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Temperature and humidity are essential parameters in monitoring the health of patients in critical care. An
optical fibre sensor has been developed for simultaneous measurement of relative humidity (RH) and temper-
ature at a single optical fibre tip based on the reflected intensity. Combining these measurements enables ab-
solute humidity values to be obtained. The fibre tip is first modified with a coating of poly(allylamine
hydrochloride) (PAH) / silica nanoparticles (SiO2 NPs) for relative humidity (RH) measurement and then coated
with thermochromic liquid crystal (TLC) for temperature measurement. Experimental results demonstrate that
the RH and temperature sensitivity are respectively 0.43 %/RH% (intensity at a wavelength of 650 nm) from 55
to 90% RH (R2 = 0.973) and 3.97 nm/°C from 28 to 46 °C (R2>0.99). Moreover, the proposed sensor has low
crosstalk between each of the sensing parameters, with a response time of 3.1 s temperature (30-38 °C) and
13.2 s for relative humidity (20-80 %). In comparison to grating based optical fibre sensors the proposed sensor
is low-cost with a simple manufacturing process which has the potential to find widespread use in healthcare

applications.

1. Introduction

Temperature and humidity are important parameters which should
be controlled and adjusted in a wide range of applications, including
food quality [1], human comfort [2] and clinical treatment [3]. Hu-
midity can be divided into absolute and relative humidity: absolute
humidity (AH) is the mass of water vapour in the air, relative humidity
(RH) is a ratio of vapour partial pressure to the saturated vapour pres-
sure at a given temperature [4]. In some clinical applications such as
laryngectomy surgery, the upper respiratory tract is bypassed. As a
result, the micro-climatic condition, especially temperature and hu-
midity level in the nasal cavity and pharynx is changed. This can lead to
some complications such as increased sputum production and chronic
pulmonary disorders, all due to long term, abnormal nasal air-conditions
[5]. In another example, moisture and temperature must be strictly
controlled at an appropriate level during mechanical ventilation of
critically ill patients, with the risk of respiratory mucosal injury, caused
by drying and cooling air [6,7]. A study by Zuur et al. presents an
approximate clinical range of moisture and temperature of air delivered
to laryngectomized patients [8]. It shows that typically air (AH: 8 mg
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H,0/L, 22 °C/40 % RH) is conditioned by a mechanical ventilator to
21 mg Hy0/L AH, 30 °C/70 % RH in the upper respiratory tract using a
heat and moisture exchanger (HME) and 13 mg H>O/L AH, 28 °C/50 %
RH without. Monitoring temperature and humidity in real-time con-
tributes a second safeguard for chronic patients considering the limited
lifetime of an HME. In chronic wound applications, temperature and
moisture are important parameters that contribute to wound healing.
Armstrong et al. conducted a long-term skin (18-month) care study of
diabetic foot ulceration of 225 subjects in which subjects were divided
into two groups (standard therapy and dermal thermometry). Both
groups received regular foot care and footwear, but the dermal ther-
mometry group patients’ feet were measured daily using infrared skin
thermometry. This study showed that a temperature difference between
feet above 4 °F (~2.2 °C) can be a trigger of early detection signs of
ulceration [9]. Clinicians also recognise that wound humidity levels play
an important role in healing. High humidity levels (over-wet) contribute
to maceration while low humidity levels can lead to drying out of the
wound [10]. Despite this, there is no definitive range of permitted hu-
midity recommended throughout the wound healing process. Therefore,
measurements and quantification of the wound microenvironment in
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terms of humidity and temperature will help in the understanding of the
healing process.

Compared to electronic sensors, optical fibre sensors (OFSs) offer
several advantages such as: immunity to electromagnetic interference
(EMI), meaning that it can be used in electrically noisy environments
such as Magnetic Resonance Imaging (MRI); small size (typical diameter
of multi-mode fibre: 125 pm/62.8 pm (cladding/core)); high sensitivity;
and its convenience in routing light to a remote or inaccessible location
[11].

Thermochromic (TC) materials have high potential for mapping or
sensing temperature. Microencapsulated ink with colour reversible
thermochromism has been shown to monitor temperature [12]. A study
by Kulcar et al. demonstrated the colorimetric properties of leuco dye
thermochromic inks. These materials respond to temperature but pre-
sent high hysteresis [13], attributed to the interactions with lower
crystallinity between developer and solvent in the TC ink [14]. An
alternative is a thermochromic liquid crystal (TLC), which is a liquid
crystal with a chiral nematic phase containing a spontaneously forming
macroscopic helical structure [15]. Compared with thermochromic ink,
TLC exhibits negligible hysteresis in the thermally induced colour
change [16] and can be utilised as a precise temperature indicator [17].

