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Optical Fiber Temperature Sensing Probe based on

F-P Cavity for Human Body Temperature

Monitoring
Haojie Liu, Nian Peng, Wei Meng, Member, IEEE, Zude Zhou, Quan Liu, Member, IEEE,

and Shane Xie, Fellow, IEEE

Abstract—In the exoskeleton-assisted rehabilitation scenarios,
sensors need to have strong resistance to environmental interfer-
ence and long-term monitoring stability. Commonly used body
temperature measurement equipment cannot be recorded and
worn for long periods. Based on the advantages of optical fiber
sensors that are resistant to electromagnetic interference, have
strong environmental adaptability, and have good stability after
being fabricated and packaged in a specific structure. This article
proposes a human body temperature sensing probe that uses
capillary copper tubes to encapsulate the F-P cavity structure.
The UV glue is applied at the end of the optical fiber and cured
to form an F-P microcavity, which is encapsulated with a copper
tube for thermal conductivity and protection. It can be fixed
anywhere on the body surface with medical tape. Theoretical
derivation and numerical simulation are carried out on the
interference principle and temperature sensing principle of the
F-P cavity. The characteristics of the sensing probe are tested and
body temperature monitoring is performed on the human wrist
and armpit. The experimental results show that the probe has
good stability, repeatability, sensitivity and signal-to-noise ratio.
The average standard deviation of the dip wavelength at constant
temperature is 16.7 pm. The sensor sensitivity is about 287.3
pm/ ◦

C. The capillary structure makes the temperature response
speed faster than that of electronic sensors. The proposed F-P
sensing probe can be applied to human body sign information
monitoring and feedback in rehabilitation, which is conducive to
the realization of efficient and intelligent rehabilitation strategies.

Index Terms—Optical fiber sensor, F-P cavity, body tempera-
ture monitoring.

I. INTRODUCTION

A
CCORDING to the ”World Population Prospects 2022”

report released by the United Nations on July 11, it is

expected that the elderly population aged 60 and above will

exceed 500 million in 2050 [1], and China will enter a severely

aging society. The growth of the elderly population has led to

an increase in the rate of stroke patients. Additionally, the

number of hemiplegia patients caused by traffic accidents is

also increasing yearly. Rehabilitation training is crucial for
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the limb recovery of these groups of people. A rehabilitation

assistance robot is an indispensable equipment that can help

patients with physical disabilities restore their limb movement

[2]. The perception of physiological parameters is conducive to

real-time feedback of the human body’s physical condition to

the rehabilitation assistance equipment and helps to optimize

the rehabilitation training plan. Body temperature, as one of

the physiological parameters, can reflect changes in body

surface temperature in local training areas and human body

core temperature, and human body core temperature is closely

related to human metabolism and fatigue [3]. Comprehensive

analysis of human body temperature and other physiological

information is of great clinical significance, which can timely

adjust of the robot’s working parameters and improve rehabil-

itation efficiency.

Commonly used sensors for measuring body temperature

are mainly digital thermometers, infrared thermometers, and

mercury thermometers. They are accurate, safe, convenient,

and easy to use. However, they are not wearable and can-

not continuously monitor body temperature for a long time.

Therefore, an increasing number of researchers have developed

electronic skin temperature sensors based on micro-machining

technology and advanced sensing substrates. These sensors

have high sensitivity, high resolution, fast response, and high

repeatability, but the complex process and material cost make

them not cost-effective [4]. Optical fibers are made of high-

performance polymers, high-purity glass, quartz and other

materials. These materials have high impedance to electro-

magnetic waves. The structural design of the optical fiber

sensor gives it good protection performance, which can reduce

the impact of electromagnetic interference on the sensor.

Moreover, light waves propagate through total reflection in

optical fibers and propagate very fast. Therefore, optical fiber

has strong anti-interference ability. The material and structure

of the optical fiber sensor can provide certain protection and

corrosion resistance, and can adapt to extreme environments.

Based on its strong anti-electromagnetic interference and envi-

ronmental adaptability, it has been widely used in fields such

as engineering structural health monitoring [5], environmental

monitoring [6], safety protection [7], and medical care [8].

