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Abstract: Urine examinations are widely applied in hospitals using urine test strip analyzers or other
sophisticated professional instruments. However, such methods are inconvenient health monitoring
of patients at home. Herein, we construct an optical device for point-of-care testing (POCT) for
urine analysis at home or on the spot. A black box and color calibration curve are established to
eliminate the influence of ambient light with an independent internal lighting system included in
the device. A Raspberry Pi with a CSI camera is programmed to automatically collect the strip
images and identify the HSV values of the image with an image processing algorithm. During this
process, these corrected colors are converted to concentration values by preloaded standard curves.
Under optimal conditions, the proposed POCT device can quantitatively and automatically detect
glucose within 1 min, with linear detection ranging from 2 mM to 60 mM and a detection limit of
1.16 mM. In addition, the device demonstrates satisfactory accuracy and quantitative analysis of
ketone bodies, glucose, protein, occult blood, pH, and leukocytes in human urine samples with
high-resolution concentrations, achieving results similar to those obtained with hospital instruments.
The proposed device is portable and user-friendly, providing convenient colorimetric analysis for
urine. Furthermore, the proposed device also has considerable potential for the development of
in vitro diagnosis methods through combination with other test strips.

Keywords: colorimetry detection; HSV parameters; point-of-care testing; urine test

1. Introduction

Urine, as a byproduct of kidney metabolism, consists of many nitrogen-containing
substances, including creatinine, urea, and uric acid, which are soluble in water and ex-
creted from the body during urination. The color and composition of urine can significantly
change in the presence of certain diseases, such as hematuria, diabetes, or kidney stones. In
clinical practice, urine serves as a non-invasive sample that can be easily collected without
pain or special equipment, playing an important role in health monitoring [1–3]. Given the
sophisticated laboratory equipment and skilled personnel required for analysis, current
urine diagnostic technology is subject to limited use for real-time detection and family
health monitoring, as well as in underdeveloped areas of the world with limited medical
infrastructure and scarce resources. Therefore, it is of considerable significance to establish
a rapid and simple urine detection method for health monitoring [4].

Point-of-care testing (POCT) is defined as rapid and simple detection using portable
instruments at the sampling site [5,6]. Owing to its convenience, POCT can analyze experi-
mental results in a timely manner, considerably reducing the test time and cost and enabling
rapid decision making, as well as on-site treatment for patients in clinical units [7,8]. Among
POCT assay methods, colorimetry is regarded as the most convenient test without the
use of expensive equipment [9]. The colorimetric method can be completed with only

Photonics 2022, 9, 784. https://doi.org/10.3390/photonics9100784 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics9100784
https://doi.org/10.3390/photonics9100784
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-2560-2417
https://doi.org/10.3390/photonics9100784
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics9100784?type=check_update&version=2


Photonics 2022, 9, 784 2 of 15

one piece of functional paper and can be divided into visual and digital image colorimetry
(DIC) [10]. Visual colorimetry is mainly dependent on color discrimination via human eyes.
Fan Li et al. [11] proposed a visual colorimetric sensor using chitosan-stabilized gold
nanoparticles for the detection of uric acid in human urine. Visual colorimetry-based meth-
ods can achieve rapid detection with a simple instrument and convenient operation [12,13].
However, they often lack sufficient sensitivity and accuracy, as the results can be eas-
ily affected by personal subjectivity and environmental factors, restricting their practical
application [14]. DIC allows image acquisition tools to collect sample images and for the
samples to be analyzed using image processing software [15,16]. Cameras, CMOS image
sensors (CIS), and smartphones can be used to acquire images. The images taken for
DIC are mainly represented in the RGB (red, green, and blue) color space. Any color
can be decomposed into the three basic colors and read out by image processing soft-
ware. Thus, DIC can reduce the influence of the naked eye and improve the accuracy of
detection results.

Researchers have attempted to design POCT devices via DIC technology using smart-
phones owing to their advantages of excellent photography function, the availability of
multiple image processing programs, and portability [17,18], providing a potential device
suitable for on-site rapid detection of urine. For example, Ye et al. [19] and Jalal et al. [20]
reported a smartphone and paper-sensor-based device for colorimetric analysis of glucose,
protein, pH, and red blood cells in urine. Yang et al. [21] developed a new color space
transformation-based colorimetric algorithm using CIElab to quantitatively define the
degree of color similarity for commercially available urine test strips. Unfortunately, urine
POCT is subject to some limitations, such as susceptibility to external light conditions,
reflections and chromatic aberration, a limited space to accommodate the paper sensors
and all the reference color cards, as well as the position of the sensor must be determined
before assaying the target color.

