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An array of three long period gratings (LPGs) fabricated in a single optical fibre and multiplexed in
the wavelength domain was used to measure simultaneously temperature, relative humidity (RH) and
volatile organic compounds (VOCs), which are key indoor air quality (IAQ) indicators. Each LPG sensor
was designed with optimised response to a particular measurand. The first, with no surface modification,
was used to measure temperature. The second, modified by a mesoporous coating of silica nanoparticles
(SiO2 NPs), was used to measure RH and the third, modified with a coating of SiO, NPs infused with a
functional material, p-sulphanatocalix[8]arene (CA[8]), was employed to monitor VOC concentration. The
LPGs were fabricated with periods such that they operated at or near the phase matching turning point.
The sensors were calibrated in the laboratory and the simultaneous measurement of the key indoor air
quality parameters was undertaken in laboratory and office environments. It was demonstrated success-
fully that the data produced by the LPG sensor array under real conditions was in a good agreement with
that produced by commercially available sensors. The average differences between values obtained by
the optical fibre sensor and standard temperature and RH sensors were better than 0.5 °C and 5% respec-
tively. Further, the potential application of fibre optic sensors for VOC detection at high concentrations

has been demonstrated.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction [4]. Temperature extremes represent a serious risk for human

health, where low temperature during winter months can cause

During the last decade, interest in air quality control has shifted
from outdoor to indoor environments, reflecting the changes in
lifestyle associated with increasing levels of urbanization [1]. Most
people spend around 90% of their time indoors [2]. There is signifi-
cant scientific evidence that indicates that inappropriate indoor air
quality (IAQ) affects negatively human health and thus its monitor-
ing plays a key role in IAQ control [3].

IAQ is influenced by a mixture of physical, chemical and bio-
logical factors, each with different sources and associated adverse
health effects [3]. Temperature, relative humidity (RH) and volatile
organic compounds (VOCs) represent the key factors of interest

* Corresponding author.
E-mail address: s.w.james@cranfield.ac.uk (S.W. James).

http://dx.doi.org/10.1016/j.snb.2016.12.050

cardiovascular diseases and death within susceptible groups such
as elderly people [5]. Extreme heat can cause a range of adverse
health effects with different severity, from heat rashes to heat
stroke. Heat also negatively affects the respiratory and cardio-
vascular systems [6]. Low RH can cause irritation of the eyes
and mucous membranes of the respiratory system, increase sen-
sitivity to aerosol particles and facilitate the spread of airborne
diseases [7]. On the other hand, high RH leads to higher occur-
rence of allergies that affect negatively respiratory systems, such
as asthma, respiratory infections, coughs, wheeze and dyspnoea
[8]. The recommended values of RH for human well-being and that
minimize possible adverse health effects are in the range of 40-60%
[7].

Temperature and RH are essential parameters in the assessment
of the performance of a building, because of their influence on

0925-4005/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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energy demand. The reduction of the energy needed to obtain the
appropriate IAQ is important for both people’s health and for util-
ity costs. There is a need to develop technologies for future homes,
which optimise performance against these criteria [9].

VOCs in the indoor environment comprise a broad mixture of
chemicals that are present in household products and that leak from
materials commonly present indoors (e.g. paints and furniture).
VOCs are also product of combustion processes such as heating
or smoking and their concentrations can increase by up to a 1000
times over short time periods. VOCs cause various short and long-
term (delayed) adverse health effects [10], and VOCs are recognised
as being one of the possible causes of sick building syndrome (SBS)
[11].

While hundreds of VOCs are present in indoor air, the mea-
surement and identification of every single one is difficult and
expensive. The total VOCs (TVOCs) concentration is commonly
measured and used as an IAQ parameter. There are several ways
to measure the concentration of TVOCs, such as infrared detectors,
passive badges, photo-ionization detectors and flame ionization
detectors [10]. The most used approach, which gives the high-
est sensitivity, is active sorption/chemical analysis, which uses
gas chromatography-mass spectrophotometry (GC-MS) for fur-
ther analysis. The VOCs are measured individually and the TVOC
is subsequently calculated [10]. Despite its sensitivity, the GC-MS
approach is expensive, requires well-trained operators and a
sample collection step that makes real time measurements impos-
sible.

