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This paper presents a novel optofluidic Michelson interferometer based on droplet microfluidics used to

create a droplet grating. The droplet grating is formed by a stream of plugs in the microchannel with

constant refractive index variation. It has a real-time tunability in the grating period through varying

the flow rates of the liquids and index variation via different combinations of liquids. The optofluidic

Michelson interferometer is highly sensitive and is suitable for the measurement of biomedical and

biochemical buffer solutions. The experimental results show that it has a sensitivity of 66.7 nm per

refractive index unit (RIU) and a detection range of 0.086 RIU.
Introduction

Different types of optical fiber refractometers have been inves-

tigated such as the Fabry–P�erot resonator,1,2 Mach-Zehnder

interferometer,3 Fiber Bragg gratings4–6 and long period gratings

(LPGs)7–9 etc. Among these, LPGs have been a key focus due to

their high sensitivity for refractive index measurement, and

relatively simple fabrication process. The LPG involves a peri-

odic perturbation of the refractive index in the core with a typical

period of a hundred micrometres and a length of millimetres to

centimetres. The LPG couples light from the core mode to the

cladding modes, which causes a series of attenuation bands

centred at discrete wavelengths in the transmission spectrum.

The characteristics of the transmission spectrum are influenced

by the index variation, the period and the length of the gratings.

Several research studies employ these characteristics to measure

the refractive indices of chemical and biological solutions.10,11

Apart from the single LPG refractometer, a pair of identical

LPGs separated by a length of bare fiber has also been used as an

in-fiber Mach–Zehnder interferometer.12 In this configuration,

the first LPG couples light from the core mode to the cladding

modes, which is the same as a single LPG. Then, light propagates

in the core and the cladding to induce a difference in the optical

path length. After that, light in the cladding is coupled back into

the core by the second LPG and interferes with the light in the

core through the second LPG. A fringe pattern due to interfer-

ence is observed in the attenuation band. The Mach–Zehnder

interferometer has a higher resolution and sensitivity than the

single LPG-based sensors. Another interferometric configuration

which requires only a single LPG is known as the Michelson

interferometer.13,14 In the Michelson interferometric configura-

tion, a single LPG is written in a photosensitive fiber and the fiber

facet is metal-coated for full reflection. The reflection spectrum is
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similar to the transmission spectrum of the Mach–Zehnder

interferometer. The Michelson configuration offers the advan-

tages of compact size and uniformity as only a single LPG is

involved.

Optofluidics provides unique optical properties such as

tunability in real-time, optically smooth interfaces, compactness

and easy integration.15,16 These properties are not provided by

solid-state systems. The optical properties of optofluidics have

been exploited in different types of optical components such as

the evanescent coupler,17 optical waveguide,18,19 liquid micro-

lenses20,21 etc. In this paper, an optofluidic Michelson interfer-

ometer in a microfluidic chip that uses a droplet grating is

innovated. In the proposed scheme, plugs of two immiscible

liquids are formed in the microchannel through droplet micro-

fluidics. The droplet grating is formed with the stream of plugs at

a constant period which provides index variation.22 The period of

the plugs can be tuned by varying the ratio of the flow rates of the

two liquids. As a result, the physical properties including index

variation and grating period of the droplet grating can be easily

tuned. By tuning these properties, the Michelson interferometer

can be configured in such a way that the attenuation region

appears in different wavelength ranges to suit a broad range of

applications. As an application illustration, the concentration of

glycerol is measured using the developed optofluidic Michelson

interferometer to highlight its potential as a biosensor for

chemical or biomedical applications.

Fig. 1(a) shows the schematic of an optofluidic Michelson

interferometer, which consists of three branches of micro-

channels. The first branch of the microchannel, which is used for

droplet grating formation, consists of two inlets and a T-junction

as shown in Fig. 1(b). Two immiscible liquids are injected into

the microchannel and a plug is formed due to the breakup of the

two immiscible liquids at the T-junction. The droplet grating is

formed by a stream of plugs with a constant period. The second

branch of the microchannel is filled with immersion oil to

increase the optical path difference between the light in the core

and the one in the cladding. The third branch of the micro-

channel is injected with sample buffer for refractive index

measurement. One end of the microchannel is aligned with an
This journal is ª The Royal Society of Chemistry 2010



Fig. 1 Schematic illustrations of (a) optofluidic Michelson interferom-

eter and (b) droplet grating formation.
optical fiber for light input and output detection. The other end is

coated with a gold layer as a mirror reflection.