In this study, we present a sensitive and rapid colorimetric method using a Raspberry
Pi-based device with self-developed software, which was applied to determine the con-
centration of ketone bodies (KETs), glucose (GLU), protein (PRO), occult blood (BLD), pH,
and leukocytes (LEUs) in urine through a urine test strip. The principle of the proposed
device is shown in Figure 1. The image processing algorithm and the black box were
designed to guarantee the correct digitalization of the color. Additionally, the standard
curve and the calibration curve derived from the collected images were preloaded so that
the reference color was omitted, leading to the possibility of producing a small POCT
device. The test strip position was automatically identified by two blank lines, successfully
reaching an optimal condition of sensors. Compared with images taken by smartphones,
the use of a stable and reliable internal light source and a fixed distance between the sample
and the camera in the designed device can compromise the repeatability, sensitivity, and
reliability of colorimetric analysis. Our device could be potentially used for urine detection
for at-home health monitoring of patients.
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Figure 1. Schematic illustration of an optical POCT-based colorimetric analysis device for urinalysis 
of reagent strips via the RGB-to-HSV color conversion method. (a) Sample collection; (b) optical 
detection based on a POCT device; (c) conservation from RGB color space to HSV color space; (d) 
image analysis using software installed on Raspberry Pi; (e) physical map of the optical device; (f) 
diagram of the optical device; (g) expanded views of the optical device designed using SolidWorks 
software. 

2. Materials and Methods 
2.1. Materials and Reagents 

Phosphate-buffered saline (PBS) and HCL were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Deionized (DI) water was generated by a Millipore water purification 
system. Glucose was purchased from Aladdin Reagent Co. Ltd. (Shanghai, China). Urine 
test strips (AVE-8B, AVE, China) were purchased from AVE Science & Technology Co., 
Ltd. (Changsha, China). Urine control solution (UQ-11, URIT, China) was purchased from 
URIT Medical Electronic Group Co., Ltd. (Guilin, China). All other reagents were of ana-
lytical grade for direct use without further purifications. 

2.2. Preparation of the Solutions 
The standard solution was prepared by serially dissolving the samples into 10 mL 

deionized water at a concentration equivalent to positive level 3+. Subsequently, the 
lower-level solution was prepared by diluting the stock solution and confirmed by a uri-
nary analyzer (IQ200Sprint, Beckman Coulter Inc., Pasadena, CA, USA). For further anal-
ysis, the glucose sample was dissolved in deionized water at concentrations of 56 mM, 28 
mM, 14 mM, 5.6 mM, and 2.8 mM. Buffer solutions of pH 5.0, 6.0, 6.5, 7.0, and 8.0 were 
prepared with appropriate amounts of sodium citrate, citric acid, KH2PO4, K2HPO4, 
NaH2PO4, Na2HPO4, boric acid, and NaOH according to the literature [22]. Human urine 
samples were obtained from Shanghai Songjiang District Central Hospital with the in-
formed consent of the donors. 

Figure 1. Schematic illustration of an optical POCT-based colorimetric analysis device for urinalysis
of reagent strips via the RGB-to-HSV color conversion method. (a) Sample collection; (b) optical
detection based on a POCT device; (c) conservation from RGB color space to HSV color space;
(d) image analysis using software installed on Raspberry Pi; (e) physical map of the optical device;
(f) diagram of the optical device; (g) expanded views of the optical device designed using
SolidWorks software.

2. Materials and Methods
2.1. Materials and Reagents

Phosphate-buffered saline (PBS) and HCL were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Deionized (DI) water was generated by a Millipore water purifica-
tion system. Glucose was purchased from Aladdin Reagent Co. Ltd. (Shanghai, China).
Urine test strips (AVE-8B, AVE, Shanghai, China) were purchased from AVE Science &
Technology Co., Ltd. (Changsha, China). Urine control solution (UQ-11, URIT, China)
was purchased from URIT Medical Electronic Group Co., Ltd. (Guilin, China). All other
reagents were of analytical grade for direct use without further purifications.

