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Abstract— The development of excessively tilted fiber gratings 

(Ex-TFGs) provides a new type of sensing device with high 

refractive index (RI) sensitivity, low thermal crosstalk and vector 

sensing property. Due to the asymmetric grating structure of Ex-

TFG, the light in the core is coupled into high order forward-

propagating cladding modes and split into two orthogonal 

polarization states, resulting in dual-peak resonances in the 

transmission spectrum. The Ex-TFG also exhibits a non-circularly 

symmetrical near field distribution, which endows an exceptional 

orientation sensing capability. Benefitting from the unique mode 

coupling behavior, Ex-TFGs have been studied and developed for 

many different sensing applications, such as polarization 

dependent torsion and loading sensors, vector accelerometer and 

magnetometer, and a variety of low thermal crosstalk bio/chemical 

sensors.  

This paper will review the recent study and development of Ex-

TFGs in terms of mode coupling mechanism, fabrication method, 

transmission and sensor characteristics and the novel applications 

in sensing areas. 

Index Terms— Optical fiber grating, mode coupling in 

excessively asymmetric structure, refractive index sensing, 

orientation sensing, biosensing. 

I. INTRODUCTION 

The transverse holographic method [1] developed in 1989 

opened a new door for the development of optical fiber grating 

(OFG) technology. Since then, researchers have proposed a 

range of novel OFGs. Different structures of OFGs manipulate 

the mode coupling behavior of light transmitted in the fiber 

through periodic core refractive index modulation. Generally 

speaking, the mode coupling in an OFG may include core, 

cladding and radiation modes. Different OFG structures possess 

different mode coupling mechanisms, which depend on the 

period and tilt angle of the grating [2-4]. By designing the 

period and tilt angle, OFGs can exhibit different mode power 

coupling and transmission property, which can generate a 

variety of light manipulation functions and be utilized in 

applications in fiber communication systems [5], fiber lasers [6] 

and fiber sensing fields [7]. 

 Fiber Bragg gratings (FBGs) with a typical period of few 

hundreds of nanometers [8] only allow coupling the light from 

the forward-propagating core mode to the backward-

propagating one, resulting in reflection type of light filters [9-

10]. Long period gratings (LPGs) with hundreds of micrometers 

period are capable of coupling light from forward-propagating 

core mode to the forward-propagating cladding modes, 

generating loss bands in transmission [11]. Attributing to the 

cladding mode coupling, LPGs are intrinsically sensitive to the 

surrounding-medium refractive index (SRI) change, and more 

applied in bio/chemical sensing applications [12]. In 

comparison with FBGs and LPGs of normal structure, tilted 

fiber gratings (TFGs) possess unique polarization 

characteristics due to the modulated refractive index tilted with 

respect to the fiber axis. According to the mode coupling 

behavior, TFGs are classified as small angle tilted fiber Bragg 

grating (TFBG), radiation tilted fiber gratings (RTFG) and 

excessively tilted fiber grating (Ex-TFG).  The transmission 

light is coupled from the forward-propagating core mode to the 

backward-propagating cladding modes in a TFBG, to the 

radiation modes in an RTFG and to the forward-propagating 

cladding modes in an Ex-TFG, respectively.  Considerable 

research work on TFGs has been reported previously [13-14]. 

The most representative TFBGs work is the TFBGs based 

surface plasmon resonance (SPR) excitation for bio/chemical 

sensing, which is proposed and developed by J. Albert and T. 

Guo et al. [15-18]. For RTFGs,   Westbrook et al. were the first 

to demonstrate a  45o-TFG based in-fiber polarimeter in 2000 

[19], and since then, 45-TFGs have been developed as high 

polarization extinction ratio in-fiber polarizer [20,21] and 

diffractive grating [22], of which the unique single polarization 

coupling property has promoted the 45o-TFGs for applications 

in  mode-locking fiber lasers, optical fiber coherent tomography, 

optical wireless communication and spectral code imaging 

system [23-25].  

In 2006, the research group at Aston University proposed a 

fiber grating structure with > 80° tilt angle with respect to the 

normal fiber axis and relatively short period (tens micrometer), 

named Ex-TFG. Such Ex-TFG shows a series of orthogonal 

polarization dual-peaks in the transmission spectrum and 

exhibits high SRI sensitivity with low temperature crosstalk 

[26]. In 2014, Mou et al. [27] have published a book chapter 

about sensing properties of Ex-TFGs, which only includes some 

basic physical applications. In this paper, we will present a 

comprehensive review on the more recent study and 

development of theory, fabrication, characteristics and 

applications of Ex-TFGs, which would provide more insights 

to the Ex-TFGs and promote a more wide range of applications 

in utilizing such unique optical fiber grating devices.  