The advantages of the optofluidic Michelson interferometer

realized using a droplet grating are as follows. First, different

combination of liquids can be employed to overcome material

restrictions as commonly observed in fiber grating interferome-

ters.23 For example, in a fiber grating interferometer, the

modulation in the fiber core is limited to 0.0005.24 The modula-

tion can be enhanced to 0.001 using doping techniques24 or

hydrogen loading.25 Unlike a solid grating, droplet gratings can

easily achieve high index modulation (0.02) by selecting different

liquids. Second, a droplet grating provides flexible options of

input light source and detectors. The period of the gratings and

subsequently the measurement bandwidth of the Michelson

interferometer can be tuned easily. This provides a wide tunable

range in the central resonant wavelength and also an attenuation

strength that is rather difficult for a solid grating.26,27 Finally,

droplet grating in the microchannel can be easily integrated onto

a microfluidic chip and hence reduces the difficulties in fabrica-

tion processes as compared to solid gratings.
Fig. 2 Schematic illustrations of the physics model of (a) droplet grating

and (b) optofluidic Michelson interferometer.
Design and fabrication

Droplet microfluidics

In the formation of the plug, the immersion oil is used as the

carrier liquid. Calcium chloride (CaCl2) or glycerol solution is
This journal is ª The Royal Society of Chemistry 2010
used as the dispersed liquid and plugs of CaCl2 or glycerol are

formed at the T-junction. For the flows at low values of capillary

number (typically <10�2), the breakup of the two immiscible

threads at the T-junction is dominated by the interfacial forces

and not the shear stresses. In this regime, the size of the plug (L)

is determined solely by the ratio of the flow rates of the two

immiscible liquids.28 It is expressed as

L ¼ w(1 + aQd/Qc) (1)

where w is the width of the microchannel, a is a constant of order

one, Qd and Qc are the flow rates of the dispersed and carrier

fluids, respectively. The minimum size of the plug is limited by

the width of the microchannel, and droplets with a size smaller

than w cannot be formed under this regime. Therefore, different

plug lengths and grating periods can be realized using different

flow rates of the two liquids.

Optofluidic Michelson interferometer

Unlike an optical fiber, which is a coaxial waveguide, the planar

waveguide has a different field distribution or propagation

modes which can be characterized using three-dimensional

analysis or the Marcatili model.29 In this microfluidic waveguide

design, the droplet grating in the microchannel acts as the core

layer and the chip material, i.e. polydimethylsiloxane (PDMS)

acts as the cladding layer. With immersion oil (n ¼ 1.462) and

CaCl2 solution (n ¼ 1.430) used to form the droplet grating,

a microfluidic waveguide is formed in which light is mainly

confined within the microchannel but not in the PDMS cladding

layer (n ¼ 1.412). There is an air-gap with a width of 50 mm at

both sides of the microchannel. The air gap plays the role of the

external layer to enhance the droplet grating effect.

When light encounters the droplet grating while propagating

in the microchannel, part of the light at certain distinct

wavelengths is coupled from the microchannel into the PDMS

cladding layer as shown in Fig. 2(a). Since the light in the

PDMS cladding layer cannot be coupled back to the micro-

channel, several resonant attenuation bands are observed in
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the transmission spectrum. One of the attenuation bands is

illustrated in Fig. 2(a), when a broadband light source is

injected into the liquid grating. The central wavelength of

a particular attenuation band (li) can be derived from the

phase-matching condition of the coupled-mode theory and it is

expressed as

li ¼ (ncore � ni
clad)L i ¼ 1,2,3. (2)

where L is the period of the liquid grating, ncore and nclad are the

effective refractive indices of the core mode and the ith cladding

mode, respectively. In the liquid grating, the central wavelength

can be easily tuned by varying the period of the droplet grating

using different ratios of the flow rates of the two immiscible

liquids. On the other hand, the attenuation strength of the

droplet grating varies with different combinations of liquids and

different lengths of the microchannel.