Previous research on OFSs has been proposed to measure tempera-
ture and RH based on one single fibre by using two separate fibre Bragg
gratings (FBG) [18,19] or long period gratings (LPG) [20,21]. The
temperature sensitivity of an FBG in the 1550 nm region is 10 pm/°C and
can be used in extreme temperature conditions over the range from
cryogenic (—150 °C) to high temperature (1100 °C) [22]. However, the
cost of manufacturing and supporting instrumentation of gratings are
relatively high, requiring a tuneable laser or high resolution spectrom-
eter. Moreover, when the gratings are deployed in optical fibre they are
affected easily by strain, which means that a temperature measurement
grating must be isolated from external strain. In another non-grating
temperature optical fibre sensor, Tao et al. developed an epoxy-PAH
(poly(allylamine hydrochloride)) membrane coated optical fibre tem-
perature sensor. This sensor demonstrated that the light intensity (cen-
tral wavelength of 505 nm) of fluorescence emitted from the coating
changed with temperature [23]. However, such optical fibre sensors
based on the change in light intensity are highly dependent on stable
light sources, low insertion loss connectors and are subject to bending
losses.

The majority of optical fibre humidity sensors consist of a hydro-
philic material such as PAH/PAA (Poly(acrylic acid)) [24,25], PVA (Poly
(vinyl alcohol)) [26], titanium dioxide [27] or silicon dioxide nano-
spheres [28,29]. These hydrophilic materials undergo a refractive index
change due to the water molecular absorption which then causes an
optical signal change in the reflectivity spectrum.

Our main research interests for application of this sensor are in de-
livery of air to mechanically ventilated patients [21,29] and wound care
for people suffering from diabetic foot ulcers [30]. In the mechanical
ventilation cases, temperature and humidity should be conditioned to
29-30 °C/70 % RH with HME in the upper respiratory tract [8]. For
wound care, temperature would be monitored at a slightly higher level
(up to 40 °C) [31] than the normal core temperature (~37 °C) in case of
infection while the humidity should be maintained at an appropriate
level to avoid maceration or the wound drying out [10]. The desired RH
for optimum wound dealing is less well defined with a requirement for
the wound microenvironment to be ‘moist’ without the dressing
becoming wet [32,33]. A more accurate characterisation of the RH
wound microenvironment during healing may play a valuable role in
understanding wound healing. In this paper, a novel hybrid sensor for
simultaneously monitoring the RH and temperature at the tip of a single
optical fibre has been investigated with the aim of satisfying these
clinical requirements. The sensor was fabricated by firstly coating a
humidity sensitive film (PAH/SiO5) on the tip of a multi-mode optical
fibre followed by a TLC solution for temperature measurement. The
developed sensor demonstrates a temperature range of 28-46 °C and
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20-90 %RH - both of which are advantageous for monitoring the RH
and temperature in healthcare settings.

2. Materials and methods
2.1. Materials

Ethanol, Poly(allylamine hydrochloride) (Mw ~58,000, PAH), Po-
tassium hydroxide (KOH) and Sodium hydroxide (NaOH) were pur-
chased from Sigma-Aldrich, UK. Silica Nanoparticles (SiO» NPs,
diameter 40-50 nm) were purchased from Nissan Chemical, Japan.
Thermochromic liquid crystal (TLC, R25C5W) was supplied by LCR
Hallcrest, UK. Deionised water (DI water), having resistivity of 18.2 MQ
cm, was obtained from a water purification system (PURELAB Option S/
R, ELGA). Optical fibre (multimode, pigtail easy-strip 62.5/125 pm ST,
A1082) was purchased from All4fiber.

