
 

 
Abstract - In order to solve the problem that the measurement 
accuracy of FBG sensors used in the ring type dynamometer is 
vulnerable to be influenced by temperature fluctuations and 
others, a method for the temperature compensation of ring type 
dynamometer is necessary. A method that using wavelength 
multiplexed technology of fiber Bragg grating to test temperature 
and strain simultaneously has been proposed. This paper studies 
temperature characteristics of FBG sensors and annulus elastic 
body. Temperature calibration experiment which is used to obtain 
the temperature characteristic function of FBG sensors and 
annulus elastic body has also been done. Through the analysis of 
data, the temperature characteristic of ring type dynamometer 
has been obtained, and it owns good linearity. By using the 
temperature characteristic of ring type dynamometer, the effect 
of temperature fluctuation on the measurement accuracy can be 
compensated, which can enhance the cutting force measurement 
precision of ring type dynamometer. 
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I. INTRODUCTION 
Metal cutting is widely used in various industries, such as 

automotive, watercraft and project machine. During metal 
cutting, in order to prolong machine tool life and prevent tool 
breakage, mechanical properties of the milling tool should be 
known and therefore care should be taken to prevent this [1]. 
Cutting forces are one of the most important mechanical 
properties of machine tools, and they can be used to judge the 
operation state of machine tool. Knowledge of cutting forces is 
important in metal cutting, because it is also used as an 
important indicator in designing a machine tool, and used for 
cutting process optimization [2], investigation of the 
fundamental study of cutting tools performance, prediction of 
surface roughness, tool wear monitoring [3], machining process 
planning [4-5] and others.  

Many studies have been conducted to obtain the values of 
cutting forces accurately. In the field of cutting force 
measurement, studies mainly focus on direct measurement of 
cutting force that using resistance strain gauge [1, 6-9] or 
piezoelectric element [10-12] to obtain the value of cutting 
forces. Resistance strain gage possesses high sensitivity, small 
volume, easy installation, low cost and other merits; however, it 
also has the demerits of complex line, wiring difficulty and 
easily being affected by interference factors. The main 

advantages of piezoelectric element are good rigidity, small 
volume and quick response, but it is very sensitive to 
temperature changes, humidity and electromagnetic 
disturbance, and the piezoelectric element itself has hysteresis 
characteristics, which cannot meet the cutting force test 
requirement. Fiber Bragg Grating (FBG) sensors, as optical 
sensor, are light in weight, small in volume, high in precision, 
immune to electromagnetic, resistant to corrosion and resistant 
to high temperature. Besides, it is easy to conduct distributed 
dynamic measurement. These characteristics, which many 
other types of sensors do not have, are suitable for machine tool 
condition monitoring and cutting force measurement, 
especially multiple FBG sensors used to test different or same 
parameters can be written on a single optical fiber which can 
achieve temperature, strain and a plurality of cutting force 
elements to be detected at the same time. Ref. [13] uses FBG 
sensors to measure cutting force; however the FBG sensors are 
directly pasted on the toolbar of turning tool which is easily 
influenced by cutting heat. For the sake of improving the 
accuracy of cutting force measurement, research group of 
machine tool of Wuhan University of Technology has 
developed a dynamometer based on FBG sensor and octagonal 
ring [14]. Due to the limitation of measurement sensitivity of 
octagonal ring, a new method that using FBG and annulus 
elastic body to measure the cutting force has also been 
developed [15].  

Work pieces, especially precision and large work pieces, 
need a long time to be processed. During this period, the 
temperature of the environment will have certain fluctuation, 
and the machining process will produce a large number of 
cutting heat, so FBG sensors will be influenced by temperature 
fluctuation which will affect the accuracy of cutting force 
measurement. What’s more, under the effect of temperature, 
annulus elastic body which is the basic force measuring 
element of ring type dynamometer will also produce thermal 
deformation. After thermal deformation, annulus will stretch or 
compress FBG sensors located in the interior of annulus, so it 
will make the reflected center wavelength of FBG sensors 
changed.  

