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Abstract—Objective: To develop a compact probe that can be
used to monitor humidity in ventilator care equipment. A meso-
porous film of alternate layers of Poly(allylamine hydrochloride)
(PAH) and silica (SiO2) nanoparticles (bilayers), deposited onto an
optical fibre was used. The sensing film behaves as a Fabry-Perot
cavity of low-finesse where the absorption of water vapour changes
the optical thickness and produces a change in reflection propor-
tional to humidity. Methods: The mesoporous film was deposited
upon the cleaved tip of an optical fibre using the layer-by-layer
method. The sensor was calibrated in a bench model against a
commercially available capacitive sensor. The sensitivity and re-
sponse time were assessed in the range from 5 % relative humidity
(RH) to 95%RH for different numbers of bilayers up to a maxi-
mum of nine. Results: The sensitivity increases with the number
of bilayers deposited; sensitivity of 2.28 mV/%RH was obtained
for nine bilayers. The time constant of the response was 1.13 s ±
0.30 s which is faster than the commercial device (measured as
158 s). After calibration, the optical fibre humidity sensor was
utilised in a bench top study employing a mechanical ventilator.
The fast response time enabled changes in humidity in individual
breaths to be resolved. Conclusion: Optical fibre sensors have the
potential to be used to monitor breath to breath humidity during
ventilator care. Significance: Control of humidity is an essential
part of critical respiratory care and the developed sensor provides
a sensitive, compact and fast method of humidity monitoring.

Index Terms—Critical care, Fabry–Perot, humidity sensor,
intensive care unit, layer-by-layer (LbL), optical fiber sensor,
relative humidity.

I. INTRODUCTION

HUMIDIFICATION of inspired gases is an essential part of
the clinical treatment in critical respiratory care, and in-

halation of inadequately humidified gas during invasive (through
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a endotracheal tube placed in the patient’s trachea) or noninva-
sive (via a mask placed on the patient’s face) ventilation causes
drying of the delicate respiratory mucosa and consequent cool-
ing, mucosal injury, drying of (and difficulty clearing) secretions
and respiratory deterioration [1]. The human airway has the role
of heating and humidifying inspired gas, and recovering heat
and moisture from expired gas [2]. Water can exist in two forms
when carried in gas: “moisture” is water in liquid form that is
suspended in a gas in the form of small droplets, and “humid-
ity” is water vapor (i.e., in gas phase) [3]. Humidity can be
described as “absolute” or “relative”: absolute humidity (AH) is
the mass of water vapor in a given volume of gas, while relative
humidity (RH) is the amount of water vapor present in a gas as
a percentage of the saturated vapor pressure capacity [1], [2].

The clinically acceptable range of AH and RH values at the
level of the upper trachea is between 5 mg/L (50%RH at 27–
28 °C) and 42 mg/L (85%RH at 34 °C nasal, 95%RH at 35 °C
naso/orophaynx) [4]. Levels of AH lower than 5 mg/L repre-
sent a significant risk of respiratory complications related to
inadequate humidification of inspired air. Under typical condi-
tions in vivo, end-inspiratory and end-expiratory values of AH
are 15–37 mg/L at temperatures of 28–34 °C [5]. It has been
demonstrated that using an appropriate humidification system,
AH values between 25 and 30 mg/L are adequate for the physi-
ological functioning of the upper airway [2].

During invasive mechanical ventilation (where the oro/
nasopharynx is bypassed and native humidification is pre-
vented), it is recommended that AH of the inspired gas should
be 33–44 mg/L and gas temperature should be between 34 and
41 °C (i.e., RH 100%) to avoid time-dependent injury to epithe-
lial cells in the airways, and thus, maintain normal mucociliary
function [6]. In addition, there is a correlation between humid-
ification and ventilator associated pneumonia risk, and higher
levels of humidity to the airway (44 mg water vapor/L gas) can
facilitate maximal mucociliary clearance [7].