Fibre optic sensors can help to solve problems of IAQ mon-
itoring, since they are inexpensive, small, lightweight, immune
to electromagnetic interference and as such can be used in
extreme conditions, enabling remote real time monitoring with
no electrical power needed at the sensing point [12]. Fibre-optic
sensing platforms based on long period gratings (LPGs) with
functional coatings have been used to measure various mea-
surands, including RH [13], ammonia [14], and VOCs [15]. In
addition, when proteins, enzymes and antibodies are incorporated,
then optical fibres can be used for biological response measure-
ment [16]. Moreover, the potential use of fibre optic sensors
for sick building syndrome (SBS) monitoring has been suggested
[17].

Among the different types of fibre-optic sensors, those
based on gratings, specifically long period gratings (LPGs), have
been employed extensively for refractive index measurements
[18] and for monitoring associated chemical processes [18],
since they offer wavelength-encoded information, which over-
comes the referencing issues associated with intensity based
approaches. An LPG consists of a periodic perturbation of the
refractive index of the fibre core, which couples the core
mode to the co-propagating cladding modes of the fibre. This
coupling is manifested in the transmission spectrum of the
optical fibre as a series of resonance bands. Each resonance
band corresponds to coupling to a different cladding mode
and thus shows different sensitivity to environmental changes
[19].

The coupling wavelength can be obtained from the following
phase matching equation

Ax = (Ncore — Nlad(x)) A (M

Where A, represents the wavelength at which light is coupled to
the LPgx cladding mode, neore is the effective refractive index of the
mode propagating in the core of the fibre, ngjq(x) is the effective
index of the LPgy cladding mode and A is the period of the LPG
[19]. The central wavelength of the resonance band is sensitive to
changes in environmental conditions such as strain, temperature,
bend radius and refractive index of the surrounding conditions [ 19].

The thermal sensitivity of LPGs arises from a combination of
the thermo-optic effect and the thermal expansion of the fibre. The
sensitivity of the LPG can be increased by appropriate choice of
the grating period and composition of the optical fibre [20]. The
shift of the central wavelength of the resonance bands caused by a
temperature change is generally linear from ambient temperatures
to up to 150°C[20].

An LPG’s sensitivity to the refractive index of the medium sur-
rounding the optical fibre is associated with the dependence of
the effective refractive index of the cladding mode upon the sur-
rounding environment [19]. Higher sensitivity and selectivity can
be obtained by functional coating of the cladding. For instance, a
400 nm thick coating of silica sphere nanoparticles was shown to
improve sensitivity of the LPG to changes in the refractive index of
the surrounding medium [21].

It has been shown that the phase matching condition for each
cladding mode contains a turning point and that the LPG exhibits
the highest sensitivity when phase matching turning point is
reached. This can be achieved by choosing an appropriate LPG
period and coating thickness [15,22]. The cylindrical shape of
the optical fibre represents a challenge for coating deposition.
Three deposition techniques are widely used: the dip coating
technique [23], the Langmuir-Blodgett technique [15,24] and the
layer by layer technique, also known as electrostatic self-assembly
[14,25-27].

The layer-by-layer technique is based on the deposition of oppo-
sitely charged materials that can be added to the fibre on the
molecular level to build up a coating of the required thickness. The
entire coating can be made from the sensitive material and then
react with the compound of interest, leading to a change of refrac-
tive index of the coating. Another option is to infuse the functional
compound into a porous coating, where again interaction with the
measurand leads to a refractive index change [14].

One of the key advantages of fibre optic sensors is the ability to
multiplex an array of sensors, sensitive to the same or to different
parameters. This can be of significant benefit in real environments,
where the influence of interfering factors such as temperature or
relative humidity should be reduced. Simultaneous detection of
several parameters at the same location using a single optical fibre
offers additional information that allows correction for changes of
the interfering parameters [19].