2.2. Sensing mechanism

For the humidity sensing, a porous coating containing silica nano-
particles contributes to adsorb water molecules through chemisorption
and physisorption [27]. The mechanism of water molecules adsorption
based on SiO; is shown in Fig. 1. Firstly, the silica surface facilitates the
dissociation of H»O into a hydroxyl group, which binds to the silicon
cation site, and a proton, which binds to an adjacent oxygen anion site.
Secondly, the remaining water vapour is physisorbed with the surface
hydroxyl groups through H-bonds (hydrogen-bonds). Once the first
physisorbed layer is formed, the following layers are absorbed through
the H-bonds. Finally, water starts to be absorbed into the pores of the
coating film [27]. In addition, a poly(allylamine hydrochloride) (PAH)
layer in the coating film contributes to the absorption of water molecules
due to its hydrophilic property [34]. Once the sensing film is coated on
the tip of the optical fibre, different levels of atmospheric humidity lead
to a change of refractive index of the optical fibre tip with PAH/SiO5 film
[35].

For temperature measurements a TLC material was coated at the tip
of the optical fibre. TLC molecules prefer to align parallel to each other
due to the strong intermolecular attraction (n — & interactions) [36]. In
the chiral nematic phase, as shown in Fig. 2, the “molecule director”
spirals about a helical axis (optical axis) which is perpendicular to every
molecule, and the optical properties are symmetric about this axis [15].

The resultant helical arrangement of TLC molecules has the ability to
selectively reflect light of specific wavelengths (4s) [37] satisfying:

Ay =7 X p X cos@ (€]
n=(n,+n,)/2 (2)

Where ¢ is the incidence angle of the light, p is the helical pitch of the
TLC which is defined as the distance it takes the molecule director to
rotate 360° in the helix as illustrated in Fig. 2, n, and n, are the ordinary
and extraordinary refractive indices, respectively. Thermal energy in-
creases the molecule temperature of the TLC [38]: the director angle
changes more rapidly, the pitch becomes shorter, causing the wave-
length of the selective reflection peak to shift to the blue region. Vice
versa, the wavelength shifts are longer with a temperature decrease
[15]. Once the two functional films are combined in the single optical
fibre tip, relative humidity and temperature will be interpreted as the
total intensity change and wavelength shift of the selected peak in the
reflection spectrum, respectively. The detailed signal variations are
described in Sections 3.3 and 3.4.

2.3. Sensing probe fabrication

The RH sensing film (PAH/SiO,) was coated on the multimode op-
tical fibre tip using the layer-by-layer technique [39]. The coating step is
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Fig. 1. Water vapour adsorption on the silica nanoparticle surface: (a) HoO molecule close to SiO, surface; (b) HyO dissociation into a -OH group binds to silicon
cation site and a hydrogen proton binds to oxygen anion site; (c) and (d) the rest of H,O were physisorbed through the hydrogen-bonds (modified from [27]).

Fig. 2. The helical arrangement of molecules in the chiral nematic phase of a
liquid crystal.

as follows: (i) KOH solution (Ethanol : Di-water (deionized water) = 3:2)
treatment for 30 min to obtain a hydroxylated surface; (ii) after washing
and drying, immerse the fibre into the positively charged PAH solution
(0.17 wt%, pH = 11) for 12 min; (iii) wash and dry, and immerse the
fibre in the negatively charged SiO3 NPs solution for 12 min; (iv) repeat
(ii) and (iii) steps to obtain multilayers of PAH/SiO; film. In order to
obtain a uniform film surface, a custom made coating machine has been
assembled by two stepper motors with X and Z direction stages
(STANDA, 8MT175-50, Italy), as shown in Fig. 3. Subsequently, the
temperature sensing film was coated with a TLC by using a dip coating
machine (HO-TH-02, HOLMARC, India). After the coating process, the
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fibre was placed into an oven at 60 °C for 1 h for annealing. Fabrication
of the different layers is conducted in this order as the hydroxylation
process needed before coating PAH/SiO, film will damage the micro-
capsule structure of the TLC material.

2.4. Experiment set-up

A climatic chamber (CVMS Climatic, Benchtop C-TH40, UK) which
can set the RH in the range from 20 %RH to 98 %RH (+2.5 %RH) and
temperature from —20 °C to 180 °C (fluctuation: +0.5 °C) was used in
the experiments. A type K thermocouple with data logger (Pico tech-
nology, USB TC-08 thermocouple data logger, UK) and a commercial
capacitive humidity sensor (SparkFun BME280, Bosch, GER, RH range:
0%RH - 100 %RH, accuracy +3%RH in the temperature range of -40 °C
to 85 °C) were placed inside the chamber for temperature and humidity
calibration. Light from a halogen source (HL-2000, Ocean Optics, UK) is
coupled into a 2 x 1 fibre coupler (Newport, F-CPL-M12855, UK). The
reflected light from the tip of fibre is measured by a spectrometer
(USB2000+, Ocean Optics, UK) with a sampling frequency of 1 Hz.

