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Abstract: Color consistency when reading colorimetric sensors is a key factor for this technology.
Here, we demonstrate how the usage of machine-readable patterns, like QR codes, can be used to
solve the problem. We present our approach of using back-compatible color QR codes as colorimetric
sensors, which are common QR codes that also embed a set of hundreds of color references as well as
colorimetric indicators. The method allows locating the colorimetric sensor within the captured scene
and to perform automated color correction to ensure color consistency regardless of the hardware
used. To demonstrate it, a CO2-sensitive colorimetric indicator was printed on top of a paper-based
substrate using screen printing. This indicator was formulated for Modified Atmosphere Packaging
(MAP) applications. To verify the method, the sensors were exposed to several environmental
conditions (both in gas composition and light conditions). And, images were captured with an
8M pixel digital camera sensor, similar to those used in smartphones. Our results show that the
sensors have a relative error of 9% when exposed with a CO2 concentration of 20%. This is a good
result for low-cost disposable sensors that are not intended for permanent use. However, as soon as
light conditions change (2500–6500 K), this error increases up to ϵ20 = 440% (rel. error at 20% CO2

concentration) rendering the sensors unusable. Within this work, we demonstrate that our color QR
codes can reduce the relative error to ϵ20 = 14%. Furthermore, we show that the most common color
correction, white balance, is not sufficient to address the color consistency issue, resulting in a relative
error of ϵ20 = 90%.

Keywords: colorimetric sensors; color consistency; color QR codes; color correction; machine-readable
patterns

1. Introduction

Colorimetric indicators have been increasing their presence in the field of gas and
environmental sensing in recent years [1–3]. This is likely due to their low cost, dispos-
ability, and ease of fabrication, as well as the increasing accessibility and ubiquity of color
measurement technology, such as digital cameras in mobile phones. However, from a color
measurement perspective, the variety of digital cameras in the market is too large [4]. This
led to research into methods of how digital images could be captured as consistently as
possible. This is the key aspect and the principal barrier in implementing this technology
for daily use [5].
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Several authors have tackled this problem, and we can divide their solutions into
two major groups: those that try to fix the environmental conditions of the sensor capture
and those that try to correct the capture using standard image processing techniques [6].
On the one hand, the authors presented a hardware extension for smartphone devices to
obtain measurements from lateral-flow tests [7] used lab-on-a-chip solutions to perform
the sensor readout [8] or employed low-cost commercial electronics [9]. On the other hand,
the authors presented solutions to perform colorimetric readouts by placing color charts in
the captured scene [10].

In this context, we have already proposed a way to integrate color charts and colori-
metric indicators into one single machine-readable pattern, resembling a QR code [11],
with no digital information but with the capacity to embed up two colorimetric sensors
and up to 32 color references [12], which had to match with the color transition range of
the sensor; later, we also presented a solution to embed up to 256 color references for two
arbitrary chosen colorimetric dyes [13]. Recently, other authors have replicated similar
solutions using a QR code (with digital information) that contains three sensors and only
black and white pixels as color references [14]. And, in a more broad scope, it can be seen
that there is “plenty of room” in QR codes to add layers of complexity to embed new
features [15–17].

Now, we present our novel methodological approach using colorimetric dyes inside a
machine pattern like before [13], but combined with digital data from our own standard,
comprising back-compatible color QR codes. This is a machine-readable pattern that is
back-compatible with the QR code standard and that allocates the color references and the
colorimetric dyes to ensure proper color consistency for evaluation. Backward compatibility
with the QR code standard allows the pattern to be read with any commercially available
QR code scanner to obtain a URL or other message [18] (see Figure 1).

Figure 1. A Back-compatible Color QR Code [18] for the evaluation of colorimetric indicators. This
QR code is read by commercial scanners and should display the URL: c-s.is/#38RmtGVV6RQSf
(accessed on 12 December 2024) . It includes up to 125 reference colors, and the colorimetric dye is
printed above the lower finder pattern, represented here as seven purple modules.

Regarding the colorimetric dyes, we used a carbon dioxide (CO2) sensor, different
from other applications that we tackled in previous works—e.g., detecting bad odor
through ammonia, ammonia (NH3), formaldehyde (CH2O) and hydrogen sulfide (H2S)
detection [13]. This application is intended to monitor the gas concentration in Modified
Atmosphere Packaging (MAP). In the food industry, it is common to package food under
CO2 and N2 to increase the shelf life and ensure food freshness [5]. Moreover, we applied
state-of-the-art color corrections methods [19] using the color references embedded in the
color QR code. The color corrections used are affine [20], polynomial [21,22] and thin-plate
spline corrections [23].