Using new materials and optimized structural design, optical

fiber sensors with high tensile properties have been used for

human physiological and behavioral information monitoring

and intelligent pronunciation recognition [9], [10]. Especially

in exoskeleton rehabilitation scenarios, the activation of elec-
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tric actuators will cause interference in the electrical sensing

system [11]. As an excellent candidate, optical fiber sensors

can realize synchronize monitoring of limb movements and

physiological states during patient rehabilitation training, and

provides effective feedback information for the formulation of

personalized rehabilitation plans and intelligent rehabilitation

assessment [12].

Based on different optical principles, structural designs, and

packaging methods, they are easy to make into physiological

sensors that can be worn on the human body. Moreno et

al. [13] have mentioned that microclimate variables between

wearable robots and human limbs are important parameters

to improve user comfort and minimize the risk of injury.

Microclimate variables include temperature and relative hu-

midity. Since the temperature sensitivity coefficient of the

single mode FBG sensor is only 10.8 pm/ ◦C [14]. Leal-Junior

et al. [15] increased the sensor’s sensitivity by embedding

FBG into TPU and PLA printing materials. They also took

advantage of the higher flexibility and fracture toughness and

better biocompatibility of polymer optical fibers to propose a

system that can measure microclimate temperature and relative

humidity [16]. The sensitivity of the optical fiber sensor

based on the F-P interference principle is higher than that of

the wavelength modulated sensor. Liu [17] produced a dual-

parameter optical fiber sensor based on a cascade of fiber

Bragg grating and Fabry-Perot interferometer (FPI) structures,

which has high temperature and air pressure sensitivity. Wang

[18] also proposed a system for measuring temperature and

humidity simultaneously using similar FBG and F-P inter-

ference structures. Reference [19] reported a high-resolution

optical fiber temperature sensor system based on a air-filled F-

P cavity. Liang [20] proposed an ultrasensitive (11.93 nm/ ◦C)

temperature sensor based on enhanced vernier effect. The

aforementioned temperature sensors, utilizing F-P cavities, are

finely crafted and possess outstanding sensitivity. Mostly used

for high temperature monitoring of the environment.

Based on the interference structure of the F-P cavity, this pa-

per proposes a packaging method that can quickly conduct heat

and protect the F-P microcavity structure, which is convenient

for human body measurement. The sensing probe is simple to

manufacture and low in cost. Through experimental analysis,

it has fast response, good repeatability, high sensitivity, good

signal-to-noise ratio (SNR), and is easy to be placed on any

part of the body. The rest of this paper is organized as

follows. Section II introduces the sensing principle, numerical

simulation, and fabrication of the F-P microcavity sensing

probe. Section III is experiments and discussions, and Section

IV is the conclusion.

II. SENSOR PRINCIPLE AND FABRICATION

A. F-P Cavity Interference Principle

The F-P cavity structure produced in this paper is formed by

curing UV glue at the end of the optical fiber. Its working prin-

ciple is shown in Fig.1. The incident light is reflected on the

optical fiber-UV glue and UV glue-air surfaces respectively.

The reflectivity R1 and R2 of the two reflecting surfaces can

be expressed as:

Fig. 1. Interference principle of F-P cavity.











R1 = (
n1 − n2

n1 + n2

)2

R2 = (
n2 − n3

n2 + n3

)2
(1)

where n1, n2 and n3 are the refractive index of single-mode

optical fiber core, cured UV glue, and air. n1, n2 and n3 are

1.46, 1.5 [21] and 1 in this paper. The calculated values of R1

and R2 are 0.00018 and 0.04. In practical applications, the F-P

cavity only considers the interference of the first two reflected

lights. Its interference principle can be derived through the

double-beam interference model. The complex amplitudes of

the two reflected lights [22] are:
{

E1 = E0

√

R1

E2 = E0(1−R1)(1− α)
√

R2exp(−2jφ)
(2)

where φ = 2πnL/λ is the phase difference between the two

beams of light in the cavity, n is the refractive index of the

cured UV glue, L is the cavity length, λ is the wavelength of

the incident light, E0 is the electric field of the incident light,

α is the transmission loss in the F-P cavity. Then the reflection

spectrum function [23], [24] is:

I = I1 + I2 + cos(ϕ)
√

I1I2. (3)

ϕ =
4πnL

λ
. (4)

where I1 and I2 are the reflected light intensities of the two

end surfaces, I1 = R1, I2 = (1 − R1)
2(1 − α)2R2. The

interference fringe free spectral range of a single F-P cavity

can be expressed as [25]:

FSR = λm − λm+1 ≈

λ2

2nL
. (5)

According to the working principle of the F-P cavity, the

numerical simulation results of different reflection spectra can

be obtained by making different cavity lengths, as shown in

Fig.2. Where α = 0.4. It can be seen from the figure that

the free spectral range of the interference fringe of the F-P

cavity is inversely proportional to the cavity length, which is

consistent with the theoretical formula (5).