Currently, during prolonged invasive mechanical ventilation,
respiratory gases are actively humidified by means of a heated
water bath in order to achieve levels of humidity approaching
100%RH. Gases are kept warm in the inspiratory limb of
respiratory tubing in order to reduce condensation. However,
due to the limitations of current humidity sensors, humidity is
not actually measured at the patient end of the circuit or inside
the patient’s airway.

An optical fiber-based humidity sensor has a potential ap-
plication in this setting. Fibers are advantageous due to their
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light weight, simple configuration, small size, high sensitivity,
efficiency, and resolution. They carry no electric current, are
biocompatible, and potentially inexpensive optical sensors that
have been demonstrated to be the fastest humidity sensors [3],
[8]. There are a number of practical ways for building up optical
fiber sensors to detect humidity such as evanescent wave mon-
itoring, in-fiber gratings (fiber Bragg grating and long period
grating) techniques, interferometric approaches, hybrid sensors
(grating + interferometric), and absorption measurements [3],
[9]. In the research described here, the goal is to develop an op-
tical fiber Fabry–Perot interferometric sensor to detect humidity
by increasing sensitivity through the deposition of a hydrophilic
coating material on the cleaved distal optical fiber tip (forming a
Fabry–Perot cavity). In comparison to other sensing techniques,
the interferometric approach proposed in this study has the ad-
vantage of simple configuration, small size probe (125 μm), and
low cost manufacture. On exposure of the hydrophilic film to a
humid environment, the water vapor is absorbed, changing the
refractive index and thickness of the film, inducing a change in
the overall reflection [8].

The total reflection intensity due to the Fabry-Perot cavity
created by the film deposited onto the tip of the fibre can be
explained as follows: 1) the presence of two optical interfaces
(fibre-film and film-air), each with its characteristic Fresnel co-
efficients for reflection, leads to a division of the incident beam
into two main back reflections (higher-order reflections between
the interfaces can be neglected), and the optical fibre sensor be-
haves as a Fabry-Perot interferometer of low finesse [10],[11];
2) loss factors and coefficients associated with losses are due
to optical absorption and scattering of the beam by interfaces
and film itself; 3) changes in total optical reflection are due
to changing the optical thickness of the film (the product η
f*L). The reflection spectrum will change when the geometrical
thickness (L) increases by means of either the number of film
layers deposited on the tip or the swelling due to water absorp-
tion [8]. The response in the total optical intensity reflected can
also be modulated by adsorption and absorption of water vapour
molecules by means of changing the effective refractive index of
the film (ηf), following the Bruggeman effective medium model
criteria [11].

Corres et al. [12] first demonstrated a humidity sensor at the
tip of an optical fiber based on a multilayer hydrophilic film
comprised of layers of SiO2 nanoparticles with alternating pH.
Through tests conducted using a humidity chamber, the sensor
was demonstrated to have low hysteresis and fast response time.
A simple experiment of monitoring three breaths on the sensor
indicated potential for breathing rate monitoring.

In this study, a sensor probe film has been devel-
oped by depositing alternate layers of Poly(allylamine hy-
drochloride)(PAH) and silica nanoparticles (SiO2 , diameter =
40–50 nm) on the cleaved tip of an optical fiber coupler. In
contrast to Corres et al. [12], this study uses PAH, a highly
hydrophilic polycation layer, to assemble a SiO2 thin film. The
PAH layer increases the sensitivity of the sensor due to high
hydrophilicity and also reduces the number of the deposited
layers, thus increasing the efficiency of the fabrication pro-
cedure. Furthermore, after calibration, the performance of the
sensor is demonstrated in a bench top study implementing a hu-

Fig. 1. Schematic representation of the construction of a (PAH/SiO2 ) thin
film using the LbL method.

midifier and a mechanical analogue of the respiratory system,
which is conventionally used for teaching and research [13],
thus allowing investigation of its potential use in critical care
conditions.

II. METHODS

A. Materials

PAH (MW :∼58,000), NaOH, KOH, and ethanol were pur-
chased from Sigma-Aldrich, U.K. Silica nanoparticles (SiO2 ,
SNOWTEX 20L, diameter 40–50 nm) were obtained from Nis-
san Chemical, Japan. All reagents were of analytical grade and
used without further purification. Distilled water (18.3 MΩ·cm)
was obtained by reverse osmosis followed by ion exchange and
filtration in a Millipore-Q (Millipore, Direct-QTM).