II. THEORY AND FABRICATION OF EX-TFG 

An Ex-TFG has an equivalent pile of periodically slanted 

plates that are inclined more than 66.9 degrees with respect to 

the normal optical fiber axis [28], as schematically shown in 

Fig.1.Such large angle titled structure of Ex-TFG favors the 

forward propagating core mode coupling into the forward 

propagating cladding modes, and its period, typically around 

tens of microns, supports excitation of higher order cladding 

modes. Due to its slanted structure, an Ex-TFG is intrinsically 

birefringent with assigned fast and slow axis as depicted in Fig. 
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1. 

 

A. Mode coupling theory of Ex-TFG 

Usually, the mode coupling strength between core and 

cladding modes under weak waveguide approximation is 

determined by the coupling coefficient, which can be expressed 

as [4]: 

𝑔𝑙𝑚−01
𝑐𝑙 = 𝐴𝑔

𝑐𝑙 ∫ 𝑟𝑑𝑟𝐽𝑙−1(2𝑟𝐾𝑔𝑠𝑖𝑛𝜃)
𝑎

0

× 𝐽𝑙−1(𝑢𝑙𝑚𝑟)𝐽0(𝑢0𝑟)    (1) 

where 𝐴𝑔
𝑐𝑙 is the amplitude of the cladding mode, 𝑎 is the core 

radius, J is the Bessel function of the first kind, 𝐾𝑔 is the wave 

number of TFG, lm represents the hybrid mode, 𝑢𝑙𝑚
2 =

(2𝜋 𝜆⁄ )2(𝑛1
2 − 𝑛𝑒𝑓𝑓𝑙𝑚

2)  ( 𝑛1  and 𝑛𝑒𝑓𝑓𝑙𝑚  are the refractive 

index of core material and effective index of cladding mode, 

respectively), and 𝜃 is the tilt angle of the grating.  

 
The calculated coupling coefficients of different cladding 

modes of an Ex-TFG with 80° tilt angle are plotted in Fig. 2, 

which show that the mode coupling of Ex-TFG only occurs as 

azimuthal mode number l>0 [4, 30-32]. The largest coupling 

coefficient of LP1m is around 10th cladding mode, and the largest 

for LP2m is at the order of 52nd, and as increasing of mode order 

(>80th), the coupling coefficient value reduces almost to 0. It is 

also clear from the figure, the coupling coefficient of LP2m 

cladding mode is always smaller than that of LP1m, until the 

mode order is beyond 48th. Generally, Ex-TFGs have relatively 

smaller period when compared to a standard LPG, around tens 

micrometers, and in most applications, only the first 40 orders 

cladding modes are used, which are mainly the LP1m modes, 

according to the theoretical and simulated results in Ref [33,34].  

B. Numerical analysis 

Compared to LPG, Ex-TFG exhibits the same forward-

propagating mode coupling behavior, but the critical difference 

is that the tilted grating structure induces a polarization-

dependent mode coupling property. So, Ex-TFG sometimes is 

also called tilted long period fiber grating [33]. To qualitatively 

simulate the coupling behavior of EX-TFG, the weak 

waveguide approximation was employed in the simulation. The 

LP1m modes in an Ex-TFG are the degenerated TM and TE 

modes, which are a pair of orthogonally linearly polarized 

modes (polarization direction shown in Fig.1). The 

eigenvalue equations for TM0m and TE0m are given as (2) 

and (3), respectively [35]. 

            
𝐽1(𝑢)

𝑢𝐽0(𝑢)
+ (1 − 2∆𝑛)

𝐾1(𝑤)

𝑤𝐾0(𝑤)
= 0        (2) 

                      
𝐽1(𝑢)

𝑢𝐽0(𝑢)
+

𝐾1(𝑤)

𝑤𝐾0(𝑤)
= 0                  (3) 

Where ∆𝑛 is the refractive index difference between the 

cladding and air; 𝑢 = (2𝜋𝑟)2(𝑛𝑐𝑙
2 − 𝑛𝑐𝑙𝑒𝑓𝑓

2)1/2/𝜆  and 

𝑤 = (2𝜋𝑟)2(𝑛𝑐𝑙𝑒𝑓𝑓
2 − 𝑛𝑎𝑖𝑟

2)1/2/𝜆 (𝑟 is the radius of fiber 

cladding; 𝑛𝑐𝑙𝑒𝑓𝑓 , 𝑛𝑐𝑙, and 𝑛𝑎𝑖𝑟  are the effective index of 

cladding mode, the refractive index of cladding 

material and air, respectively.  

The phase matching condition for an Ex-TFG can be 

expressed as (4),  

                 𝜆 = (𝑛𝑒𝑓𝑓
𝑐𝑜 − 𝑛𝑒𝑓𝑓

𝑐𝑙,𝑚,𝑇𝐸/𝑇𝑀
)

Λ𝐺

𝑐𝑜𝑠𝜃
                 (4) 

Where 𝜆  is the resonance wavelength; 𝑛𝑒𝑓𝑓
𝑐𝑜  is the effective 

index of core mode; 𝑛𝑒𝑓𝑓
𝑐𝑙,𝑚,𝑇𝐸/𝑇𝑀

 is the effective index of mth 

cladding mode of TE or TM polarization; 𝛬𝐺  is the normal 

period of grating; 𝜃 is the tilted angle of the grating. 