Results indicate that our colorimetric indicator presented a good sensor response
in the green channel and responded linearly with the logarithm of the concentration.
However, we also demonstrate that when the lightning conditions change, the apparent

c-s.is/#38RmtGVV6RQSf
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sensor becomes unfeasible to use due to color inconsistency if the capture is not properly
corrected. This showed us that simple white-balance correction (the simplest affine color
correction) is not enough to perform a proper colorimetric readout and that additional color
references are needed. In that context, we demonstrate that our methodologic approach to
embed the colorimetric dye with hundreds of color references is a good solution to achieve
color-consistent readouts from handheld smartphones.

2. Materials and Methods
2.1. Sensor Fabrication

In previous research, we have already produced colorimetric indicators in several
forms as soaked cellulose [24], using dip-coating [25] and screen-printing [13]. In terms
of reproducibility, the screen-printing technology proved to be the most reliable of the
methods. In addition, the technology can be seen as a starting point for the use of other
printing technologies that are more suitable for mass production, such as gravure or
flexographic printing [26].

The sensors were fabricated using a screen-printing machine of our facilities. The print-
ing form was structured photomechanically with the pattern of the functional material at
the respective location provided in the QR code pattern (see Figure 1). A polypropylene-
coated white paper of 350 gr/m² was used for the prints. The back-compatible color QR
codes, including digital information and color references, were previously printed using
ink-jet technology. The sensor structure/layout is shown in Figure 2.

Figure 2. The structure of the color QR code from Figure 1: (a,b) Possible sensor inks placements.
(a) Big sensor outside the QR code. (b) Smaller factor forms (3 × 2, 1 × 1, . . . ) within the QR code.
(c) Color references and how they are spread over the QR code area. (d) Whole sensor layout of the
gas-sensitive color QR code.

The gas-sensitive material was formulated based on a sensor originally manufactured
using ink-jet [27] printing and later adapted to screen printing. Qualitatively, the gas-
sensitive layer is mainly based on a combination of mCP (meta-Cresol Purple) and PR
(Phenol Red). It exhibits a color change from purple to yellow (see Figure 3) when exposed
to CO2.
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Figure 3. The sensor changes from purple to yellow when exposed to CO2.

2.2. Experimental Conditions

The experimental setup used (see Figure 4) consists of the following three main
subsystems: (1) a mass-flow control station, (2) a capture station and (3) a user station.

Figure 4. A mass-flow controller station, a capture station, and a user-access computer. The mass-flow
controller station supplies a chamber in which the gas sensors are placed with modified atmospheres.
The capture station takes time-lapse images of the sensor through an optical window of the chamber
under controlled light settings. Finally, the user computer presents a web page interface to operate
the system.

First, the mass-flow control station provided modified atmospheres to a chamber with an
optical port where the gas sensors were placed. The MFC station was driven by BROOKS
5850S mass-flow controllers. The colorimetric indicator was exposed to a series of pulses
of different controlled atmospheres, which were selected to tackle the scenario of a MAP
application [5]. In total, the sensors were exposed to 15 gas pulses, each lasting 100 min. One
pulse consisted of exposing the measurement chamber with the target gas CO2, for 30 min,
followed by a 70 min exposure to synthetic air (21% oxygen, 79% nitrogen) to return to a
CO2-free atmosphere state, with both states being exposed to a relative humidity of 40%.
As a part of the experiment, five different gas concentrations were exposed to a total of three
times: the actual atmospheres were measured and corrected following the manufacturer
instructions [28] and are shown in Table 1.

Second, the capture station enabled to capture the colorimetric response of the sensor
through the optical window of the chamber under controlled light conditions. The capture
station was driven by several hardware components. Main components consisted of a
Raspberry Pi 3B+–with a Raspberry Pi Camera v2–[29] and a RGB LEDs strip from Phillips
Hue [30]. The sensor was exposed to different illumination conditions of white light: color
temperatures between 2500 K and 6500 K were applied in steps of 500 K (see Figure 5).
The camera settings were locked, without auto-exposition nor auto white balance, to capture
consistent images across the entire dataset.
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Table 1. Expected and measured CO2 concentration for each gas pulse. The measured values were
taken from the BROOKS instrumentation reading using a correction algorithm [28].

