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QRsens represents a family of Quick Response (QR) sensing codes for in-situ air analysis with a customized
smartphone application to simultaneously read the QR code and the colorimetric sensors. Five colorimetric
sensors (temperature, relative humidity (RH), and three gas sensors (CO2, NH3 and H3S)) were designed with the
aim of proposing two end-use applications for ambient analysis, i.e., enclosed spaces monitoring, and smart
packaging. Both QR code and colorimetric sensing inks were deposited by standard screen printing on white
paper. To ensure minimal ambient light dependence of QRsens during the real-time analysis, the smartphone
application was programmed for an effective colour correction procedure based on black and white references for
three standard illumination temperatures (3000, 4000 and 5000 K). Depending on the type of sensor being
analysed, this integration achieved a reduction of ~71 — 87% of QRsens’s dependence on the light temperature.
After the illumination colour correction, colorimetric gas sensors exhibited a detection range of 0.7-4.1%,
0.7-7.5 ppm, and 0.13-0.7 ppm for CO2, NH3 and HjS, respectively. In summary, the study presents an
affordable built-in multi-sensing platform in the form of QRsens for in-situ monitoring with potential in different
types of ambient air analysis applications.

encoded information within it in all directions. QR codes were initially
designed for inventory tracking in vehicle parts manufacturing [2],

1. Introduction

Quick Response (QR) codes emerged in the 1990 s with additional
advantages over traditional barcodes such as the possibility of encoding
(storing) a greater volume of information, being faster and easier to
read, and the ability to be digitally scanned through a smartphone
camera [1]. A traditional QR code is a two-dimensional matrix with
several small blocks arranged in a square-shaped grid with three large
squares in the corner for position detection, size, angle, and outer shape
recognition. Upon scanning a QR code, the reader (e.g., a smartphone)
initially identifies these three squares’ patterns and then reads the

however, their use has expanded to products quality control, life cycle
management, supply chain management, in the media (e.g., TV shows
and newspapers) and to store Uniform Resource Locators (URLs) or
other custom identifiers (e.g., the COVID-19 vaccination certificate). QR
codes are also widely used in distinct areas of daily life such as education
[3], health [4,5], nutrition [6,7], entertainment and culture [8,9],
commerce [10], and security [11], among others [12-14]. The epidemic
use of smartphones enables QR codes as a potential gateway to the
Internet of Things (IoT) within the reach of any individual user [15].
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In this context, herein we present QRsens, an enhanced QR code with
built-in colorimetric sensors. The general concept of the developed
system is shown in Fig. 1 and Supplementary Movie. Taking advantage
of a traditional QR code anatomy, the three-positioned corners of the QR
code have been replaced by circle-shaped colorimetric sensors. In
combination with a custom-developed smartphone application where
image processing of QRsens is conducted, multiple sensing capabilities
have been added to standard QR codes while retaining its original
purpose as data storage systems. QRsens codes were fabricated by screen
printing technology in a white paper substrate using a commercially
available two-component thermochromic ink and custom-developed
sensing inks for relative humidity (RH), carbon dioxide (COj),
ammonia (NH3), and hydrogen sulphide (H,S). The colour change of the
sensors was characterised by the evaluation of the hue (H) or saturation
(S) values in the HSV colour space, captured and automatically pro-
cessed through the developed smartphone application. By combining
three of these five sensors, two versions of QRsens codes are proposed in
this work, aimed at two end-use applications: enclosed spaces moni-
toring (temperature, RH, and CO; sensors) and smart packaging appli-
cations (H2S, NH3 and CO sensors). Additionally, two black and white
(B/W) references are printed in the centre of QRsens to conduct auto-
matic colour correction of environmental light conditions for the
detected colorimetric sensors during the image processing pipeline.
Although other developments of QR-like codes with colorimetric sensors
can be found in the literature, the proposed device make use of five
sensors (that can be combined into groups of three) that have never been
simultaneously proposed in other solutions. Additionally, the presented
system distinguishes from previous works by combining the following
aspects simultaneously: i) QRsens can be manufactured using standard
fabrication techniques, i.e., screen-printing; ii) The QR code still main-
tains its original functionality as data storage device; iii) It implements
an automatic light colour correction technique; and iv) An ad-hoc
smartphone application has been developed implementing automatic
image processing for sensor detection and colour correction, data stor-
age, and results sharing. The comparison with other systems is shown
below in more detail in Table 3 of the Results and Discussion section.