2.2. Preparation of the Solutions

The standard solution was prepared by serially dissolving the samples into 10 mL
deionized water at a concentration equivalent to positive level 3+. Subsequently, the lower-
level solution was prepared by diluting the stock solution and confirmed by a urinary
analyzer (IQ200Sprint, Beckman Coulter Inc., Pasadena, CA, USA). For further analysis,
the glucose sample was dissolved in deionized water at concentrations of 56 mM, 28 mM,
14 mM, 5.6 mM, and 2.8 mM. Buffer solutions of pH 5.0, 6.0, 6.5, 7.0, and 8.0 were prepared
with appropriate amounts of sodium citrate, citric acid, KH2PO4, K2HPO4, NaH2PO4,
Na2HPO4, boric acid, and NaOH according to the literature [22]. Human urine samples
were obtained from Shanghai Songjiang District Central Hospital with the informed consent
of the donors.
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2.3. Design of the Optical POCT Device

In order to ensure illumination uniformity and avoid the influence of the external
environment, an optical POCT device was designed and developed (Figure S1 in supporting
information), including a black box, a Raspberry 4b+, an in-plane switching (IPS) touch
screen, two 6000 K light-emitting diode (LED) lights, a wide-angle FOV150◦ camera serial
interface (CSI) camera (RPi Camera V2, Waveshare Co., Ltd., Shenzhen, China), a 5 V
lithium battery, a stabilized voltage module (LM2596S), a radiator fan, and a holder for
the test strip. A black box with dimensions of 85 × 60 × 65 mm (length × width ×
height), providing a darkroom for photographs, was designed using SolidWorks software
and fabricated using 3D printing. The inner wall of the optical box was covered with
black light-absorbing flannel to avoid light reflection. A Raspberry 4b+ was selected as
the embedded controller for the device due to its low cost, small size, and availability of
open-source support libraries, which can be programmed to automatically analyze images
after capture. The CSI camera was used to capture a high-resolution image of the strip
under the condition of a fixed height in order to reduce the likelihood of human error. The
two LED lights were set at a fixed 45◦ angle with an appropriate brightness to ensure the
uniform illumination of the imaging area. The stabilized voltage module ensured that
the LED was powered by a stable operating voltage. The device can be operated with
a user-friendly touch screen interface.

2.4. Color Space Transformation

Because RGB values of the digitized images are directly related to the analytic values of
the light intensity in some situations [23,24], the RGB color space was selected for optimiza-
tion. However, the RGB parameters of one digitized color do not change monotonously
with spectral wavelength and intensity [25]. Given these limitations, alternative HSV (hue
saturation value) and CIELAB (L*a*b*) color spaces are sometimes selected [17,21,26,27].
In this study, our device was applied to detect multichemical components, which exhibit
different colors or different intensities of a specific color. In order to simultaneously satisfy
the experimental requirements, the RGB color space was converted into HSV color space in
our study because H and S parameters monotonously change with spectral wavelength
and intensity variation, as shown in Figure S2 (supporting information). According to the
following equations, the original RGB color space was converted to HSV color space, which
was the best match for spectroscopic change.

max = max (r, g, b), min = min (r, g, b) (1)

h =



0◦ i f max = min
60◦ × g−b

max−min i f max = r and g ≥ b
60◦ × g−b

max−min + 360◦ i f max = r and g < b
60◦ × b−r

max−min + 120◦ i f max = g
60◦ × r−g

max−min + 240◦ i f max = b

(2)

s =
{

0 i f max = 0
max−min

max = 1− min
max otherwise

(3)

v = max (4)

2.5. Optimization of Sensing Conditions for Best Illumination Uniformity

To measure the color intensity, a picture was first taken by a camera and processed
by a self-developed software called Getcolor, which was installed on a Raspberry Pi. The
software was written in Python with the Opencv and PYQT5 support libraries. Data can
also be transmitted to smartphones in real time through Bluetooth. The test strip was
directly placed under the camera, and the distance between the test strip and the camera
was 5 cm. Images for colorimetric analysis were taken without technical adjustments, such
as a filter or close-up shots. The images were imported to the Raspberry Pi application
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in order to read the HSV parameter values. Then, the relationship between the average
HSV values and the analytic concentration was used to plot the working curve for colori-
metric analysis. Next, the impact of illumination and illuminance on the test strip color
was explored by changing the illumination conditions. All illuminance measurements
were performed using an illuminometer (TES1330A, TES Electrical Electronic Co., Ltd.,
Taipei, China). Finally, the effect of shooting conditions on the illumination uniformity
was investigated by changing the height of the camera and the angle of the light source to
design a suitable light path structure for the black box.