B. Temperature sensing principle

When the external temperature changes, the length and

refractive index of the F-P cavity changes, the temperature

response sensitivity of the sensor probe can be expressed as:

ST =
dλ

dT
= λ(

1

L

dL

dT
+

1

n

dn

dT
). (6)
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Fig. 2. Reflection spectra with different F-P cavity lengths.

Fig. 3. Simulation of interference spectra at different temperatures.

where T is the temperature of the object to be tested. 1

L

dL

dT
and

1

n

dn

dT
are the thermal expansion coefficien (TEC) and thermo-

optical coefficient (TOC) of the cured UV glue respectively.

The UV glue has a relatively large thermal expansion co-

efficient after being cured, it is about 2.3×10−4/ ◦C [21],

which has a high sensitivity to temperature changes. It is more

significant than refractive index change. Therefore, this paper

mainly considers the response of the cavity length of UV glue

to temperature.

When the temperature of the object changes, the optical

path difference of the optical signal reflected by the fiber

end face and the UV glue surface changes, resulting in

a spectrum shift. External parameter values are determined

by detecting the spectral shifts. To the temperature sensing

principle of the F-P cavity, if the length of the F-P cavity

is 50 µm, the temperature rises from the initial 25 ◦C to

45 ◦C, the F-P length is calculated to be 50.23 µm based

on the thermal expansion coefficient formula. The F-P cavity

reflection spectra at two temperatures are shown in Fig.3. It

can be found that as the temperature increases, the cavity

length increases, and the reflection spectrum is red-shifted.

The numerical simulation results can calculate the temperature

sensitivity to be 352.04 pm/ ◦C. Considering the complexity

of the packaging process and the sensitivity of the sensor,

this article chose capillary copper tubes and cured UV glue to

make the temperature-sensing probe.

C. Fabrication of Temperature Sensing Probe

This paper developed a new type of optical fiber temper-

ature sensing probe with F-P cavity structure encapsulated

Fig. 4. The fabricating process of optical fiber temperature sensing probe.

in capillary copper tubes. A standard single-mode fiber with

a cladding diameter of 125 um was selected, and a high-

strength, highly transparent shadowless UV glue (UV3493)

was coated on the end of the optical fiber and cured to form the

F-P cavity. Then it was encapsulated with a capillary copper

tube with an inner diameter of 0.9 mm (the same as the inner

diameter of the optical fiber tight tube), a thickness of 0.2

mm, and a length of 20 mm. The F-P cavity was placed 5

mm away from the upper end surface of the copper tube, and

both ends of the copper tube were cured and sealed with UV

glue. Specifically, peeled off 5 cm of the coating layer at the

end of fiber A, wiped it clean with alcohol, cut the end section

flat with a fiber cleaver and left 2 cm, fixed the fiber with a

clamp and placed it vertically, as shown in Fig.4. The other

optical fiber B was also operated in the same way to obtain a

flat end face. Then it was dipped in UV glue and repeatedly

applied to the end of optical fiber A to ensure that a droplet

shape was formed. After observing a stable interference signal

using a spectrometer (YOKOGAWA AQ6370D), the end of

optical fiber A was cured by ultraviolet light for 5 minutes.

To protect the F-P cavity and have good thermal conductiv-

ity, a capillary copper tube was selected to encapsulate it, and

the interference spectrum of this temperature sensing probe

was obtained by FD wavelength meter type I interrogator

(Wuhan O-Optics Technology CO., LTD.). As shown in Fig.5,

the lower left of the figure is sensing probe, and the right

bottom is the enlarged F-P cavity structure on the display

screen of the Fusion splicer. The thickness of cured UV glue at

the optical fiber end is about 45.74 µm, and its refractive index

is 1.5. The center wavelength of the interference spectrum is

1550 nm, and the FSR calculated from Eq. (5) is 17.21 nm.