 
By using (2), (3) and (4), the resonance wavelength of Ex-

TFG can be determined by the effective mode indices of core 

and cladding and the axial period of grating. By applying (4), 

the phase matching curve of Ex-TFG is plotted in Fig. 3, 

showing a series of TM and TE modes in pairs under the same 

cladding mode order. In the experiment, the axial period of Ex-

TFG is generally around tens micrometer, in which the mode 

coupling mainly happens between the core mode and the high 

order cladding mode around 30th to 40th cladding mode, where 

the resonant wavelength of TM mode is shorter than that of TE 

mode. 

C. Fabrication method of Ex-TFG 

At present, the phase mask method [36-37] is the most widely 

used inscription technique for the fabrication of FBGs and 

TFBGs with sub-micrometer periods. For gratings with 

 
Fig. 1. The schematic diagram of an Ex-TFG [29]. 

 
Fig. 2.  Coupling coefficient of different cladding modes with l=1,2,3 in an 

Ex-TFG with 80° tilt angle [29].  

 
Fig. 3. Simulated resonance wavelength versus the axial period of Ex-TFG 

with TE (solid line) and TM (dash line) modes from 31th to 45th orders [35]. 
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hundreds of micrometers period, such as LPGs, they are usually 

fabricated by the point-by-point inscription method. However, 

for an Ex-TFG, due to the limitation of diffraction of phase 

mask and tilted grating structure, the inscription methods 

mentioned above are not suitable.  

 
Consequently, the amplitude mask method is adopted for Ex-

TFG inscription [35]. During the inscription process, the 

amplitude mask is tilted at a certain angle in front of the fiber, 

and the grating structure is introduced by the 0-order diffraction 

beam (shown in Fig. 4a and 4b). The relationship of tilt angle 

and period between amplitude mask and grating has been 

described in Ref. [35].  

D. Spectra characteristics of Ex-TFG 

Yan et al. have investigated the transmission property of Ex-

TFG in detail [35], from which the transmission spectra of an 

Ex-TFG with 81o tilt angle and 28μm axial period are studied 

and its characteristic spectrum is shown in Fig. 5a. From the 

figure, we clearly see that there is a series of dual-peak 

resonances in the range from 1300 nm to 1700 nm, of which the 

TM peak is at shorter and TE peak is at longer wavelength side.  

 
Furthermore, by rotating linearly polarized light launched 

into the grating, the strength of dual peaks alternatively changes 

as seen in Fig.5b. When the polarization axis of light is parallel 

with the fast axis of Ex-TFG, the TM peak is at the strongest 

and the TE peak almost ceased, and then as rotating the 

polarization of incident light, the TM peak gradually reduces 

and TE peak arises, clearly demonstrating the polarization 

dependent spectral property of an Ex-TFG. According to the 

simulation in Ref. [35], this Ex-TFG will excite the 30th-36th 

cladding modes in the near infrared region, which are most 

suitable for communication, sensing and laser applications.  

III. SENSING CHARACTERIZATION OF EX-TFG 

Due to the high order cladding mode excitation, Ex-TFGs 

have shown higher RI responsivity to aqueous and lower 

temperature sensitivity than LPGs. The sensitivity expression 

of an Ex-TFG under external perturbation can be expressed as: 

            ∆𝜆 = 𝛾(Γ + 𝛼)𝜆              (5) 

Where 𝛾  is waveguide dispersion; Γ  is the environmental 

dependence of waveguide dispersion, such as RI and 

temperature （the detailed derivation process described in [38]）; 

𝛼 is the material expansion coefficient.  

From (4) and (5), the sensitivity of an Ex-TFG to the 

surrounding medium could be calculated in terms of the 

cladding mode order and titled angle, and the detailed 

discussion will be given in the following sections. 

A. Refractive index sensing characteristics  

Mou et al. have initially investigated the RI sensing 

characteristics for a typical Ex-TFG [39], showing the RI 

sensitivity of TM mode (291.5nm/RIU) is slightly higher than 

that (252.5nm/RIU) of TE mode (see in Fig. 6a), and as 

increasing the SRI, the resonance peaks of TM and TE cladding 

modes merged into one peak, as shown in Fig. 6b. 

 

1) Mode dependent RI sensitivity 

 More recently, Yan et al. have conducted a more 

comprehensive study and experimentally and theoretically 

analyzed the RI sensing characteristics of Ex-TFGs, revealing 

that the RI sensitivity depends on the order number of cladding 

mode [38]. The RI sensitivity of Ex-TFG shows a nonlinear 

trend, and when the SRI value approaches the effective index 

of cladding mode, the RI sensitivity is at the highest. They then 

further investigated the RI response of different order cladding 

modes at the resonance wavelength around 1550 nm by 

fabricating Ex-TFGs with different axial period. The results 

show that the lower the cladding mode order, the higher the 

effective mode index, but lower RI sensitivity. For example, the 

28th order cladding mode of 83-TFG exhibited an RI sensitivity 

of 156nm/RIU, whereas the 43rd mode of 72-TFG displayed an 

RI sensitivity of 260nm/RIU. 