B. PAH/SiO2 Film Deposition

The method of deposition of the nanothin film followed the
steps depicted in Fig. 1 as follows: 1) treatment of the surface tip
of the fiber with 1 wt% ethanolic (H2O:ethanol = 3:2) KOH for
20 min to terminate it with OH groups; 2) wash with deionized
water and dry with nitrogen, followed by immersion of the fiber
tip in 0.17 wt% of positively charged polymer PAH (pH = 11)
for 15 min; 3) wash and dry, immerse the fiber tip into a solution
containing negatively charged SiO2 nanoparticles for 15 min;
and 4) after deposition of the SiO2 nanoparticles, wash and dry
and repeat steps 2) and 3) “X” times in order to build up an “X”
layer film (denoted as (PAH/ SiO2)X ).

C. Humidity Sensor Calibration

Fig. 2(a) presents the experimental setup for humidity calibra-
tion measurements. The sensor probe [tip of port1, Fig. 2(b)] and
a commercial capacitive sensor (Maxim Integrated, DS1923,
RH range of 0–100%; accuracy ±5% in the range of −20–
+85 °C, resolution 0.04%RH in 16-bit mode) were placed 1 cm
apart in a measuring cell (200 ml). The cell receives either hu-
midified (via flowmeter F1, Cole-Parmer, OU-32460-42, range
0–1 L/min) or dried (via flowmeter F2) gas through the circuit.
The rate of flow via the gas inlet (L) was a constant (1 L/min)
and the flowmeters enabled different levels of humidification.
Fiber tips with different numbers of layers were tested in order
to ascertain the most sensitive response to humidity. The fiber
coupler received light from the tungsten-halogen lamp into port
2 (Ocean Optics, HL-2000, which covers the visible spectrum
with an output light stability of 0.15% peak-to-peak and an
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Fig. 2. (a) Humidification system to calibrate the optical fiber humidity sensor
against a capacitive sensor. (b) Schematic illustration of the ports of the fiber
coupler.

Fig. 3. Setup to measure the humidity response time constant.

optical output drift < 0.3% per hour) of the fiber; there were
reflections at the tip of the port 1 and the reflected light was
collected using the CCD spectrometer through port 3. A spec-
trometer was used in order to ascertain the optimum wavelength
at which to monitor intensity changes.

D. Humidity Sensor Response Time

Fig. 3 depicts the experimental setup used to measure hu-
midity response time constant. The optical fiber humidity probe
was inserted into and extracted from the headspace of a Petri
dish (65 ml) containing 10 ml of water. The fiber was contained

Fig. 4. (a) Experimental setup to measure the humidity level inside a breathing
circuit connected to the ventilator. (b) Photograph of the experiment to measure
humidity inside the breathing circuit connected to the noninvasive ventilator,
without HME connected and the humidifier is based on heating the water con-
tainer. (c) HME connected to the T-piece and exhalation valve of the breathing
circuit.

inside a 23-gauge medical hypodermic needle in order to pro-
vide mechanical protection for the thin film. The Petri dish was
closed until the humidity measured using the capacitive sensor
inside the Petri dish stabilized (92%RH). The external capacitive
sensor monitored room humidity (42%RH).

The experimental procedure for determining the humidity re-
sponse time constant used by the manufacturer of the capacitive
sensor was followed in order to make comparison with the op-
tical fiber device. The average 1/e point as the sensor response
transitions from 90%RH to 40%RH (in this case, from 92%RH
to 42%RH) at equilibrium conditions and constant temperature
(in this case, T = 21.4 ± 0.2 °C) was obtained by inserting and
extracting the optical fiber humidity probe five times from the
Petri dish.