2.5. Characterization of the OFS

The morphology of the PAH/SiO, film was studied using scanning
electron microscopy (JEOL, JSM-7100 F, UK).

Response and recovery time of the OFS were investigated by using
the set-up in Fig. 4. Firstly, the climatic chamber was set at a constant
temperature and humidity level. Then the prepared OFS and commercial
sensor are inserted into the chamber until both signals stabilize. Finally,
the sensors are withdrawn into ambient conditions to observe how
rapidly the signal recovers to a stable level. The response and recovery

Dip coating machine unit

-—
coupler

]
TLC solution

(b)

Fig. 3. (a) Custom made coating machine for layer-by-layer self-assembly which has two stepper motors (STANDA, 8MT175-50, Italy). (b) Dip coating set-up, the dip
coating machine (HO-TH-02, HOLMARC, India) with an in-built oven chamber was used, the reflection spectrum was monitored by a spectrometer (USB2000, Ocean

Optics, UK).
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Climatic Chamber

Fig. 4. Experimental set-up for the calibration, humidity and temperature measurement of OFS; a commercial capacitive humidity sensor (BME280) and a ther-
mocouple (Pico technology, USB TC-08, UK) were placed inside the climatic chamber, the spectrometer (USB2000, Ocean Optics, UK) is connected to a PC to monitor

the reflectance spectrum.

times are measured as the time between 10 %-90 % of signal change.

For humidity calibration, the RH was changed from 90 %RH to 55 %
RH and reversed every 15 min with three cycles at a constant temper-
ature of 32 °C. The reflection spectra of OFS and RH readings of the
commercial humidity sensor were recorded simultaneously with the
same frequency (1 Hz).

For temperature calibration, the chamber temperature is increased
gradually from 28 °C to 46 °C and back, while the relative humidity was
set at a constant 55 %. In order to investigate the reliability of the OFS
for temperature, the OFS has been recalibrated after 20 days using the
same process. The reflection spectra of the OFS and temperature reading
of the thermocouple were recorded simultaneously with the same fre-
quency (1 Hz).

For assessment of the OFS repeatability to temperature, the latter
was increased from 30 °C to 37 °C (common temperature range of
human body) and reversed back to 30 °C with 10 cycles while relative
humidity was set at a constant 55 %.

Finally, in order to investigate the OFS performance under the
changing of both temperature and humidity simultaneously, the envi-
ronmental chamber temperature and humidity was set to ramp up and
down three times (30 °C & 55 %RH to 37 °C & 90 %RH, respectively).
The reflection spectra, temperature and humidity readings from the
commercial logger were recorded simultaneously. The absolute hu-
midity (AH) with units of mg H>O/L can be calculated from these two
parameters [40]:

 My,0*RH %P,

AH 3
RxT

Py (T) = 6.112 % 3557 4
where Mp20 is molar mass of HyO (18.02 g/mol), R is the gas constant
which is 8.314 J/mol*K, RH and T are relative humidity and tempera-
ture value in units of % and K, respectively, P,s(T) is the saturation
vapor pressure as a function of temperature [40]. These values are then
substituted into Eq. (4) to obtain the Absolute Humidity (AH):

2.1674 % RH % 6.112 % 355
AH =
27315+ T

(5)

3. Results and discussion
3.1. Optical fibre sensor fabrication

Fig. 4(a) and (b) show the SEM image of the PAH/SiO, only and with
TLC film, respectively. It can be seen that the PAH/SiO film presents a
uniform morphology. The total thickness of functional film is ~750 nm
which consists ~509 nm and ~243 nm for PAH/SiO; and TLC layers,
respectively, as shown in Fig. 4(c). Fig. 4(d) shows optical images of the
TLC films coated onto a glass substrate, demonstrating a gradual colour

change with the temperature change. The TLC film turns from colourless
to red at ~24 °C, passes through green at ~26 °C before entering blue
region (28-46 °C) and, as the temperature increases above ~48 °C, turns
colourless again. The sensor probe structure is shown in Fig. 4(e). The
reflection spectra in Fig. 4(f) show the spectral changes before and after
coating with humidity and temperature functional films. It can be seen
that there has been marked drops of the whole spectrum after coating
with each functional films due to the increasing refractive index of the
film during the coating process based on Fresnel equation [35]. After
coating with TLC, a selective reflection peak appears at 500 nm at 32 °C
environmental temperature compared with the spectra before coating
with TLC at the same temperature condition [41].