The Michelson interferometer is analogous to a Mach–

Zehnder interferometer in which light is coupled to the cladding

and then coupled back to the core so that interference occurs as

shown in Fig. 2(b). In the optofluidic Michelson interferometer,

light propagates in the core and part of the light is coupled to the

cladding modes when it encounters the droplet grating. The light

in the core and the light in the cladding layers propagate inde-

pendently and are reflected by the mirror layer. Both lights

recombined into the core when they encounter the same droplet

grating again, giving rise to interference fringes in each attenu-

ation band as shown in Fig. 2(b). The phase difference induced in

the two optical light paths can be expressed as

Df ¼ 4p

l

h�
noil � ni

clad

�
d þ

�
nbuffer � ni

clad

�
l
i
¼ 2pi (3)

where noil and nbuffer are the effective refractive index of the core

of the microchannels filled with immersion oil and the sample

buffer, respectively; d and l are the lengths of the second and

third branches of microchannels, respectively. It clearly shows

that the sensitivity of the interferometer is directly proportional

to the interaction length, l.
Fig. 3 Light propagation in microchannels with different types of plugs. (a) F

concave curvature.
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Shape profile of plug

The efficiency of light confinement in the microchannel is

investigated against different shape profiles of the plugs formed.

Four different shape profiles of the plugs are simulated as shown

in Fig. 3. In the simulation, the length of the microchannel is

7 mm, the period is 100 mm and the refractive indices of the

carrier and dispersed flows are 1.462 and 1.430, respectively. The

ideal shape profile is a plug with 90� contact angle, which is the

same as a solid grating, as shown in Fig. 3(a). In this ideal

condition, light is perfectly confined within the microchannel and

the grating effect is not degraded or affected. When the contact

angle is reduced to 60�, the confinement of light within the

microchannel is still preserved as shown in Fig. 3(b). However,

the confinement of light is degraded when the plug formed has

a contact angle of 45�. The light diverges out to the cladding layer

after it propagates through 5 plugs as shown in Fig. 3(c). This

leads to optical loss and light cannot be detected after it is

reflected back. Fig. 3(d) shows another shape profile where the

rear interface has a concave curvature. This kind of shape profile

is also unable to confine the light in the core. Therefore, to

preserve the confinement of light in the microchannel, the plugs

formed should have a large contact angle (>60�). The contact

angle is determined by the interfacial tension of the two immis-

cible liquids and the PDMS layer. To form aqueous plugs in oil

with a large contact angle, the surface of the PDMS layer has to

be hydrophobic. With the hydrophobic surface in the micro-

channel, the contact angle of the aqueous plug is normally large.

It can be further increased if required by surface treatment of

PDMS chip and the use of surfactant.30
Refractive index measurement

In the design of the optofluidic Michelson interferometer, the

length of the droplet grating is 7 mm, the length of the immersion

oil microchannel is 7.5 mm and the length of the sample buffer

microchannel is 500 mm. To measure the refractive index of

a sample buffer, a reference buffer is required. The reflection
lat curvature, (b) contact angle of 60�, (c) contact angle of 45� and (d) rear
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Fig. 4 Simulated results of the shift of attenuation peaks when the

refractive index of the sample buffer changes from 1.43 to 1.46 and 1.49.
spectra of both buffers are measured and based on the shift of the

attenuation peak (Dl) and eqn (3), the refractive index of the

sample buffer can be determined as

nbuffer ¼ nref + 2Dl/il ¼ nref + kDl (4)

where k is a constant, nbuffer and nref are the refractive indices of

the sample buffer and reference buffer, respectively. Fig. 4 shows

the simulated results of the reflection spectrum of the Michelson

interferometer when different sample buffers are used. It can be

seen that the attenuation peak is shifted to a longer wavelength

when a buffer of higher refractive index is used. The response of

the interferometer is linear within this range of refractive indices.
Fabrication processes

The chip is fabricated in PDMS material using the standard soft

lithography process. The mold is fabricated using SU8-50 on

a silicon wafer with the height of the microstructures set at

50 mm. The sidewall of the microchannel’s edge is coated with

a gold layer using sputtering to obtain high reflectance. By

measuring the ratio of the reflected intensity to the output

intensity, the coated microchannel has a reflectance of 89%.