2)  RI sensitivity enhancement 

The theoretical analysis has verified that the RI sensitivity of 

cladding mode can be significantly enhanced with reduced 

cladding size. Thus, there are two ways to achieve high RI 

sensitivity for an Ex-TFG: a) directly inscribing grating in the 

thin cladding fiber [40]; b) reducing fiber cladding by using the 

hydrofluoric acid etching method [41]. In 2015, Yan et al. 

reported the RI sensitivity enhancement by inscribing the Ex-

TFG in a thin cladding fiber with 40 m cladding radius, which 

has shown an RI sensitivity of 1180 nm/RIU for the TM mode 

and 1150 nm/RIU for the TE mode, respectively, compared to 

only 200 nm/RIU and 170 nm/RIU for the 62.5m cladding 

 
Fig. 4. Schematic of Ex-TFG inscription: (a) the front view and (b) the top 

view of amplitude mask with 0 order diffraction inside the fiber core [35]. 

 
Fig. 5. The transmission spectra of an Ex-TFG with 81° tilt angle: (a) a 
series of dual-peak resonances from 1300 to 1700 nm and (b) zoomed one 

pair of dual-peaks measured by linear polarization light with different 

azimuth angles with respect to the fast axis of grating [35]. 

 
Fig. 6. (a) The transmission spectrum of Ex-TFG with dual peak under 
different surrounding RI; (b) wavelength shift of TM and TE mode versus 

different RIs and eventually merging into one peak [39]. 
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radius fiber at the SRI of 1.345 (Fig.7a) [40]. In 2018, Luo et al. 

have reported a detailed investigation on increasing RI 

sensitivity of an Ex-TFG by using the etching method [41], 

achieving an average RI sensitivity, in the index region of 1.33–

1.38, 6.3 times higher than that of the no-etched Ex-TFG, and 

the highest sensitivity has reached to ∼1600 nm/RIU as the 

cladding diameter etched to ~ 15µm (Fig. 7b).  

 
However, etching Ex-TFG will reduce the mechanical 

strength of the grating, thus difficult to keep it intact during the 

sensing process. In order to maintain the mechanical strength of 

grating, another method was proposed to enhance the RI 

sensitivity, i.e. coating the Ex-TFG with high refractive index 

material. In 2018, Li et al. have theoretically analyzed the RI 

sensitivity of TiO2 coated Ex-TFG, predicted such a coated 

grating may achieve an ultrahigh RI sensitivity of 

32261.2nm/RIU, which is 18.1 times higher than that of the 

uncoated structure [42].  

 
Jiang et al. have experimentally demonstrated RI sensitivity 

enhancement by depositing high index nanomaterial graphene 

to the Ex-TFG and explored the spectrum and RI response [43]. 

Their results have shown the RI sensitivity of the graphene-

coated Ex-TFG slightly increased in comparison with the bare 

Ex-TFG, seen in Fig. 8a and b. The effect in RI sensitivity 

enhancement using graphene coating is less due to the limited 

layers of graphene, whose RI decreases as the number of layers 

increases. 

3) Orientational RI response 

The RI sensing nature of a fiber grating is the interaction 

between surrounding medium and the grating evanescent field, 

which changes the effective mode index of resonance peak. The 

tilted structure of an Ex-TFG induces a non-circular symmetric 

field distribution of the LP1m cladding mode, which endows an 

orientation related RI response to the Ex-TFG. The resonant 

wavelength shift of a titled grating relies on the penetration 

depth of evanescent field of the cladding modes into the 

surrounding medium. 

 
In 2020, Sun et al. have revealed the orientational RI 

responsivity of an Ex-TFG by analyzing the mode field 

distribution of cladding mode, which was verified in the 

experiment. This study pointed out that the Ex-TFG mainly 

excites the LP1m cladding mode, which has a non-circular 

symmetric evanescent field, thus resulting in orientational RI 

response [29]. Simulated results have shown that the LP1m 

cladding modes have orthogonal mode field distributions as 

depicted in Fig.9, and from the figure, we can see that there are 

two lobes along the fast axis of Ex-TFG, and the evanescent 

field power mainly concentrates in these two side lobes. This 

unique field distribution property promotes the Ex-TFG’s 

orientational RI sensitivity.  

 
To experimentally verify this orientational RI sensitivity, an 

Ex-TFG was immersed into an oil liquid in different directions. 

Figure 10a shows the spectra of the Ex-TFG when in the air or 

half side immersed in the oil (SRI = 1.39) at 0, 45 and 90. 