In this work, a sensor array consisting of 3 LPGs with differ-
ent grating periods written in a single optical fibre was used for
simultaneous measurements of temperature, relative humidity and
concentration of VOCs. The LPGs have periods selected such that
they all operate near the phase matching turning point and that dif-
fer by up to 1 pm to facilitate wavelength division multiplexing. To
the best of our knowledge, this is a first example of the multiplex-
ing of the LPGs sensors operating at the phase matching turning
point (PMTP). A mesoporous coating of silica nanospsheres was
deposited onto LPG1, such that it was sensitive to RH. The surface of
LPG2 was left unmodified and was used to measure temperature. A
functional material, Calixarene, was infused into a mesoporous sil-
ica nanospshere coating deposited onto LPG3 to sensitise the LPG to
VOCs [15,25]. Calixarene molecules contain of a number of phenol
or resorcinol aromatic rings connected together to a larger ring and
the molecule is shaped like a bowl [28]. The analyte of the inter-
est reacts with calixarene and becomes temporarily entrapped via
gas state complexion. As only weak interactions occur (no cova-
lent bond is created) the analyte is liberated easily from the cavity,
with the result that the sensor is reversible. The sensitivity of the
reaction depends on the morphology and charge of the molecule
of interest and for this reason semi-specific reactions to different
VOCs have been reported [15,25]. The sensor array was tested in
real environments to demonstrate the ability to measure key IAQ
parameters.
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Fig. 1. Schematic illustration of the LPG sensor array; the individual LPGs were
used to measure: LPG1 relative humidity (RH); LPG2 temperature; and LPG3 volatile
organic compounds (VOCs).

2. Materials and methods
2.1. Materials

Poly(allylamine hydrochloride) PAH (My: 75,000), NaOH 1M
aqueous solution, benzene, toluene, chloroform and acetone
were purchased from Sigma-Aldrich. SiO, nanoparticles (NPs)
(SNOWTEX 20L) were purchased from Nissan Chemical. P-
sulphanatocalix[8]arene (CA[8]) 1 mM solution was synthetized
in the laboratory [15]. All of the chemicals were analytical grade
reagents and used without further purification. Deionized water
(18.3 M2 cm) was obtained by reverse osmosis followed by ion
exchange and filtration (Millipore, Direct-QTM).

2.2. Fabrication of the array

LPGs with grating periods of 110.0, 110.9 and 110.8 pm, all
of length 40 mm, were fabricated in boron-germanium co-doped
optical fibre (Fibercore PS750) with cut-off wavelength 670 nm in
a point-by-point fashion, side-illuminating the optical fibre by the
output from a frequency-quadrupled Nd:YAG laser, operating at
266 nm [29]. The sensing array was fabricated by splicing together
the 3 individual LPGs, with adjacent LPGs separated by a length of
30 cm of optical fibre with its buffer coating intact, which avoids the
creation of in-fibre Mach-Zehnder interferometers [30]. The sensor
array is illustrated in Fig. 1. The grating period was selected such
that the LPGs operated at or near the phase matching turning point
[15,22], which, for coupling to a particular cladding mode (in this
case LPg19), ensured optimized sensitivity.

The transmission spectrum of the optical fibre was recorded by
coupling the output from a tungsten-halogen lamp (Ocean Optics
HL-2000)into the fibre, analysing the transmitted light using a fibre
coupled CCD spectrometer (Ocean Optics HR4000), Fig. 1.

The periods of LPGs were selected in such a way that each
of them can be associated with distinct and uniquely identifiable
resonance band in the spectrum, which allowed multi-parameter
measurements where each LPG was measuring temperature, rela-
tive humidity or VOCs (see Section 3 for more details). In particular,
LPG1, of period 110.9 um, was modified with 5 layers of SiO, NPs
and was used for RH measurements. LPG2, of period 110.0 um was
used for temperature measurement and was uncoated. LPG3, of
period 110.8 um, was coated with 8 layers of the SiO, NPs thin
film, which was subsequently infused with calixarene molecules
and used for VOCs measurements.

2.3. Thin film deposition

Mesoporous thin films of SiO, NPs were deposited onto LPG1
and LPG3 using an electrostatic self-assembly approach that has
been described elsewhere [14,21,25-27]. The region of the optical
fibre containing the LPG was fixed in a Teflon holder constructed
with a compartment to accommodate a solution [27]. The optical
fibre was rinsed with deionized water and immersed in a 1wt%
KOH in ethanol/water=3:2, v/v solution for 20 min, leading to a

Light out .
Light in

I R S |
a9 LPG =

CCD Spectrometer Water Halogen lamp

voc

Data logger

Fig. 2. Schematic illustration of the experimental set-up used for calibrating the
response of the single LPG and of the LPG array to relative humidity and to VOCs.
The same set-up was used to investigate the exposure of LPG to high concentration
of VOCs. In this case, instead of the water, a droplet of the VOC was placed inside
the dish.

