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We experimentally demonstrate a microfiber Bragg grating force sensor with ultra-high

sensitivity. The fiber Bragg grating (FBG) is inscribed in a microfiber tapered from standard

non-photosensitive single-mode fiber by focused ion beam machining method, and has a

compact size (�112 lm in length). Small diameter increases the force sensitivity of such

grating when acting as a force-sensing element under tensile loads. We have demonstrated

force sensitivity as high as �3146 nm/N around the resonant wavelength of 1538 nm, which is

three orders of magnitude larger than FBGs in untapered fibers. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4754838]

Fiber Bragg gratings (FBGs) are periodic variation in

the refractive index (RI) along fiber length. Since their

appearance in 1978,1 FBGs have been widely used as sens-

ing elements in many applications, owing to their unique

advantages including simplicity, immunity to electromag-

netic interference, light weight, and multiplexing capability.

FBGs are usually employed as strain and temperature

sensors. But, force sensing is also possible. A number of

FBG-based force sensors have been proposed for different

purposes such as catheterization procedures and other appli-

cations.2–4 Most of them operate by monitoring the shift of

Bragg wavelength caused by the applied force. The sensitiv-

ity of typical FBG force sensor found in literature is �1 nm/

N.5 Using micro-electro-mechanical systems (MEMS) tech-

nology and high RI contrast materials; Reck et al. demon-

strated a FBG force sensor with sensitivity of �14 nm/N.6

Nevertheless, the sensitivities of conventional FBG force

sensors are still not high enough in some applications.

Moreover, miniaturized FBGs with high sensitivities to

measure force are required in many applications. One such

application is in micro-mechanical systems where knowing

the contact force between components is important to avoid the

damage of the systems during operations. Standard FBGs are

fabricated by exposing conventionally sized photosensitive

fibers to an intense ultraviolet interference pattern that produces

weak index modulation. Thus, the grating lengths are more

than several millimeters, which greatly limits the compactness

of the sensors.7 An alternative solution to realize both smaller

size and higher sensitivity is to reduce the fiber diameter.8

According to the force sensing principle, as the FBG diameter

decreases, the force sensitivity increases strongly. With the

emergence of low-loss microfibers over the past decade, shorter

and stronger FBGs have been possible, and thus can be used as

force sensors with enhanced sensitivity.

Several techniques to inscribe microfiber gratings in

non-photosensitive fibers have been proposed, such as wrap-

ping microfibers around microstructured rods,9 processing

with CO2 lasers,10 femtosecond lasers,11 and milling with a

focused ion beam (FIB).12–14 The first can be used to make

compact FBGs but it needs extra polymer coating. The sec-

ond and third techniques can only be used to write long pe-

riod gratings or long high-order FBGs which means that the

grating length is still long. Among these techniques, FIB

milling is highly suited for nano-fabrication due to its small

controllable spot size and strong RI modulation flexibility,

which can efficiently shorten the grating length. Adopting

this method, Liu et al.,12 Ding,14 and Kou et al.13 from sev-

eral different groups have inscribed short and strong FBGs

on a microfiber or a tapered fiber probe. The length of the

gratings are typically tens of micrometers to hundreds of

micrometers with deep surface corrugations.

In this letter, we demonstrate a miniaturized FBG force

sensor inscribed by FIB milling in a microfiber, which is

tapered from a standard non-photosensitive single-mode

fiber. This microfiber Bragg grating (MFBG) force sensor

can measure small tensile forces with extraordinary preci-

sion, and the force sensitivity is �3146 nm/N around the res-

onant wavelength of 1538 nm. The sensor is very compact

with a length of several hundreds of microns, and can be fur-

ther shortened by optimizing machining parameters.

Monitoring the shift in the Bragg wavelength kB caused

by the measurand is a commonly used principle of FBG sen-

sors. Below, we will concentrate on the mechanical effect

alone, disregarding the temperature effect.

The Bragg condition of FBG can be written as

kB ¼ 2nef f K; (1)

where the effective index neff is a function of radius r, core

index nc, cladding index nclad, temperature T and strain e,
and the period K is a function of T and e. When a longitudi-

nal mechanical force is applied to FBG, both neff and K are

changed, and DkB can be described by15

DkB ¼ 2nef f DKþ 2KDnef f

¼ 2Knef f 1�
n2

ef f

2
½p12 � �ðp11 þ p12Þ�

( )
e;

(2)
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where � is the Poisson ratio, p11 and p12 are the components

of the Pockel’s strain-optical tensor of the fiber material. We

define the effective photo-elastic coefficient peff as

pef f ¼
n2

ef f

2
½p12 � �ðp11 þ p12Þ�: (3)

Then, DkB can be written as

DkB ¼ 2Knef f ð1� pef f Þe

¼ ð1� pef f Þ
kB

EA
F; (4)

where F is the longitudinal force, E the Young’s modulus of

the fiber material, and A the cross-sectional area of the fiber.

From Eq. (4), the force sensitivity SF can be given by

SF ¼
DkB

F
¼ ð1� pef f ÞkB

pr2E
: (5)

Thus, it can be concluded that SF is inversely proportional

to the square of the fiber radius r2; in other words, we can

have a force sensor with higher sensitivity using a FBG in a

smaller-diameter fiber. Figure 1 shows the calculated results of

SF versus r with assumed value kB¼ 1538 nm. The numerical

value of peff is 0.21, and E for a single-mode fiber is 73 GPa in

our calculation. From the figure, we can see a microfiber with

2.5 lm diameter is expected to have SF � 3392 nm/N. This is

much higher than the SF recorded with conventional FBG

force sensors reported in the literature.5,6

The microfiber used in our work is fabricated from

125 lm-diameter non-photosensitive single-mode fiber using

the flame-brushing technique.16 By controlling the flame

movement and the fiber stretching rate, we obtain microfibers

of several microns in diameter. The manufactured microfiber

has long, 125 lm-diameter pigtails at each end, enabling easy

connections to other fiberized components.