2.6. Automatic Recognition of the Paper-Based Sensors and the Image Processing Algorithm

Figure S3a in Supporting Information shows a typical sensor array consisting of
6 sensors pads, which detect ketone bodies, glucose, protein, occult blood, pH, and leuko-
cytes in urine from the left to the right. The urine test strip was placed into a holder
to determine the fuzzy position of the strip. The template comprised a periodic pat-
tern, and two black bars were drawn at both ends of the normal array, as shown in
Figure S3b in Supporting Information. When the camera was turned on, it converted the
picture into a single image with an appropriate threshold level and high contrast. After the
prefabricated template was projected onto the single image, two black markers and periodic
patterns were used to determine the exact location and size of the array. The color changed,
along with reaction time, as shown in Figure S4 (Supporting Information), so we set the pro-
gram to take pictures every 5 s within 60 s upon test strip insertion and to record the number
of different pixel points between the two pictures to select the most stable image for color
digitization (Figure S5 in Supporting Information). Due to the presence of thick particles
on the test strip, the obtained image was denoised using a fast median-filtering algorithm
(Figure S6 in Supporting Information). The equation is listed below, where f (x, y) and
g(x, y) are the pixel grey values of the original image and the processed image, respectively,
and W is a two-dimensional template.

g(x, y) = med { f (x− k, y− l), (k, l) ∈ w } (5)

The contrast-enhanced images highlight the target area, which is helpful for the next
step. Then, a K-means segmentation algorithm (Figure S7 in Supporting Information) was
applied to segment the image in order to determine the target area for color digitization. The
color calibration algorithm traverses the pixel points in the target area. For each pixel point,
if any component of the RGB channel was higher than the empirical threshold (245), the
pixel was considered a reflection point to be deleted (Figure S8 in Supporting Information).
Finally, the average RGB value of the target area was calculated.

2.7. Color Correction

We used a standard color bar and a Python code to correct color. The Python code
automatically recognized the urine test strip. The standard color bar was placed in the
black box next to the strip, which was used to establish the calibration curves for color
correction with color areas with different RGB values: (30, 30, 30), (70, 70, 70), (110, 110,
110), (150, 150, 150), and (190, 190, 190). By measuring the color intensities of the color bar,
three color correction curves for the R, G, and B parameters were established, respectively,
using a cubic curve to fit the plots. Then, the calibration curves were used to correct the
color intensity of all pixels in the images by replacing the RGB values of the original image
in the corresponding calibration curves.

2.8. Detection of Clinical Samples and Statistical Analysis

All experiments using the clinical samples were performed in accordance with insti-
tutional and national guidelines. The first urine samples were collected in the morning
upon waking with urine sampling tubes and were tested according to the aforementioned
procedures. Routine urine data were acquired from the hospital.
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The experiment was repeated three times, with a total of 10 samples for each con-
dition. Quantitative data are presented as mean ± standard error of the mean (SEM).
Bland–Altman analysis was performed to evaluate the correlation between the glucose
concentration measured by the proposed method and the known glucose concentration.

3. Results and Discussions
3.1. Color Correction Using a Standard Color Bar

Images for the urine test strip and standard color bar were taken at different illumi-
nances using the black box. As shown in Figure 2a, there was an obvious difference in
color between the two images; the image taken at 1247 lux showed a higher brightness
and a lower warmth. However, the two images were similar in color after color correction
using the established calibration curves, as shown in Figure 2b. We used the gray values
of the urine test strip to represent the color intensity. Figure 2d indicates that the obvious
difference in color intensity was eliminated after color correction. The parameters of ordi-
nary mobile phones, such as light condition, camera-lens F number, image algorithms, and
photograph condition, including distances and angles, play a critical role in the accuracy of
colorimetric detection, which may lead to differences in chromatic aberration in the taken
images [28,29]. Due to a fixed distance and angle when shooting with a focused CSI camera,
our device with a black box can effectively eliminate the difference in color intensity of
photos under different lighting conditions. Figure 2e,f shows the color calibration curves
for RGB parameters and an improved liner relationship between the S parameter and
glucose concentration after correction. We used a standard color band for color calibration,
with dimensions of 20 mm by 5 mm, which considerably reduced the volume of the device.
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Figure 2. Principle of color correction using a standard color bar. (a) The photographs taken at
1247 lux and 326 lux showed obvious differences in color. (b) After color correction, no obvious
difference can be observed. (c) Standard color bar used for color calibration. (d) Color intensity of the
strip before and after color correction. (e) Three color calibration curves for R, G, and B parameters
were established. Error bars show the standard derivation (n = 3). (f) The standard curve of glucose
before and after color correction.
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3.2. Optimization of the Sensing Conditions