negatively charged surface. The optical fibre was then immersed
sequentially into a solution containing a positively charged poly-
mer, PAH, and a solution containing negatively charged SiO, NPs,
for 20 min each, resulting in the alternate deposition of PAH and
SiO, NPs layers on the surface of the fibre. The fibre was rinsed with
distilled water and dried by flushing with nitrogen gas after each
deposition step. A5 cycle (PAH/SiO; )s film was deposited onto LPG1
and 8 cycle (PAH/SiO)g was deposited onto LPG3. The number of
layers was chosen carefully such that the device possesses suffi-
cient sensitivity to the measurand and that the resonance bands
corresponding to the individual LPGs could be resolved after the
deposition of the coatings and, in the case of LPG3, after infusion of
the functional material.

To sensitise LPG3 to VOCs, the (PAH/SiO,)g coated LPG was
immersed into an aqueous solution of 1 mM of CA[8] for 2h and
was subsequently washed and dried.

2.4. Sensor calibration

The temperature responses of the LPGs were characterised
over a range from 10°C to 85°C by placing the LPGs in an envi-
ronmental chamber equipped with fibre-optic feed-through. This
characterisation process was undertaken for each LPG individu-
ally, before splicing and coating, and was repeated after the LPGs
had been spliced to form the array and after LPGs 2 and 3 had
been coated with the silica nanospheres. The transmission spectra
were saved at each temperature, 3 min after thermal equilibrium
was reached. A temperature data logger (iButton® Hygrochron
Temperature/Humidity Logger, part number DS1923, from Maxim
Integrated™), with precision of +0.5°C and + 0.6 RH%, was placed
in close proximity to the LPGs. The central wavelengths of the res-
onance bands were determined from the recorded transmission
spectrum using in-house developed software that differentiates the
smoothed spectra to identify the zero crossing points.

Similarly to the calibration of the temperature sensitivity of the
LPGs, described in Section 3.1, the response to RH was charac-
terised for each LPG individually, before splicing and coating, and
was repeated after the LPGs had been spliced to form the array and
after LPGs 2 and 3 had been coated with the silica nanospheres.

The LPGs (individual and array) were fixed inside a small cell
(Petri dish, volume 100cm?3), into which a water droplet was
injected, as shown in Fig. 2. The LPGs were maintained straight and
taut to avoid bend-induced distortion of the spectrum. The increase
of the RH in the cell was monitored using the RH data logger. The
transmission spectrum and data logger values were recorded every
10s.

The performance of LPG3 as a VOC sensor was assessed by expos-
ing it to high concentrations of chloroform, toluene, benzene and
acetone vapours. LPG3 was coated with (PAH/SiO,)s and infused
with CA[8] and the central wavelength of the LPG3-R resonance
band (identified in the spectrum shown in Fig. 3(a)) was monitored.

The LPGs were fixed in the same cell that was used for RH cali-
bration (as shownin Fig. 2) and a solution of the particular VOC was
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Fig. 3. (a) Transmission spectra of the individual LPGs with the period of: green line, 110 pm, black line, 110.8 wm; and red line, 110.9 wm; and (b) Transmission spectrum
of the LPG sensor array containing 3 LPGs, of period 110.9 (LPG1), 110.0 (LPG2) and 110.8 um (LPG3) (L and R labels indicate the short and long wavelength, respectively,
resonance bands corresponding to the coupling of the same cladding mode, 1st indicates the positions of first resonance bands). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

injected by syringe using the following volumes: 10 .l of toluene,
50 wl of benzene and chloroform and 100 pl of acetone.

2.5. Experiments in the real environment

To investigate the performance of the sensor array in real
environments, the system was deployed in two offices and in a
laboratory:

1) in an open-plan office area with mechanical ventilation (Vincent
Building, Cranfield University) over a 24 h period (sampling rate
10 min), further referred as Vincent Building experiment;

2) in a research laboratory (Whittle building, Cranfield University)
over a period of 60 h (sampling rate 5 min), further referred as
Whittle Building lab experiment;

3) in an office with natural ventilation (Whittle Building, Cran-
field University) over a 60 h period (sampling rate 5 min), further
referred as Whittle Building office experiment.