E. Sensor Testing in a Breathing Circuit Connected to a
Positive Pressure Ventilator

Two modes of ventilation were tested using a noninvasive pos-
itive pressure ventilator [model NIPPY3+, B&D Electromed-
ical, Ltd., Warwickshire, U.K., Fig. 4(a) and (b)]: pressure
support ventilation and intermittent positive pressure ventilation
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(IPPV). The former may be used to achieve improved tidal vol-
umes in spontaneously breathing patients who need assistance.
The latter has been used to avoid intubation in patients with res-
piratory failure, to provide near-continuous ventilator support,
improving oxygenation and decreasing hospital stay [14].

The set up of the experiment using the ventilator was imple-
mented with a heat and moisture exchanger (HME Antibacterial
low resistance filter, B&D Electromedical, Ltd., Warwickshire,
U.K.) in the breathing circuit [see Fig. 4(a) and (c)]. The air out-
let of the ventilator was connected to the humidification arm of
the breathing circuit, providing active humidification by heating
a water container (MR-850AEK, Fisher & Paykel Healthcare,
Ltd., Berkshire, U.K.). The humidification arm was coupled
with an exhalation valve, which could be optionally connected
to the HME. A T-valve linked the breathing circuit via a tube
to a lung ventilator performance analyzer (LVPA, previously
marketed by BOC Medishield. Ltd., Essex, U.K.).

The optical fiber sensor contained within a 23-gauge medical
hypodermic needle and capacitive sensor were both placed in
the T-piece valve [see Fig. 4(a) and (c)]. There were also two re-
movable temperature probes integrated in the breathing circuit,
one included in the humidifier itself and another placed at the
end of the humidification arm, just before the connection with
the exhalation valve [see Fig. 4(a)]. Independent of the mode of
ventilation used, the change of humidity throughout the breath-
ing circuit was controlled by switching ON/OFF the humidifier.
There are several classifications of HMEs: hydrophobic, hygro-
scopic, and filtered HMEs [4], [6]. In this case, a hygroscopic
and filtered HME was used to reduce condensation in the T-piece
[see left side of Fig. 4(c)] and the overall change of tempera-
ture inside the breathing circuit. The wool-foam material of this
HME contains an antibacterial filter and hygroscopic chemi-
cals (e.g., LiCl, CaCl2) that reduces water condensation and the
presence of moisture (small droplets), improving the response
of the optical fiber humidity sensor.

III. RESULTS

A. Sensor Calibration

Fig. 5 shows the hydrophilic film [see Fig. 5(b) and (c)] cre-
ated during the layer-by-layer (LbL) assembly process. Com-
parison of Fig. 5(b) and (c) confirms that highly uniform film is
deposited onto optical fiber after four bilayers [15]. The growth
of the initial layers is not uniform due to lack of surface coverage
and some parts will not be fully charged after deposition of the
first layers of PAH. Coverage can be boosted by controlling pa-
rameters such as solution concentration of the polyelectrolytes
used, pH and dipping times [16]. More uniform multilayer
growth has been reported with the use of an initial assembly ad-
hesion stage of PAH and Poly(sodium 4-styrenesulfonate)(SPS)
in the initial layers [17]. It should be noted that only the tip of
the optical fiber coated with the PAH/SiO2 film is interrogated
and the side is not contributing to the sensor response.

Fig. 6 shows a typical sensor response for a four bilayer
film on exposure to different levels of humidity. The reflection
spectra acquired are in the visible range and only the central
wavelength (after applying a 100-points moving average filter)

Fig. 5. Scanning electron microscope (SEM) images of the optical fiber hu-
midity sensor probe coated with the PAH/SiO2 film. (a) SEM image of the
cleaved tip of an optical fiber without film. (b) SEM image of the fiber covered
by three alternate bilayers of PAH and SiO2 nanoparticles. (c) SEM image of
the fiber covered by five alternate bilayers of same film. The scale bare on the
left side is 200 μm; and 50 μm on the right-hand side.