It is close to the distance (16.11 nm) between adjacent dips

in the actual reflection spectrum in Fig.5.

III. EXPERIMENTAL RESULTS AND DISCUSSION

To verify the long-term stability of the temperature moni-

toring by the sensing probe, the interference spectrum signals

were analyzed on the first, tenth, and twelfth days at room

temperature. We placed the optical fiber temperature sensing

probe and the electronic temperature sensor (DL11B-MC,

Guangzhou Dalin Electronic Technology Co., Ltd) on the

experimental bench, and covered them with thermal insulation

cotton to isolate them from the flowing air. Each test was

conducted in a relatively stable environment for 8 minutes.
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Fig. 5. Physical picture and interference spectrum of temperature sensing
probe.

Fig.6(a) shows the spectra of long-term monitoring at room

temperature over the past three days. The shaded part of the

curve is the fluctuation range of the spectrum during this time

period. The histograms with error bars record the standard

deviation of the first dip wavelength. It can be seen that at

room temperature, the mean standard deviation is 16.7 pm.

After the probe stayed at room temperature for 40 s, it was

placed on a constant-temperature heating table at 31.3 ◦C,

36.1 ◦C, and 40.3 ◦C to collect 8-minute spectral data, as

shown in Fig.6(b). The wavelength range fluctuated within

±60 pm after wavelength centering process. The test results

show that the sensing probe has relatively good stability at

different constant temperatures.

In addition, the spectral signals monitored for a long time

under constant temperature conditions have a slight drift

problem, as shown in the lower right of Fig.6(a). The data

measured on different days have different degrees of dip wave-

length blue shift over time. For the accuracy of subsequent

measurements, when the probe is initially used, spectral data

at room temperature are collected for self-compensation, that

is:

λC = λT + λInit0 − λInit. (7)

Where λC is the compensated dip wavelength, λT is the

temperature spectrum dip wavelength collected on the actual

test object, λInit is the spectral dip wavelength value collected

before use, and λInit0 is the first value of λInit.

We conducted a comparison between the physical di-

mensions and thermal conductivity of temperature sensing

probes and electronic sensors. The temperature sensing probe

measures 1.3 mm by 20 mm, encased in a copper tube

packaging, exhibiting a thermal conductivity of 385 W/(mK).
In contrast, the electronic sensor, measuring 3 mm by 30

mm, is encapsulated in standard stainless steel with a thermal

conductivity ranging from 15 to 30 W/(mK). These findings

illustrate that capillary copper tubes offer superior heat con-

duction capabilities, enabling faster and more effective heat

transfer than that of electronic sensors. To test the response

ability of the sensing probe to temperature, the electronic

sensor and the optical fiber sensing probe were collected

simultaneously at room temperature for about 40 s and then

(a)

(b)

Fig. 6. Interference spectrum changes. (a) At room temperature; (b) At
different constant temperatures.

placed them on a heating stage with a constant temperature of

31.3 ◦C. The temperature response curves of the two sensors

are shown Fig.7(a). It can be found that the response speed of

the F-P sensing probe is faster and reaches stability in about

2 minutes, indicating that the response of the capillary copper

tube structure to temperature is more sensitive than that of the

electronic sensor, and the stabilization time meets the needs

of body temperature monitoring.

To test the repetitive response ability of the sensing probe to

temperature, the temperature heating table was kept constant

at 40.3 ◦C. After collecting spectral data for 30 s on the

heating table, the optical fiber sensing probe was placed at

room temperature for 1 minute and 30 seconds, then placed on

the heating table again, and the operation was repeated three

times. The temperature change curve of the F-P temperature

sensing probe is shown in Fig.7(b). It can be seen that the

response of the optical fiber probe to temperature has good

repeatability.