From the figure, we can see that the wavelength shift of the Ex-

TFG immersing along the slow axis (90) is almost twice than 

that along the fast axis (0). Quantitatively, the resonance 

wavelength shift is about 16.3 nm around the fast axis and 

doubled to 32.5nm around the slow axis in polar coordinates as 

shown in Fig. 10b. This unique orientational RI sensitivity 

reflects the birefringence and polarization function of the Ex-

TFG, which can be utilized for vector sensing as discussed 

below.  

B. Temperature cross talk 

As reported in [28, 38], the Ex-TFGs have shown low thermal 

cross-talk, as the typical temperature sensitivities of the TM and 

TE modes are only about 6.8pm/℃ and 5.6 pm/℃, respectively 

(Fig. 11 a). It was pointed out that the response of Ex-TFG to 

temperature depends on the cladding mode order [38]. The 

reported work in Ref. [38] shows the temperature sensitivity of 

the 40th, 35th, 31st and 28th cladding mode of four Ex-TFGs with 

different tilt angle (75, 79, 81 and 83) is measured as 

 
Fig. 7. (a) RI response of TM and TE peaks of 81°-TFGs inscribed into 

SMF-28 fiber with 62.5μm cladding radius and SM1500 fiber with 40μm 

cladding radius [40]. (b) Resonance wavelength shifts for the TM mode 

peaks in etched fibers with different cladding radius sizes [41]. 

 
Fig. 8.  RI sensing performance of Ex‐TFG without (a) and with (b) 

graphene coating in SRI solutions [43]. 

 
Fig. 9. Cladding mode distribution of Ex-TFG (a) Simulation results and (b) 
Captured near field results [29]. 

 
Fig. 10.  Transmission spectra response of TM mode of Ex-TFG by sidely 

immersing 1.39 RI oil (a) along 0°, 45°, 90° and totally; (b) wavelength shift 

of TM cladding mode along different immersion angles with respect to the fast 
axis of grating from 0° to 345° [29]. 
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4pm/℃, 5.6pm/℃ ,6.8pm/℃ and 9pm/℃, respectively (Fig. 

11b). These values are much lower than that of the typical LPGs 

(typically few hundred pm/C) and also lower than standard 

FBGs (~10-12pm/C).   The low temperature crosstalk property 

of Ex-TFGs is particularly desirable for high accuracy 

bio/chemical sensing applications.  

 

IV. SENSING APPLICATIONS OF EX-TFG 

Nowadays, due to the advantages of small size, high 

reliability and immune to electromagnetic interference, OFGs 

have been widely applied in structure monitoring, physical field 

measurement and bio/chemical detection. Owing to the high RI 

sensitivity, low thermal crosstalk and unique polarization 

property, Ex-TFGs have been particularly explored in the 

vector sensing and bio/chemical detection area.  

A. Vector sensors 

Most physical parameters have orientational information, 

usually, we need to employ multiple sensors in different 

directions to detect or monitor the changes along different 

directions, which increases the complexity and cost of the 

system. For an Ex-TFG, the intrinsic asymmetrical structure 

and uneven evanescent field distribution have made the Ex-

TFG suit for vector sensing. 

1) Vector twist sensor 

The unique polarization dependent characteristics of Ex-TFG 

makes it possible to apply in twist sensing. In 2006, Chen et al. 

proposed a vector twist sensor based on an Ex-TFG with 81o tilt 

angle [44], which can monitor both direction and amplitude of 

the torsion. The experimental results have shown that as the 

81-TFG is twisted in the clockwise direction from 0 o to 180o, 

the strength of the TM peaks decreases, and the TE increases, 

which indicates that the power is changing from one set of the 

polarization modes to the other set during the twist process, 

seen in Fig. 12a. By monitoring the intensity of resonance peaks, 

during twisting in clockwise and anti-clockwise, the TM and 

TE peaks show opposite trends, and the twist response is highly 

linear in the range of -180o ~ 180o with 0o as the turning point, 

which exhibits a twist sensitivity around 14.3W(rad/m). If the 

starting point of the twist sensor is set at either ± 90° , the 

direction and angle of the torsion can be inferred by observing 

the changes with resonance peaks of the two polarization states. 

This simple and low-cost twist-intensity demodulation 

technique makes Ex-TFG an excellent in-fiber vector twist 

sensor, which may be applied in the structure monitoring.  

 

2) Vector loading sensor 

Loading sensors are demanded often in structural quality 

monitoring employed in measuring weight, direction and so on. 

Since the Ex-TFG structure is defined by the slow and fast axis, 

the mode effective index of cladding mode changes differently 

along the two axes when the Ex-TFG is subjected to loading. 

As loading applied along the slow axis of Ex-TFG, the 

birefringence induced by loading would coincide with that 

induced by the tilted grating structure, while the peaks of Ex-

TFG would remain unchanged. Conversely, as loading applied 

along fast axis, the birefringent effect induced by loading and 

tilted grating structure would be cancelled each other out, and 

then the dual-peak turned into one peak. Such phenomenon 

offers an exceptional vector monitoring feature for the Ex-TFG.  