Fig. 6. Dynamic change of the optical fiber humidity sensor (response at
λ = ca. 600 nm) modified with four bilayers thin film (blue line, (PAH/SiO2 )4 )
upon exposure to the different levels of humidity. The red line is the RH change
measured by the capacitive sensor. The average temperature is 25.4 ± 0.4 °C
during all measurement of 30 min. The humidity levels produced with the
flowmeters [see Fig. 2(a)] are: (a) Lz = 1 L/min, L1 = 0 L/min; (b) L2 =
0.8 L/min, L1 = 0.2 L/min; (c) L2 = 0.6 L/min, L1 = 0.4 L/min; (d) L2 =
0.4 L/min, L1 = 0.6 L/min; (e) L2 = 0.2 L/min, L1 = 0.8 L/min; (f) L2 =
0 L/min, L1 = 1 L/min.
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Fig. 7. Calibration curves for three, four, and nine alternate bilayers of
PAH/SiO2 film showing the sensitivity for each case. For the purpose of clarity,
the calibration curves are placed in the same plot showing differences in re-
flection intensity with respect to the first experimental value in each calibration
curve.

λ = 618.13 nm was plotted in all figures of this work in order
to measure the response of the optical fibre humidity sensor.
It can be seen that the response of the optical fiber humidity
sensor is inversely correlated with the response of the capacitive
sensor. It should be noted that in this calibration experiment the
temporal transitions of the capacitive sensor and optical fiber
sensor between every step in Fig. 6, are similar and are only
limited by the rate of change of air in the flowmeters, i.e., the
transition times are not related to the response time of the two
sensors.

Fig. 7 shows the effect of the film thickness on the sensi-
tivity. The thicker PAH/SiO2 film leads to an increase in the
sensitivity of the optical fiber humidity sensor. The increase of
the geometrical thickness leads to a sinusoidal-type change in
the reflection (tracked at specific wavelengths) whose intensity
depends on the number of layers [15], [18]. For three bilayers,
the sensitivity was 0.26 mV/%RH, for four bilayers sensitivity
increased to 0.53 mV/%RH and for nine bilayers, the sensi-
tivity increased to 2.28 mV/%RH (see Fig. 7). Briefly, the in-
crease in the thickness of the film produces higher finesse values
[19, Ch. 7], and therefore, sharper or more sensitive response to
effective refractive index change (typically from 1.22 to 1.33)
and geometrical thickness when the mesoporous film is exposed
to water vapor molecules [8], [10].

In order to investigate the repeatability and hysteresis of the
sensor, the optical fiber humidity probe with five bilayers was
tested further using the setup shown in Fig. 2(a). Through re-
peating three times in both forward from 5%RH to 76%RH (red
line) and backward (blue line) directions, the hysteresis of the
optical fiber humidity sensor with (PAH/SiO2)9 was obtained
(see Fig. 8). Finally, a least-squares linear fit was performed on
each calibration curve to obtain a sensitivity of 2.17 mV/%RH
and 2.28 mV/%RH.

Fig. 8. Hysteresis of the optical fiber humidity sensor with nine bilayers. The
red trace is obtained by increasing the RH from 5%RH to 76%RH, and plotting
reflection intensity measured in the fiber against RH measured in the capacitive
sensor. The blue trace shows the decrease in RH from 76%RH to 5%RH.

Fig. 9. Comparison of the response of the optical fiber humidity sensor with
(PAH/SiO2 )3 and the capacitive sensor. The red trace shows that the maximum
humidity (92%RH) at saturation vapor pressure inside the Petri dish was reached
after 20 min. The blue trace plots the response of the fiber sensor at saturation
vapor pressure. At t = 1800 s, both the fiber sensor and the capacitive sensor
were removed from the Petri dish and exposed to environmental humidity.

B. Response Time

Fig. 9 shows an example of a step response of the fiber sensor
and capacitive sensor upon insertion into a humid environment.
In this case, both sensors were simultaneously exposed (after
1800 s) to environmental humidity through removing the Petri
dish cover. The red trace corresponds to the RH readings of the
capacitive sensor, the blue trace the reflection intensity change
in the fiber.