Since there is no reliable and sensitive portable sensor for VOCs
measurements that can be used for the benchmarking and the VOCs
levels in the ambient environment are relatively low and lower that
the limit of detection of the LPG VOC sensor, the studies of perfor-
mance in real environments focussed on measurements of RH and
temperature in different building areas, using the temperature and
humidity data logger for benchmarking.

3. Results and discussion
3.1. Sensor fabrication

The transmission spectra of the individual LPGs measured before
splicing into the array are shown in Fig. 3a. The periods of the
LPGs were chosen such that, when the 3 LPGs were combined,
the resonance bands corresponding to the individual LPGs could be
resolved. Consequently, the period of LPG1 is such that it couples
light from the core to the (LPp19) mode near the phase matching
turning point, just before band splits (Fig. 3a, red line). Decrease of
the grating period leads to the splitting of the resonance band (these
bands were labelled LPG1-L and LPG1-R, indicating short and long
wavelength), as shown in Figs. 3a, S1a and b [29]. The transmission
spectrum of the LPG array after splicing, but before LPG1 and LPG3
were coated, is shown in Fig. 3b, where distinct resonance bands

corresponding to each of the LPGs are observed clearly. The “U”
shape band labelled LPG1 is associated with the bare LPG operating
at the PMTP. This band further splits into two, hereafter referred to
as LPG2-L and LPG2-R, after the deposition of the sensitive coating.

3.2. Functional coating deposition

Deposition of the (PAH/SiO,)s film leads to the changes in the
transmission spectrum of LPG1 (Fig. S2), which agree with previous
observations [21]. In particular, the deposition of the first layer was
observed to cause the resonance band of LPG1 to split into two
(labelled LPG1-L and LPG1-R). Further increase of the film thickness
resulted in changes of the central wavelengths of the resonance
bands until they merged with the resonance bands of LPG2 and
LPG3.

The evolution of the transmission spectrum during the depo-
sition of the (PAH/SiO,)s film onto LPG3 is shown in Fig. S3. A
continuous linear shift of resonance bands’ central wavelengths
was observed when LPG3 was immersed into the SiO, solution —
decrease for LPG3-L, increase for LPG3-R, Fig. S3b. The resonance
bands corresponding to LPGs 2 and 3 merged after deposition of
the 2nd layer (labelled as LPG2 +3-R). Due to the overlap of the
resonance bands of LPG1 and LPG3, it was difficult to observe their
wavelength shift when LPG transmission spectra were measured in
air, Fig. S3a. It should be noted that overlap of the resonance bands
could limit sensor performance, introducing cross-talk between
sensors and ambiguity if the peaks merge or cross-over. The mod-
ification of the senor surface was conducted in such a way that
this cross-talk was avoided and bands were clearly distinguishable.
The thickness of the coating was also chosen to provide optimal
sensitivity to the appropriate measureands and to bias the central
wavelengths of the attenuations bands of the individual LPGs such
that they could be resolved when the LPGs were arranged to be
in-series in a single optical fibre.

The central wavelengths of the dual resonance bands of LPG3
were observed to change as the CA[8] infused into the coating and
changed the coating refractive index, as shown in Fig. 4a. The evo-
lution of the resonance bands is shown in Figs. 4b and S4. This shift
of the resonance bands in response the change in the coating’s RI
enables the discrimination of the LPG2-R and LPG3-R when the
LPGs were in air. The corresponding changes of the transmission
spectrum are shown in Fig. 4c. The process was terminated after
no further shift in the attenuation bands was observed, which took



J. Hromadka et al. / Sensors and Actuators B 244 (2017) 217-225

()

100 4
A\ 7 VMl
90 4 \ ,,/ N\ '

80 ‘

704 { v

begin
— 30'
60'
— 95'
120"

60 4

Transmission /%

50

660 665 670 675

40 T T
800 900 1000

Wavelength /nm

221

850 700 750 800 850 900 950 1000
Wavelength (nm)

(C) — unmodified LPG array
>
©
~— .
c LPG2-L LPG2-R
o modified LPG array before CA8 infusion
‘»
Rl
=
4 2
= LPG2-L LP Gi2-R
— modified LPG array after CA[8] infusion
-
LPG1-R LPG3-R
LPG1-L
LPG2-L LPG2-R
1 T 1 L] L] T
650 700 750 800 850 900 950 1000