The uniformity of illumination and light intensity is very important for the acquisition
of color information [30]. Even a slight change in illumination and illuminance can affect
the results. Therefore, the influence of illuminance on the colorimetric data was examined
using an LED with a varying working voltage. We set the working voltage to 2.6 V, 2.7 V,
2.8 V, 2.9 V, 3 V, and 3.1 V, with a corresponding illuminance of 326 lux, 566 lux, 703 lux,
807 lux, 1032 lux, and 1247 lux, respectively. Photographic images and the corresponding
working curves are shown in Figure 3a,b respectively. As shown in Figure 3b, the S pa-
rameter was varied within a certain range, which was affected by the illuminance; thus,
a suitable illuminance was required to ensure the accuracy of the colorimetric analysis.
Furthermore, the working curves plotted at 807 lux yielded an acceptable detection per-
formance, with a determination coefficient of 0.9975 greater than 0.99. Thus, 2.9 V was
selected as the suitable working voltage for the subsequent experiments.
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Figure 3. Optimization of the sensing conditions. Error bars show the standard derivation (n = 3).
(a) Glucose-dependent paper sensor images captured by the CSI camera with varying illuminance
from LED. (b) S parameter vs. glucose plots measured at six different illuminances. (c) S parameter
vs. glucose plots measured with different illumination conditions (FL, LED I-point light, LED II-
array light). (d) Schematic illustrations showing different angles and heights for image capture.
(e) S parameter vs. angle plots measured at glucose concentrations of 2.8 mM and 56 mM.
(f) Comparison of S vs. glucose plots obtained from the images taken at varying distances from
the sensor.

In order to investigate whether the colorimetric data were affected by the illumination,
glucose concentration-dependent color variation from the urine test strips was obtained
under different illuminations. Due to the varying spectral responses of the illuminations,
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the reflective colors from different light sources showed fairly different RGB intensities.
As a result, the S parameters calculated based on the RGB parameter intensities were
affected by illumination, so we plotted S parameters vs. glucose concentration, as shown
in Figure 3c. Compared to the working curves with an LED point source, that with
a fluorescent lamp (FL) showed lower S parameter values at 2.8 mM, which may explain
why FL showed lower intensities in the 570–600 nm wavelength range, which was relevant
to yellow color, whereas LED showed more even intensities over the whole visible light
wavelength, resulting in increased S-parameter intensity for yellow color. Moreover, the
point LED source showed better uniformity in light than the array LED source. Therefore,
the working curves with an LED point source achieved the best detection performance,
with an R2 value of 0.9981. Thus, the 6000 K point LED was selected as the illumination
source for the subsequent experiments.

The angular dependence of colorimetry was examined in this study. As shown
in Figure 3e, the S parameters intensity was obtained with glucose concentrations of
2.8 mM and 5.6 mM. The images were shot with the angle varying from 90◦ to 30◦, and
S parameters significantly changed. The results indicate that a fixed angle was a precon-
dition for colorimetric analysis. We also found that 45 degree illumination can make the
light more uniform; therefore, 45 degree illumination was selected for the subsequent
experiments. The dependence of distance between the camera and the urine test strip
was also examined. Figure 3f illustrates a 5.75% decrease in S parameter values at various
glucose concentrations when the distance from the sample was increased by 2 cm with
the camera properly focused. Considering a large view to accommodate all test strips and
a small device for POCT applications, a distance of 3 cm between the camera and the
sample was selected as a fixed shooting distance to ensure the accuracy and repeatability
of the colorimetric analysis.