Then, the patterned PDMS slab is bonded to another PDMS slab

using plasma bonding.31 PDMS is transparent at visible and
Fig. 5 Schematic illustration of the experimental setup for optofluidic

Michelson interferometer.
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infrared wavelengths which makes it suitable for optofluidic

devices.32 The use of the PDMS material minimizes propagation

loss. The fabricated PDMS chip is stored for at least 1 day to

regain the hydrophobicity of the PDMS microchannel. This

ensures that aqueous plugs in the oil carrier form with a large

contact angle.
Experimental results and discussions

Fig. 5 gives a schematic illustration of the experimental setup.

For the characterization of the single droplet grating, super-

luminescence (SLED) light with a central wavelength of 1275 nm

and bandwidth of 70 nm is used as the input. The output is

connected to the optical spectrum analyzer. The liquids are

injected into the optofluidic chip using syringe pumps. For the

characterization of the optofluidic Michelson interferometer, the

light propagates from the SLED (central wavelength: 1550 nm,

bandwidth: 70 nm) to port P1 of the optical circulator (operation

wavelength: 1550 nm). It travels through the circulator to port P2

and propagates along the optical fiber into the optofluidic chip.

The reflected light from the optofluidic chip propagates into the

circulator through P2 and exits from port P3. The reflected light is

detected by the optical spectrum analyzer, which is connected to

port P3.
The formation of droplet grating

Fig. 6 shows the formation of the droplet grating in the micro-

channel. The immersion oil and CaCl2 solution injected into the

microchannel act as the carrier flow and the dispersed flow,

respectively. When the CaCl2 solution is dispersed into the

carrier flow, it blocks the flow of the immersion oil substantially

and pressure is built up at the junction. A CaCl2 plug is formed

when the pressure is sufficiently high. This process is repeated

and a long stream of plugs with constant period and length is

formed as shown in Fig. 6(b). According to the microphoto taken

by a high-resolution CCD camera, the contact angle of the plugs

is approximately 62�–65� as shown in Fig. 6(a). This ensures the

confinement of light in the microchannel as discussed in Fig. 3.

The length and period of the plugs can be tuned by varying the

flow rate of the carrier flow as shown in Fig. 7. By maintaining
Fig. 6 Microphotos of (a) CaCl2 plug formation and (b) droplet grating

in the microchannel.
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Fig. 7 The tuning of the grating period and plug length versus the flow

rate of the immersion oil flow stream (results are based on 30 measure-

ments).

Fig. 8 The transmission spectra of the droplet grating with (a) different

grating periods, and (b) different grating lengths. The output spectra have

been smoothed using the Savitzky–Golay method in OriginPro 8.0 to

show the attenuation peak and strength prominently.
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the flow rate of the CaCl2 solution, the flow rate of the carrier

flow is increased from 0.625 mL min�1 to 2.25 mL min�1. The

CaCl2 plug length is reduced at a rate of �19.2 mm min mL�1.

Consequently, the period of the droplet grating is reduced at

a rate of�76.8 mm min mL�1. The standard deviations of the plug

length and the period are determined to be within 5%. Since the

plugs are highly uniform and monodisperse, the optical perfor-

mance of the liquid grating is not significantly affected by these

variations.

Attenuation properties of single droplet grating

The optical properties of the droplet grating are investigated

against different grating periods and grating lengths. When

a stream of plugs with the desired period is formed in the

microchannel, the flow is halted and optical experiments are

carried on. After the measurements, the flow is continued,

leading to the tuning of the grating period for the next optical

measurements. Fig. 8(a) shows the normalized transmission

spectra of a grating of length 6 mm with different grating periods

of 70, 75 and 80 mm. The liquid grating is formed using immer-

sion oil and CaCl2 solution with refractive indices of 1.462 and

1.430, respectively. The index variation of the liquid grating is

0.032. With the increase in grating period, the attenuation peak is

shifted from 1264.2 nm to longer wavelengths of 1274.6 and

1281.5 nm. In addition, the attenuation strength is reduced from

0.23 to 0.37 and 0.52. This is because the number of periods of

the droplet grating with a longer period is smaller compared to

the one with a shorter grating period.