In 2009, Suo et al. reported a vector loading sensor by using 

an 81-TFG [45]. In this experiment, transverse load is applied 

along the fast axis of grating, as seen in Fig. 13a.  As increasing 

the loading, the intensity of the TM peak is decreasing and that 

of the TE peak is increasing (see Fig. 13b), and the intensity 

responses of TM and TE peaks have shown a good linear 

relationship with an approximately 2.04W/ (kg m-1) sensitivity 

for the loading increasing from 3 to 31kg/m (seen in Fig. 13c). 

However, when the loading was applied to the grating slow axis 

(ψ=90), the sensor almost did not respond to the perturbation 

(Fig. 13d). The transmitted light would be easily influenced 

when the load is applied to the fast axis and immuned as the 

loading applied along the slow axis. This distinguishing 

directional property makes an Ex-TFG desirable vector loading 

sensor to measure the amplitude and direction of an applied 

load at the same time. 

 
Fig. 11. The temperature response (a) for the TE and TM modes  of an  Ex-

TFG with 81° tilt angle and (b) for TM modes of Ex-TFGs of different titled 

angles at 75°, 79°, 81° and 83°[38]. 

 
Fig. 12.  The twist sensor based on an 81-TFG: (a) the transmission spectra 

evolution from 0° to 180°; (b) the intensity changes of the two polarization 

peaks under twist in clockwise and anti-clockwise directions [44]. 
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3) Vector magnetometer 

Based on the direction-dependency RI response discussed 

previously, Lu et al. have proposed an Ex-TFG based vector 

magnetometer [46], for which the Ex-TFG is packaged within 

a magnetic fluid (MF) with highly dispersed ferromagnetic 

particle. Under the magnetic field, the random distribution of 

ferromagnetic particles becomes oriented along the magnetic 

field and forms magnetic chain clusters. By measuring the 

direction of magnetic chain clusters and the concentration of 

ferromagnetic particles, the strength and direction of the 

magnetic field could be obtained. The experimental results 

reported in Ref. [46] shows that the wavelength shift of the Ex-

TFG has a polarized changing trend, indicated by a “figure-8-

shape”, seen in Fig. 14a. The fast axis of the Ex-TFG shows the 

direction information of the magnetic field and the wavelength 

shift along the slow axis gives the strength information of the 

magnetic field. From Fig 14a and b, we can see the sensitivities 

to magnetic field orientation and intensity could reach as high 

as 0.41nm/deg and 2.45nm/mT, respectively, and the detection 

limit of the magnetic field intensity is about 8.1μT, which 

depends on the concentration of ferromagnetic particles in MF.  

 

4) Vector accelerometer sensor 

In 2020, Xie et al. have proposed an 81-TFG based vector 

accelerometer sensor [47], in which the asymmetrical structure 

of the grating has shown a directionally dependent bend 

response. Based on its high axial strain sensitivities of -2.93 and 

-2.31pm/ for the TE and TM cladding mode, and combined 

with the good orthotropic orientational bending sensitivities of 

the TE and TM modes, the vector accelerometer sensor exhibits 

strong orientation-dependent vibration properties, which also 

shows a “figure-8-shape” distribution for the vibration 

measurements at a certain frequency (Fig. 15d). The sensor has 

achieved a maximum acceleration sensitivity of 74.14mV/g at 

72Hz and a maximum orientation sensitivity of 9.1mV/deg for 

the TE cladding mode. The simple structure and stable 

performance of the Ex-TFG based vibration sensor could be 

suitable for the sensing and on-line monitoring of vibration 

measurement fields. 

 

B. Ex-TFG based biochemical sensors 

With increasing demands of biomedical and biochemical 

detection technology, optical fiber sensing techniques have 

been attracting more and more attention in these fields due to 

their fast and simple test process. A vast number of researches 

about biochemical sensors in using LPGs and TFBGs have been 

reported [48-51, 15-18]. Comparing with LPGs, Ex-TFGs have 

high Q factor and lower thermal crosstalk, which are more 

suitable for biochemical sensing. Table I summarized the 

comparison of the different parameters of LPG, Ex-TFG and 

TFBG, in which the Ex-TFG showed a very high Figure of 

Merit (FoM) [15]. The higher FoM is the higher sensing 

precision.  However, Ex-TFGs can only respond to the 

changing of SRI and cannot be used directly for bio/chemical 

sensing. To employ the Ex-TFGs in Bio/chemical sensing area, 

the outer surface of grating fiber needs to be bio-functionalized 

for biocompatibility and bio-selectivity [52-60]. 

 

1) Humidity sensor 

Relative humidity (RH) is a key parameter in environmental 

monitoring, weather forecasting and chemical applications. 