3.2. Response and recovery time of OFS

Fig. 5a and b show the response and recovery times of the OFS with
temperature and humidity measurement, respectively, compared with a
thermocouple and a commercial humidity sensor as the reference. In the
temperature measurement, for OFS, the response and recovery time is
calculated as 3.1 s and 57.3 s, for the thermocouple, the response and
recovery time is 8.5 s and 59.1 s, respectively between 30-38 °C. In the
humidity measurements, for the OFS, the response and recovery time is
calculated as 13.2 s and 2.6 s whilst for the commercial humidity sensor
the response and recovery time is 6.7 s and 8.9 s, respectively between
20-80 RH%. In a humid case, the interacted vapour molecule on SiO5
film first needs to pass through the TLC film, which may cause a slightly
longer response time. The optical signal recovers back once there is
dissociation of water vapour with SiO; surface, therefore, the RH re-
covery time is shorter than response time.

3.3. Humidity measurement using OFS

Fig. 6(a) shows the reflection spectrum change of the OFS at a con-
stant temperature (32 °C) with different humidity levels, 55 % and 90 %,
respectively. It should be noted that there is a significant intensity
change of the whole spectrum during the increase of humidity, mean-
while, the selective reflection peak of the TLC sensor remains at the same
wavelength indicating the position of the peak is not affected by hu-
midity. Fig. 6(b) illustrates the intensity change at a wavelength of
650 nm in comparison with the RH readings from the BME280 com-
mercial humidity sensor against time. The OFS response (black trace)
correlates with the change of RH (blue trace) and the reversibility to RH
can be observed from the dynamic intensity change graph. In the RH
calibration curve, Fig. 6(c), the response of the OFS shows a linear
relationship (R? = 0.973) to the RH change with a sensitivity of 0.43
%/RH% (@650 nm) in the range of 55—90%. Fig. 6(d) shows the hu-
midity cross-sensitivity evaluation of wavelength position of the
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Fig. 5. (a) Response and recovery times of OFS for temperature measurement; (b) Response and recovery times of OFS for humidity measurement (BME280 —

commercial humidity sensor).

25000
—— RH: 90%
—— RH: 55%
= 20000 Constant
=) Temp (32 °C)
z |
@ 15000 - Humidity
I increasing
f=
— 10000 -
=
=]
S
5000 -
0 T T T T
200 400 600 800 1000
Wavelength [nm]
(a)
| m OFs
951 \—— Linear fit|
9
© 90 -
O
c
©
E
E 85-
<
= R?= 0973
80 4 +

60 65 70 75 80 85 90
Relative humidity [%]

(c)

105 r r .
—=— OFS@650nm|L 100
100 —=— BME280 —_
T
% 05" 190 S
P =
S 904 80 2
S E}
= 85+ =
£ 70 ®
g %] -
= 75. 60 g
[ |
70 - 50
0 20 40 60 80 100
Time [min]
(b)
RH% nm = °C
—— Relative humidity b
Wavelength of selective peak -32.6
56 - temperature
- 508
. £ 32.4
M oA Y TV O ST ) T
W o 1 r,LH th\.hrll | H'l.\'(,ﬁ ".Ln' L L
M”&\}(’b (LR AT o7 32,2
527 32.0
- 506 '
501 £31.8
T T T T 506
0 2 4 6 8 10

Time [min]

(d)

Fig. 6. (a) Reflection spectrum of OFS in 90 % RH and 55 % RH at constant temperature (32 °C). (b) The dynamic light intensity response at 650 nm wavelength of
OFS in comparison to RH readings from a commercial humidity sensor. (c) The RH calibration curve of OFS (error bars represent the standard deviation of three

repeat cycles). (d) Humidity crosstalk evaluation of temperature sensing film.

selective peak of the proposed hybrid sensor, the temperature was
controlled at 32 °C while setting the humidity decreasing. With a 7%RH
change of humidity, the wavelength of the selective peak and the tem-
perature fluctuates at a stable level, 507 + 0.3 nm for wavelength and
32.28 £ 0.08 °C for temperature, respectively. This relatively stable
reflection value ensures the selective peak wavelength has a negligible

cross-sensitivity to humidity.