Supplementary material related to this article can be found online at
d0i:10.1016/j.snb.2022.133001.

The proposed applications of QRsens are based on the sensor’s
combination in each case. For instance, NH3 detection can be used as a
“freshness label” for smart food packaging applications due to its natural
release from protein degradation. NHg detection is well suited for
spoilage detection in protein-rich foods such as meat, fish, and vegeta-
bles [16,17]. In the case of H,S, it is a volatile gas mainly produced
during the degradation process of the sulphur-containing amino acids,
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so it is a characteristic compound to assess meat spoilage [18,19] as
well. CO inside food packages is also a key parameter to control in
modified atmosphere packaging (MAP) applications to create a protec-
tive atmosphere surrounding the food, with the aim to decrease micro-
bial growth rate and therefore extend the shelf life of the packed food
[20]. Typically, CO3 is flushed into the package to obtain concentrations
above 60% [21]. In this context, QRsens could inform of a leakage in the
package if CO, concentration falls drastically below this threshold. In
any case, it is worth mentioning that for smart packaging applications
the QRsens code would be placed inside the package to be monitored,
which is a typical requirement in this type of systems [18,20,21]. In that
case, it would be necessary to study migration of dyes, toxicity of
chemicals, etc. Additionally, the package must be optically transparent
as it is common in most of food packages. Likewise, CO2 monitoring can
also be useful in health-related applications. It is well known that normal
atmospheric air levels (~0.04%) are not harmful, however, a continuous
accumulation of CO; in confined spaces becomes a potential danger to
human health. Some studies have related prolonged CO5 inhalation in
indoor environments to symptoms of discomfort, fatigue, dyspnoea,
dizziness, headache, sweating, muscular weakness, and drowsiness [22,
23]. In this case, QRsens could serve as a threshold detector if CO; ex-
ceeds safety limits. Along with air quality, temperature and RH can also
be associated with indoor microbial exposure, which is related to
adverse pulmonary health effects [24]. Additionally, many recent
studies have also connected these three parameters with SARS-CoV-2
transmission [25-27]. It is worth mentioning that other QRsens codes
could be proposed using different combinations of the colorimetric
sensors, or alternative applications could also be targeted using the same
sensors. For instance, temperature and RH can be also related to food
spoilage [28]. Likewise, NH3 and H3S monitoring also have high rele-
vance in terms of environmental safety [29,30].

2. Materials and methods
2.1. QRsens design and fabrication

QRsens was designed to simultaneously have dual functionality: (i)
as a standard QR code to store custom information, and (ii) as a sensing
platform with up to three colorimetric-based sensing elements. Such
sensing elements have been integrated into the QR code taking advan-
tage of the structure and components of the code itself, thus enhancing
the functionality of the original QR code design without affecting its
main purpose as a data storage device. In essence, QRsens benefits from
the anatomy of a standard QR code to add the sensing functionalities, in
particular from the position markers, i.e. the three large square patterns
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Fig. 1. System overview and concept of QRsens, which consists of a QR code with integrated colorimetric sensors in combination with a custom-developed
smartphone application for the acquisition and automatic processing of QRsens. Two different end-use applications are proposed by combining three of the five
custom-developed sensors: enclosed spaces monitoring (temperature, RH, and CO,) and smart packaging sensing (H»S, NHs, and CO5).
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in the corners of the code used for detecting its position, size, angle and
outer shape [1]. The inside code consisting of several small blocks where
the information is encoded is kept unaltered, so the QR code continues to
serve its original purpose. Additionally, QRsens takes advantage of two
design aspects of standard QR codes: (i) the inner eyes of the position
patterns (see Fig. 2a) can take other shapes different from the traditional
square shape; and (ii) a free area or empty space can be left in the centre
of the code, normally used to place any custom image or logo. In this
way, the three inner eyes of the position patterns are replaced by the
corresponding three circular-shaped colorimetric sensors, while the
empty space in the centre is used to locate two additional circles -the
black and white (B/W) references- for light colour correction during the
image processing pipeline. The reason for the circular shape of the
sensors and the B/W references is related to the image processing con-
ducted in the developed smartphone application (see details in Section
2.2.1). Furthermore, the area in the QR code that contains the data (for
example, an URL) is extended to also encode the information about
which sensor is placed in each corner of the QRsens code. Following this
approach, when the user reads the code with the custom smartphone
application, such information regarding the sensors is automatically
detected and separated from the original information of the QR code (e.
g., the URL), so the process is transparent for the end-user and QRsens is
self-contained with respect to its sensing functionality. To that end, in-
formation about the sensors is placed before the original data using
specific keywords separated by semicolons, as detailed below. A visual
summary of the design process from a standard original QR code to a
QRsens code is given in Fig. 2a.

