro-opto-

fluidic flow-sensor with high sensitivity and large dynamic

range which can be adjusted in a one-step chemical etch. A

fiber cantilever transduces flow rate into optical transmission

signals. Using a 9 mm diameter cantilever, we show a dynamic

range y0–1500 mL min21 for operation in water. The

minimum detectable flow rate is measured at y7 mL min21

for viscosity at 4.868 mPa s21. The nonlinear response of the

optical readout is attributed to the far-field angular distribu-

tion of light emitted by the single-mode fiber. Triangular-

graded fibers are suggested for future applications that require

a linear sensor response. Etching of a thinner and longer fiber

cantilever can increase sensitivity, however, there is a design

trade-off between sensitivity and dynamic range. The problem

of fouling can be avoided by the filtering of samples, but may

also provide a novel detection mechanism for particles that

contaminate the flow.
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