Pulse Expected [%] Measured [%]

1 20.0 25.21 ± 0.00
2 20.0 25.22 ± 0.22
3 20.0 25.22 ± 0.22

4 30.0 36.62 ± 0.22
5 30.0 36.67 ± 0.31
6 30.0 36.67 ± 0.31

7 35.0 42.10 ± 0.40
8 35.0 42.30 ± 0.40
9 35.0 42.20 ± 0.40

10 40.0 46.90 ± 0.40
11 40.0 47.30 ± 0.40
12 40.0 47.40 ± 0.40

13 50.0 57.60 ± 0.50
14 50.0 57.60 ± 0.50
15 50.0 57.60 ± 0.50

Figure 5. A printed sensor featuring a color QR code and two different colorimetric indicators (CO2

indicator above, NH3 below, which was not used in this experiment) inside the sensor chamber.
The image shows the sensor before exposure to the target gas under three different light conditions:
2500 K (left), 4500 K (middle) and 6500 K (right).

Finally, the user station presented a web page interface to the user to operate the system.
This station was implemented using Python (version 3.8): flask was used as a back-end
service, and bokeh was used to present plots in the front-end.

2.3. Expected Response Model

For the following model, we expected the sensor response to be linear to the logarithm
of the gas concentration [31]:

S[%] = m log(c) + n (1)

where S is the colorimetric response of the sensor; c is the concentration of the target
gas in the atmosphere; m and n are the constants of a linear law, where m represents the
sensitivity towards the logarithm of the gas concentration; and n the response at very low
gas concentrations.

The response S[%] is usually normalized following a metric. We defined this metric
to resemble the normalization performed in an electronic gas sensor [31]. This kind of
normalization divides the measured signal by the signal value assigned to the zero-gas
concentration (sensor signal measured in synthetic air). This produces a metric that is
not upper-bounded [−1, ∞). The closer the initial “resistance” (color value) is to zero,
the greater the response. Let us adapt this normalization for a red channel of a colorimet-
ric indicator:

Sr[%] = 100 · r(c)− r0

r0 − rre f
(2)

where Sr is the response in % of the red channel, c is the concentration of the target gas in %,
r(c) is the raw red sensor signal with an 8-bit resolution (0–255), r0 is the value of r(c = 0%),
and rre f is an absolute color reference which acts as the “zero resistance” compared to
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electronic sensors. For our sensor, the value is (rre f , gre f , bre f ) = (0, 0, 255) as the signal of
the blue channel decreases while the signal of the red and green channels increases with
the gas concentration [27].

Moreover, in this work, we wanted to recover the sensitivity as a function of the gas
concentration using derivatives and thus calculate the error of the model for each gas
concentration. To this end, we used error propagation rules:

∆S
∆c

∣∣∣∣
c
=

m
c
=⇒ ∆c|c = ∆S|c ·

c
m

(3)

where c is a given concentration recovered with the inverted (Equation (1)), m depends on
each fitted model, ∆S|c is the error of the measured signal response, and ∆c|c is the model
error for this given concentration. Relative errors were computed as

ϵc =
∆c|c

c
· 100 (4)

2.4. Color Correction Methods

We extracted the measured color values from the captured images using computer
vision algorithms, relying on state-of-the-art libraries, to find the QR code features, e.g.,
finding, alignment and timing patterns [11]. Then, we subjected the color measures to
several color correction methods [19].

Formally, these methods are based on the usage of color references used to compute
color correction matrices. These matrices are applied to the captured RGB color space
(r, g, b) to obtain a corrected RGB color space (r′, g′, b′). The main difference between the
methods is the number of color references used to compute the correction matrix and the
number of terms used to compute the matrix, as well as whether these terms are linear or
non-linear with the (r, g, b) color space.

We selected several color correction methods based on previous work from au-
thors [19], and we selected four variations for each group:

1. Affine (AFF), with only linear terms [20];
2. Vandermonde (VAN), with pure polynomial terms–i.e., r2, g2, b2, . . . –[32];
3. Cheung (CHE), with polynomial terms and cross-terms–i.e., rb2, rg2, . . . –[21];
4. Finlayson (FIN), with root-polynomial terms–i.e.,

√
r,
√

g,
√

b, . . . –[22];
5. Thin-plate splines (TPS), with radial-basis functions–i.e., r2 log(r), . . . –[23].

It is worth noting that the AFF group is the most common color correction method
and forms the basis for all other groups. The AFF0 correction is defined as an affine color
correction with only one reference, like a white-balance correction. The AFF1 is defined
by two colors, black and white. All the other color corrections use the full set of 128 color
references available in the color QR code. When fitting the color matrices, a Maximum
Likelihood Estimator (MLE) method was used to adjust the color correction matrices [19].