3.3. Optimization of the Algorithm

After the algorithmic process, the linear relationship between the S parameter and
glucose concentration was improved; R2 increased from 0.9486 to 0.9993, as shown in
Figure 4a,d. Despite a linear relationship between V and glucose concentration, the V value
sometimes exceeded 245, which was mistakenly interpreted as reflective points and deleted
by the algorithm. The S parameter was more sensitive than the V parameter when the
glucose concentration was in the range of 0–10 mM. Thus, the S parameter was selected to
establish the working curve rather than the V value.

In order to verify the effectiveness of the algorithm for glucose sensing, we prepared
samples with varying glucose concentrations. The calculated curves yielded an excellent
linear correlation between the results calculated by our algorithm and the real results.
The fitting curve generated by the algorithm (Figure 4e) was closer to the y = x than
those shown in Figure 4b, indicating the high accuracy of the algorithm. The glucose
oxidase method (GOD) is the gold standard for detection of glucose concentrations [31].
For comparison with data obtained from two measurements, Bland–Altman analysis was
used to show the difference [32]. In Figure 4c,f, the horizontal axis represents the average
glucose concentrations obtained with the two analysis methods, whereas the vertical axis
shows the differences between the two methods. To exhibit whether the differences fell
into 95% confidence interval, ±1.96SD lines were drawn in the B&A plot. As shown in
Figure 4c, the deviation exceeded the lines at concentrations of 14 mM, 28 mM, and 56 mM
but not at 56 mM (Figure 4f), indicating that the colorimetric analysis was more reliable
after the algorithm process. Therefore, the algorithm effectively improves the accuracy of
colorimetric analysis results.
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and the vertical coordinates represent the values measured by the POCT device. (c,f) B&A plots
based on colorimetric analysis and GOD.

3.4. Conversion of the Correct RGB Color to Analytical Values

The RGB images captured by the camera only contain three RGB parameters with
specific wavelengths around 630, 550, and 450 nm. However, the relative ratio of the
RGB colors does not generally correspond to the spectral wavelength change, as shown
in Figure 5a. The H parameter is a suitable alternative because a color represented by
a single value is well-matched with the observed color represented by a wavelength [26,33].
Although the measured RGB colors have fixed wavelengths, the H parameter transformed
by the RGB value monotonously changes with the wavelengths. For example, the color
change from orange to green when the pH changes from 5 to 8.5 follows the monotonous
increase in the H parameter but not the composition of RGB values. Although the pH and
H do not have a liner relationship, other non-linear fitting functions can be used to build
working curves.
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Figure 5. Conversion of color intensity to analytical values. (a) The spectra simulated by mixing each
RGB spectrum with the same ratios of the displayed colors. (b) The displayed spectra simulated to
present only at 550 nm with increased glucose concentration. Neg represents a glucose concentration
of 0–0.55 mM. The levels “1+, 2+, 3+, 4+”, as positive responses, represent concentrations of 5.6, 14,
28, and 56 mM, respectively. (c) Plots for H and S values, along with positions 1 to 4.

The S parameter represents the intensity, which monotonously changes, along with
intensity variety [34]. Because the observed color is measured by the reflection of the
incident light on the detected sensors, the increased intensity of a specific color is the
result of the decreased intensity of its complementary color. Figure 5b shows the decrease
in intensity at 550 nm, with the green color turning paler. However, what was actually
observed is the pink color turning more violet. When the concentration of the glucose
increased, the decrease in the measured intensity at 550 nm increased the S value.

According to actual detection results, the combined action of the H and S parameters
changed the color. It is necessary to determine which parameters are most sensitive in order
to identify colors. Figure 5c shows the relationship between the value and the position,
along with the color change in both H and S parameters. The results indicate that the
S parameter was more sensitive; thus, the S parameter is more well-suited to identify color.
After image processing under the optimal sensing condition, the HSV values of the image
from the analyte were tested (Figure S9 in Supporting Information). The HSV parameter of
each analyte was determined according to the determination coefficient and sensitivity. For
example, the S parameter in glucose analysis showed a better coefficient and sensitivity
compared with the H and V parameters. Thus, glucose sensing belongs to the S type.
Based on this method, we determined each sensor pad in the urine test strip. The sensors
belonging to the H type are pH and occult blood; the sensors belonging to the S type are
ketone bodies, glucose, and leukocytes; and the sensors belonging to the V type are protein.