To investigate the ability of temperature sensing probe to

monitor human body temperature, we tested its sensitivity. The

optical fiber sensing probe and electronic sensor were fixed

on the aluminum substrate heating table with PI heat-resistant

tape and covered with heat-insulating cotton. As shown in

Fig.8(a), the heating table temperature was set from 30 ◦C to

45 ◦C with a step size of 1 ◦C, covering the range of human

body temperature changes. Due to the slow response speed of

the electronic sensor, after the temperature of the electronic

sensor was initially stabilized, the current spectral data of the

optical fiber sensing probe was recorded, and three days of

calibration data were collected. As shown in Fig.8(b), as the
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(a)

(b)

Fig. 7. F-P sensing probe temperature response. (a) Comparison of tempera-
ture response between F-P sensing probe and electronic sensor; (b) Repeated
response between two temperatures.

temperature increases, the interference spectrum undergoes a

red shift.

The line scan frequency of the interrogator and the tem-

perature acquisition frequency of the electronic sensor were

both set to 4 Hz. The spectral data was filtered using a

sixth-order Butterworth low-pass filter with a cutoff frequency

of 0.5 Hz. We performed peak-finding processing on each

frame of spectral data. The preliminary dip wavelength λ0

was obtained using the findpeaks function in Matlab. The

wavelength range [λ0 − 3.13nm, λ0 + 3.13nm] was trun-

cated. Three commonly used peak fitting methods, Gaussian,

Lorentz, and Polynomial fitting, were used to obtain accurate

dip wavelength values, as shown in Fig.9.

The fitting formulas and results are shown in Tab.I. It

can be found that the quadratic polynomial function has the

best goodness of fit. Therefore, this paper chose the peak

fitting method based on quadratic polynomials to obtain the

dip wavelength. Finally, a scatter plot of wavelength shift

with temperature was obtained, and a quadratic polynomial

fitting was performed. The goodness of fit of this curve

was 0.9817, and the sensitivity coefficient was approximately

287.3 pm/ ◦C. The sensitivity coefficient increased as the

temperature increased. The F-P sensing probe designed in this

article is compared with common FBG temperature sensors.

When the FBG sensor is affected by the external temperature,

the grating period Λ and the fiber refractive index n change.

The change of the reflected light wavelength with temperature

can be expressed as

∆λ

∆T
= λB(

1

n

dn

dT
+

1

Λ

dΛ

dT
) = λB(ξ + α). (8)

(a)

(b)

Fig. 8. Sensitivity of F-P temperature sensing probe. (a) Temperature cali-
bration platform. (b) Temperature-wavelength fitting curve of F-P temperature
sensing probe.

Fig. 9. Comparison of three different peak fitting algorithms.

where ξ is the thermo-optical coefficient that affects the

refractive index of the fiber, and α is the thermal expansion co-

efficient that affects the grating period. Different FBG sensing

materials or packaging materials have different properties. As

shown in Tab.II, Materials with a high thermal expansion coef-

ficient or thermo-optical coefficient can significantly improve

the sensitivity of the optical fiber temperature sensor. This has

important reference significance for the selection of optical

fiber manufacturing or packaging materials, which can meet

the requirements for measurement temperature and sensitivity

in different application scenarios.

Since the optical fiber temperature sensing probe output

spectral signal is red-shifted with temperature, we use the SNR

to quantify the degree to which the wavelength shift stands out

from the noise. The amplitude of the signal can be defined

as the change in wavelength ∆λ as the temperature changes.

The noise level is estimated using the standard deviation σ of

the dip wavelength at constant temperature. The SNR can be
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TABLE I
FITTING METHODS AND RESULTS

Methods Parameters Goodness
of fit

Gaussian fit:
f(x) = a1 · exp(−(

(x−b1)
c1

)2)
a1 = 585.5495
b1 = 1539.9793(λdip)
c1 = 2.6819

0.9522

Lorentz fit:
f(x) = a

(x−b)2+c
+ d

a = 1.1807× 106

b = 1539.9847(λdip)
c = 146.0108
d = −7.5121× 103

0.9891

Polynomial fit:
f(x) = p1 · x2 + p2 · x+ p3

p1 = −49.7893× 106

p2 = 1.5335× 105

p3 = −1.1808× 108

λdip = 1.539.9904

0.9927

TABLE II
COMPARISON OF OPTICAL FIBER SENSING PERFORMANCE WITH

DIFFERENT FABRICATION OR PACKAGING MATERIALS

Sensors TOC (1/ ◦C) TEC (1/ ◦C) Sensitivity
(pm/ ◦C)

SMF28-FBG
[26]

0.55 × 10−6 12.9 × 10−6 8–11

FBG(PLA
encapsulated)
[15]