3. Results and Discussion

After acquiring the color of the sensor under different environmental and light con-
ditions, we computed the response of the sensors at 6500 K light conditions as it is the
standard illuminant for the D65 color space. As expected, the indicator showed its largest
difference in the green channel (Equation (2)) due to the color change from purple to yellow
caused by the reaction with CO2 [27]. We used this as the ground-truth response value to
which responses under other light conditions (2500–6000 K) were compared. Before com-
puting the response for each other light condition, we performed a color correction for each
of the aforementioned color correction techniques.

Figure 6 shows the result of this process performed for a given color correction
(TPS3), where all the pulses were overlapped into a signal pulse time frame (the pulse
duration of min). The figure shows the response of the sensor captured under nine different
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illumination conditions after conversion into the D65 color space with three repetitions for
each gas concentration. Our colorimetric indicator presents

• A fast response, achieving 90% of the Sg(%) response in less than 5 min for the highest
concentration, and in less than 10 min for the lowest one;

• A reasonable maximum response above 150% for the higher target concentration of
CO2 50%;

• A slight saturation in the upper region of concentrations;
• Good reproducibility among the replicas of each pulse;
• A drift in the lower concentration area, as pulses did not end in the same response

they started.

Figure 6. Response of the green channel under nine different light conditions (2500 K to 6500 K) with
all pulses overlapped in the same time frame and after correction of the measured values using a
color correction method. Each target gas concentration (20%, 30%, 35%, 40%, 50%) was exposed three
times under the respective light condition, resulting in a total of 27 pulses for every gas concentration.

All in all, the sensor presented good characteristics to perform in a MAP application,
regardless of a few properties that the sensor shows: saturation in the upper gas concentra-
tion range (50%) and drift in the lower range (0–5%) did not affect our further results as
our models only aimed to fit the data of the range that applied to MAP (20–50%).

Based on these results, we selected a 5 min window to integrate the response of the
sensor for each pulse (see Figure 6). These values represent the response of the sensor
for each pulse in our model. We computed these values for each pulse and each color
correction, and we added two reference cases to our results: (1) we studied the result
with no correction being applied (NONE) and (2) we studied the result when the color
correction was perfect (PERF). These references set the boundaries of worst- and best-case
scenario, respectively. The PERF scenario is equal to the fit of the sensor response to the D65
illuminant and gives us information about the intrinsic error of the colorimetric indicator
technology. The models were fitted accordingly to Equation (1), and the sensitivity ∆c of
the sensor and relative error ϵc were computed following Equation (3) and Equation (4),
respectively.

Figure 7 shows a representation of the model fitting for the worst-case scenario
(NONE). As expected, attempting to fit a model to raw data without color correction
renders a meaningless fitting (low r2), as opposed to fitting the model to the D65 illuminant
data, which is the best-case scenario (PERF), which renders a perfect fitting (r2 near 1).
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The ∆c and ϵc metrics for the NONE and PERF scenarios are displayed in Table 2. Un-
der D65 illumination conditions (PERF), the sensor scored a relative error ϵc = 9% at 20%
of the CO2 concentration and ϵc = 10% at 50%. This is a good result for cost-effective
disposable sensors, which are not meant to be persistent. However, when exposed to
variable light conditions, the relative error increased up to 440–497% for the same gas
concentration. This renders the sensors unusable.

Figure 7. Up: Fitting the responses to a model without performing any color correction (NONE),
which is the worst-case scenario, with different color in the data points indicating different illumina-
tion conditions and different transparency indicating different repetition sample. Down: Fitting the
responses to a model for the ground-truth responses (PERF), which is the best-case scenario, where
all color corrections recover the D65 color of the sensor perfectly.

Table 2 shows how the color correction techniques scored for a CO2 concentration of
20% and 50%. On the one hand, the AFF0 and AFF1, which are white-balance implemen-
tations, only reduced the error to 90–102% and 68–77%, respectively. That demonstrated
that a simple color correction it is not enough to perform a correct readout of a colorimetric
sensor. On the other hand, AFF3 was the best correction method, scoring a relative error of
14–16%.

Non-linear techniques performed poorly in this scenario: the VAN and CHE methods
(polynomial) scored closely to AFF3 relative errors from 17% to 21%. The FIN methods
(root-polynomial) scored the worst results in the set ranging from 37% to 52%. And,
the TPS (splines) achieved slightly worse results than AFF3, ranging from 22% to 33%.
This demonstrated that the quantity of color references rather than the complexity of the
colorimetric algorithm is important for this colorimetric problem.
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Table 2. Summary of the obtained results. The summary includes metrics for each color correction
for 8 different metrics: the first 3 (m, n, r2) refer to the training model found; r2

valid is the validation
score of our models; ∆c20[%] and ∆c50[%] are the model resolution in concentration, with c = 20%
and c = 50%, respectively; ϵ50[%] and ϵ20[%] are their respective relative error, computed as 100 · ∆c

c .