For the initial design of the code, any online QR code generator tool
can be used (e.g., https://www.qrcode-monkey.com/). In this work, we
propose two types of QRsens codes using two combinations of the five
proposed sensors. Each combination is aimed at one particular appli-
cation. In the first case, temperature, RH and CO, sensors are included in
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QRsens for enclosed spaces monitoring. The second combination in-
cludes HyS, NH3 and CO; sensors for smart packaging applications.
According to the described design process, the first case will contain the
following text encoded in the data area: TEMP;CO2RH;URL, while for
the second case the encoded text will be: H,S;CO,;NH3;URL. In both
cases, for the fabrication of the different prototypes, the URL was chosen
as the webpage of the research group for the proof-of-concept prototype.
Following the same approach, other QRsens devices could be created by
using different combinations of the colorimetric sensors, depending on
the targeted application, and replacing the URL by any other custom
information. The employed reagents and materials and the colorimetric
inks fabrication process are described in Sections 1 and 2 of Supple-
mentary Information (SI), respectively. Fig. 2b shows the fabrication
process of the QRsens codes including the colorimetric inks deposition,
which is described in more detail in Section 3 of SI.

2.2. Smartphone application development

A customized smartphone application was developed to simulta-
neously read the QR code and the colorimetric sensors. The programmed
application implements automatic image processing for sensor detection
and colour correction, data storage, and results sharing. Android Studio
4.2.2 was the integrated development environment (IDE) used to pro-
gram the QRsens smartphone application. It was designed and tested
against API 26 (Android 8.0). However, the application also supports
previous Android versions, being API 18 (Android 4.3) the lowest API
level compatible. The open-source computer vision OpenCV 3.1.0
Android library was employed for the acquisition and image processing
tasks [31].

2.2.1. Light colour correction
Practical usability of the developed QRsens smartphone application
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= Ociorny, ™ (5

result
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Fig. 2. (a) Design process from a standard original QR code to a QRsens code. (b) Fabrication steps of the QRsens code by screen printing and drop-casting. The final
result photograph corresponds to the combination of temperature, RH and CO, sensors.
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requires it to deliver consistent results independently of illumination
changes. In many cases, this issue is mitigated through the attachment of
external accessories to the smartphone to achieve controlled illumina-
tion conditions, such as opaque chambers to block ambient light, LEDs
to provide constant illumination, and optical filters or lenses [32-34].
Software-based approaches have also been proposed to overcome this
issue. One straightforward solution is to calibrate the system under
different lighting conditions, storing several pre-loaded calibrations and
fitting parameters within the application [35,36]. Another approach
consists of using multiple colour reference markers corresponding to the
colorimetric responses of the sensors obtained during the calibration
phase [37-39]. The use of black and white reference markers is also a
wider strategy that has yielded satisfactory results [40-43]. In some
cases, colour space transformation has proven to be an effective method
for quantitative colorimetric analysis robust to ambient lighting condi-
tions, for instance using the hue-saturation-value (HSV) space [30].
Other authors have proposed more complex alternative algorithms to
account for variations in ambient light [33,44,45]. Taking into account
certain limitations depending on the specific case, all these
software-based techniques enable the use of equipment-free imaging
analysis, which is highly desirable for the end-user convenience.

In our case, we propose a two-step algorithm combining two of the
previously described methods: a correction stage in the RGB colour
space based on the B/W reference markers (printed in the centre of
QRsens), followed by a colour space transformation to the HSV space. In
this way, each acquired RGB colour coordinate of the sensors is adjusted
with respect to each detected RGB value of the B/W references by:

GBsen.wr - RGBb[auk_re/
RGB,jire_ ref

R
RGB orrectea = 256 (€8]

where RGB refers to the individual R, G or B colour coordinate of the
sensor and reference in each case. The previous equation was applied in
all cases except for the HyS sensor, in which a slightly different correc-
tion experimentally delivered better results:

RGBensor — RGBpiack_rer
RGBwh[ze_ref - RGBblack_ref

RGB orreciea = 256 2

After the correction, the new RGB coordinates were converted to
HSV values. In all cases, the normalised hue parameter (Hporm = H/360)
was selected to quantify the sensor responses, except for the case of CO5,
where the saturation parameter (S) was chosen because it delivered a
larger variation range or response (see Section 3.1). More details
regarding the calibration setup and the measurement procedure are
given in Section 4 of SIL

3. Results and discussion
3.1. QRsens application user flow

The accompanying Android application of QRsens consists of several
screens that guide the user through the steps required for the acquisition
and processing of a QRsens code. The whole process is depicted in the
application user flow of Fig. 3a. Initially, there is a welcome screen that
includes a menu with two options: (1) Scan QR code; and (2) Scan
sensors. If the user chooses the first option, the application starts a QR
reader screen so that the user can aim at the code with the smartphone
camera to read its content, which is done in less than a second without
needing to take any photograph. Upon detection and reading of the
QRsens code, a pop-up window (alert dialog) with two options informs
the user about the three sensors present in the device (which is encoded
as part of the QRsens content), as well as the rest of the encoded custom
information (e.g., an URL). In the fabricated proof-of-concept pro-
totypes, an URL was embedded in the code, so at this point, the user can
choose to directly visit that website (option 1 of the alert dialog) or scan
the sensors (option 2). If the latter option is chosen, the application

Sensors and Actuators: B. Chemical 376 (2023) 133001

automatically starts the rear camera of the device so that the user can
take a photograph of the QRsens code. To take the photograph, the
developed app invokes through an intent to the free app Camera Zoom
FX with the following set-up parameters: ISO 800, EV 0,0, auto focus and
WB natural light. In principle, any external app could be called to take
the photograph as long as the camera settings always remain constant.
After this, the app allows the user to easily pinch to zoom in and out to fit
the taken photograph of QRsens with the template grid (a white square
superimposed on the screen), as shown in Fig. 3c. Once aligned, the user
can slide the Process button to the right to start the automatic image
processing, which is graphically summarised in Fig. 3b.

During the image processing conducted in the smartphone, the app
only considers the region of interest (ROI) circumscribed by the white
on-screen square, discarding the rest of the image to improve the con-
sistency of the processing and eliminate the needless background. This
masked image is then processed on the smartphone by means of the
Circle Hough Transform (CHT) to detect the circle-shaped sensors and
B/W references. CHT is a feature extraction technique used in digital
image processing for detecting circular objects in imperfect digital
image inputs, which our group has already employed in previous works
[34]. In a similar way to such work, the image is converted to grayscale
prior to the circle’s detection using CHT, and also a Gaussian blur filter is
applied to reduce the noise and avoid false detections. However, in this
work, a significant improvement has been implemented in the process-
ing pipeline, which consists of the application of a thresholding opera-
tion on the grayscale image (see Fig. 3b). After testing different
thresholding methods, we concluded that the simplest technique (i.e.,
global binary thresholding) was the most suitable for our case. In binary
thresholding, each pixel value is compared with a certain threshold
value. If the pixel value is greater than the set threshold, that pixel is set
to the maximum value (255); otherwise, it is set to 0 (black). Thresh-
olding is a very popular segmentation technique with numerous appli-
cations in computer vision, and it is often used to separate objects
considered as a foreground from its background (e.g., in text-recognition
algorithms). We experimentally checked that this thresholding opera-
tion made the subsequent circle’s detection algorithm much more reli-
able. After the binary thresholding and blurring operation, the Hough
Transform function of OpenCV library was used to implement the circle
detection in the QRsens code photograph. For each of the five circles
detected by this algorithm (three corresponding to the sensors in the
corners, and two corresponding to the B/W references), an individual
mask is applied to eliminate everything from the image but the detected
circle. In the creation of each mask, the radius of the circle is reduced by
20% to get away from the detected circle’s edge. By doing so, we make
sure that the colour of the sensor is detected completely inside the circle
in case the edges are blurry. Upon the completion of the image pro-
cessing, the app is able to provide information related to each detected
circle, including its location (X-Y coordinates), size (radius), and average
RGB and HSV colours. Based on the location information, the app
automatically differentiates among the circles corresponding to the
sensors and the B/W references. Subsequently, colour correction is
applied using the B/W references to achieve a certain degree of envi-
ronmental light independence (see Section 2.2.1). Afterwards, each
sensor value is computed from the corresponding calibration curve, as
previously described. When all the processing pipeline is finished, the
app provides a report in plain text that is stored in the phone’s memory,
containing all the collected information about the QRsens code. The
results (both image and report) can be shared through email and/or
different messaging services through the Share button in the top menu of
the application.