For the purpose of improving the measurement accuracy of 
annulus elastic body and removing the temperature interference 
factor on FBG sensors and annulus elastic body, a new method 
that using wavelength multiplexed technology of fiber Bragg 
grating to test temperature and strain at the same time has been 
proposed. The temperature characteristics of FBG sensors and 
annulus elastic body have been studied in this paper. Besides, 
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the temperature calibration of annulus elastic body and FBG 
sensors has also been done, and the function between 
temperature and reflected center wavelength of FBG sensors 
has been obtained. We can realize the temperature 
compensation for annulus elastic body and solve the influence 
of temperature on the measurement precision of the cutting 
force, and improve the precision of cutting force measurement 
by using temperature characteristics. 

II. RING TYPE DYNAMOMETER 

A. Annulus diameter change rule 
When the radius R of the annulus far outweighs its thickness 

h, in order to simplify the calculation, it can be simplified as a 
thin ring. Under the action of external loads, deformation of 
ring is shown in Figure 1. 

 
Fig 1.  Deformation of ring under external forces 

According to the knowledge of mechanics material and the 
related parameters of the annulus that are radius R, elastic 
modulus E, width h, thickness b and moment of inertia I, the 
relative displacement between two points located on the same 
diameter of one ring can be figured out. 

The relative displacement between two points C and D is as 
follows: 

3
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Where 3 12I bh=  is the moment of inertia of annulus elastic 
body.  

The relative displacement between points E and F can be 
expressed in the following equation: 
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The relative displacement between points G and H can be 
calculated as follows: 
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By using formula (1), (2) and (3), the strain between points 
C and D, E and F, G and H can be figured out. 
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Where CDl  is the length of bare fiber between points C and D, 

EFl  is the length of bare fiber between points E and F, GHl  is the 
length of bare fiber between points G and H. 

B. Annulus dynamometer of FBG 
The diameter and cross sectional area of Optical fiber is 

just 0.125mm and 2 24.866 10 mm−× , so the contact between 
annulus elastic body and Optical fiber can be regarded as a 
point connection.  In order to measure the relative displacement 
between two points located on the same diameter of one ring, 
the sensors FBG1, FBG2, FBG3 must be placed in the annulus 
between strain nodes C and D, E and F, G and H, and other 
kinds of sensor is difficult to test strain or relative displacement 
between two points. Besides, the FBG sensors should be 
preloaded to ensure they can measure the strain when annulus is 
compressed. For applying preload on the FBG and preventing 
rotation of FBG during pre-stressing, the pre-tightening device, 
which consists of fine adjustment nut, snap ring and slider, is 
also needed. On the basis of the above requirement, the basic 
structure of annulus elastic body has been designed as shown in 
Figure 2. 

Through analyzing the sensitivity, static stiffness and natural 
frequency of the annulus elastic body, the static stiffness is 
proportional to 3 3bh R and the natural frequency is proportional 
to 3 3bh R , but the sensitivity is inversely proportional 
to 3 3bh R . Therefore, in order to meet the condition of the static 
stiffness and natural frequency, the annulus elastic body should 
choose the larger R h and smaller b to get high sensitivity. As a 
consequence, the annulus in this test chooses the radius R = 28 
mm, height h = 7 mm, and width b = 25 mm. 

 
1. Slider; 2. Fine Adjustment Nut; 3. Snap Ring; 4. Annulus 

elastic body; 5. FBG 
Fig 2.  Annulus elastic body 

C. Strain measurement principle of FBG sensor 
The reflected center wavelength of grating Bλ  mainly 

depends on the grating period Λ  and its effective refractive 
index effn , and it can be figured out as follows: 
                                        2B effnλ = Λ                                          (7) 

When the strain or temperature applied on the Fiber Bragg 
grating change, effective refractive index and the fiber period 
of fiber grating will also change. The wavelength of light that 
being reflected by grating will change from 

0Bλ  to Bλ , so it can 
be considered as a function of strain σ and temperature T , and 
its change can be calculated as follows: 

                     
0 0 0( ,T) ( ,T )B B Bλ λ σ λ σΔ = −                      (8) 

Where 
0Bλ is the reflected center wavelength of grating 

before the strain or temperature applied on the Fiber Bragg 



 

grating occur change; 0σ is initial strain applied on the Fiber 
Bragg grating; 0T is initial temperature applied on the Fiber 
Bragg grating. 
   Make the formula (7) as a Taylor expansion and take the first 
order approximation, and pull in Young's modulus of fiber FY , 
thermal expansion coefficient αΛ , thermo-optic coefficient nα  
and photo elasticity coefficient eP , then the wavelength shift can 
be expressed in the following equation: 
                    