Jiang et al. have reported a graphene oxide (GO) deposited Ex-

TFG for ultrafast humidity sensing and human breath 

monitoring [52].  Fig. 16a presents an RH sensor based on an 

Ex-TFG coated with GO that has a high surface-area-to-volume 

ratio and abundant functional groups to interact with water 

 
Fig. 13.  The loading sensor based on an 81-TFG: (a) experimental setup 

and schematic diagram of fast and slow axis; (b) The transmission spectra 
evolution from 0 to 2.6kg; (c) normalized transmission losses of the TM 

and TE modes plotted in linear scale with increasing load; (d) normalized 

transmission losses of the TM mode with the load applied to the fast axis 
(ψ = 0◦) and slow axis (ψ = 90◦) [45]. 

 
Fig. 14.  (a) Wavelength shift as a function of magnetic field orientation 

in polar coordinate system under fixed magnetic field intensities as 6mT 

and 12mT. (b)Wavelength shift versus magnetic field intensity with 
intersection angle θ of 0°, 45° and 90° with respect to the fast axis of 

Ex-TFG [46]. 

 
Fig. 15. (a) Wavelength shift as the variation of the axis strain of the Ex-TFG. 

(b) Acceleration sensitivity as a function of vibration orientation for the TE and 
TM modes at 72 Hz in a polar coordinate system under fixed driving voltages 

of 5 and 3V [47]. 

TABLE I THE DIFFERENT PARAMETERS COMPARISON OF  
LPG, EX-TFG AND TFBG [15, 35, 37, 47, 48] 

 Temperature 
Refractive 

index 
Bandwidth 

Figure of 
Merit 

LPG  70pm/℃ 228nm/RIU 14.08nm 16.19 

Ex-TFG 6pm/℃ 821nm/RIU 3.03nm 270.96 

TFBG 0.35pm/℃ 9.31nm/RIU 0.5nm 18.62 
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molecules. The experiment results have shown that both 

intensity and resonance wavelength of the RH sensor are 

linearly proportional to the change of RH in the range of 30% 

to 80%, and exhibited the sensitivities of 0.027 dB/%RH for the 

former and 18.5 pm/%RH for the latter, respectively. In 

addition, the Ex-TFG based RH sensor has demonstrated low 

hysteresis and stable RH response (shown in Fig. 16c). In order 

to evaluate the repeatability and response time, the RH sensor 

was employed to monitor a human breath with different 

breathing frequency. As a result of measurement and 

calculation, the RH sensor exhibited a response time of 42ms 

and 115ms recovery time (Fig. 16d), indicating good 

repeatability and reliability during the breathing cycles.  

 

2) Heavy metal ion sensor 

Industrial wastewater usually contains a range of heavy metal 

ions such as Pb2+, Cr6+, Hg2+, etc., which would accumulate in 

the human body through the food chain and cause chronic 

poisoning. It is important to develop an effective technique to 

detect heavy metal ions.  

In 2018, Liu et al. have reported a heavy metal ion sensor by 

employing an Ex-TFG assisted with black phosphorus (BP) 

film, to which the BP film was coated by layer-by-layer 

deposition technique on the outer surface of fiber (Fig. 17a) [53].  

The key point is that BP film possesses superior molecular 

adsorption energy, which could adsorb heavy metal ions. The 

proposed BP functionalized sensor exhibited an ultrawide 

sensing range from 0.1ppb to 1.5×107ppb and a non-linear 

sensitivity up to 0.5×10-3dB/ppb@1.5×107ppb (see in Fig. 17b). 

Another potential advantage of the reported heavy metal 

biosensor is that the limit of detection is as low as 0.25ppb for 

Pb2+ ions, which is only one-fortieth of WHO’s permissible 

limit of 10 ppb for lead in drinking water. This study provides 

an optical platform for high sensitivity detection of heavy metal 

with ultralow limits.  

 

3) Glucose sensor 

Glucose is the energy source and metabolism intermediate 

product of living cells, which is the main energy supply material 

of living beings. Too much glucose would lead to obesity and 

diabetes, and too little would cause hypoglycemia. So, it is 

important to detect the glucose concentration. In 2014, Luo et 

al. [54] proposed a novel selective glucose sensor based on an 

Ex-TFG modified by glucose oxidase (GOD), in which GOD is 

a specific catalyze enzyme that could promote glucose 

converting to the glucose acid and lead to the changing of RI, 

and the Ex-TFG could detect very weak various of RI. Before 

sensing, the GOD was immobilized to the outer surface of fiber 

cladding by using the aminopropyl triethoxysilane (APTES). 

As shown in Fig.18a, the response of the sensor to the glucose 

concentration showed a linear relationship with 

0.298nm/(mg/mL) sensitivity in the range of 0~0.3mg/mL. 

Furthermore, in 2016, they have achieved the sensitivity of 

1.514nm/(mg/mL) for the glucose concentration from 0.1 to  

 
Fig. 16.  (a) Experimental setup of GO-deposited Ex-TFG sensor for the 
RH response. (b) Resonant wavelength and intensity of Dip 1 versus the 

RH level. (c) Hysteresis test of the RH response, and the inset is the spectra 

of GO-deposited Ex-TFG sensor for repeated measurements at 50%RH. 
(d) Responses of GO-deposited Ex-TFG sensor to human breathing [52]. 