Wavelength /nm

Fig. 4. (a) Transmission spectrum of the LPG sensor array measured in solution during the infusion of CA[8] into the (PAH/SiO,)s film deposited on LPG3; the inset shows
evolution of the 1st resonance band. (b) evolution of the attenuation bands for LPG array during the infusion of CA[8] into the (PAH/SiO;)s film deposited onto LPG3; White
represents 100% transmission, and black 0%, (c) transmission spectra of the LPG array measured in air: black line, all LPGs are unmodified; red line, LPG1 modified with
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references to colour in this figure legend, the reader is referred to the web version of this article.)

approximately two hours. It should be also noted that the resonance
bands associated with LPG1 and LPG2 remained unchanged.

Fig. 4c compares the transmission spectrum of the sensor array
before and after deposition of the (PAH/SiO;)g film and after infu-
sion of CA[8] into the (PAH/SiO>)g film. The transmission spectrum
of the modified sensor array shows distinct resonance bands, allow-
ing the multiplexing of the sensors in the wavelength domain.

3.3. Temperature calibration

Fig. S5 shows the shift of the central wavelength of the sin-
gle unmodified LPG3 (before splicing) induced by the temperature
change. Figs. 5 and S6 show transmission spectra of all 3 spliced
LPGs recorded at different temperatures. The resonance bands of
all of the LPGs can be resolved throughout the measurement range.
Fig. 5b shows the calibration plot of the central wavelength vs tem-

perature for the longer wavelength (labelled R) resonance bands of
LPG1, LPG2 and LPG3.

The temperature response of LPG2-R, recorded during three cal-
ibration tests, is shown in Fig. S7a. The small offsets in the central
wavelength recorded at the same temperature during the three
experiments may be associated with a difference in the strain
applied to the fibre when it was mounted, which was to ensure
that the fibre was not bent. It is known that an LPG sensor oper-
ating at the phase matching turning point is extremely sensitive
to temperature, strain, surrounding refractive index and bending
[15,22]. To take this into account, the temperature response was
measured several times and the weighted average value of the cal-
ibration curve was used when determining the temperature during
the subsequent experiments undertaken in real environments.

The temperature response was also measured after deposition
of the PAH/SiO, film onto LPG3. The presence of the coating reduced
the temperature sensitivity of the LPG3-R resonance band from
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0.45+0.02 to 0.25+0.01 nm°C~!, Fig. S7b. There are two factors
that can change the sensor’s response to temperature after modifi-
cation with PAH/SiO; film: a change in the RH with temperature
(since the mesoporous film is sensitive to RH) and the thermo-
optical properties of the PAH/SiO, film (a change of the RI of the
film with temperature). Relative humidity decreases with increas-
ing temperature is suggested to be the main cause of the reduced
gradient (Fig. S8).

In order to obtain the real temperature sensitivity of the LPG
modified with PAH/SiO; film and to take into account the effect of
the RH, the gradient of the temperature response was recalculated
using the following Eq. (2):

A)\total = A)\T + A)\RH (2)

where AN iS the measured total temperature induced wave-
length shift of the resonance band of the LPG modified with the
PAH/SiO; film, A\t is the wavelength shift caused by temperature
only (this was plotted as a calibration curve, Fig. S8); and Ay is
the wavelength shift caused by RH only (determined from the RH
calibration curve of the LPG modified with the PAH/SiO, film).

This process revealed that the temperature sensitivities of the
coated LPG were similar to that measured before the coating depo-
sition (Fig. S8). This recalculation was also used when processing
the data from the measurements undertaken in laboratory and
office environments, which will be described in Section 4.

The temperature sensitivities of resonance bands LPG1-R, LPG2-
R and LPG3-R (after all modifications) were determined to be
0.40+0.02nm°C-!, 0.454+0.02nm°C-! and 0.25+0.01 nm°C~!
respectively and are summarized in Table 1. The detection limit
of the LPG array was 0.29+40.01°C, determined from the LPG2-R
calibration curve (Fig. S7a), taking into account the spectral reso-
lution of the spectrometer used (0.13 nm). It should be noted that
the differences between the slopes for individual LPGs arises from
the different LPG period and the thickness and type of the coating
(discussed earlier).