Correction m
[

%
%

][
%
%

][
%
%

]
n [%][%][%] r2[−]r2[−]r2[−] r2

valid[−]r2
valid[−]r2
valid[−] ∆c20[%]∆c20[%]∆c20[%] ∆c50[%]∆c50[%]∆c50[%] ϵ20[%]ϵ20[%]ϵ20[%] ϵ50[%]ϵ50[%]ϵ50[%]

NONE 90 ± 80 200 ± 130 0.04 0.00 88 249 440 497

PERF 98 ± 2 −14 ± 3.0 0.99 0.99 2 5 9 10

AFF0 101 ± 19 −17 ± 31 0.56 0.10 18 51 90 102

AFF1 100 ± 14 −16 ± 23 0.69 0.45 14 38 68 77

AFF2 98 ± 10 −16 ± 16 0.81 0.34 10 27 48 55

AFF3 100 ± 3 −19 ± 5 0.98 0.97 3 8 14 16

VAN0 109 ± 4 −31 ± 6 0.97 0.96 3 10 17 19

VAN1 109 ± 4 −30 ± 7 0.97 0.97 4 11 19 21

VAN2 107 ± 4 −28 ± 6 0.97 0.97 3 10 17 20

VAN3 106 ± 4 −26 ± 6 0.97 0.97 4 10 18 20

CHE0 101 ± 4 −20 ± 6 0.97 0.94 3 9 17 19

CHE1 103 ± 4 −25 ± 6 0.98 0.97 3 9 16 18

CHE2 105 ± 4 −25 ± 6 0.97 0.97 3 9 17 19

CHE3 109 ± 4 −32 ± 6 0.97 0.96 3 10 17 20

FIN0 108 ± 4 −29 ± 7 0.97 0.95 4 11 19 21

FIN1 97 ± 8 −15 ± 12 0.88 0.62 7 21 37 42

FIN2 104 ± 8 −23 ± 13 0.88 0.77 8 22 38 43

FIN3 98 ± 9 −15 ± 15 0.83 0.35 9 26 46 52

TPS0 102 ± 6 −19 ± 9 0.94 0.97 5 15 27 31

TPS1 102 ± 5 −20 ± 9 0.95 0.97 5 14 26 29

TPS2 103 ± 6 −22 ± 10 0.92 0.88 6 17 30 33

TPS3 105 ± 5 −25 ± 8 0.95 0.94 4 13 22 25

4. Conclusions

This study demonstrates how one of the major challenges to widespread implemen-
tation of colorimetric sensors can be overcome. Following the studied example, a CO2
colorimetric indicator for a MAP application that presented good reproducibility and re-
sponded linearly with the logarithm of the concentration was unusable due to the color
consistency problem when a readout was performed under different ambient light con-
ditions. In this context, we observed an increase in the relative error from 9 to 14% to
440–497% for the gas concentration range ([CO2] = 20–50%) examined. A relative error of
9% represents a good result for cost-effective disposable sensors, which are not meant to be
persistent. In comparison, for example, the commercially available electronic CO2 sensor
from Sensirion [33] has a 3% relative error.

All in all, we have demonstrated that the usage of references with only one or two
colors [14] is not sufficient to solve the color consistency problem. Researchers must apply
correction with an oversampling of color references of the color space of the indicator.
At this point, an approach like ours, which uses color QR codes [18] to embed hundreds of
color references as well as the colorimetric dyes themselves, is a good solution to solve the
color consistency problem.

Moreover, a generic affine color correction was found to be sufficient to solve the
color consistency problem. This is a linear color correction, like a white balance but with
hundreds of color references [20]. This color correction method (AFF3) outperformed
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the other methods, including more high-order color corrections, such as the spline color
corrections, which often tackle the problem better for open solutions, like correcting an
entire image and not a single color patch [23].

Finally, future work could include the following topics: (1) More complex illumination
configurations. This could change how the color corrections are performed in the model
fittings. As with extreme light conditions, non-linear methods are expected to increase
their performance. (2) Fine-tuning the camera capturing settings, as a similar way to
change the environmental settings in the capture process. (3) Introduction of more locally
bounded color references for specific problems, rather than using a predefined general set
of color references.
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