0
[(1 ) ( ) ]B B e nP Tλ λ ε α αΛΔ = − Δ + + Δ          (9) 

  Where εΔ  represents the variation of axial strain of Optical 
fiber; TΔ represents the change of temperature, which is equal 
to / FYσΔ ; σΔ  represents the change of axial stress of Optical 
fiber.  
  Once we get the strain between points C and D, E and F, G and 
H, by using formula (4), (5) and (6), the value of external forces 
can be calculated out, and the direction of forces can also be 
judged out. Type (9) shows that both strain and temperature 
have an effect on the change of wavelength. For the sake of 
getting strain value tested by FBG sensor, the wavelength 
variation incurred by temperature fluctuation must be removed. 

III. RESEARCH OF TEMPERATURE CHARACTERISTIC 

A. Temperature characteristic of FBG sensor 
The fluctuation of ambient temperature can cause the 

thermal expansion effect and thermo-optic effect of 
fiber-optical change which will finally lead to the reflected 
wavelength of grating change [16]. The equation (7) tells that 
the Bragg wavelength changes along with the effective 
refractive index and lattice spacing. When the environment 
temperature around the grating changes, fiber Bragg grating 
temperature changes as well. Due to the thermo-optic effect of 
fiber materials, grating effective refractive index changes along 
with the temperature; thermal deformation of fiber material 
makes the lattice spacing of the grating change, all of these 
results in reflection wavelength of the grating drift. The 
derivative with respect to temperature in equation (7) can get 
the temperature change function of the grating: 

/ 2( / / )B eff effd dT n d dT dn dTλ = Λ + Λ                  (10) 
Changes of the grating period caused by thermal expansion 

effect can be expressed in the following equation: 
 /d dT αΛΛ = ⋅Λ                                (11) 

The effective refractive index change caused by 
thermo-optic effect is shown as follows: 

         /eff eff ndn dT n α= ⋅                               (12) 
By using formulas (7), (10), (11) and (12), the temperature 

change function of the grating can be obtained by using the 
follow relation: 

         
0

( )dTB B ndλ λ α αΛ= ⋅ +                          (13) 
Integrating the both sides in the type (10) gets the following 

equation: 

0TB B TK T Cλ λ= +                              (14) 

Where T nK α αΛ= +  is temperature sensitivity of 
fiber-optical. 

From type (14), reflection wavelength of grating changing 
with the temperature fluctuations is linear. For quartz optical 
fiber, the thermal expansion coefficient is -60.5 10 / CαΛ ≈ × , 
thermo-optical coefficient is -66.7 10 / Cnα ≈ × [17], so the 
temperature sensitivity of quartz optical fiber is 
about -67.2 10 / C× . For 1500 pm  series of quartz optical fiber, 
grating wavelength drift caused by the temperature variation is 
about 61500 7.2 10 0.0108nm−× × = , it is 0.0108 /nm C . 

From formula (9) we can see that the data detected by FBG 
sensor contains strain and temperature. For a sensor, when 
multiple factors have effect on the output signal at the same 
time, the cross sensitivity should be considered. However, for 
FBG sensors, when the range of temperature change is within 
100 degree Celsius, we can ignore the cross sensitivity of strain 
and temperature [16]. That means strain and temperature effect 
on the optical fiber grating can be regarded as independent. 
After ignoring the influence of cross sensitivity, the wavelength 
shift caused by strain and temperature can be expressed in the 
following equation: 

  
0B B(K K )T ελ λΔ = + ⋅                            (15) 

Where 1T eK P= −  is strain sensitivity of fiber-optical. 
Once we got the wavelength shift caused by temperature, we 

can get the real strain measured by FBG sensors as follows: 

B B BTελ λ λΔ = Δ −Δ                                       (16) 
Where 

0B BKε ελ λΔ = ⋅  is the wavelength shift caused by 
strain;

0B BT TKλ λΔ = ⋅  is the wavelength shift caused by 
temperature fluctuation. 