OFS response (black trace) correlates with the change of RH (blue
trace) and the reversibility to RH can be observed from the dynamic
intensity change graph. In the RH calibration curve, Fig. 6(c), the
response of the OFS shows a linear relationship (R2 = 0.973) to the RH
change with a sensitivity of 0.43 %/RH% (@650 nm) in the range of
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55-90%.

3.4. Temperature measurement by using OFS

3.4.1. Temperature calibration

The reflection spectra of the OFS at different temperatures are shown
in Fig. 7(a). No selective reflection peak exists at 22 °C, and with tem-
perature increasing, the selective reflection peak appears and moves to
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the lower wavelength region. In order to investigate the reliability of the
OFS, the same OFS has been recalibrated after 20 days. Fig. 7(b) rep-
resents the dynamic wavelength shift with temperature increasing and
decreasing gradually between 28 °C and 46 °C on the 1 st and 20th day,
respectively. This preliminary data shows robust performance. The
temperature calibration curves of two test days are shown in Fig. 7(c),
each point is the average of each stabilized step obtained from Fig. 7(b)
and the error bar is the standard deviation of each step. The wavelength
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Fig. 7. (a) Reflection spectra of OFS at different temperature with the same humidity level. (b) The dynamic response of wavelength shift for selective reflection peak
with changing temperature in the climatic chamber on the 1% and 20" calibration day. (c) The temperature calibration curves of OFS for 1 and 20™ test day, the
error bar is smaller than the marker. (d) temperature crosstalk evaluation of humidity sensing film.
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shift shows linear correlation (R? = 0.995, 0.992, 0.996, 0.990) to the
temperature which has the sensitivity of 4.02 nm/°C (temperature
increasing), 3.99 nm/°C (temperature decreasing) on the first calibra-
tion day and 3.81 nm/°C (temperature increasing), 4.07 nm/°C (tem-
perature decreasing) on the 20" calibration day, respectively. The
overall temperature sensitivity obtained by taking the average of the
above values is 3.97 nm/°C (STD: 0.098). It can be noticed that the
linear fitting curve of each test is almost coincidental, which indicates
that the OFS has a long lifetime and high accuracy for temperature
sensing in the range of 28-46 °C. Fig. 7(d) illustrates the temperature
cross-sensitivity evaluation for the light intensity at a wavelength of
650 nm (indicating relative humidity) of the proposed hybrid sensor,
setting the temperature decreasing while the humidity remains at a
relative stable level. It can be noted that the light intensity(@650 nm)
and the humidity value fluctuates at a stable level when the temperature
decreasing. This relatively stable reflection value ensures the light in-
tensity(@650 nm) has a negligible cross-sensitivity to temperature.

3.4.2. Temperature repeatability cycle test

To further illustrate the repeatability of the prepared OFS, Fig. 8
shows the spectrum and the wavelength of the selective reflection peak
change as the temperature alternates between 30 and 37 °C for 10 re-
peats at a constant level of humidity. The selective reflection peak
moved from around 515 nm (30 °C) to 485 nm (37 °C) as shown in Fig. 8
(a). In addition, the intensity of the remaining spectrum (apart from the
selective peak) remains at the same level, including the intensity at
650 nm wavelength, during the temperature measurement except for the
region of the selective peak. This means the intensity change at most
wavelengths is not affected by the temperature change in the range of
30-37 °C.

As shown in Fig. 8(b), the wavelength value in 30 °C and 37 °C
environment tends to be a constant during the 10 thermal cycles, which
indicates the performance of the OFS to temperature sensing is stable
and repeatable within the tested temperature range.

3.5. Simultaneous temperature and humidity measurement by using OFS

To further illustrate the performance of the prepared sensor, the
temperature and RH are modified simultaneously (30 °C-37 °C and 55
RH% to 90 RH%) in the climatic chamber while monitoring the spectral
change of the OFS. According to the previous results, the wavelength
shift of the selective reflection peak indicates the temperature change
and the intensity (at 650 nm) indicates the humidity change. The dy-
namic change of spectra with temperature and RH increasing
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simultaneously is shown in Fig. 9(a), the selective peak moves left and
the whole spectrum falls with temperature and RH increase, respec-
tively. Fig. 9(b) also shows the spectrum change of the sensor in different
temperature & RH environments (low: 30 °C and 55 RH%, high: 37 °C
and 90 RH%).