Table 1

Comparison of the sensitivities of the resonance bands of the LPGs to temperature.
LPG Sensitivity [nm°C~']
LPG1-L modified with (PAH/SiO;)s 0.40 +£0.02°
LPG1-R modified with (PAH/SiO;)s 0.45+0.02°
LPG2-L unmodified —0.50+0.02%
LPG2-R-unmodified 0.45+0.02°
LPG3-R modified with (PAH/SiO)s +infused with CA[8] 0.25+0.01%

2 The error indicates the standard deviation of 3 separate experiments.

3.4. RH calibration

No change in the transmission spectrum of LPG2-R (without
coating) was observed when the array was exposed to RH changes
in the range 40-70%. Single, unmodified LPG1 and LPG3 were exam-
ined in the same way and it has been shown that, within the
measurement resolution, uncoated LPGs are not sensitive to RH,
Fig. S9. The sensitivity of the modified LPG sensors arises from
the changes in the RI of the mesoporous coating when water
molecules infuse into the coating. Interestingly, when LPG3, mod-
ified with (PAH/SiO;)g and infused with CA[8], was exposed to
humidity, the sensitivity was much smaller than that of LPG1 with
the (PAH/SiO; )5 coating but without CA[8]. Most plausibly this is a
result of the hydrophobicity of the CA[8], which, when infused into
the PAH/SiO, film, suppress water adsorption.

RH calibration curves of 3 separate measurements conducted
for LPG1-R modified with the (PAH/SiO,) film are shown in Fig. 6a.
Similar to the temperature measurements, the starting central
wavelength of the resonance band was different (explained in the
Section 3.1). Differences in the ambient temperature will also influ-
ence the starting central wavelength as well. The average slope was
used to determine the values of RH during experiments under-
taken in the laboratories and offices. The detection limit of the
LPG array was 1.39 RH%, determined from weighted average of the
slopes (0.09 +0.01 nm per 1% RH change) obtained from the cali-
bration curves (Fig. 6a) and spectral resolution of the spectrometer
(0.13 nm). The shift of the central wavelengths in response to a
change in RH for LPG1-L and LPG1-R is shown in Figs. S10a and 6b
respectively. By monitoring the transmission at a fixed wavelength,
selected to midway up the slope of the resonance band of LPG1-R,
the response to the RH change can also be observed, Fig. S10b.

3.5. VOCs calibration

No changes in the central wavelengths of the resonance bands
corresponding to LPG1, modified with the (PAH/SiO,)s5 film, and
unmodified LPG2 were observed when the sensor array was
exposed to chloroform, as can been seen in Fig. 7a. A small, but
measurable shift of the resonance band corresponding to LPG3,
modified with the (PAH/SiO,)g infused with CA[8], was observed
at high VOCs concentrations, Fig. 7b, S11 and Table 2.

The low sensitivity to VOCs was, most plausibly, a results of
non-optimal grating period and film thickness. In this case, we
have demonstrated the potential for the use of the LPG for VOCs
detection at high concentration as part of the sensing array. Future
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Table 2
LPG3 performance during VOCs experiments.
vocC Amount of Estimated Central
solution concentration wavelength
shift
Acetone 100 pl 298,000 ppmv 0.35+0.065 nm?
Benzene 50 wl 125,000 ppmv 0.23 +0.065 nm*
Chloroform 50 pl 210,000 ppmv 0.58 +0.065 nm*
Toluene 10l 28,000 ppmv 0.24 £ 0.065 nm*

@ Error bars represent the half of the resolution of the spectrometer.

work will focus on studying this issue in more detail. The factors
to consider that can lead to the improved sensitivity include the
deposition of the functional film with different thicknesses, opti-
mising grating period, as well as use of different types of calixarene
molecules as different geometries with different cavities may lead
to improved interaction of VOCs with the coating.

3.6. Experiments undertaken in real environments

During the experiment in the Vincent Building, the tempera-
ture and RH values ranged from 23.1 to 24.6°C and 32.1 to 53.7%,

respectively. The unmodified LPG2 and LPG1 modified with the
(PAH/Si0; )5 film were used to measure temperature and RH. Using
the calibration curves described in Sections 3.1 and 3.2, the RH and
temperature measured using the sensor array and data logger were
compared, as shown in Fig. 8a and b, respectively.