The home page, the real-time detection, and the data recording interface of Getcolor
are shown in Figure S10 (supporting information). The working curve could be established
under the optimal sensing conditions, as shown in Figure 6. The ratio of the H parameter to
pH showed a linear relationship from 5 to 7.5 and nonlinear relationship above 7.5 owing to
the faster color-change rate of the strip at higher pH [20]. Given a large detection range from
the human body, a fourth-order polynomial curve was used to fit the H parameter with pH
in the range of 5–8.5, as in a previous study [27]. With respect to the HSV curves of KET,
PRO, and BLD at varying concentrations, linear relationships were observed within the
front concentration range (KET: 1.5–8.0 mM, PRO: 0.15–2.0 g/L, and BLD: 0–100 cells/µL).
The change in signal for each analyte slowed down when as the concentration increased.
This could be explained by the consumption of reagent on the strip pads, as reported in
a previous study [35]. Therefore, the nonlinear curves were applied in these detection
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targets. The plots of ketone bodies were well-fitted by a sigmoidal function with an R2 value
of 0.9983, as shown below:

y = Bottom + (Top− Bottom)/(1 + 10̂((logIC50− x)× HillSlope)) (6)

where Bottom is the minimum S parameter, Top is the maximum S parameter, and LogIC50
is the half-maximal concentration of ketone bodies. In the concentration range of 2–60 mM,
a linear relationship and high sensitivity were observed between the S parameter and
glucose concentration. The linear regression equation was y = 1.949x + 59.36, with
a correlation coefficient (R2) of 0.9971. Similarly, the S parameter was linearly and positively
correlated with LEU in the range of 15–500 cells/µL. Compared with previous reports
with a linear range of 0–350 mg/dL and 5.25–7.5 in glucose and pH, respectively [20], our
method has a significantly wider range and a higher sensitivity.
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Solutions with glucose concentrations of 2.8 mM, 5.6 mM, 14 mM, 28 mM, and
56 mM were chosen to examine the interday and intraday variations. The interday RSD
(n = 5) increased from 3.23% to 5.75%, and intraday RSD increased from 6.12% to 7.28%. The
results show that the designed black box can effectively isolate external light, indicating that
the optical POCT device had good stability. In a previous paper, a portable urine analyzer
powered by a button battery (voltage = 3 V) was reported to continuously work for > 4 h to
accommodate more than 1000 tests [19]. In this study, a 5 V lithium battery and a stabilized
voltage module (LM2596S) acted as the charging unit to power the LED, providing a stable
operating voltage to continuously work for 6 h once charged. Additionally, this method
can be completed without the need for large instruments and professional technicians.
Furthermore, the device is small and portable, making it suitable for POCT scenarios.

3.5. Determination of the Clinical Samples

For the samples of UQ-11 urine control solutions consisting of highly concentrated
glucose, nitrite, ketone bodies, specific gravity, creatinine, calcium chloride, protein, and
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ascorbic acid, the concentration of a given analysis is defined as Corig, and the concentration
of N-fold diluent is defined as Ctest, which satisfies the following relationship:

Ctest = Corig/N (7)

Due to the uncertainty of the value of Ctest, we transform the previous equation to
obtain the following relationship between Ctest and the dilution ratio of N:

lg (Ctest) = lg (Corig)− lg (N) (8)

UQ-11 was diluted 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 times, as measured by the
proposed method, compared with a urinary analyzer (IQ200Sprint, Beckman Coulter Inc.,
Pasadena, CA, USA) as the gold standard. For example, glucose and ketone bodies exhib-
ited satisfactory consistency between the two methods, as shown in Figure 7a,b, further
confirming the effectiveness of sensor optimization and the algorithm. The neg in ketone
bodies presented a negative response with a concentration of 0–0.5 mM, and levels “1+,
2+, 3+” were positive responses with concentrations of 1.5, 4.0, 8.0 mM. Information about
other analytes is shown in Table S1 (supporting information). The illustration shows
a linear relationship between Ctest and the dilution ratio of N, as expected. The limit of
detection (LOD) for the glucose sensor and ketone bodies sensor was calculated to be
1.16 mM and 0.33 mM, respectively, based on three times the signal-to-noise ratio; the
detailed results are shown in Table 1. Therefore, the proposed method achieved high
sensitivity and stability, with potential for the colorimetric analysis of urine test strips.
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Figure 7. Comparison of the results of the proposed colorimetric urinalysis and those obtained with
a hospital instrument for the detection of (a) glucose and (b) ketone bodies.

