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A novel wide measuring range FBG displacement sen-
sor with variable measurement precision based on 
helical bevel gear 
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A novel fiber Bragg grating (FBG) displacement sensor is proposed, which can achieve wide measuring range dis-

placement detection with variable measurement precision due to its mechanical transfer structure of helical bevel gear. 

A prototype is designed and fabricated. The maximum detection displacement of this prototype is 1.751 m, and the 

precision grade changes from 0.2% to 6.7%. Through analyzing the experiment data which is obtained in the calibra-

tion experiment, the measuring range of this sensor is from 0 m to 1.532 m, and the wavelength shift errors between 

experiment data and theory calculation are all less than 5%. 
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Many existing displacement measurement methods, such 
as inductance, capacity, photoelectric and ultrasonic dis-
placement sensors, are difficult to do waterproof and 
achieve stable monitoring[1-5]. Due to their unique ad-
vantages, fiber Bragg grating (FBG) displacement sen-
sors have been widely investigated[6-10]. While the meas-
uring ranges of existing FBG displacement sensors are 
mostly at centimeter magnitude which are limited by 
material properties of FBG or sensor structure. Yi Zou et 
al[11] proposed an FBG displacement sensor with meas-
uring range of 0–10 mm. Such a measuring range greatly 
limits the application of FBG displacement sensor in 
large-scale structure health monitoring. In order to 
achieve the wide measuring range and the high monitor-
ing precision at small displacement range, a novel FBG 
displacement sensor with variable measurement preci-
sion based on helical bevel gear[12,13] is designed and 
fabricated in this paper. 

Fig.1 shows the design diagram and the prototype of 
the metal transfer structure in this novel FBG displace-
ment sensor. Due to the changing radius along its axis, 
the relationship between circumferential length La→b 
from point a to point b and radian θ is not linear, which 
is expressed as 
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where n is thread turns number on the gear, and La→b 

represents the external displacement which is needed to 
be detected. 

With the same radian of θ, the circumferential length 
Lg of groove with width of d is 

g 1L r   ,                                 (2) 

so the relationship between La→b and Lg can be expressed 
as 

g g

1 1

( )
2πa b

L LR r
L r

n r r

    .                  (3) 

 
(a) 

 
(b) 

Fig.1 (a) Design diagram and (b) prototype of the 
metal transfer structure 
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As the geometric parameters of helical bevel gear are 
determinate, La→b changes faster and faster following Lg. 
Basic geometric parameters of the gear are exhibited in 
Tab.1. 

 
Tab.1 Geometric parameters of helical bevel gear 

Index R r r1 n 

Value/mm 21.5 2 1.5 5 

 
Theoretical calculation model of this novel FBG dis-

placement sensor is displayed in Fig.2. 
 

 
(a) Top view 

 
(b) Front view 

Fig.2 Theoretical calculation model of the novel FBG 
displacement sensor 

 
As shown in the calculation model, the circumferential 

length Lg is free end deflection of the triangle cantilever 
beam. The relationship between deflection Lg and surface 
strain ε of cantilever beam is 

2

g

l
L

h
  .                                (4) 

The FBG as a core sensitive element has wavelength 
selection characteristics, and only those wavelengths 
which satisfy the Bragg condition are affected and 
strongly back-reflected. The reflected center wavelength 
can be expressed as[15] 

B eff2n  ,                               (5) 

where neff is the effective index of refraction, and Λ is the 
grating periodicity of the FBG. 

Due to the influence of temperature and strain on pa-
rameters of neff and Λ, the reflected wavelength is 
changed as a function of temperature and strain. Keeping 
the temperature stable, the general relationship between 
strain and wavelength can be described as[16,17] 
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where λB and pe are center wavelength and optical elas-
ticity coefficient, respectively. 