B. Temperature characteristic of annulus elastic body 
When the temperature change, annulus elastic body will 

produce thermal deformation which will lead to FBG sensors 
fitted in annulus being stretched or compressed. For obtaining 
the thermal deformation rule of annulus, the finite element 
analysis of annulus has been done. In order to simplify the 
calculation, we just use simplified annulus to analysis. The 
temperature we set is 25 C° , 35 C° , 45 C° , 55 C°  and 65 C°  
respectively, the thermal deformation of two strain nodes 
located at one diameter is 0.97364 mμ , 4.21874 mμ , 
7.46384 mμ , 10.70894 mμ and 13.95404 mμ  respectively, the 
relation curve between temperature and displacement after 
thermal deformation is shown in Figure 3. We can get the 
conclusion that the relationship between temperature and 
thermal deformation is linear. 

 
Fig. 3.  Relation between temperature and displacement after 

thermal deformation 



 

IV. TEMPERATURE CALIBRATION 

A. Temperature calibration of FBG sensor 
There are three FBG sensors in each annulus elastic body 

namely FBG 1, FBG 2 and FBG 3, as shown in Figure 2. FBG 1 
located between points C and D is used to measure CDε ; FBG 2 
located between points E and F is used to measure EFε ; FBG 3 
located between points G and H is used to measure GHε . 
However, the output data not only contains cutting force, but 
also includes temperature. In order to remove the temperature 
data from the output data and realize synchronous temperature 
compensation, FBG 4 which is just used to measure 
temperature in the process of machining is needed.  As the 
doping elements and doping concentration of optical fiber are 
subtle differences, the temperature characteristic of FBG sensor 
is not completely consistent with theoretical calculation. In 
order to get the temperature characteristic of FBG sensor, we 
need to calibrate the temperature characteristics of FBG sensor. 

Before calibration, FBG sensors (FBG 1, FBG 2, FBG 3 and 
FBG 4), optical demodulator, computer, thermometer and 
vacuum flask should be composed into a temperature 
calibration system, as shown in Figure 4. The thermometer used 
for measuring the water temperature in vacuum flask is second 
class mercury thermometer, and the temperature measurement 
accuracy of it is 0.1 C° . The decrease value of water temperature 
in vacuum flask which is used to ensure the water temperature 
constant is only 0.1 C°  per hour [18]. Owing to the time used 
for recording the water temperature value and wavelength 
value of FBG sensors is far less than one hour, the water 
temperature can be regarded as a constant value during 
experiment operation. In the process of temperature calibration, 
we should regulate vacuum flask to keep the water temperature 
at a predetermined value, and then record the Bragg wavelength 
value and the water temperature value simultaneously when 
water temperature is stable. Then, gradually change the 
temperature of water to finish temperature calibration. The 
Bragg wavelength value and the temperature value of water are 
fitted by least square method, by which we can get the 
temperature characteristic of FBG sensors, as shown in Figure 
5.  

 
Fig 4. Temperature Calibration System with Water 

Thermostat 
Figure 5 shows that the grating wavelength drift of FBG 1, 

FBG 2 and FBG 3 before installed in the annulus elastic body 

and FBG 4 caused by the unit temperature variation 
are 0.01082nm/ C° , 0.01085nm/ C° , 0.01094nm/ C° and 
0.01073nm/ C°  respectively. The error between the 
experimental data and theoretical calculation value are 0.185%, 
0.463%, 1.329% and 0.648% respectively. From this we can 
certify that the theoretical value is not completely consistent 
with the test data, but the difference is very small. The linear 
fitting of FBG 1, FBG 2, FBG 3 and FBG 4 are 0.9996, 0.9994, 
0.9991 and 0.9996 respectively, so FBG sensors own good 
linearity, and it can be used to test the temperature fluctuation 
during the machining process. Owing to the resolution of 
optical fiber demodulator is1pm , so the sensitivity of FBG 4 
which is used to measure the temperature is 0.093 C° . 