Table 1. The sensitivity of each analyte.

Analyte Sensitivity

KET 0.33 mM
GLU 1.16 mM
PRO 0.10 g/L
BLD 0.37 cells/µL
pH 4.72

LEU 9.03 cells/µL
The LOD was evaluated using the standard curves of each analyte and the formula LOD = 3σ/S, where σ is
the relative standard deviation of the standard solution, and S is the slope of the standard curve [36]. SNR was
estimated for a standard solution of level 1+. The signal and noise values were calculated by a Python code [37].
An SNR value in this study is identified as 36.21.
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To further verify the proposed method, 100 urine samples collected from local hos-
pitals were used for clinical analysis. As reported previously [38], the chemical compo-
nents in urine from different patients lead to color differences, which can be success-
fully reflected by detection results. In our study, a total of 12 photos were taken to
compare the number of different pixels before and after the two photos, and photos
with fewest pixels were considered for the following study. Detailed results are shown
in Table S2 (Supporting Information), and the accuracies are listed in Table 2. The num-
bers reflect the degree of coincidence compared with the gold standard, with satisfactory
correspondence between the two datasets. Our portable device demonstrated similar per-
formance to that of the hospital instrument. Compared with previously reported studies on
the colorimetric detection of urine [17,19–21], our device showed a better resolution on con-
centrations and a shorter detection time, as shown in Table S3 (Supporting Information).
The major reason that the matching ratio is not 100% is the urinalysis reagent strip tech-
nology itself. Urine dry chemistry analysis is a semi-quantitative analysis method, and
there are many interfering materials in urine. As a preliminary screening method, urine dry
chemistry analysis cannot achieve measurements with 100% accuracy. Because detection
errors occur both with the commercial instrument and our device, the matching ratio of the
detecting results is acceptable within the range of 80–100%. The accuracies of the proposed
methods perform well, demonstrating that the proposed method is suitable for colorimetric
analysis of urine test strips.

Table 2. Comparison of the detection results generated by the proposed colorimetric urinalysis and a
hospital instrument.

Analyte Negative
Positive

Level1+ Level2+ Level3+ Level4+

KET 86.7% 80.0% - - -
GLU 90.1% 85.7% 87.5% 83.3% 83.3%
PRO 84.2% 80.1% 83.3% 80.0% -
BLD 91.5% 84.0% 84.2% 88.9% -
pH 86.0% - - - -

LEU 85.5% 81.9% 84.2% 81.8% -

4. Conclusions

In this study, a simple and reliable colorimetric method based on an optical POCT
device was proposed for multianalyte paper sensing arrays. The proposed color correction
algorithm effectively eliminated the influence of external light. Additionally, the H and S
parameters were used to extract quantitative analytic information from the digital color
images without reference equipment. Glucose-sensing conditions of colorimetry were
optimized by regulating lamp brightness, lamp type, lamp angle, and camera height. The
detected results indicate that the method was highly accurate for quantitative analysis of
each index in urine test strips with increased resolution on concentrations. We established
a POCT device for rapid, sensitive, and automatic optical detection, which can potentially
be used to assay actual urine samples or for in vitro diagnosis with other strips. As all the
components are commercially available and cheap, this represents a suitable application
for POCT.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photonics9100784/s1, Figure S1: Structure of the optical device;
Figure S2: HSV color space matches well with spectroscopic change; Figure S3: Template used
for automatic recognition; Figure S4: S vs. time plot showing a kinetic response of a glucose
sensor using colorimetry; Figure S5: Pseudocode of the algorithm to determine detection time;
Figure S6: Pseudocode of the fast two-dimensional median-filtering algorithm with a time complexity
of o(r); Figure S7: Pseudocode of the K-means segmentation algorithm; Figure S8: Pseudocode of
the flashing-filtering algorithm; Figure S9: HSV parameters vs. analyte concentrations after image
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processing under the optimal sensing condition; Figure S10: The Graphical User Interface (GUI)
of the software; Table S1: Detailed information for negative responses and positive responses of
each analyte; Table S2: Results of real urine sample analysis generated by the proposed colorimetric
urinalysis and a hospital instrument; Table S3: Comparison between our method and conventional
methods for urine detection.
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