4.1 × 10−5 – 139

CYTOP-
FBG(TPU
encapsulated)
[27]

2.0 × 10−5 – 30.8

PMMA-FBG
[28]

(70-77)×10−6 -1×10−4 -131.1±4.9

F-P Probe 2.3×10−4 – 287.3

calculated by the formula (9). The average standard deviation

measured at constant room temperature for three days was 16.7

pm, and the signal-to-noise ratio under a temperature change

of 20◦C was 50.7 dB

SNR = 20lg(
∆λ

σ
). (9)

During the rehabilitation training process of the subject,

the body surface temperature of the training part will change

with the amount of training tasks. The assistance rehabilitation

equipment can regulate the training tasks by monitoring the

body surface temperature to achieve the purpose of intelligent

rehabilitation training. The monitoring of armpit temperature

can reflect a person’s true body temperature. Based on the

relationship between body temperature and metabolism in

rehabilitation training, it can evaluate the energy consump-

tion and fatigue level of the trainer and provide feedback

for the customization of intelligent rehabilitation programs.

Therefore, to study the feasibility of monitoring human body

temperature with optical fiber sensing probe, the sensing probe

was placed on the human wrist and armpit to achieve the

monitoring capability of local body surface and real body tem-

perature. This trial has been approved by Human Participants

Ethics Committee from Wuhan University of Technology, and

written informed consent was obtained from each participant.

When measuring the body surface temperature, the probe was

kept at room temperature (17.8 ◦C) for 30 s, and then affixed

to the wrist with K-Tape (Kinesio Tape). Using medical tape

to attach sensors to the human body is a common practice in

Fig. 10. Body temperature measurement curve.

medical and research environments [29].They provide a non-

invasive, flexible, convenient and adjustable wearing solution.

As shown in Fig.10. The F-P sensing probe reached a stable

value of 32.1 ◦C in three and a half minutes, which is in line

with the human body surface temperature range of 32 - 35 ◦C
[30]. When measuring armpit temperature, the F-P sensing

probe was kept at room temperature (24.6 ◦C) for 40 s and

then placed it under the armpit. It reached a stable value of

36.5 ◦C in about 2 and a half minutes, which is consistent

with the armpit temperature range of 35.3 - 37 ◦C [31]. The

experimental results verify the feasibility of our proposed F-P

temperature sensing probe that can quickly sense temperature

changes and measure the body temperature of different parts

of the human body.

Although the current work has verified the effectiveness

of the sensing probe in measuring body temperature, there

are still some shortcomings. The F-P probe is fixed using

medical tape. Although the fixation is relatively simple and

stable, sticking and tearing it off will still cause some dis-

comfort. In the future, we will consider fixing the sensing

probe into flexible Velcro straps or vest fabric to facilitate

body temperature monitoring during daily activities for longer

periods of time. In addition, common standard temperature

calibration sources include thermocouples, platinum resistors,

and constant temperature chambers. Currently, thermocouple

electronic sensors are used as the calibration source for this

article, which can continuously monitor and facilitate data

export. Although the measurement resolution is 0.1 ◦C, the

measurement accuracy is 0.5 ◦C, which is lower than national

standard requirements for electronic thermometers. At the

same time, due to the difference in response speed and stability

between calibration source and the F-P fiber optic sensing

probe, there will also be a certain error in the calibration

curve. In the future, calibration source with higher accuracy

and stability will be considered.

IV. CONCLUSION

This paper develops an optical fiber temperature sensing

probe based on F-P cavity, which has the characteristics of

simple packaging, fast response speed, high sensitivity, good

repeatability, and high SNR. The sensing probe can not only

accurately monitor the surface and core temperature of the

human body, but also supports multi-point distributed mea-

surement, thereby effectively capturing detailed information
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of the human body temperature field. In addition, integrating

F-P sensing with multi-modal optical fiber sensors can expand

the application scope of the sensing system and can monitor

physiological parameters such as respiration, heart rate, and

body surface humidity, as well as motion parameters such

as angle and muscle deformation. This multi-modal sensor

system is not only capable of effectively and accurately

predicting the user’s steady-state metabolism, but also demon-

strates the potential to achieve feedback on the human body’s

intentions and optimize rehabilitation strategies by collecting

and analyzing human physiological and movement signals.
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