 
Fig. 17 (a) Schematic representation of synthesis of BP nanosheets (i–iv) 

and deposition process of BP nanosheets on fiber device surface (v–vii); 

(b) Resonant intensity change against Pb2+concentrations;(c) Intensity 

change versus the concentration of Pb2+ [53]. 

 
Fig. 18 (a) The schematic of GOD-immobilized Ex-TFG and sensing performance of D-glucose concentration [54]. (b) Experimental setup for the 

detection of the glucose concentration using thin cladding Ex-TFG and the sensing performance of glucose concentration from 

0.1mg/ml to 5.0 mg/mL [55]. (c) Experimental setup for glucose detection by using GO coated Ex-TFG bio-functionalized with GOD and 

detecting results [56]. 
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2.5mg/mL by using Ex-TFG fabricated in a thin cladding fiber 

(Fig. 18b) [55]. In 2018, Jiang et al. reported GO coated Ex-

TFG based glucose sensor, in which the APTES is replaced by 

GO coating [56]. The GO coating could not only absorb the 

GOD, but also enhance the sensitivity of Ex-TFG. The 

experiment results show that the GO coated Ex-TFG sensor 

could directly sense the glucose concentration in DI water 

without the need for a special buffered solution, which has 

shown a sensitivity of 0.25nm/mM with a 0-8mM detection 

range (Fig. 18c).  

4) Label-free immunosensor 

 
Recently, label-free immunosensors for biomedical sensing 

applications are extensively studied, which is based on specific 

interactions between antibodies and antigens.  In 2016, Luo et 

al. conducted a research [57] on specific detection of porcine 

circovirus type 2 (PCV2), which is a single stranded DNA virus 

of mammals and the primary etiological agent of many diseases. 

In the experiment, the Ex-TFG was immobilized with anti-

PCV2 monoclonal antibodies (MAb) through staphylococcal 

protein A (SPA) that acts as the probe to detect the PCV2, and 

the detailed detection process can be seen in Fig. 19a. Once the 

PCV2 combined with SPA immobilized Ex-TFG, the resonance 

wavelength of Ex-TFG will redshift. The experiment results 

show that the immunosensor exhibited an obvious response 

from 0 to 1.154×104 TCID50/mL and the limit of detection 

(LOD) is 9.371TCID50/mL (Fig. 19b, c). Meanwhile, the 

immunosensor also performed an excellent specificity for the 

PCV2 detection, as shown in Fig. 19d. By further exploring the 

Ex-TFG sensing capability, Luo’ s group has presented another 

highly specific and fast detection of human N-terminal pro-B-

type natriuretic peptide (NT-proBNP) biosensor with a 

detection LOD of 0.5ng/mL, which could be applied in early 

heart failure diagnosis [58]. Furthermore, Luo et al. have 

improved the detection limit and sensitivity of the Ex-TFG 

based immunosensor by employing localized surface plasmon 

resonance effect. In the experiment, the gold nanospheres and 

gold nanoshells were coated to the fiber surface [59]. Based on 

this, they have achieved Newcastle disease virus (NDV) and 

soluble programmed death ligand-1 detection, which would be 

potentially applied in the clinic for the fast and early diagnosis 

of NDV epidemic disease of poultry and human tumor, 

respectively [60]. The sensing performance of Ex-TFG based 

label-free immunosensors developed by Luo et al. is 

summarized in Table Ⅱ. 

V. CONCLUSION AND OUTLOOK 

In conclusion, Ex-TFGs have been developed rapidly in 

recent years, especially in various sensing fields. In this paper, 

we have provided a detailed review on the recent development 

of Ex-TFGs, including the theoretical and experimental studies, 

and technical developments and applications. Ex-TFGs have 

the same mode coupling mechanism as LPGs, in which the core 

mode is coupled into forward propagating cladding modes, but 

the asymmetric structure of the Ex-TFG makes the core-to-

cladding coupling into LP1m modes with two orthogonal 

polarization state (TE and TM polarization state), respectively. 

This exceptional polarization property has donated the unique 

vector sensing capability to the Ex-TFGs, enabling them to be 

developed as bending, loading, twist and magnetic sensors, 

capable of measuring not just amplitude but also the direction 

recognition of the physical parameters. Furthermore, Ex-TFGs 

have exhibited significantly high RI sensitivity and low thermal 

crosstalk, which provides an optical fiber probe platform for a 

wide range of environmental monitoring and biomedical 

detection applications. Taking the advantages of high RI 

responsivity, unique vector sensing capability, simple fiber 

probe structure and good reproducibility, we could foresee Ex-

TFGs become a mainstream of optical fiber devices to be 

developed and utilized for applications in vector and 

biochemical sensing. Furthermore, the demonstrated success of 

integration with the nano and bio-functional materials offers a 

great potential to explore Ex-TFGs as ultrasensitive and high 

selectivity biosensors for environment monitoring, new drug 

development, medical diagnosis and healthcare.  
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