FBG 1 

FBG 2 

FBG 3 

FBG 4 
Fig 5. Temperature Characteristic of FBG 



 

B. Temperature calibration of Ring type dynamometer 
The output data of the three FBG sensors located in the 

annulus which are used to measure the cutting force not only 
contains cutting force, but also includes temperature. 
Temperature has direct influence on FBG sensors; besides, the 
thermo deformation of annulus elastic body can stretch or 
compress FBG sensor which will also cause the wavelength 
change of FBG sensors. In order to remove the temperature data 
from the output data and realize synchronous temperature 
compensation, the effect of thermo deformation of annulus 
elastic body on FBG1, FBG 2 and FBG 3 fitted in the annulus 
must be obtained. Then we can use the temperature measured 
by FBG 4 in the process of machining to get the wavelength 
shift of FBG1, FBG 2 and FBg3 caused by temperature 
fluctuation during machining process. 

 
Fig. 6.  Temperature Calibration System with Thermostat 
Annulus elastic body cannot be put into vacuum flask, so 

thermostat is utilized to replace thermometer and vacuum flask 
in temperature calibration system, as shown in the Figure 6. In 
order to obtain the temperature characteristic of annulus elastic 
body, the annulus elastic body and FBG 4 need to be put into 
the thermostat together. What’s more, they should be placed at 
the same place as far as possible to ensure the temperature 
around them is identical. Adjust the initial temperature of the 
thermostat higher than ambient temperature and store the Bragg 
wavelength value and the temperature value of thermostat 
when the temperature becomes stable. Raise the temperature of 
the thermostat step by step and read the data when the 
temperature becomes stable in each step.  

 
Fig. 7.  Difference between temperature shown in thermostat 

and the temperature measured by FBG sensor 
The model number of the thermostat used in this study is Jing 

Hong XMTD-8222 and its error of temperature is 2 C°± which 
is a larger than FBG 4, so we use the data measured by FBG4 
and its temperature characteristic to calculate the actual 
temperature rather than the temperature shown in thermostat. 
The difference between temperature shown in thermostat and 

temperature measured by FBG 4 is shown in Figure 7. The 
difference shown in Figure 7 is comply with the error of 
temperature of thermostat, so we use the calculated temperature 
to get the linear fitting of FBG 1, FBG 2 and FBG 3 located in 
the annulus elastic body and FBG 4, as shown in the Figure 8. 

 
FBG 1 

 
FBG 2 

 
FBG 3 

Fig. 8.  Temperature characteristic of FBG located in Annulus 
From Figure 8, we can know that the wavelength shift caused 

by the unit temperature variation of FBG 1,FBG 2 and FBG 3 
fitted in the annulus is 0.01136 /nm C° , 0.01248 /nm C° and 
0.01194 /nm C°  respectively. Compared with the intrinsic 
temperature characteristic of FBG sensors, under the influence 
of thermo deformation of annulus elastic body, the wavelength 
shift caused by the unit temperature variation of FBG sensors 
has increased 4.99% 、 15.02% and 9.14% respectively. 
According to the result, the influence of wavelength shift 
impacted by thermal deformation of annulus cannot be ignored. 
The linearity of the fitted curve of FBG 1, FBG 2 and FBG 3 
fitted in the annulus is 0.99928, 0.99919 and 0.99909 
respectively, and the linearity is very high. Besides, compared 
with intrinsic temperature characteristic of FBG sensors, the 
linearity of FBG 1, FBG 2 and FBG 3 has only fallen 0.036% , 
0.025%  and 0.001% respectively. The thermal deformation of 
the ring can be regarded as vary linearly with temperature 
fluctuation, and it comply with theoretical analysis. 

The temperature characteristic function of FBG 1, FBG 2 
and FBG 3 located in annulus is as follows. 
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  During cutting force measurement, FBG 4 can measure the 
temperature change. By using formula (16) and (17), we can 
realize temperature compensation and get the real stain 
measured by FBG sensors. 

V. CONCLUSION 
In this paper, the principle of FBG sensor measuring 

temperature and strain has been studied, and a method that 
using the temperature characteristic of FBG to realize 
temperature compensation has been proposed. In order to get 
the temperature characteristic of annulus elastic body, the finite 
element analysis of annulus has also been done and the 
relationship between temperature and annulus deformation has 
been obtained. Besides, the temperature calibration of FBG 
sensors and annulus elastic body has been done and the 
function between temperature and reflected wavelength has 
been gotten. The real-time data of temperature change during 
machining process can be gathered by using FBG temperature 
sensor, and then it can be used for temperature compensation of 
cutting force which can improve the precision of cutting force 
measurement. 
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