Although extra care had been taken to anchor the LPGs firmly to
keep them taut and straight during the measurements, it was found
that they relaxed over the extended measurement period (>24 h).
This relaxation caused a slight shift of the central wavelength
with elapsed time. To take wavelength shift caused by bending as
the result of LPG relaxation into account a correction coefficient
(time slip) was introduced that was found to be 0.0067 nmh~! and
was applied to the evaluation of temperature during the Whittle
Building office experiment and RH during experiment in Vincent
Building, Figs. 8a and S14c . The effect of time slip coefficient was
negligible in all other cases due to the small range of the mea-
sured values. This effect was not observed during the calibration
experiments, as their duration was typically 4 h.

The Fig. 8a shows the effect of the time slip coefficient onto RH
evaluation. It can be seen that for the first 15 h there is no significant
difference between RH measured using LPG sensor and commercial
humidity sensor. After 15 h, however, the small deviation in the RH
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values between LPG sensors and humidity logger was observed, red
line Fig. 8a. Very good correlation between LPG and commercial
sensor was observed when the time slip coefficient was introduced
(blue line Fig. 8a).

To investigate the correlation between the measurements
performed by the data logger and the LPG sensor array, the temper-
ature and RH values measured using the data logger were plotted
against the LPG sensor array (Fig. S12). The slope of the linear fit
within these values was higher than 0.99 which indicates strong
correlation between the sensing array and the data logger (Fig. S12).

The data recorded by the system during the Whittle building lab
and office experiments are shown in Figs. S13 and S14, respectively.
In the Whittle building lab experiment, the temperature and RH
values ranged from 21.6 to 24.1°C and 42.5 to 61.4% respectively
and the data measured by the LPG sensor array and the data logger
were in a good agreement, Fig. S14. The values for temperature and
RH ranged from 22.1 to 28.6°C and 34.8 to 57.3% respectively in
Whittle building office area, Fig. S14. The time slip correction was
used for temperature values calculation in this case, Fig. S14.

The average difference between the values measured by data
logger and the values calculated based on performance of the array
was below 0.5°C and 5% of RH. The achieved accuracy fulfils the
guidelines and recommendations for temperature and RH indoor
given in the units of °C [31] or tens of RH percent respectively [7].

As expected, the concentration of VOCs in real environment was
lower that the detection limit of the LPG, such that the resonance
bands of LPG3 showed no response. The concentration of VOCs in
real environment can increase significantly when new carpets are
installed or after painting the walls. We have previously demon-
strated that an LPG modified with a (PAH/SiO,)g coating infused
with CA[8] can be used successfully to measure VOCs emitted from
the paint [32].

Although there is a range of sensors developed for IAQ
monitoring, the fibre optic sensor offers the ability to perform
multi-parameter and distributed measurements of the IAQ mon-
itoring that potentially can allow increasing the efficiency of the
building energy performance. We have demonstrated the feasi-
bility of measuring three different parameters. Measurement of
otherIAQ factors such as carbon monoxide or dioxide together with
temperature and RH are possible using the same principle. Other
advantages of the fibre optic sensors include multipoint sensing
with a single interrogation set-up.

One of the challenges in multiplexing an array of the LPGs is
signal processing step that allows clear identification of the attenu-
ation bands corresponding to the each of the individual LPG sensor.
The central wavelengths of the attenuation bands were determined
in real time using the peak detection routine in LabVIEW to pro-
cess the spectra recorded by the Ocean Optics spectrometer. The
central wavelengths of the resonance bands were determined by
differentiation of the smoothed spectra to identify the zero crossing
points.

This can be further improved by other signal processing tech-
niques described in [30] and [33] allowing clearly recognising the
central wavelengths change according to the changes of the mea-
surands in the surrounding environment.

4. Conclusions

An optical fibre LPG sensor array was developed successfully
and its performance assessed with the aim of simultaneous multi-
parameters measurements of temperature and relative humidity,
key IAQ parameters. It was demonstrated that performance of sen-
sor array consisting of 3 LPGs, appropriately modified to measure
temperature, RH and VOC concentration, was comparable to com-
mercially available temperature and RH sensors. The sensor array
was successfully tested in real environment with difference less
than 0.5°C and 5 RH% in comparison with the commercially used
Ssensor.

The future work will focus on optimization of the sensor param-
eters for VOCs detection.
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