3.2. Light colour correction
Fig. 4 shows some examples of QRsens codes used during the cali-

bration setup (see Section 4 in SI). In this case, one representative value
of each sensor has been selected to show the effect of the light colour
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Fig. 4. Some representative examples of QRsens photographs for each sensor at particular values and different light colour temperatures (3000 K, 4000 K and
5000 K), comparing the acquired Hpom parameter (for temperature, RH, H,S and NHj3 sensors) or S parameter (for the CO, sensor) before and after applying the light

colour correction.

temperature correction. It can be observed how the computed values of
Hporm Or S using the acquired RGB coordinates homogenise significantly
after applying the light colour correction described in Section 2.2.1.
To provide a more accurate account of the achieved improvement,
Table 1 quantifies this homogenization in terms of maximum standard
deviation values (SDpax) for each sensor at the three considered light

Table 1
Maximum standard deviation values for each sensor at the three considered light
colour temperatures before and after applying the correction.

Sensor SDpax before SDpax after Percentage decrease
correction correction (%)

Temperature  0.28 0.04 85.71

RH 0.21 0.06 71.43

HaS 0.24 0.06 75.00

NH3 0.32 0.08 75.00

CO; 0.23 0.03 86.96

colour temperatures before and after applying the correction. In terms of
SDmax, the obtained results show a minimum percentage decrease of
~71.4% and a maximum one of ~87%, which means a significant
improvement and makes it possible to utilise QRsens under different
illumination conditions. The chosen colour temperatures cover a wide
range of potential real-life application scenarios of QRsens. For instance,
warm white (3000 K) is typically used in general living spaces such as
residences, hotels, restaurants, fruit and vegetable areas in supermarkets
and commercial office spaces [46]. Neutral white (4000 K) is predomi-
nant in schools, office settings, hospitals, and shelf areas in supermar-
kets. Finally, 5000 K is similar to the midday sun, and it is best suited for
places where high detail is required or where accurate colour rendering
makes a difference on clothing, goods, or food. Some application sce-
narios would be warehouses, changing rooms, display areas, workshops,
factories, manufacturing, and industrial facilities.
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3.3. QRsens calibration and performance

Fig. 5 shows the performance curves obtained for the different sen-
sors in QRsens, both under controlled illumination and after illumina-
tion correction. The exposure time for the tests was 2 min, time enough
to prepare the standard analyte/nitrogen mixture and to reach the
equilibrium (see Section 4 in SI). Typical fitting functions for this type of
colorimetric sensors (i.e., Boltzmann sigmoidal and exponential func-
tions) have been checked for each case, as shown in Fig. 5. Main
analytical parameters of each sensor are shown in Table 2. The limits of
detection (LODs) were obtained as 3 s, in case of exponential calibration
function. When a sigmoidal shape response was obtained it was calcu-
lated by the tangent method as well as the upper limits [47]. The
repeatability was quantified through the coefficient of variation (CV) of
the signal, which is defined as the ratio between the standard deviation

Sensors and Actuators: B. Chemical 376 (2023) 133001

of a set of replicas and its mean value. An intermediate value in the range
with the steeper slope was selected as representative for the CV calcu-
lation. The accuracies of the sensors considering the propagation of
uncertainty (or propagation of error) of all parameters in the calibration
functions have been also computed. Supplementary Table 1 shows the
obtained results, which have been calculated using an intermediate
point in the range with the steeper slope of each calibration curve as the
representative value.

Regarding the calibration results shown in Fig. 5, it is worth noting
that the error bars of the curves corresponding to the sensors after light
colour correction are calculated as the standard deviations of the cor-
rected parameters (either Hyorm, or S) obtained after the corrections for
the three colour temperatures. This is the reason why these error bars
are significantly larger than the error bars for the cases where no light
colour correction is conducted. Apart from this, it can also be observed
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Fig. 5. Calibration curves of each sensor, both with controlled illumination and after illumination correction. The response of the (a) temperature, (b) RH, (c) HxS
and (d) NH; are quantified by means of the normalised Hue parameter (H,orm), while the response of (e) CO, is quantified using the saturation (S) parameter. Fitting
functions for each calibration curve and analytical parameters for each sensor are given in Table 1. Note that in the case of H,S, from 1 ppm onwards it is necessary to
add 1 unit to Hyom to avoid the discontinuity. (f) Some examples of colour changes of different colorimetric sensors at several gas concentration/temperature/
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Table 2
Calibration functions and analytical parameters of the colorimetric sensors with
controlled illumination and after light colour correction.