We use a 2.5 lm-diameter microfiber for Bragg grating

inscription. The fiber is firmly fixed onto a silicon wafer while

in the FIB machining chamber (FEI Strata FIB 201). The wa-

fer helps to avoid charging by the gallium ion beam.12 The

perpendicular gallium ion beam periodically etches 50 nm-

depth grooves on the surface of microfiber. The grating has

200 shallow corrugations with period K¼ 560 nm and the

total length is �112 lm, which is much shorter than the FBG

fabricated in conventional optical fiber. K is determined by

the Bragg condition of FBG, Eq. (1). Figure 2 shows FIB

images of the MFBG. The groove face is very sharp and

smooth. Every groove is 50 nm in depth, located at the posi-

tion with the local radius around r¼ 2.5 lm.

The setup used to test the MFBG force sensor can be

seen in Figure 3. The reflection of the MFBG is measured by

a broadband source near 1550 nm and an Ando AQ6317B

optical spectrum analyzer (OSA) through a circulator. When

measuring the reflection of the MFBG, the fiber containing

the MFBG is vertically placed. One end of the fiber is fixed,

and a longitudinal force is applied at the other end by adding

weights. The weight-bearing portion of the fiber is a sharp

taper tip, and reflection is minimal over the whole broadband

spectrum in the microfiber without the MFBG.13 Hence, the

reflection at the tip end is negligible and the detected signal

only results from the light reflected by the grating.

Figure 4(a) shows the reflection spectra of the MFBG

force sensor under different axial forces. The spectra indicate

an extinction ratio of �17 dB at the Bragg wavelength,

which is achieved with a 112 lm-long Bragg grating and is

enough for sensing applications. The reflection peak side-

lobes are asymmetric in the reflection spectra possibly

because the MFBG does not provide a strictly sinusoidal pro-

file as the machining parameters are not optimized yet.

When the grating profile is nonuniform, the group delay and

dispersion of the reflected light determined from the phase of

FIG. 1. Calculated force sensitivity SF as a function of fiber radius r.

FIG. 2. (a) FIB image of the MFBG

with 200 periods (�112 lm in length

and K¼ 560 nm). (b) Magnified image

of the grating.
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the amplitude reflection coefficient no longer have symmetry

about kB, hence producing the side-lobe asymmetry in a

manner similar to the principle of the apodized grating

discussed in the literature.17 The figure shows that the

MFBG Bragg wavelength red shifts when force is applied to

the sensor. The force is very small but the shift in kB is rela-

tively large, demonstrating that the force sensor has high

sensitivity.

Moreover, the response of the 2.5 lm-diameter MFBG

to the applied force as determined by the Bragg wavelength

shift is linear up to �0.00724 N (Fig. 4(b)). From the data,

we calculated the SF for the sensor to be �3146 nm/N using

linear fitting. This is three orders of magnitude larger than

that recorded in FBGs inscribed in untapered fibers.5

According to Eq. (5), the theoretical sensitivity of a 2.5 lm-

diameter MFBG around resonant wavelength of 1538 nm is

calculated to be �3392 nm/N. It agrees well with the experi-

mental data. The possible reason for the minor difference

between experimental and theoretical values is the slightly

non-uniform diameter of the microfiber. When an axial force

is applied to the MFBG, the loading condition and deforma-

tion of the MFBG are different from that of conventional

uniform FBGs. The MFBG not only has an extension in the

longitudinal direction but also has a deformation in the fiber

cross-section. We did not consider this situation in our

analysis.

The traditional FBG sensors usually have problems with

cross sensitivity between force and temperature. The SF of

our MFBG force sensor is much higher than its temperature

sensitivity (�20 pm/ �C).15 Thus, the influence from small

temperature variations during force sensing can be ignored.

The Bragg wavelength shift of our MFBG against

stretching force is linear up to �0.00724 N. The sensor will

break with forces exceeding this value. Thus, this force sen-

sor is suitable for high-accuracy micro-force sensing but its

measurement range is limited.

In summary, we proposed and experimentally demon-

strated a MFBG force sensor with high sensitivity produced

by FIB milling. Conventional FBGs are inscribed in the core

of Ge-doped photosensitive silica fiber by phase masking

that has weak RI modulation and strong dependency on fiber

material. Compared with these standard FBGs, FIB-milled

MFBGs have advantages in strong RI modulation, compact

size, and flexibility without limitation of the fiber material.

The fabricated grating is relatively short (only 112 lm) with

as few as 200-period and 50 nm-deep corrugations on the

surface of a 2.5 lm-diameter microfiber. The total length of

the grating is an order of magnitude shorter than that of gra-

tings fabricated by other techniques. It provides great benefit

for the miniaturization and integration of the force sensors.

The SF is inversely proportional to the FBG cross-sectional

area. With smaller diameter, a FBG based on microfiber has

an inherent advantage of high SF. A calibration of a 2.5 lm-

diameter MFBG sensor was performed, giving a SF of

�3146 nm/N around the resonant wavelength of 1538 nm.

All these performances are better than FBGs with much big-

ger size or other similar MFBGs before. The advantages of

compact size, high sensitivity, easy interrogation, and simple

fabrication offer great prospects for developing miniature

micro-force sensors with precision measurement capability.
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