Fig. 8(b) shows the transmission spectra of the droplet grating

with different grating lengths, i.e. 5, 6 and 7 mm. The grating

period and the index variation are maintained at 75 mm and

0.032, respectively. Therefore, the attenuation peak remains

constant at 1274.6 nm but the attenuation strength is greatly

affected. By increasing the grating length, the attenuation

strength is increased from 0.37 to 0.24 and 0.14. Subsequently,

the bandwidth of the attenuation band is reduced from 10.2 to

9.0 and 7.6 nm. It can be concluded that the attenuation strength

is improved when the grating length is increased, which leads to

a sharper and narrower attenuation band.

Interference pattern of optofluidic Michelson interferometer

In the formation of the optofluidic Michelson interferometer, the

immersion oil (1.462) and glycerol (1.430) are the carrier flow and

the dispersed flow, respectively. Fig. 9 shows the formation of the

droplet grating with a period of 104 mm and the PDMS sidewall
Fig. 9 Microphotos of (a) droplet grating formation and (b) coated gold

layer to enhance reflectivity.

This journal is ª The Royal Society of Chemistry 2010



Fig. 10 The reflection spectra of the optofluidic Michelson interferom-

eter. A resonant peak shift is observed.

Fig. 11 The shift of attenuation peak versus the refractive index of the

buffer solution.

Table 1 The measurement of glycerol solutions’ refractive indices

Concentration (%) Refractive index

99 1.4729
90 1.4601
80 1.4463
70 1.4322

Table 2 The refractive index measurement of 99% glycerol

Buffer sample Refractive index

Glycerol 99% 1.4728
Glycerol 99% 1.4725
Glycerol 99% 1.4735
Average 1.4729 � 0.0003
with a gold-coated layer to enhance the reflectance. The middle

microchannel is injected with immersion oil of refractive index

1.515. The sample buffer is injected with immersion oil of

refractive index 1.462.

The reflection spectrum of the optofluidic Michelson inter-

ferometer is shown in Fig. 10. Within the attenuation band, there

are two attenuation peaks, i.e. at 1546.50 nm and 1552.25 nm.

The free spectral range of the interferometer is 5.75 nm. The

resulting attenuation strengths are 0.74 and 0.71, respectively.

When the sample buffer is changed to immersion oil with

refractive index of 1.462 (Dn ¼ 0.03), the attenuation peak is

shifted by 2.00 nm (Dl) as shown in Fig. 10. The experimental

results that relate the shift in the attenuation peaks with the

change in refractive index are shown in Fig. 11. The refractom-

eter has a sensitivity (Dl/Dn) of 66.7 nm per refractive index unit

(RIU) and a detection range (free spectral range/sensitivity) of

0.086 RIU.
This journal is ª The Royal Society of Chemistry 2010
Refractive index measurement

Glycerol solutions with different concentrations are used to

demonstrate the potential of the optofluidic Michelson interfer-

ometer as a refractometer. Different concentrations of glycerol

solutions diluted using deionized water are injected into the

sample microchannel to measure their refractive indices. Table 1

shows the measured refractive indices of glycerol solutions with

different concentrations. For the 99% glycerol solution, three sets

of measurement results are shown in Table 2. The measured

refractive index of 99% glycerol solution is 1.4729 � 0.0003.
Conclusions

An optofluidic Michelson interferometer using a tunable droplet

grating was designed and fabricated. The droplet grating has

achieved real-time tunability of the optical characteristics such as

central attenuation wavelength, the attenuation strength and the

attenuation bandwidth. It is relatively easy to vary the grating

period by changing the ratio of the flow rates of the carrier flow

and the dispersed flow. The index variation of the droplet grating

can also be varied using different combinations of two immis-

cible liquids.

The optofluidic Michelson interferometer has been used in the

refractive index measurement of glycerol solutions. Based on the

measurement results, the interferometer has a sensitivity of

66.7 nm/RIU and a measurement range of 0.086 nm.
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