Temperature sensor RH sensor
Boltzmann function: y— Ay - f‘zAB + A,
1+e A4
Parameter With controlled  After light With After light
illumination colour controlled colour
correction illumination correction
A 0.6187 0.722 + 0.006 0.156 0.169
+ 0.0006 + 0.006 + 0.005
Az 0.5490 0.533 + 0.008 0.466 0.497 + 0.03
+ 0.0015 +0.019
Az 26.2 + 0.4 22.8 £0.9 66.3 + 1.7 65+ 3
Ay 5.1+0.3 4.1+0.7 10.3+1.4 88 +1.6
R? 0.99733 0.99102 0.9962 0.99521
LOD 14.9°C 13.4°C 44.6% 46.7%
CV (%) 0.56 (at 26°C) 1.38 (at 26°C) 7.1 (at 60%)  13.7 (at 60%)
Detection 14.9-35.8°C 13.4-32.3°C 44.6-85.7% 46.7-80.1%
range
H,S sensor NH; sensor
One-phase exponential growth function: x
y =4 eAs + Ay
Parameter With controlled  After light With After light
illumination colour controlled colour
correction illumination correction
A; -0.37 £ 0.01 -0.47 + 0.03 -0.358 -0.394
+ 0.006 +0.011
Az 1.1802 1.151 + 0.007 0.568 0.582
+0.0023 +0.003 =+ 0.007
As -0.273 £ 0.019 -0.49 + 0.04 -6.13 -8.6 £0.4
+ 0.22
R? 0.98934 0.98213 0.99494 0.99516
LOD 0.01 ppm 0.13 ppm 0.6 ppm 0.7 ppm
CV (%) 1.1 (at 2.8 (at 3.4 (at 4.6 (at 3 ppm)
0.5 ppm) 0.5 ppm) 3 ppm)
Detection 0.01-0.6 ppm 0.13-0.7 ppm 0.6-7.7 ppm 0.7-7.5 ppm
range
CO,, sensor
One-phase exponential decay function: -
y =Aeds + A,
Parameter With controlled After light colour
illumination correction
A; 0.170 + 0.014 0.304 + 0.024
Az 0.0723 £+ 0.0007 0.042 + 0.002
Az 3.2+0.3 21+0.3
R? 0.98702 0.99098
LOD 0.7% 0.7%
CV (%) 1.2 (at 3%) 16.7 (at 3%)
Detection range 0.7-5.2% 0.7-4.1%

in Table 2 that the performance of QRsens codes is better for the cases
where illumination conditions are controlled, in terms of lower LODs
and CVs and wider ranges, as would be expected.

However, in practice, illumination colour correction will be required
in most cases. As shown in Table 2, after light colour correction the
colorimetric gas sensors exhibit a detection range of 0.7-4.1%,
0.7-7.5 ppm, and 0.13-0.7 ppm for CO,, NH3 and HsS, respectively. In
the case of temperature and RH, the detection ranges are 13.4-32.3°C
and 46.7-80.1%, respectively. The temperature detection range could
be extended by using another commercial thermochromic ink different
to the one used that exhibits an alternative detectable temperature
window. On the other hand, we can observe in the case of light colour
correction in Fig. 5a,b,e higher slopes in the non-saturation region,
which means an increase of sensitivity of temperature, RH and CO»
sensors. These slope increases resulted in decreased ranges due to the
constancy of the difference of the saturation values. Therefore, the po-
tential application scenario of QRsens will determine all these analytical
parameters as well as the expected accuracy of the system. For instance,
if QRsens is applied in a place where lightning conditions remain
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unchanged and controlled (e.g., display cabinet, supermarket, office,
etc.), it will allow lower LODs and larger ranges with better repeatability
and accuracy. Otherwise, if illumination conditions dynamically change
and cannot be controlled, QRsens will still be usable, thanks to the
implemented automatic light colour correction, although with a slightly
lower performance. In some cases, the obtained dynamic ranges of the
colorimetric sensors (Table 2) will also influence the potential applica-
tion scenarios of QRsens. The most restrictive case is obtained for the
CO5, sensor, which could be used in QRsens as a threshold detector to
generate an alarm rather than a quantitative indicator. For instance, for
smart packaging applications QRsens could inform of a leakage in the
package, since COs is typically flushed into the package to obtain con-
centrations above 60%. For enclosed space monitoring, QRsens could
serve as a threshold alarm if CO; largely exceeds the health safety limits.