Once the RH and temperature tests were performed, and sensitivities
were obtained, the response from the sensor can be translated into a RH
and temperature reading. Fig. 9(c) shows the temperature and relative
humidity from the calibrated OFS during the 3 experimental tests
demonstrating the results are repeatable in environments of 55 %RH &
30 °C to 90 %RH & 37 °C. The absolute humidity (AH) change, as shown
in Fig. 10, was calculated from the temperature and RH values using Eq.
(5). In this work, the temperature sensing is unaffected by bending or
ambient light as it is a wavelength shift measurement. For the humidity
sensing, the ambient light is potentially an issue in the intensity mea-
surement cases. In this case, a fibre pigtail which contains a jacket
protection along the fibre and the coating on the tip prevents ambient
light being detected. In practical application, a reference bare fibre
could be utilised to reduce the effects of bending losses. This has been
applied in our previous work on humidity monitoring during sports
[35].

The state of the art in hybrid optical fibre sensors for humidity and
temperature sensing is presented in Table 1. It can be seen that our
current hybrid sensor exhibits a higher sensitivity to temperature
(3.97 nm/°C), although it cannot be directly compared to the RH
sensitivity due to the different response units (intensity base in this
work). The temperature measuring range of the proposed sensor is
narrower compared with other types of sensor in the table, which is
28-46 °C, however, it is ideally suited to many healthcare applications.
The cost of using an OFS based on gratings is much higher than reflec-
tion type optical fibre sensors, thus, the proposed sensor has the po-
tential for widespread use. The use of a spectrometer reduces the cost
compared to most optical fibre interrogators which brings it into the
range that would be acceptable as a medical device used in critical care
or wound clinics. It may be possible in future to implement the system
using an array of LEDs which cover the operating wavelength range of
the sensor, demonstrating a roadmap to very low cost, wearable devices.
Moreover, the proposed hybrid sensor is able to measure at a single
sensing point for RH and temperature, which allows sensor to operate in
a confined environment, compared to other types of optical fibre
Sensors.
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Fig. 8. (a) The reflection spectrum of OFS at different temperature (blue line for 30 °C and red line for 37 °C) at constant humidity level of 50 RH%, inset shows
region around the selective peak. (b) The wavelength shift of the selective reflection peak under alternating temperature.



C. He et al.

Sensors and Actuators: B. Chemical 344 (2021) 130154

25500
E ——30 °C and 55 RH%
[ 20400 g 30000 { Wavelength shift —— 37 °C and 95 RH%
= due to temperature
k15300 2
2 -
[10200 £

L5100 |

20000 -

Intensity changing
due to humidity

10000 -

Light
Light intensity [DN]

0 T : T .
200 300 400 500 600 700 800 900 1000 200 400 600 800 1000
Wavelength [nm] Wavelength [nm]
(a) (b)
951 oo 1ottest
—90{ 00 2"test g
s 85 - A A 39 test
>
£ 80- e
8
s 791 a
E 65 A %
geof m ﬁO a4
55 - #
50 +— . x 1 x . . .
30 31 32 33 34 35 36 37 38

Temperature [°C]

(c)

Fig. 9. (a) The spectrum changes with temperature and RH increasing simultaneously. (b) The reflection spectrum in low (blue curve) and high (red curve) tem-
perature & RH environment, the wavelength shift and intensity change due to temperature and RH, respectively. (c) Hybrid sensor response for changing RH and
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Fig. 10. Absolute humidity calculated from the simultaneous temperature and
RH measurements, in the ranges of 30-37 °C and 55-90 %, respectively.

4. Conclusions

A novel optical fibre hybrid sensor for monitoring relative humidity
and temperature was developed by coating the tip of a single optical
fibre with PAH/SiO, for relative humidity, and a thermochromic liquid
crystal for temperature. The reflected intensity changes in response to
the refractive index change of the PAH/SiO; film that absorbs water
molecules at different RH. The signal response to RH was linear
(R?=0.973) with a sensitivity of 0.43 %/RH% in the RH range of 55%-—
90%. The selective reflection peak showed the sensitivity to temperature
and a linear relationship (R? = 0.993) between peak wavelength shift
and temperature with a sensitivity of 3.97 nm/°C over the temperature
range of 28-46 °C. In addition, the simultaneous RH and temperature
measurement is repeatable over several cycles. Also, the proposed sensor
has the potential for measuring absolute humidity to generate additional
information in clinical applications. This simple to manufacture, low-

cost and novel hybrid sensor has the potential to be used in many
healthcare applications.
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Table 1
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