So the relationship between the detected displacement 
and center wavelength shift is 
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where K is the coefficient between deflection and center 

wavelength shift obtained from Eqs.(4) and (6), and it is 
expressed as 
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When the basic parameters of this novel FBG sensor, 
such as geometric parameters of metal transfer instru-
ment and triangle cantilever beam and physical coeffi-
cient of FBG, are identified, the external displacement 
can be expressed as a quadratic equation of center wave-
length shift. The length and height of cantilever beam are 
100 mm and 1 mm, respectively. The initial center 
wavelength of FBG is 1 550.220 6 nm, and pe is equal to 
0.22[18,19]. Assuming that maximum center wavelength 
shift is 8 nm, and the detected displacement ranges are 
calculated as 0–1.751 m, the theoretical calculation for-
mula between La→b and ∆λB under the same conditions is 

2

B B19.772 60.662a bL       .              (9) 

To verify the performance of this novel FBG dis-
placement sensor practically, the calibration experiment 
platform as shown in Fig.3 is built up based on SM125[20] 
as the fiber integrator, displacement platform and data 
acquirement software. 

 

 

Fig.3 Schematic diagram of the displacement sensor 
calibration platform 

 
Through adjusting the high precision fine-tuning knob 

with stepping accuracy of 1 mm, the external displace-
ment is changed from 0 mm to 150 mm. This maximum 
detection displacement of 150 mm is limited by the cali-
bration platform. The initial center wavelength of the 
FBG pasted on the cantilever is the same as that in the 
calculation model. To make sure that the FBG reflec-
tance spectrum is not widened, the wavelength shift 
ranges in this experiment are manually controlled within 
0–1.5 nm. Varying precision grade is chosen as the ref-
erence index to evaluate the performance of this novel 
FBG sensor, and is expressed as 
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Fig.4 displays the wavelength shift and the measure-
ment precision grade versus external displacements. The 
formula of the fitting curve between external displace-
ment La→b (mm) and wavelength shift ∆λB (nm) of the 
prototype in the calibration experiment is 
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and the linearity of approximate formula is R2=0.999 7. 
Assuming that ∆λB is 8 nm, the maximum measuring 
displacement of the prototype is 1.532 m practically. It is 
shown in Fig.4 that the smaller the detected displacement, 
the higher the precision grade. The measurement preci-
sion grade decreases with the increase of detected dis-
placement. When the external displacement is larger than 
50 mm, the precision grade decreases slowly, which 
means that this sensor has better detection precision at 
larger displacement. The characteristics of this sensor 
make sure that it could measure large displacement and 
has high detection accuracy at small displacement 
changes. The wavelength relative errors between ex-
periment data and theory calculation results are all less 
than 5%. The relative error is bigger and bigger with the 
increase of external displacement. This phenomenon is 
mainly caused by machining technology of the prototype. 
With increasing the radius of gear, the depth of thread 
becomes smaller and smaller, which can be obtained 
from Fig.1. So the wavelength shifts in the experiment 
are always bigger than those in theory calculation. All 
these data confirm that this novel FBG displacement 
sensor has excellent measurement accuracy and achieves 
large range displacement detection. 
 

 

Fig.4 FBG center wavelength shift and measurement 
precision grade versus external displacement  

 
In conclusion, with the mechanical transfer instrument 

of helical bevel gear, a novel FBG displacement sensor 
which can achieve high detection precision at small dis-
placement changes and wide measurement range is pro-
posed in this paper. Because the helical bevel gear has 
varying radius along with its axis, this sensor has varying 
detection accuracy. So the mutative precision grade is 
chosen as one reference index to identify its performance. 
The calculation model of this sensor is built, and the 
prototype is fabricated to confirm its performance prac-
tically. As geometrical and physical parameters are iden-
tified, the displacement detection range of this sensor is 
0–1.751 m theoretically. Through analyzing the calibra-

tion experiment data, the detection accuracy range is 
11.8–15.9 pm/mm corresponding to external displace-
ment from 0 mm to 150 mm. The relative errors of 
wavelength shift between theoretical and experimental 
data are all less than 5%. All these theoretical calculation 
and experiment data confirm that this sensor has excel-
lent practical application, especially in large scale engi-
neering structure measurement. 
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