The mean response time of the optical fiber humidity sensor
(based on the 1/e point) was 1.13 s with a standard deviation
error of ±0.30 s based on five measurements. The response time
of the capacitive sensor is 158 s (five times longer than the time
constant reported in the datasheet).
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Fig. 10. Comparison of readings for 20 cm H2 O of pressure support mode
and 101 L/min using HME in the breathing circuit. The red trace corresponds
to the response of the capacitive sensor and the blue trace outputs the reflection
intensity change of the optical fiber humidity sensor with nine bilayers. The
increase in humidity was caused by switching on the humidifier at 200 s and
the decrease of humidity was produced by disconnecting the T-piece at 1500 s.
The overall change of temperature (during all measurement of 1600 s) was
1.0 °C inside the T-piece.

C. Noninvasive Positive Pressure Ventilator
Breathing Circuit Tests

Fig. 10 shows the result of using the HME in the breathing
circuit of the setup presented in Fig. 4(a), demonstrating the
pressure support mode of ventilation, which is controlled by the
breath of a patient except the pressure limit (in this case 20 cm
H2O). The step change in humidity is created by switching on
the humidifier and later disconnecting the T-valve.

Using the HME in the breathing circuit, the readings of the
optical fiber humidity sensor (see Fig. 10) are without artifacts
produced mainly by formation of water condensation near the
sensor and due to the presence of moisture (small droplets) that
affect the fiber sensor performance (data not shown).

Fig. 11 shows measurements taken with the optical fiber hu-
midity sensor with nine bilayers and the capacitive sensor inside
the T-piece of the breathing circuit [see Fig. 4(a) and (c)] and
using a different mode of ventilation, i.e., IPPV; this mode was
first tested with a fixed pressure of 15 cm H2O and 12 breaths
per minute (Breaths/min) with the humidifier switched ON. The
output of a moving average filter (with 100 points) has been
applied to the responses of the capacitive sensor and the optical
fiber humidity sensor and the average baseline (black lines in
Fig. 11) increased from 2968 to 3568 mV for the fiber sensor
and decreased from 93%RH to 89%RH for the capacitive sensor
during the measurement period (600 s). The inset in Fig. 11 is a
close up view between 200 and 260 s that corroborates that only
the optical fiber humidity sensor can detect individual breaths
due to its faster response.

Fig. 12(a) and (b) shows a new subset of measurements for
t = 300–360 s (600 s total experiment duration) with the optical
fiber humidity sensor using nine bilayers deposited on the tip
of the fiber. These measurements compare different breathing

Fig. 11. Comparisons of nine bilayer fiber response (blue trace) and capacitive
sensor response (red trace) at 15 cm H2 O in IPPV mode and 12 Breaths/min; the
black traces correspond to the output of a moving average filter for each device
response. During the measurement period, the temperature increased from 28.2
to 30.7 °C in the T-piece. The inset presents a zoom from 200 to 260 s of 15 cm
H2 O in IPPV mode and 12 Breaths/min; the optical fiber is the only sensor
capable of measuring individual breaths due to its faster response.

frequencies for the same pressure in IPPV mode and also com-
pare different pressures of IPPV for the same frequency. The
fast response of the sensor is again demonstrated through breath
to breath humidity measurements. Fig. 12(a) confirms that the
slower breath frequency will produce smaller baseline reflec-
tion intensity and higher RH for a fixed ventilation pressure of
30-cm H2O. Fig. 12(b) shows that at lower pressures, IPPV will
produce a smaller baseline reflection intensity and higher RH
for a fixed breath frequency of 20 Breaths/min.