To study the cross-sensitivity among the sensors, the maximum
variation of the output signal of the sensors in the presence of the rest of
the gases was obtained for a fixed concentration of the target gas. The
influence of the temperature was also quantified as the variation of the
output signal to an increment of 25 °C. The obtained results are shown in
Supplementary Table 2 of SI. Data measured for this work and those
taken from the literature have shown that, in a practical case, the cross-
sensitivity can be neglected [21,48]. The interference produced by the
gases in response to the other gases sensors is below 3%, presenting the
maximum deviation when the interfering gas is present in a very high
concentration, which is not a realistic case. This implies that in a prac-
tical case the cross-sensitivity can be neglected. There is only one
exception to this fact: the influence of NH3 on the response of the hu-
midity sensor, with a maximum variation above 21%. Therefore, in the
case of NHs in high concentrations, humidity sensor output should be
corrected. A linear relationship was experimentally found between the
output signal of RH with the increase of NH3, whose details are given in
Section 5 of SI. Thus, in potential applications where presence of NHs in
high concentrations is expected, the RH sensor output can be corrected
based on such relationship.

It is worth mentioning that in the same context as QRsens, several
interesting developments of QR-like codes with colorimetric sensing can
be found in the literature, which have been compiled and summarised in
Table 3. In comparison with other approaches, our solution proposes
five different sensors (that can be combined into groups of three sen-
sors), which have never been simultaneously combined in previous so-
lutions, thus opening new potential applications.

3.4. Conclusions

To sum up, a fully functional QR code has been enhanced with built-
in multi-sensing functionality (QRsens) for in situ environment analysis.
Our system distinguishes from state-of-the-art solutions by combining
the following aspects simultaneously: Firstly, QRsens codes are still valid
for their original purpose as information storage devices, being the
sensing functionality an add-on feature that does not undermine the
usefulness of the original QR code. Secondly, to provide fast and quan-
titative readings, a user-friendly smartphone application was pro-
grammed for image processing, data storage, and/or sharing. Thirdly, a
light colour correction solution is seamlessly integrated into the code to
make the system viable under different lighting conditions. Lastly, the
use of a standard fabrication technique (screen-printing) and flexible
substrate (paper) opens up the possibility to produce QRsens codes by
establishing high-volume manufacturing methods such as roll-to-roll
printing.
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Table 3
Examples of QR-like codes with colorimetric sensors found in the literature.
Sensor (s) Substrate Fabrication technology Light colour QR valid for data Smartphone app Ref
correction? storage? developed?
Temperature Plastic (acetate) Non-standard No Yes Yes [49]
12 chemoresponsive dyes for olive oil ~ Paper Wax printing No No No [50]
odour id.
NH3 Plastic (acetate/ Inkjet and screen printing ~ Yes No No [51]
polyester)
NH3, CH»0 and H,S Paper/plastic Screen printing Yes No No [52]
Enzyme-linked antibodies Paper Laser Induced Forward No No No [53]
Transfer
Cu®* (semiquantitative) Paper Solid ink and inkjet Yes Yes No [54]
printing
Escherichia coli Paper Wax printing No Yes No [55]
+ Deposition
Temperature Paper Inkjet printing No Yes No [56]
RH Photonic crystal (PC) Spin coating No Yes No [57]
film
Protein Paper Wax printing No Yes No [58]
pH Paper Inkjet printing No Yes No [59]
Histidine-rich protein II (malarial Nitrocellulose Non-standard Yes Yes Yes [60]
biomarker) membrane
Cholesterol Paper Wax printing No Yes No [61]
Temperature, RH, CO,, NH; and H,S Paper Screen printing Yes Yes Yes This
work
Data Avai]abi]ity [2] C. Aktas, The Evolution and Emergence of QR Codes, Cambridge Scholars

Data will be made available on request.
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