IV. DISCUSSION

Although the fluctuations in the light source are small (drift
less than 0.3% per hour), any transmission loss artefacts can be
avoided by including a reference fibre without the mesoporous
film in the system. In this way, any fluctuation in the light source
and any other source of artefact (like motions in the sensor probe
causing transmission losses) would be also detected by that ref-
erence fibre and could be significantly reduced through signal
processing. The results (section C) confirm that an HME acts as
a hydrophobic filter protecting the sensor against condensation
that can produce artefacts and is useful as it restricts tempera-
ture variations. In this direction, it is also beneficial to monitor
temperature as it is well known that measuring relative humid-
ity depends on temperature. The calibration results obtained in
Figs. 6 to 9 were performed at a constant room temperature
(23.0 °C 0.5 °C). In practical use in noninvasive mechanical
ventilation, large temperature variations can be avoided (up to
1 °C) using an HME in the breathing circuit (Figs. 10 and 11). In
future, it would also be favourable to coat the tip of the hypoder-
mic needle containing the fibreoptic sensor with the wool/foam
material used in the HME and further improvements could be
made by writing a fibre Bragg grating into the fibre so that
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Fig. 12. (a) Comparison of different Breaths/min for same pressure of IPPV;
the behavior shown is consistent for the whole experiment (600 s duration),
i.e., independent of the level of humidity provided by the humidifier, a fre-
quency of 8 Breaths/min produced always a higher RH than 12 Breaths/min and
20 Breaths/min. (b) Comparison of different pressures of IPPV for the same
frequency of Breaths/min; the behavior shown is consistent for the whole ex-
periment (600-s duration), the pressure of 15 cm H2 O always produced a higher
RH than 20 cm H2 O and 30 cm H2 O.

temperature can be simultaneously monitored. The main reason
to use the spectrometer in this paper was to optimize the work-
ing wavelength and this could be simplified using an LED and
photodetector. However as future work will involve the use of
fibre Bragg gratings to monitor temperature it is likely that the
spectrometer will be retained. Future work will investigate how
the response time and sensitivity change with SiO2 nanoparti-
cle size, optimizing levels of aggregation and porosity. Surface
coverage of the initial layers onto the tip of the optical fibre can
be also improved by modifying the deposition procedure and
increasing the efficiency of SiO2 adsorption through direct sur-
face modification of the nanoparticles (creating higher number

of ligands that will intensify the negative charge of the SiO2
particles before they are coated with PAH).

V. CONCLUSION

The sensitivity, response time, and hysteresis of a novel opti-
cal fiber humidity sensor, based on Fabry–Perot interferometric
sensing, has been investigated over a humidity range of 5%RH
and 76%RH using a controlled bench-top setup. The perfor-
mance was also evaluated in the breathing circuit of a mechan-
ical ventilator. The sensor response allows measurement levels
of humidity near 100%RH in the Y-piece of the circuit in an
invasive ventilator or in the T-piece of a noninvasive ventilator.

The sensitivity of the optical fiber humidity sensor increased
with the number of bilayers with a maximum sensitivity of
2.28 mV/%RH obtained with nine bilayers (∼450-nm overall
thickness film). Tracking of the wavelength shift is also possi-
ble in the analysis of the reflection spectra, which may provide
more robust measurements, and future work will investigate this
further. The response time constant of the optical fiber humid-
ity sensor was 1.13 ± 0.3 s compared to the measured 158-s
response rate for a commercial capacitive sensor used for com-
parison under the same experiment conditions. The optical fiber
humidity sensor proposed here has a very simple and low cost
porous structured sensing element obtained with PAH/SiO2 us-
ing the LbL fabrication method.

The results obtained present a low hysteresis sensor with a re-
sponse time within current fast trends reported in recent reviews
on optical humidity sensors. Future work will investigate how
the response time and sensitivity change with SiO2 nanoparticle
size, optimizing levels of aggregation and porosity.

The results confirm that an HME acts as a hydrophobic filter
protecting the sensor against condensation that can produce
artifacts and is useful as it restricts temperature variations. In
future, it would be beneficial to coat the tip of the hypodermic
needle containing the fiber-optic sensor with the wool/foam
material used in the HME.

The fast response of the sensor means that it is possible to de-
tect humidity changes in an individual’s respiratory rate and to
monitor humidity and respiratory rate during mechanical ven-
tilation. The device can also be used to track the respiratory
rate (or the presence/absence of breathing) even in unusually
low or high respiratory rates. In addition, all the components of
the optical sensor require no electrical current, are nonmagnetic
materials, and so the device could be used during magnetic res-
onance imaging, oncological treatments, or during anesthesia.
Future work will investigate the applications of this sensor in
volunteers, and a variety of patient groups.

The results demonstrate that the development of a portable
optical fiber humidity sensor is feasible and can be easily em-
bedded in ventilation masks or in elements of the breathing
circuits used for ventilation.
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